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Preface 

Globally agriculture is facing an unprecedented task of feeding the ever-increasing 
population, and the situation is further complicated by climate change, especially in 
the past decades. Population boom along with faulty agricultural practices is making 
the task of the farming community more challenging and cumbersome. Land use 
change is a win-win strategy which not only sustains the system productivity but also 
helps to sequester atmospheric C combating both hunger and climate change at the 
same time. Organic agriculture, natural farming, and agro-forestry all are highly 
eco-friendly measures of recovering the ecosystem but, among all the aforemen-
tioned, agro-forestry is the best as it is the amalgamation of all the three components 
of farms, namely crops, trees, livestock. Internationally, the role of agro-forestry 
system has been acclaimed by all in Kyoto protocol, and all the aspects are discussed 
for maximizing the benefits. 

Mono-cropping without the use of any organic amendments, excessive tillage 
without any ground coverage, depleting water table caused large-scale land degra-
dation leaving behind only barren land suitable for nothing. But this barren land 
provides an excellent site for the regeneration of trees, and within short time the soil 
can regain its productive ability with a provision for nutritional and economical 
security for the locals of that region. As per different group of researchers across the 
globe, agro-forestry system can restore 27 ± 14 tons CO2 per hectare per year of 
which 70% to be stored in biomass and rest amount in soil. Studies in North America 
reported that agro-forestry system can annually sequester 548.4 Tg carbon per 
enough to offset 34% of US emissions from coal, oil, and gas. As a positive outcome 
of C-sequestration, the productive capacity and microbial biodiversity of the soil 
increased with concomitant reduction in erosion, better deposition of organic matter, 
ground water recharge and less pollution in lieu of the conventional system. So, 
undoubtedly this integrated approach has a special significance largely in the 
developing countries in mitigating climate change and securing a nutritionally rich 
future. 

Apart from bringing down the gloomy impact of climate change agro-forestry 
measures have multiple benefits. Biodiversity conservation, protection of heavy
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winds, stabilizing the market volatility, and ensuring stable economical return for the 
growers and better nutrient cycling can be achieved by this system. Research 
suggests perennial vegetation can trap 80% or more nutrients lost through runoff 
and harbour array of microbes in its rhizosphere. Steady deposition of mineral 
nutrients, differential rooting pattern of the component crops, and deposition of 
leaf litter enrich the soil and improve the productivity. In mono-cropping system, 
landowners of farms are engaged in seasonal farming activities, whereas agro-
forestry system provides round the year employment opportunity in diverse works 
with higher family wage. However, achieving the goal is not an easy walk, and there 
are many bottlenecks in these paths like initial cost involvement, lack of suitable tree 
availability with scanty knowledge about the management conditions, logistic man-
agement, and marketing. Therefore, an endeavour must be made from all sectors via 
public-private mode to harness the utmost potential using technological and man-
agement advancements. Also, additional information about the ecological produc-
tion potential of the system with subsidiary factors like site and soil characteristics, 
climatic conditions, market demand, and in-depth knowledge about the suitability of 
species in a particular area must be gathered to multiply the effectiveness of the agro-
forestry system to combat global challenges. 
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Chapter 1 
Soil Fertility and Soil Biodiversity Health 
Under Different Agroforestry Systems 

Laila Shahzad , Anam Waheed, Faiza Sharif, and Maryam Ali 

Abstract The rising climate crisis and the upsurge of Anthropocene badly impact 
the agriculture in the entire globe, thus impacting crop production and food security. 
Poor agriculture practices expose soil to the factors causing soil damages that led to 
the infertility of soil. Agroforestry is a sustainable option in all such scenarios not 
only to acquire more crop outputs but also to raise trees, livestock, and crop on the 
same piece of land and get maximum benefits. The current chapter covers how 
different agroforestry systems play a decisive role in climate change mitigation. As 
trees deposit carbon stock to their woody biomass and also fix it to the soil, the soil 
biota take advantage from it. It is a fact that agroforestry not only reduces greenhouse 
gas emissions but also can be adopted as a best climate adaptation practice to make 
agriculture risk resilient. The agroforestry systems need no or less chemical fertilizer 
and other expensive inputs, also offering more productivity supporting soil biota, 
carbon sequestration, wind shielding, etc. Therefore, farmer and landowner need to 
be aware about the agroforestry system profits and adopt agroforestry in agricultural 
practices to become ecologically and economically sustainable. 

Keywords Agroforestry · Fertility · Biodiversity · Carbon sequestration · Soil · 
Sustainability · Climate change 

1.1 Introduction 

Pedosphere is a vital component of ecosystem, like oceans, contributing as the 
biggest carbon sink. The climate-agriculture relationship is directly correlated; 
however the sudden changes in climate will adversely impact agro-productivity 
and agro-biodiversity (Arora 2019). Apart from climate, agroecosystems are at the 
verge of breakdown because of anthropogenic activities. The change in climate is 
behind the boom of causative process that gave rise to Anthropocene (Nair et al.
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2021). In agriculture, land use management and practices are unsustainable, the 
reason of degradation of the agroecosystems and exposed system to climate change. 
The poor agricultural practices effects the soil fertility though world’s majority of 
population relay on improved systems for their better livilihood. By crops, the 
nutrients are continuously removed from soil and cause deficiency of organic matter. 
The deficiency of important nutrients like NPK, zinc, etc. enhances infertility in soil, 
leading to low crop yield. However, the organic matter balance may be regained by 
some means of applications, in which fertilizers are common. But the burning of 
harvested crop residue ultimately again lessens the soil nutrients. Trees are a vital 
component to reduce vulnerability of agricultural systems and increase resilience 
against climate change. Planting trees and promoting forestry were found to be the 
most helpful and cheap sources to mitigate carbon dioxide and changing climate. 
With the series of benefits, trees not only increase the nutrient in soil but also gave 
sustainability and referred as an “evergreen agricultural” component by the Interna-
tional Council for Research in Agroforestry (ICRAF) (Mbow et al. 2014). As a 
potential, trees provide a constructive impact on soil overall properties and improve 
crop quality. In such prospective, the tree-soil relationship was found to be the best 
application to make agro-systems less vulnerable and more resilient against climate 
change (Dollinger and Jose 2018).

4 L. Shahzad et al.

1.2 Agroforestry and Climate Change Mitigation 

Apart from many traditional agricultural practices, agroforestry was still devised to 
be the most beneficial application to maintain soil fertility and provisioning soil biota 
in agroecosystems. Agroforestry works with the aim to optimize the interaction 
between the biological systems and physical component of environment to achieve 
productivity from land (Reppin et al. 2020). A well-managed agroforestry system is 
the best practice to mitigate climate change and make agro-systems more diversified 
and sustainable. 

Like forest trees, the trees planted in agroforestry are the best sequesters for 
carbon and depositors for greenhouse gas emissions. Agroforestry is the integration 
of shrubs or trees to the crop land and animal-farm systems to achieve economic, 
social, and environmental benefits. Agroforestry is multifunctional; it not only 
sequesters the carbon emissions but also aims to benefit the farmer in many ways 
(Tschora and Cherubini 2020). The benefits may include risk reduction, higher 
yields, more pollinators, and capacity development for adaptation against climate 
change, with farmers getting more outcomes (Amare et al. 2019). The in-cooperation 
of agriculture with trees could be better understand by the tree cover around/in the 
agricultural land cause the wind breakdown and crop cover, which not only guard 
the top soil from erosion but also functioned as the cover crop in harsh climatic 
conditions. By agroforestry it is not necessary to convert the whole land into forest. 
The practice is done at the edge of the crop field in the form of riparian buffers or in 
the form of alley cropping by planting trees in rows between the fields (De Stefano



and Jacobson 2018). Even small number of farmers if forested their fields it will 
potentially significant to sequester carbon. A small piece of land converted to 
forested areas eventually play a significant role to sequester carbon. 

1 Soil Fertility and Soil Biodiversity Health Under Different. . . 5

Fig. 1.1 Agroforestry and its foremost contributions 

Like riparian buffer and alley cropping, silvopasture system is also a significant 
mitigatory agroforestry practice against climate change. In silvopasture systems, 
trees are added to pasture land and sequester carbon from pasture and soils, also 
helping to reduce methane emission. This system also provides shade-induced area 
which gave microclimate changes to the place (Mayerfeld et al. 2016). All the 
agroforestry practices are significant in mitigating climate-induced risks and provide 
production and financial benefits to the farmers and increase livelihood of small-
holder farmers. The trees are vital component for agriculture with huge economic 
impacts to the individual farmer and landowners as well. This tree crop integration 
system works differently in different regions of the world and plays an important role 
to abate negative climate impacts and diversify crops and carbon storage compared 
to system without trees. 

Figure 1.1 is designed to explain the major benefits of integrating forest with 
agriculture. The tree covers before in and around the field protect the land with the 
damages caused by wind, provide home for soil biota, and prevent soil from erosion. 
The tree cover absorbs carbon emissions from air and deposits it into its woody 
biomass which can be locked up for a long period of time. The nutrients are balanced 
by the trees, and soil gets healthier and fertility increased. The trees also provide 
shelter and shade to the livestock and protect them from extreme weather conditions. 
The crop yields are improved and greener promoting pollinators to the place and 
more biodiversity to the fields. All of these gave advantage to the farmer or 
landowner and help in their socio-economic prosperity. 

The changing climate is not a minor term; it’s a major devastating change which 
needs comprehensive approaches to tackle it. Agroforestry is an integrated approach



applied to reduce climate-related threats, improve landscape resilience, increase 
biological movements, provide favorable settings, and sequester carbon responsible 
for healthy soil (Toppo and Raj 2018). This technique helps land managers to 
achieve productivity and profitability, with less intensive agricultural practices, at 
the same time. Different agroforestry approaches apply in different settings to 
achieve social, environmental, and economic remunerations and to make landscape 
sustainable and healthier as well (Trozzo et al. 2014). These different settings are 
discussed in Table 1.1. 

6 L. Shahzad et al.

1.3 Agroforestry and Soil Health 

In general trees are beneficial, both in rural and urban lands. They are providing best 
environmental benefits and ecosystem services to the surroundings by providing 
economic stability, food, timber, shade, and income. However, specific to agricul-
ture, soil health, and fertility, trees provide positive impact on soil chemical and 
physical properties by optimizing nutrient cycling (Udawatta et al. 2017). A good 
soil is having good retention and infiltration properties. The more biological activ-
ities occur in the soil, the healthier the soil structure and fertility increases (Ollinaho 
and Kröger 2021). The good soil health achieved by soil protection occurs by 
working of different agroforestry systems together, providing benefits like crop 
covering, low tilling, crop rotation, and management of nutrients in the soil 
(Weerasekara et al. 2016). 

Integrating trees with field soil, change soil properties in such a way that under 
trees the soil pH changes, cation exchange capacity enhances, and nutrient supply 
increases (Pinho et al. 2012). Soil under tree cover has higher microbial biomass and 
mineralizable potassium, nitrogen, phosphorus, and calcium, compared to field 
without tree crown (Geris et al. 2015). But if trees got fires, the changes will be 
relapse. Another advantage of tree-field integration is that it attracts the biota to the 
area, and the bird’s dropping and cow dung improve the soil nutrient (Udawatta et al. 
2021). 

Another reason for adding up nutrient to soil by trees is the leaf litter. Although it 
sounds minor, it impacted a lot to enrich soil with nutrients. The dead organic matter 
of trees like falling leaf, fruits, flowers, branches, etc. enrich the top soil layer with 
nutrients expose to crop growth. The agroforestry systems are designed as contin-
uous cycle so that they can be effectively used repeatedly by resource sharing 
between tree and soil compartments. The tree crown also provides shade helping 
to maintain moisture in the soil by lessening evapo-transpiration from the soil 
(Tsufac et al. 2019). 

Like tree shoot, the tree roots are also step forward in providing benefits to 
agroforestry. The roots provide carbon enrichment to the soil by improving soil 
structure, by root turnover and discontinuing the nutrient leaching (Shi et al. 2018). 
Roots are also popular for their nutrient pumping in tree-based cropping systems. 
The tree roots extend deep down the soil, where the roots of crop cannot reach to take
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up nutrients from deeper soil, dumping them in the crop surface layer. This nutrient 
pumping depends on the tree type chosen for agroforestry, the topography of the 
land, and the moisture content of the soil (Isaac and Borden 2019).
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For soil fertility, among all the agroforestry practices, silvopasture practice is the 
most effective one for farmers. This practice gave more diversity to the system via 
livestock, crops, and trees. This diversity associates the three components to benefit 
each other. For example, trees served as food for livestock and also provide shade; 
on the other hand, livestock fertilize trees, and likewise, crops serve as food for 
livestock and nutrients for trees (Mayerfeld et al. 2016). This interdependent link 
between trees, crops, and livestock makes silvopasture more diverse and a more soil-
friendly mechanism for sustainable agriculture (Tsufac et al. 2019). 

Briefly, agroforestry causes improvement in soil fertility by organic matter, 
biological N-fixation, minimized nutrient loss, discontinuing soil erosion, improved 
water holding capacity, nutrient recycling, and enhanced soil physical and chemical 
properties. Therefore, the agroforestry systems are supposed to be the best sustain-
able land use practice for the agriculture. The system enhances sustainability by 
biodiversity conservation, improved water and air quality, healthier soil, and climate 
mitigation by carbon sequestration. Although agroforestry is not the only way to 
have soil fertility, it is a significant component to support and maintain good soil 
health and structure (Elagib and Al-Saidi 2020). 

All is not an ideal practice; the soil fertility may also decline, although using best 
agroforestry systems. Using tree-based cropping but facing reduced soil fertility is 
credited to poor agricultural practices. Many farmers do trees with their crops, but 
some physical, chemical, and geographic restrictions failed the agroforestry practice. 
Farmers claim slashing and burning of land and contour ploughing as physical; using 
of pesticides, insecticide, etc. as chemical, and the hilly topographic feature of land 
as geographical constraints in agroforestry systems (Baig et al. 2021). 

1.4 Agroforestry and Soil Biodiversity 

The tree-based cropping systems have a very high potential of diversifying soil 
organisms. The agroforestry systems provide habitat to the soil biota. The commu-
nity residing in soil is a different world. There are a vast variety of microbial 
communities doing their vital roles in different nutrient cycles and supply, mineral-
ization, chemical degradation, healthy soil components, and soil fertility. Not only 
the microfauna but also the macrofauna in the soil are also contributing their best to 
support healthy soil with agroforestry systems (Isaac and Borden 2019). These tree 
soil biota work together to improve soil quality and control soil from pest, diseases, 
and contamination as well. 

Cropping without trees does not provide the nutrient enrichment and life support 
system to soil biota. Although using external efforts to the soil like fertilizers may 
enhance the functions for time, it did not provide long-lasting and sustainable aid 
(Biasi et al. 2017). The tree-soil association is very compromising and promising to



achieve sustainable outputs. Trees maintain micro-systems in soils for soil biodiver-
sity. Tree roots produce carbon sugars utilized by microbes as energy; the tree litter 
also contributes to add on organic matter to the soil contributing in biota life support 
(Korboulewsky et al. 2016). Not only this, trees attract different birds and animals; 
the more the birds, the more will be their droppings and more contribution in the soil 
organic matter. Trees can also maintain the moisture content in soil, supporting 
microbial communities at apex. Meanwhile, the soil biological components, which 
are involved in decomposition, ecosystem engineering, nutrient transformation, and 
bio-controlling, supply nutrients to trees and crops, providing multiple benefits in 
return (Tedersoo et al. 2016). The carbon from litter and other means are transformed 
into soil organic matter by decomposer via series of enzymatic activities and mediate 
the nutrient cycle in the soil. The microbes with roots form biological aggregates 
which provide home for other soil biota. The soil creatures also defend by compe-
tition, parasitism, and predation against pests and diseases in the soil (Cherubin et al. 
2019). All these factors promote soil biota to create strong communities in the soil, 
and by tree-soil interaction, they stand against pressure causing decline in their 
population. Use of agroforestry to enhance resilience is not new but a unique option 
for agricultural landscape management. In the context of biological diversity and life 
support, agroforestry works fabulously. For instance, habitat fragmentation in an 
area obstructs the species to move, relocate, or adapt against climate risks. In that 
certain scenario, agroforestry worked as a stepping stone or corridors in landscape 
and provided connectivity and enabled species to travel and breed (Mantyka-pringle 
et al. 2012). Figure 1.2 demonstrates the overall attributes of integrating agriculture
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Fig. 1.2 Different agroforestry types under climatic stress



with trees to get more outputs with fewer inputs. Perspective on agroforestry 
encompasses land use changes which has been depicted in Fig. 1.3.

1 Soil Fertility and Soil Biodiversity Health Under Different. . . 11

Fig. 1.3 Perspective on agroforestry encompassing land use changes 

1.5 Conclusion 

Farmers’ livelihood is threatened by changing climate; the agroforestry systems have 
a real potential to mitigate climate change impacts and to resist associated risks. The 
trees have real power to preserve and strengthen the agricultural resources leading to 
food security and sustainability. It is a viable process that could be used anywhere, 
but the state of the art is to have knowledge about tree species, where and which type, 
tree-crop synergistic relationship, specie behavior against climate change, and 
farmer willingness, before practicing agroforestry. The knowledge gaps needed to 
be overcome on this scenario, especially on important cropping systems so that the 
agroforestry practices strengthen under scientific knowledge without the power of 
government or influential actors. Although the benefits and socioeconomic profits 
from trees are witnessed by farmers themselves, farmers still feel hesitant to invest 
on trees. So, by knowledge, awareness, and financial aid, farmers could achieve their 
best by agroforestry practices and combat on-field climate change impacts. The 
chapter was designed to address the tree-based farming systems and its ability to 
mitigate climate and insight of agroforestry science on which agroforestry future 
research can be built.
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Chapter 2 
Agroforestry: A Resource Conserving 
Technology for Efficient Utilization 
of Agricultural Inputs, Leads to Food 
and Environmental Security 

Sagar Maitra, Urjashi Bhattacharya, Biswajit Pramanick, Lalichetti Sagar, 
Dinkar Jagannath Gaikwad, Sarthak Pattanayak, Masina Sairam, 
Upasana Sahoo, Hanuman Singh Jatav, Harun I. Gitari, Tanmoy Shankar, 
Abha Manohar Kandileri, Esmaeil Rezaei-Chiyaneh, and Akbar Hossain 

Abstract The agroforestry system (AFS) is established for on-farm and off-farm 
revenues both from tree and crop production by utilizing natural resources. In AFS, 
trees plantation on farms affords various livelihood welfares and environmental 
sustainability. Earlier and contemporary evidence undoubtedly highlights that AFS 
is a viable land-use option for alleviating poverty and compromises several
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environmental benefits including carbon sequestration, conservation of biodiversity, 
improves soil health and enhances the quality of water and air. Considering the food 
security of the increasing population and the future projected climate change, AFS 
may be useful as a cost-effective resource to boost-up the sustainability of food 
production, and also mitigate the adverse of climate change. For developing coun-
tries both in the tropical and subtropical regions, AFS may be considered one of the 
suitable options because of its multifaceted benefits focusing on agricultural sus-
tainability. The present review deals with the principles, practices, and advantages of 
AFS system for food and environmental security and agricultural sustainability.
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2.1 Introduction 

The agroforestry system (AFS) is an ancient practice and probably it is as old as 
agriculture itself. Many centuries witnessed agroforestry in different countries. The 
home-gardening, a form of agroforestry, is an old practice connected with the 
farmers of the humid tropics since 10,000 BC (Nair and Kumar 2006). Similarly, 
the introduction of domestic animals into the forest was common to the people of 
Europe during 4000 BC (Nair 2014). But during the second half of the twentieth 
century, the agroforestry system lost its importance due to policy matters adopted by 
different countries. In the developing world, different countries focused on self-
sufficiency in food production and invited industrialized agriculture with new crop 
ideotypes/cultivars, chemical fertilizers and pesticides, creation of irrigation facili-
ties and arrangement of farm mechanization. These practices were recognized as the 
Green Revolution (GR) and technologies were known as Green Revolution Tech-
nologies (GRTs). Thus, monoculture started to dominate replacing ancient practices. 
The new technologies adopted also resulted in quick enhancement of crop produc-
tivity and the developing countries witnessed a boost in food-grain production at that 
time it was believed that modern technology-based agriculture was the suitable 
option for alleviation of hunger. Simultaneously, some poor farmers in tropical and 
sub-tropical regions continued their old practices of crop cultivation under mixed 
stand due to different reasons, especially non-capability to invest much favouring 
high-energy modern agriculture. 

On other words it may be mentioned that poor farmers did not adopt modern 
agriculture due to their economic inefficiency and the GRTs did not address the 
issues of the economically weaker section of the farmers; therefore, they preferred to 
sustain with mixed cultivation. But after a few decades, it was further noticed that the 
supply-driven and high-input-based agriculture failed to assure agricultural sustain-
ability and created degradation of the agro-ecosystem (Lichtfouse et al. 2009; Maitra 
et al. 2019). Moreover, random deforestation in the tropics caused due to the 
expansion of farmland for food-grain production ultimately created enormous social 
and environmental problems. Considering the above limitations of GRTs, 
researchers started to search for suitable options for farming which will be



sustainable, socially acceptable and economically viable. For the developing coun-
tries of the tropical and subtropical regions, AFS may be considered as one of the 
suitable options because of its multifaceted benefits focusing on agricultural sus-
tainability. In support of AFS, the World Agroforestry Centre was established in 
1977 in Nairobi, Kenya (which was earlier known as the International Council for 
Research in Agroforestry) and provided efforts to institutionalize agroforestry as a 
multidisciplinary science (Nair and Garrity 2012). Gradually, agroforestry gained 
the attention of researchers and policymakers of different countries. Even in the 
industrialized and developed world inclusive of Europe, Australia and New Zealand 
attention was given to AFS (Polglase et al. 2008; Rigueiro-Rodriguez et al. 2008; 
Mosquera et al. 2012). The present review article focused on the principles, practices 
and advantages of the AFS system for food and environmental security as well as 
agricultural sustainability. 
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2.2 Agroforestry as Low Input Agriculture 

During the present time agriculture is facing a tremendous challenge in developing 
countries with an ever-increasing target for production with gradual progression for 
the fulfilment of present and future needs with gradually declining resources. 
Degradation and shrinkage of natural resources are major concerns to achieving 
the present target as well as ensuring production sustainability in the future. The 
second half of the previous century witnessed a quantum jump in food production 
through the adoption of GRTs. But there is no doubt that input-driven GRTs caused 
a lot of harm within a few decades, triggering the degradation of natural resources 
with ecological unbalance (Maitra et al. 2018). In this regard, low input technologies 
are regaining importance because these have less carbon footprint and thus lead to a 
greener earth. AFS is an age-old system with a promise of safer ecology and several 
other benefits in terms of conservation of natural resources, (especially soil) main-
tenance of proper nutrient cycle and C sequestration, enhancement of soil fertility, 
better management of marginal lands, improvement of biodiversity and higher 
ecological services (Fahad et al. 2022). Further, AFS is regarded as low-input 
agriculture because unlike industrialized agriculture in AFS, demand is less for 
high-energy chemical inputs, assured supply of irrigation and mechanized opera-
tions with the combustion of fossil fuel. Under arid and semi-arid conditions in 
tropical countries, high energy inputs may not yield satisfactorily; whereas, low 
input AFS can exhibit multifaceted benefits as mentioned confirming its journey 
towards a safer planet (Nöldeke et al. 2021). Now, in the present context of global 
warming and climate change (Bhadra et al. 2021), it is the appropriate time to relook 
into the hidden treasures of ancient practices where forests can be nurtured in parity 
of the landscape along with the production of foods and economic crops under AFS 
aiming fulfilment of some of the SDGs and livelihood security.
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2.2.1 Concept and Principles of Agroforestry 

In general, AFS is the purposeful growing of crops and trees with an interaction 
among themselves targeting a wide range of outputs (in terms of food grains, 
commodities, or products) along with superior environmental impacts and improved 
ecological services (Nair 2014). AFS is a combination of trees and/or shrubs and 
crops or animals accommodated spatially or temporally. Such arrangements result in 
noteworthy interactions between the woody and the non-woody constituents pro-
ducing more than one output for economic gain and creating complex ecological 
combinations (Luedeling et al. 2016; Muschler 2015). Nair (2014) suggested four 
‘I’s to describe the spirit of AFS and these are intentional, intensive, interactive and 
integrated. He further described that the word ‘intentional’ is indicative of inten-
tional design and management of the system and ‘intensive’ denotes intensive 
management to achieve more benefits. These two components are ‘interactive’ and 
‘integrated’ to harness the goal of the system. Sometimes AFS systems are catego-
rized by three attributes, namely, productivity, sustainability and adaptability. Con-
sidering all the above concepts and ideas, International Council for Research in 
Agroforestry mentioned that AFS is ‘a dynamic, ecologically sound system of 
natural resource management; by integrating trees on farms and in the agricultural 
landscape, it helps diversify and sustain production for enhanced economic, envi-
ronmental and social benefits’ (Nair 2014). 

2.3 Ecological Base of Agroforestry 

Agroforestry is a concept which is grounded on the evidence that better utilization of 
resources than monoculture and in this direction structural and functional complex-
ities are created in land-use system and more output along with ecosystem services 
and nutrient cycling (Fahad et al. 2022). Undoubtedly, above- and below-ground 
diversity enables a relationship with forests and landscapes and thus ensures a multi-
functional land-use system. The multi-species homegardens and silvopastoral sys-
tems are common examples where ecological sustainability is prominently visible. 
The complexity may result in beneficial impacts like increased productivity of 
diversified crops, nutrients cycling and C sequestration, enhancement of soil fertility 
and congenial micro-climate for different species (Nöldeke et al. 2021). However, 
the negative influences may also be observed in terms of allelopathy, competition 
among species and incidence of more pests and diseases due to micro-climate and 
the presence of alternate hosts in AFS (Nair et al. 2008). Further, Nair et al. (2008) 
suggested four ecological properties to understand the system design and manage-
ment of AFS and these are: spatial and temporal heterogeneity, disturbance, peren-
nials, and structural and functional complexity (Fig. 2.1). These ecological 
properties together create a more complex energy flow within AFS.
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Fig. 2.1 Ecological properties of agroforestry to understand system design and management 

2.4 Practices and Systems 

There are numerous examples of AFS systems existing in the tropical and temperate 
regions which can be categorized into the following groups. Different characteristics 
of the various AFS systems are also mentioned. 

2.4.1 Improved Fallows 

The word ‘fallow’ means a temporal sequence of crop or tree species on a given 
piece of land (Muschler 2015); however, the improved fallows are the thoughtful 
planting of legumes targeting the improvement of soil fertility (Buresh and Cooper 
1999; Jena et al. 2022). Green manuring is practised in suitable crop rotation in 
improved fallows with different economic crops. But the choice of woody species in 
improved fallows is a new practice in AFS systems (Kang 1993). The practice is also 
known as ‘managed fallow’ to differentiate the system from natural fallows. The 
annual crop species chosen for improved fallows are from the genera of Cajanus, 
Crotalaria, Mimosa, Sesbania and Tephrosia and tree species considered are 
Acioabarteri, Anthonotha macrophylla, Alchornea cordifolia, Casuarina species, 
Gliricidiasepium, and Leucaena leucocephala (Muschler 2015). The woody plants 
are allowed to grow during short fallow periods (less than three years) and these 
improve soil along with some economic products (Nair et al. 2010). Improved 
management practices may also be included like inoculation of N-fixer



microorganisms to facilitate crop growth and soil fertility enhancement (Stamets 
2005; Maitra et al. 2022; Maitra et al. 2023). In Africa and Latin America, the 
practice of improved fallow is more common (Kass and Somarriba 1999). 
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2.4.2 Alley Cropping 

At present, under the changing scenario of climatic aberrations, it is very difficult to 
attain food and nutritional security in developing countries because of the growing 
population, shrinkage in the land, and degradation of natural resources. Under these 
circumstances, AFS may give enough opportunity for growing more agricultural 
produce with minimum or no damage to the ecosystem, even enhancing a healthier 
environment (Xu et al. 2019). In AFS, alley cropping is an excellent opportunity to 
grow crops and to ensure some benefits of the forestry system (Solaimalai et al. 
2005). In erosion-prone and resource-poor areas, growing food or other crops may 
not be economically viable due to several constraints related to ecology and facili-
ties, but AFS, as well as alley cropping, can fulfil short-, medium- and long-term 
requirements. 

Alley cropping, also known as hedgerow intercropping, is the growing of food, 
forage or specialty crops in the space available between tree rows and it is a type of 
intercropping (Maitra et al. 2021). In alley cropping, annual crops, perennial shrubs, 
and tree crops are included which give yield output periodically. Generally, in alley 
cropping, annual food crops are cultivated in alleys comprised of hedgerows of 
shrubs or trees (Wolz and DeLucia 2018). Mainly in Indian conditions, alley 
cropping is practised targeting grain and forage needs. In the resource-poor marginal 
lands, investment in agriculture is less and farmers do not use costly inputs. Under 
this situation, alley cropping may be considered a suitable option for efficient land 
use and sustainable agricultural production. 

Alley cropping creates a balanced diversification of farms with scope for short-
and long-term cash flow from marginal lands. Control of soil erosion and fertility 
enhancement are additional benefits with desirable yield output from crops. The 
greater resource utilization (land, soil moisture and sunlight) is one of the important 
benefits of alley cropping. In the semi-arid tropics, alley cropping created competi-
tion among the species cultivated for soil moisture which resulted in reduced yields 
(Singh et al. 1989). Alley cropping with perennial pigeon pea + groundnut recorded 
64.9% more pigeon pea equivalent yield than when pigeon pea was cultivated with 
sorghum alley cropping system (Solaimalai et al. 2005). The yield performance of 
cowpea in alleys of Gliricidiasepium and Leucaena leucocephala was better than 
pure cropping of cowpea in Guyana and alley cropping was recommended to 
enhance annual crop yield with reduced chemical N fertilizers (Chesney et al. 
2010). Annual and specialty crops provide frequent cash flow whereas medium 
and long-duration income comes from trees as farm-grown fuel-wood and timber 
(Nair 2014). In alley cropping, the soil surface is covered by annual crops and trees 
make a network of roots, and thus soil erosion is reduced.
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Planting of tree crops Gliricidiamaculata and Leucaena leucocephalain parallel 
alleys on 8–10% sloppy land 5–10 m wide is suggested in the eastern region of India 
to check soil erosion. In low rainfall areas trench planting and in high rainfall areas 
ridge planting is recommended for hedgerows (Madhu et al. 2019). The area 
between two alleys can be used for the growing of annual crops. Gliricidia alley 
cropping system can reduce runoff by 27.9–28.2% and soil loss by 49.3–51.1% over 
no alley cropping. Similarly, Leucaena alley with a miniature trench can reduce 
runoff by 18.3–18.7% and soil loss by 37.2–43.0%. Further, alley cropping can 
check the nutrient loss from the top soil. Gliricidia alley can conserve organic C, N, 
P and K by 63.4, 5.0, 0.3 and 2.4 kg ha-1 , respectively. However, Leucaena alley 
can conserve organic C, N, P and K by 57.7, 4.6, 0.3 and 2.2 kg ha-1 , respectively, 
over no alley cropping (Madhu et al. 2019). In Kenya, AFS enhanced carbon storage 
in the dry region (Reppin et al. 2019). Alley cropping with Gliricidiamaculataand 
Leucaena leucocephalain the eastern region of India can store 4.26 and 4.52% more 
soil organic carbon, respectively, than no alley cropping system in sloppy areas. 
Moreover, AFS as well as alley cropping supports habitat for different birds and bats 
and thus further enriches biodiversity (Harvey and Villalobos 2007). AFS, as well as 
alley cropping (a type of AFS), is considered one of the suitable options to contribute 
to climate change mitigation and adaptation advantages (Zomer et al. 2016). Reppin 
et al. (2019) reported that in Kenya, the adoption of AFS increased carbon storage in 
soil and upgraded the livelihoods of smallholder farmers. Presently it is considered 
one of the important adaptation strategies to minimize the adverse effects of climate 
change (Kristjanson et al. 2012). 

2.4.3 Homegarden, Shaded Perennials and Multi-Strata 
Systems 

Homegarden is broadly used to mean various practices adopted in tropical and 
sub-tropical regions ranging from raising vegetables in the backyard system to 
multi-strata systems (Nair 2014). Homegarden is adopted by small and marginal 
farmers for subsistence based on the ecological and socio-economic perspectives, 
preference of the grower and dietary habit, and demand in the local market. A 
combination of fruit plants, food crops and vegetables is common in homegardens. 
In other words, it may be stated that homegardens provide food and nutritional 
security to smallholders in the tropics and subtropics. The inclusion of legume 
species further improves soil quality (Blaser et al. 2013). 

Shaded-perennial system of AFS is to some extent like a homegarden, and in the 
tropics perennials chosen for the purpose are areca nut, oil palm, rubber, coconut, 
cacao, cashew, tea black pepper and so on (Nair 2014). However, the focus is given 
more to perennials ensuring efficient nutrient cycling and storage with reduced 
erosion and leaching.
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2.4.4 Silvopastoral Systems 

The phrase ‘silvopastoral system’ is indicative of a production system comprised of 
forest or tree or shrub and animal rearing. In both temperate and tropical countries, 
the silvopastoral system is the major form of AFS system. Among the tree-types 
fodder and timber-producing plant species are chosen in the system. In temperate 
regions of Australia and New Zealand, the USA and southern Europe, commercial 
trees are grown along with the provision of pasture and animals (Mackay-Smith et al. 
2021). Mostly, trees do not produce any fodder and during the lean period of tree 
plantations, pasture and animals are included for augmentation of income. But in the 
tropics, unlike the temperate regions tree species are considered and fodder-
producing perennials or woodlots are added with animals (Soni et al. 2016). Some-
times fodder perennials are grown as live fences and pruned or cut periodically to 
meet the requirement. In developing countries, the silvopastoral system is charac-
terized by extensive grazing by a herd of animals as it is common in sub-Saharan 
Africa. Further, the silvopastoral system has enough potential for mitigation of 
climate change (addition of manures and grazing) and carbon sequestration 
(Eichhorn et al. 2006; Porqueddu and Franca 2013; Seddaiu et al. 2013). Other 
advantages are soil conservation, providing shade to cattle and water quality 
improvement. 

2.4.5 Protective Systems 

Protective AFS systems include trees and shrubs by planting windbreaks, riparian 
buffers, soil conservation hedges, and similar plantations to obtain ecosystem-
protection benefits. Windbreaks are inclusive of hedgerows, timber belts and shel-
terbelts, and these are planted to provide protection to crops from winds and to 
manage livestock operations (Nair 2014). Moreover, windbreaks facilitate pollina-
tion as pollinators and other wildlife shelter on these (Ouin and Burel 2002; Brandle 
et al. 2009; Le et al. 2008). Livestock also gets the benefit of windbreak as these 
provide feed and reduce animal stress. However, timber breaks are created to obtain 
forestry products and these are well managed. Shelterbelts are a type of windbreak 
generally planted along the coasts to restrict encroachment by the sea. Further, 
shelterbelts protect the crops from damage caused by saline water and salt stress 
(Zhang et al. 2016). The strips of permanent vegetation are known as riparian and 
upland buffers comprised of grasses, shrubs and trees planted and managed simul-
taneously and riparian buffers are created in between natural waterbodies and 
cropland for reduction of run-off of water and nutrients, erosion, non-point source 
of pollution and improvement of wild habitat (Hartel et al. 2014). The shrubs and 
trees of riparian and upland buffers are pruned frequently and used for incorporation 
in the crop field and as animal feed (Papanastasis et al. 2008).
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2.4.6 Tree Woodlots and Specialty Crops 

Tree woodlots are the tree crops cultivated at the boundary or degraded lands for 
fodder, fire-woods, poles and small timbers as well as bioenergy production. Tree 
woodlots are planted for recovery of saline, alkaline and acidic lands, and mined 
lands. Fallow regeneration is also another programme adopted in Sub-Saharan 
Africa. Specialty crops are ornamentals, other high-value crops and honey, etc., 
which are very common in Canada (Nair et al. 2010). Bee farming is also adopted in 
Cuba. In AFS system bee farming is chosen because of the abundance of floral 
diversity and less use of pesticides (Muschler 2015). The specialty crops are selected 
based on local demand and significance. Aquaculture and bee farming are common 
features of AFS in Costa Rica and Cuba (Muschler 2015). The large tree woodlots 
contribute to the mitigation of climate change and C sequestration and specialty 
crops provide regular income and cashflow. 

2.5 Animals in Agroforestry 

Livestock is responsible for the contribution of greenhouse gas emissions (GHGs) to 
the atmosphere. Food and Agriculture Organisation (FAO) estimated that livestock 
directly or indirectly produces 18% of anthropogenic GHGs (which is equivalent to 
7100 Tg CO2) (Nair et al. 2010). Livestock constitutes an essential component of 
different AFS systems. In northern America, the silvopasture system is a common 
practice (Garrett 2009), however, in tropical countries also tree fodder is considered 
to feed the animals (Nair 2014). The traditional European AFS systems comprised 
livestock as the main component (Kadirvel et al. 2003; Mosquera et al. 2012; 
Plieninger et al. 2015; Moreno et al. 2018). In east Africa, livestock-based AFS 
system in the in-focus area of the integrated farming system where the leguminous 
fodder tree Calliandra calothyrsus is included to obtain green forage in addition to 
crop residues, Napier and natural grasses (Dawson et al. 2014) and 500 Calliandra 
trees can provide enough year-round feed to a dairy animal. Increased production 
from dairy animals and small ruminants was also noted due to the livestock-based 
AFS system adopted by smallholders in Africa (Franzel et al. 2014). The impact of 
livestock and AFS system on global warming has not been studied, but it can be 
mentioned that the inclusion of animals in AFS can reduce the carbon footprint in 
livestock farming practised in developing countries (Nair et al. 2010).
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2.6 Geographical Distribution of Agroforestry Systems 

There are limitations in the availability of areas under AFS systems adopted world-
wide. Montagnini and Nair (2004) mentioned that ‘with no reliable estimates on the 
extent of area and the gross variability expected in terms of tree species and soil 
attributes, it is an “almost insurmountable” task to estimate C stocks in AFS’. Based 
on information available, Nair et al. (2019) stated that there were 1023 million ha of 
land under AFS system. But the World Agroforestry Centre and collaborators 
mentioned that about 1.5 billion farmers in the world adopted AFS on around 
1 billion ha (Zomer et al. 2009). The area with potential to adopt AFS like the 
degraded forest is not included in the estimate. In this regard, it may be mentioned 
that IPCC (2000) stated that about 630 m ha of land worldwide which was 
unproductive could be brought under AFS (Nair et al. 2010). Further, Nair et al. 
(2008) claimed correctly that farming and forestry are in close association in many 
places and interwoven to serve common targets and ecological benefits. Presently, in 
the context of climate change and food and nutritional security, AFS established its 
superiority over monoculture targeting sustainable agriculture and fulfilment of 
sustainable development goals (SDGs). 

2.7 Sustainable Agroforestry System Design 

Unprecedented challenges associated with food generation throughout the world are 
more aggravated by climate change, rising population, overexploitation of natural 
resources and loss of biodiversity. So, in the foreground of getting sustained yield to 
feed the projected 9.8 billion human population by 2050 (UN 2015) and to get 
multiple outputs along with environmental conservation and stability from limited 
sources of land, the age-old concept of AFS where trees, crops and livestock are 
grown together in a single unit of land became an imperative sustainable concept to 
adapt. 

Agroforestry acts as a compact system of highly interrelated and interactive 
biological, chemical and physical processes. More than 46% of all farmland is 
surrounded by more than 10% tree cover (Zomer et al. 2016). In developing 
countries, the smallholder farmers are now taking up AFS practices more as a 
nonmainstream approach to cultivation with a target of achieving food security 
with maximum co-benefits. United Nations set up 17 SDGs in 2015, as a resolution 
called ‘The 2030 Agenda’ to reduce hunger and poverty to achieve a sustainable 
future (Fig. 2.2). SDGs are more pertinent for small-scale farmers who comprise of 
90% of the developing world (Arze del Granado 2012). 

The AFS has the potential to increase yield by twice that of the original yield if the 
system is properly managed especially when location specificity is taken into 
consideration (Waldron et al. 2012). The reasons for the increase in yield are 
attributed to various beneficial effects of trees like better infiltration rate, enhancing



soil nutrients, preventing soil erosion, etc. It provides resilience to climatic extremes 
such as drought, flood, sudden high temperature and sudden low temperature, 
through better canopy cover, decrease in evaporation rate, increased infiltration of 
water in the soil, regulating temperature in its microclimate as well as soil, which 
coincides with the SDGs on climate action (World Bank 2015). It has nearly 
200 million tonnes of carbon added to agricultural lands annually through AFS 
(Zomer et al. 2016). Trees pose as a buffer for food, fibre, fuel, fodder, and income 
when the crop fails. Small-scale farmers are always negatively affected by poor 
supply chain linkages and market fluctuations. Food sovereignty in local areas, 
through AFS, maintains the equity and dignity of the farmers which are often 
threatened in general, hence, meeting the motto of some of the SDGs like decent 
work and economic growth, reducing inequality and partnerships for the goals 
(Chappell et al. 2013). The need for deforestation is exponentially reduced since 
the trees from agroforests provide sufficient, cheap and easily available fuel-wood 
(affordable and clean energy), for which previously the women used to walk long 
distances for collection (Sharma et al. 2016). Now, the women can concentrate on 
education and taking care of their children or can focus on other sources of income 
targeting SDGs like good health and well-being, quality education and gender 
equality (Sharma et al. 2016). Further, it creates a huge ecological niche of habitats 
on-farm, harbouring rich biodiversity with interconnected complex biological cycles 
(life on land as stated in SDG 15). 
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Fig. 2.2 Sustainable Development Goals by UN (2015) 

According to the triple-bottom-line approach of any sustainable agricultural 
system, designs should satisfy the following objectives:

• Food and fibre demand
• Efficient use of on-farm resources with a view to conserving the environment and 

its natural cycles
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Fig. 2.3 The triple bottom-
line approach to 
sustainability 

• Securing the profit of the agricultural system
• Improving the quality of life of people 

A properly designed AFS will always fit into the triple-bottom-line approach of 
sustainable agriculture (Pereira and Martin 2021) as shown in Fig. 2.3. 

2.7.1 Planet 

Tending to the environment is the prime concern nowadays of any food production 
system provided the current climate change scenario. The advantages of practising 
AFSs which bring resilience to climatic variations are as follows. 

2.7.1.1 Soil Conservation and Soil Fertility Improvement 

Trees have the immense capacity of mining nutrients from subsoil which otherwise 
are most of the time unavailable to crops (since their roots extend to a lesser depth 
than trees), and they deposit the nutrients on the topsoil in the form of leaf litters or 
other organic biomass (Thorup-Kristensen et al. 2020). In the process, the organic 
nitrogen and phosphorus present within the biomass is mineralized in the form of 
plant-available nitrates and orthophosphates within the soil solution, improving the 
nutrient supply to both the crops and the trees. Agroforests act as a natural sink of 
atmospheric carbon dioxide and hence trap carbon within the terrestrial ecosystem.



Tropical rainforests can sequester 160 t of carbon ha-1 in aboveground biomass 
(Houghton et al. 1997). 
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Trees absorb methane emitted by paddy fields when grown together (Singh et al. 
2012). The biomass, various root exudates, leaf litters, and metabolites released in 
huge amounts from trees act as a cementing material for soil aggregates making it 
more stable. Stable aggregates give rise to better soil structures together both the 
canopy cover and the organic residues check the temperature, from excessively 
rising during summer or reducing during winter. Leguminous trees can fix approx-
imately 25–250 kg N ha-1 year-1 Giller and Wilson (1991). In an AFS, nutrient 
cycling and soil protection take place in a spontaneous and self-sustained manner. 

2.7.1.2 Biodiversity Conservation 

Growing different plant species of multi-strata on a single unit of the land itself 
increases the biodiversity of fauna and flora both above and below the soil surface 
(Nair 2013). AFS is a highly recommended alternative for the popular slash and burn 
cultivation, practised in tropical areas. Complex agroforests act as habitats for 
various birds, animals which might act as predators of other harmful insects and 
animals feeding on crops. The presence of trees alters and modifies the microclimate 
of crops and helps in curbing weeds, and harmful insects’ pathogens by releasing 
various allelochemicals into the environment. The soil is the abode of various macro-
fauna (ex-earthworms), micro-fauna (like nematodes, protozoa), microflora (bacte-
ria, fungi, actinomycetes) aiding in nutrient cycling and bio-geo-chemical cycles 
(Nair et al. 2010). Many landraces, indigenous species and ethno-cultivars are 
conserved for a particular region. It forms a highly interactive matrix of different 
species which prevents habitats from loss and degradation basically mimicking the 
natural forest ecosystem. In rubber agroforests of Sumatra, plant species diversity is 
said to be 300 ha-1 which in a sole rubber plantation is 5 plant species ha-1 (Sanchez 
et al. 1997). The species diversity in the agroforest is found to be close to the species 
diversity of adjacent forests having approximately 420 plant species ha-1 . Bird 
species found in mature damur (Shoreajavanica) agroforests is 50% of rainforests 
(Thiollay et al. 1995). 

2.7.2 Profit 

Local site-specific AFSs, where farmers can grow indigenous high-value trees along 
with basic crops and the in situ procurement of inputs from within the system, will 
give them complete authority on farm inputs as well as production. The synergistic 
benefits of growing high-value crops along with low-value crops are risk manage-
ment factors during the stress period. Better soil fertility adds to natural resources 
investment capital improving the productivity of the entire system. Growing of 
multipurpose trees like Gliricidiasepium, Leucaena leucocephala, Casuarina



equisetifolia, Acacia nilotica, Azadirachta indica, etc., providing timber, firewood, 
fuel-wood, fruits, essential oils and other high-value products fetches additional 
income for the farmers apart from cash inflows from the basic crops. Trees reduce 
the dependence of the small-scale farmers on basic crops, in the years of crop failure. 
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The multiple arrays of products obtained from farm diversification intensify the 
small holder’s income. Especially for smallholder farmers, it is suggested to grow 
high-value plants (multipurpose trees) on small scale and for large holdings, 
low-value crops like millets, maize, etc., depending on location specificity. In Africa, 
high-value crops are grown along with low-value crops. In 100 m2 area, the farmers 
are growing French beans under contract farming which has an assured export 
market in Europe (Sanchez et al. 1997). It has been estimated that in Niger, Africa, 
a single tree can generate $1.40 per year by its various benefits of restored soil 
fertility, firewood, timber, high-value fruits, fodder, essential oils and various other 
products (Larwanou and Adam 2008) which would fetch an additional income of $ 
56 per year and total income of $ 280 million. 

2.7.3 People 

A family forms the basic structure of a society, so to alleviate families from the 
current hunger and poverty crisis a sustainable low-cost, environmentally friendly 
agricultural system is of foremost importance (FAO 2012). When most of the 
farmers throughout the world are small-scale farmers, improving their income and 
livelihood by AFS is the grass-root level approach to eliminating poverty and 
hunger, and ensuring food and nutritional security. Trees generally require less 
labour for its maintenance which reduces labour costs as well as gives the farmers 
ample opportunity to work elsewhere for generating off-farm income. This is a 
nature-based system, where the use of external inputs like fertilizers and pesticides 
is minimum, leading to crop quality improvement. The perennial nature of the trees 
has the production cycle and provides income for the farm family for the long run. 
The stability of farm income and employment generated from AFS improves the 
standard of living (Fig. 2.4). 

2.7.4 Designing Agroforestry Systems for Sustainability 

The nature and arrangement of components of an AFS determine its sustainability 
for a particular area. More the complexity and species diversity of an AFS system, 
the better it upholds the productivity (food fibre, timber and other products) and 
protection service functions (prevention of soil erosion, reclamation of land, soil 
water conservation). AFS through an artificial ecosystem but the temporal and 
spatial arrangement of different trees with crops and livestock and the synergistic 
linkages of ecological pathways force it to behave like a natural ecosystem,



transforming it into a win-win situation. Examples of certain practices exclusively 
designed to improve the sustainability of AFS systems throughout the world are as 
follows: 
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Fig. 2.4 A sustainable approach to agroforestry

• The inclusion of trees in pasture lands of Florida checked the phosphorus loss 
from course soil to nearby water bodies, making the silvopastoral system sus-
tainable by retaining nutrients within the soil (Jose and Dollinger 2019).

• In the temperate zones, trees are grown in single or double rows in wide spaces 
along with crops on the same land. Though the trees take up 10% of land area its 
multifaceted services and products surpass the loss and make the system ecolog-
ically and economically sustainable (Swieter et al. 2022).

• Growing of “fertilizer trees” like Gliricidia, Sesbania, Tephrosia in high plant 
densities in fallow lands of dry areas is a common practice. The organic biomass 
added to the soil increases soil fertility and nutrient use efficiency of the land 
without any addition of inorganic fertilizers within 2–3 years as compared to 
natural fallows which takes a time span of 15–20 years (Buresh and Cooper 
1999).

• Planting Faiderbia albida in degraded dry soils of Africa is giving promising 
results in soil fertility restoration, improving the scope of the land for growing 
basic crops (Nair and Garitty 2012).

• Incorporating nitrogen fixing trees and shrubs, like Gliricidiasepium in 4–8  m  
apart rows in maize fields, is practised by a large number of small-scale farmers in 
Africa and other humid tropical areas (Liyanage et al. 1994; Pandey and Rai 
2007). In India, incorporating perennial trees like Grevellia robusta, Dalbergia 
latifolia, etc. (exclusive to the Western Ghats region) in coffee plantations (shade 
tolerant crop) is widely practised in the multi-strata system. The dominance of 
perennial trees over annual crops results in a higher accumulation of nutrients 
within trees which in turn reduces the chances of soil erosion and leaching of
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nutrients (Mohan Kumar 2007; Koutouleas et al. 2022). The growing of indige-
nous trees leads to the conservation of native landraces.

• A homestead garden having a combination of trees and crops with multiple strata 
is very common in humid regions of India. Coconut trees (Cocos nucifera), fruit 
trees like mango (Mangifera indica), jackfruit (Artocarpus sp.), banana 
(Musasp); food crops like rice, sugarcane, etc., are grown around homesteads 
(Jamnadass et al. 2013). This kind of practice provides cash as well as nutritional 
security throughout the year to small-scale farmers around India.

• In high wind-prone areas, windbreaks and shelter breaks around the agricultural 
lands and pasture land should be grown. It helps in reducing wind speed by 
20 times its height on the leeward side and 5–10 times its height on the windward 
side and checks soil erosion. The trees grown around the field act as a source of 
fodder, fruits, timber, fuel-wood, etc. (Brandle et al. 2004; Van Thuyet et al. 
2014). It also serves as a home for local wildlife, birds and other animals and 
saves the agricultural land from snow and hailstorms.

• Multiple rows of trees should be planted around agricultural lands in coastal areas 
to protect crops from land inundation and salt water damage. This will eventually 
improve the sustainability of the agro-ecosystem which would otherwise be 
fragile due to sea encroachment. The trees act as guards against further soil 
degradation in coastal areas (Maity et al. 2018; Susware et al. 2021). In areas of 
heavy metal toxicity, land can be reclaimed by well-designed AFS systems. 
Augmenting trees such as Populus sp., Salix sp., Sebertia acuminata, etc., with 
crops, namely, sunflower, hemp, sugarcane, etc., depending on the climate 
situations of the particular place, can transform a land unsuitable for production 
into a sustainable fertile land giving guaranteed production from crops and other 
multiple benefits from trees (Sade 2020).

• In waterlogged areas where cultivation of normal crops is unsuitable can be 
reclaimed by growing a huge number of bio-drainage trees like Eucalyptus 
sp. for initial years, then using the land for further cultivation of food crops in 
between the trees in later years, when the water tables underground have receded 
(Maitra and Zaman 2017).

• Prosopis cineraria in pasture land is said to improve the organic carbon, available 
nitrogen, phosphorus, and potassium of the soil at the same time securing huge 
fodder, timber, fuelwood and food for the farmers (Yadav et al. 2011). Acacia 
nilotica based silvipastoral system especially growing conservative, less compet-
itive grasses like Eulaliopsis binata is commonly practised in Shivalik foothills 
for rehabilitating degraded soils (Samra and Singh et al. 2000). Multipurpose 
trees like Azadirachta indica, Eucalyptus sp., etc., help in ameliorating sodic soils 
having high pH and electrical conductivity by their extensive root system, which 
breaks the soil compaction, improves infiltration of rainwater, eventually leaching 
the salts and bringing the pH to the desired level so that crops can be grown. 
Bamboo (Dendrocalamus hamiltonii) should be introduced in different AFS 
systems since it has a remarkable ability to improve potassium levels in the soil.
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2.8 Role of Agroforestry 

2.8.1 Food and Nutritional Security 

An increase in demand for food, due to a rapid increase in population pressure 
consequently, raised concerns over food and nutritional security in the world (Arora 
2019). This was aggravated by urbanization, resulting in over-pressurizing arable 
land through unprecedented use of agrochemicals and exploitation of scarce natural 
resources under changing climate (Godfray and Garnett 2014). Moreover, the lack of 
access to an adequate amount of high-quality food may lead to nutritional insecurity 
and malnutrition (Adesogan et al. 2020). Under these circumstances, AFS plays a 
very crucial role in doubling food production over the coming years which is 
attributable to its multifunctional approach, making it ecologically sustainable 
(Shukal et al. 2018). 

AFS is a multifunctional landscape approach that supports diverse food systems, 
wherein woody perennials are grown in association with crops, pastures, livestock, 
etc. (Saikia et al. 2017; Mathuia et al. 2016). AFS involves the integration of more 
than two components, thus playing a complementary role to overall yield enhance-
ment globally (Shin et al. 2020); and this was attributed due to the pumping of 
nutrients and water by deep-rooted trees from deeper layers, contributing to effective 
recycling of nutrients in the soil and improving soil fertility whose depletion was 
otherwise one of the major causes for food insecurity (Pierret et al. 2016). However, 
the role of forests in augmenting organic matter reduces evaporation, improves 
infiltration and reduces soil erosion, marked its scope towards amelioration of 
degraded lands (Sarkar et al. 2019; Lal 2015), which is attributed to enhanced 
biological nitrogen fixation, efficient nutrient cycling and deep capture of nutrients 
(Kumar 2016). Although resource conservation is not the primary goal of the AFS 
system due to its rich biodiversity, it plays an important role in resource conservation 
by improving soil water, soil organic matter (SOM) and nitrogen availability thus 
gaining sustainable productivity enhancement in associated crops (Fahad et al. 
2022). 

Several AFS components also have insect-pest repellent properties which in turn 
significantly minimized the damage due to pests and diseases creating conditions 
favourable for plant growth (Pumariino et al. 2015). However, healthy soil certainly 
enriches the nutrient content in the food thus minimizing malnutrition and building 
up nutritional security among the population (Berkhout et al. 2019; Bilali et al. 
2018). In light of these facts, it is evident that the role of AFS is not restricted to the 
enhancement of yield alone and hence could be a befitting approach in achieving 
food and nutritional security.
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2.8.2 Soil Conservation and Reclamation 

Soil degradation is a serious threat to food and environmental security (Trivino et al. 
2016; Bindraban et al. 2012). This was aggravated by field crop’s ability to hold soil 
intact, resulting in accelerated soil and nutrient erosion (Jnr 2014; Trnka et al. 2016). 
In this context, the presence of trees as a component in AFS was perceived as a silver 
lining to address the issues of soil conservation effectively (Nainwal et al. 2016; 
Bashir et al. 2018). Owing to the deep root system, trees along with deep-rooted 
annuals explore a greater soil volume, thus enhancing the stability of soil aggregates 
to resist erosion (Ola et al. 2015). Besides, trees act as a barrier, slowing down runoff 
water velocities by resisting the movement of water and preventing the loss of 
suspended sediments and this character was enhanced due to the involvement of 
annual crops and animals (Piyuh et al. 2018; Udawatta et al. 2010; Jianbo et al. 
2018). Tress as a component of AFS also bestowed the soil with a developed organic 
layer that tweaks the stability of soil aggregates ensuing in increased infiltration and 
reduced runoff (Vermang et al. 2015; Hosseini et al. 2016). Further, this was 
supported by increased soil organic carbon (SOC) under tree-based horticultural 
cropping system over crop and uncultivated land, respectively (Mandal et al. 2018), 
and similarly, a significant increment was observed in organic matter content and 
electrical conductivity without affecting the soil pH under eucalyptus based agri-
Silvi-horticultural system (Johar et al. 2017, b). However, considering the role of the 
canopy cover of trees along with thick organic cover on the soil, turn down the 
impact of a raindrop on soil, thus eliciting the potential of AFS in nutrient and soil 
conservation (Zhu et al. 2020; Mahmud and Islam 2017). This is further supported 
by improved soil infiltration under single trees over open areas or trees with a termite 
mound in association in semiarid regions of Burkina Faso (Tobella et al. 2014). 

Soil salinization is one of the major threats in the world. This was mainly 
aggravated due to an increase in groundwater level with reduced transpiration 
which was ascribed to the substitution of forests with annual crops (Banyal et al. 
2017). Besides, the contributions of seawater and arid environments towards the 
development of soil salinity were noteworthy (Szymkiewicz et al. 2018). The 
aftermath of salinity is directly linked with significant yield reduction 
(Morniruzzaman and Shamim 2015; Chauhan et al. 2016); due to minimized water 
and nutrient intake by plants owing to increased osmotic pressure at higher pH 
(Munns et al. 2019). Moreover, the domination of sodium salts results in the 
deterioration of the physical properties of soil (Choudhary and Kharche 2018). 
The role of trees in minimizing the deposition of salt on the soil surface layer is 
influenced by the type of litter facilitating improved water infiltration for successful 
leaching of surface salts into the soil profile (Behera et al. 2015; Gelaye et al. 2019). 
Similarly, in a study conducted to assess chemical properties under different land-
use systems, AFS-based systems (eucalyptus + turmeric) was found more efficient in 
influencing the soil chemical properties (Pandey et al. 2019). Further, this was 
supported by a study conducted in Punjab wherein lower pH values were recorded 
under the paddy-wheat cropping system over poplar-based AFS treatments,



comparatively (Sharma et al. 2015). Most of the popular tree species in an agroforest 
were accomplished with higher salt tolerance like Prosopis, Casuarina, Salix, etc.. 
Moreover, when these tree species were added by adopting salt-tolerant annuals 
could show extended tolerance towards soil salinity (Sera 2017; Yaish and Kumar 
2015). Concomitantly, before decomposition tree and crop residues on the surface 
serve as a mulch minimizing the accumulation of salts and promoting better surface 
characteristics (Aragues et al. 2014; Memon et al. 2017). Every so often in various 
types of research, certain tree species were found to exude acidic components, thereby 
significantly taking part in reclaiming saline soils (Behera et al. 2015). Therefore, the 
cumulative role of all components made the role of AFS inevitable in conserving soil 
and its reclamation ensuring sustainability (Alao and Shuaibu 2013). 
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2.8.3 Climate Change Adaptation and Mitigation 

Globally, rapid climate change in the past few decades has a serious impact on 
agriculture questioning food security (Yadav et al. 2018). Consequently, its adapta-
tion in addition to ideal mitigation strategies has become imperative for successful 
crop production (Wahid et al. 2015; Onu and Ikehi 2016). In this context, the role of 
AFS in adaptation and mitigation of climate change has been widely acknowledged 
(Zoysa and Inoue 2014). Its role in climate change adaptation and mitigation is 
attributed mainly due to the inclusion of trees in crop and pasture lands (Ogle et al. 
2019; Bhatt 2018). Several studies showed that annual crops were more sensitive to 
extreme weather events than perennials (Johansson et al. 2013). Indeed, the integra-
tion of perennials with annuals were also found to be beneficial in coping with 
extreme weather conditions (Scaven and Rafferty 2013). The rich diversity in an 
AFS system largely involves trees with a mechanism to adapt extreme weather 
conditions at an expense of its carbon gain and growth (Nair et al. 2019; Kaul 
et al. 2011). However, improved organic matter accumulation through the continu-
ous addition of litter and shade due to extensive tree canopy minimized evapotrans-
piration and thereby enhanced the ability of annuals in adapting to drought and heat 
stress (Wang et al. 2016). Subsequently, well-developed tree crown and deep root 
system add up its ability to counteract runoff and at the same time play an important 
role in modifying soil temperature (Zhang et al. 2019). Tree height and canopy 
growth further determine its capacity to resist fast-moving winds through shelter-
belts and windbreaks consequently minimizing impact of direct sunlight and evap-
oration playing a significant role in moisture conservation (Dafa and Nawal 2016; 
Alemu 2016). As AFS is an integration of many diversified components, it thus 
creates many production opportunities and improves the risk-bearing ability under 
fluctuating climate (Prasad et al. 2016; Brown et al. 2018). 

Accelerated increase in GHGs in the atmosphere cannot be combated efficiently 
for a long time merely through adaptation alone (Kweku et al. 2017). Further, it 
significantly contributed to global warming, a major threat to the ecosystem (Latake 
and Pawar 2015). To withstand this, there is a need for an approach that ameliorates



GHG from the atmosphere (Singh 2013; Saklani and Khurana 2019). In this context, 
AFS gained immense popularity because of its built-in mechanism to sequester 
carbon dioxide (Nair and Nair 2014). However, trees in this system sequester 
atmospheric carbon into its woody biomass both above and below the ground, 
substantially higher than that of herbaceous vegetation (Mayrinck et al. 2019). 
Above ground, sequestration was attributed due to increasing above-ground biomass 
production due to excessive branching and leaf-bearing ability, while prolific root 
growth exploring larger volumes of soil and litter-fall contributed to below ground 
sequestration in tree-based AFS systems (Chauhan et al. 2011; Meena et al. 2020). 
Besides, this system also contributes to the increase in the availability of fuel-wood 
serving primarily helping in the conservation of natural forests (Gronau et al. 2018) 
and minimizing burning of fossil fuel (Adhikari and Ozarska 2018). 
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2.8.4 Agroforestry and Ecosystem Services 

The AFS system involves the integration of trees with annual crops and livestock 
ought to have potential to ecosystem services, namely, increases soil nutrient inputs, 
improves the sink capacity for enhanced carbon sequestration, improves water 
quality, enhances conservation of biodiversity, spikes soil productivity, protects 
and reduces nutrient losses. Ecosystem services are identified as recognized benefits 
that were believed to be achieved by the adoption of different AFS practices. Here, 
we have classified these services into five different headings, namely, increased soil 
nutrient inputs; soil productivity, protection and reduced nutrient loss; carbon 
sequestration; water quality enhancement and environment amelioration and biodi-
versity conservation. 

2.8.4.1 Increased Soil Nutrient Inputs 

Biological Nitrogen Fixation 

Nitrogen is one of the most vital plant nutrients that plays a key role in plant growth 
and development (Leghari et al. 2016). Globally, rise in population concomitantly 
raises the demand for higher food production which could possibly be achieved 
through the attainment of the potential yield of nutrient responsive genotypes by 
supplying nitrogen countering its demand (Imran et al. 2015). Conventionally, this 
demand was met largely by mineral fertilizers and to some extent by biological 
nitrogen fixation (BNF) (Gendy et al. 2013). However, mineral fertilizers assure the 
timely supply of nitrogen at adequate amounts but concomitantly triggers environ-
mental pollution (Ahman and Zhang 2018). Besides, indiscriminate use of fertilizers 
also contributes to eutrophication, species extinction, climate change, ozone deple-
tion, etc. (Skiba and Rees 2014). Henceforth, the importance of BNF can be 
emphasized to achieve environmental security and improve soil health (Weisany 
et al. 2013).



2 Agroforestry: A Resource Conserving Technology for Efficient. . . 35

Biological nitrogen fixation is an important biochemical process involving con-
version of atmospheric nitrogen to ammonia by certain bacteria, actinomycetes, 
blue-green algae, fungi and yeast (Bhat et al. 2015; Chakdar et al. 2012). The 
atmosphere constitutes more than 78% of nitrogen by volume, thus integration of 
nitrogen-fixing trees/crops with crops acts as an alternate strategy to increase 
nitrogen availability without the addition of synthetic fertilizers (Islam et al. 2013). 
Subsequently, provide nitrogen as required to the non-nitrogen fixing crops within 
the AFS system (Verma et al. 2018). Further, the ability of nitrogen-fixing trees in 
fixing atmospheric nitrogen was usually governed by several factors, namely, 
effectiveness of microbial strains, soil available phosphorus, soil nitrogen content, 
soil moisture and soil pH (Hamza et al. 2017). Effectiveness of microbial strains 
significantly influences the plant nodulation and the amount of nitrogen fixed which 
was observed by Ndoye et al. (2015) in a glasshouse study resulting in a higher 
number of nodules in plants inoculated with rhizobial strains (ORS 3474, ORS 3593) 
in Acacia senegal. A field study conducted at Eastern Cameroon by 15 N dilution 
method (Sarr et al. 2016) estimated the increase in nitrogen significantly by 83% in 
Pueraria phaseoloides inoculated with Bradyrhizobium strain S3-4. Henceforth, 
this role enhanced complementarity between the components of AFS for nitrogen 
and helped the non-legume components to thrive well in nitrogen-deficient soils with 
extended scope in the reclamation of degraded soil (Stamford et al. 2013). 

Deep Nitrate Capture 

Nitrate form of nitrogen is the major source of nitrogen that determines the crop 
yields (Liu et al. 2014). It is susceptible to leaching, resulting in turmoil of nitrogen 
availability in the crop root zone, collaterally increasing the use of N-based fertilizers 
(Syahrawati et al. 2018). Nitrate leaching is an important component of N cycle in 
agriculture, with excess irrigation; nitrate leaching does occur which is compensated 
by using chemical fertilizers affecting farmer and environment simultaneously 
(Abrol et al. 2012; Nganchamung et al. 2017). Capturing the nitrate from the subsoil 
and pumping it back into the root zone offers a wide range of benefits to the 
ecosystem (Quemada et al. 2013). The role of AFS in deep nitrate capture was 
mainly attributed due to the deep roots of trees and to its SOM contribution (Zhu 
et al. 2020). Deep nitrate capture is one of the processes of nitrogen input besides 
biological nitrogen fixation (Querne et al. 2017). Since annual crops within the 
system have shallow root systems and cannot reach deep into the soil to utilize the 
nitrate lost through leaching, this is sufficed by the extended role potential of deep-
rooted trees in nitrate recovery (Lan et al. 2012; Shah et al. 2017). Kevin et al. (2018) 
in an extensive research from 2013 to 2016 estimated the reduction in nitrogen losses 
after converting from row crop agriculture including maize-soybean rotation to alley 
cropping with mixed fruit and nut trees at a pomology research farm, and University 
of Illinois resulted in a significant reduction in nitrate leaching by 82–91% under 
alley cropping.
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Further, an experiment was conducted for 6 long years in Brazil to estimate the 
nitrogen, calcium and potassium potential uptake by Eucalyptus grandis by injecting 
NO3, 15N, Rb

+ and Sr+ tracers through plastic tubes at various depths which 
revealed that the relative uptake potential of nitrate is more from deep soils. The 
nitrate that was captured from the deeper soil layers was utilized by the annual crops 
in the system after being added to the soil as leaf litter, root, leaf and branch pruning 
(Kaushal et al. 2012). According to Wang et al. (2011), the reduction in total 
subsurface nitrate flow estimated to ranging between 45 to 64 kg ha-1 in the 
mono-cropping system and 16 to 48 kg ha-1 in AFS, resulting in a long time for 
the citrus tree to reclaim the leached nitrogen. This highlights the role of adopting a 
land-use system that involves the integration of shallow-rooted crops with deep-
rooted trees to enhance water and nutrient pumping thereby promoting the restora-
tion of nitrate loss beyond the crop root zone (Ropokis et al. 2019). 

Biomass Transfer 

Biomass transfer is the process of the addition of plant biomass into the crop field to 
improve the soil organic matter content (Daniel et al. 2013). The woody perennials 
accumulate biomass for years mainly through enhanced carbon sequestration which 
was nutritiously enriched by BNF or deep nutrient capture, respectively (Moussa 
et al. 2015). This nutrient-rich biomass from multipurpose trees was added to crops 
under the AFS aim to supply essential nutrients for crop production upon decom-
position (Hasan et al. 2019). The addition of leaves and twigs were the key sources 
of biomass transfer that occurs frequently in an AFS. However, the results of 
Oyebamiji et al. (2016) were quite appealing to this context since the investigation 
revealed that the maize sown in plots incorporated with Albizia lebbeck performed 
well both in terms of growth and yield attributes due to increased mineral nitrogen in 
soil resulting from the decomposition of added litter material. Moreover, the addition 
of litter contributes to build-up soil organic matter content in the soil surface which 
thereby serves as a reserve for consistent nutrient supply in the soil (Novara et al. 
2015). The rate of decomposition and mineralization of the added litter further 
influences the utilization of biomass transferred by the crops growing under tree 
alleys (Maitra 2023). Research conducted under different silvopastoral systems 
found that organic matter within 0–2 cm was significantly improved under the 
semi dehiscent trees and thereby releases nutrients upon decomposition of fallen 
tissues (Lana et al. 2018). Similarly, the litter quality and individual nutrient 
concentrations influence the quantity of nutrient added into the soil such that the 
nitrogen and phosphorus uptake was found to be best under Dalbergia sissoo while 
potassium uptake was best under Azadirachta indica (Hossain et al. 2011). Hence, 
organic residue contribution from integrated trees within the AFS system act as a 
source of low-cost inputs in readily available form attributing for better plant growth.
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Enhanced Nutrient Cycling 

The role of AFS in nutrient cycling is more significant than other land use systems 
due to higher rates of turnover and lower rates of losses from the system (Seneviratne 
et al. 2015). This enhancement of nutrient cycling was attributed to this system due 
to enhanced interception of nutrients by deep-rooted trees and subsequent addition 
of the captured nutrients on the surface by added litter (Egnell et al. 2015). Further, 
due to the integration of trees, the loss of nutrients by harvest and dependence on 
external inputs were minimized (Pinho et al. 2012). In a view to restocking soil 
fertility, Yamada et al. (2016) recommended the integration of fast-growing trees. In 
research conducted using the 15N dilution technique, Augustin et al. (2017) reported 
that the age of the tree will not affect N-fixation instead it will be stored in standing 
litter, leaves, stem, branches, etc., sufficiently contributing to nutrient recycling in 
Acacia magnesium in the Philippines. Singh (2009) found a total addition of 176 kg/ 
ha N, 21.7 kg/ha P, 133 kg/ha K, 368 kg/ha Ca and 55.4 kg/ha S with an addition of 
20.1 Mg/ha of dry litter from poplar plantations and subsequently with the increase 
in age of the nutrient concentration decreases. Similarly, Aguiar et al. (2010) 
reported significant addition of calcium (436 ± 18 kg ha-1 ) and phosphorus 
(56 ± 3 kg  ha-1 ) with the surface incorporation of Acacia branches into the soil. 
Innangi (2017) revealed that the new shed litter of alder contains 30.3 mg/g of N on a 
dry weight basis. This process of capture and cycling nutrients is collectively termed 
nutrient pumping (Moore et al. 2013). 

Soil Organic Nitrogen 

Nitrogen is the most important nutrient required by the crop and being a constituent 
of biologically important molecules, namely, proteins, amino acids, porphyrins, 
nucleic acids, etc., it is required by the crop in relatively higher concentrations 
(Leghari et al. 2016). Besides, weathering cannot contribute to the addition of 
nitrogen to the soil and thereby SOM turned out to be the potential source of nitrogen 
in the soil (Schmidt et al. 2011). The inherent quality of materials constituted for the 
formation of SOM plays a major role in the mineralization and availability of 
nitrogen to the soil. This was in confirmation with the results of an experiment at 
Makoka Research Station, at Southern Malawi which reported inclusion of 
Glyceridia in the cropping system increased the POM-N by 86% (Beedy et al. 
2010). Plant litter usually consists of water-soluble compounds, glycoproteins, 
polymer carbohydrates, lignin, lipids, waxes, etc. (Gispert et al. 2017). However, a 
high concentration of lignin in SOM reduced the rate of decomposition affecting the 
N mineralization. On the evaluation of lignin and cellulose dynamics in Cistus 
incanus L., Myrtus communis L. and Quercus ilex L. during litter decomposition 
found that an increase in lignin and cellulose content within the biomass raised the 
nitrogen immobilization (Fioretto et al. 2005).
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Soil Organic Phosphorus 

Phosphorus availability is the most essential and largely influences the productivity 
of an ecosystem (Liu et al. 2021). Due to rising concerns about inorganic phosphorus 
application on soil and water quality, it was imperative to integrate organic phos-
phorus with inorganic sources to increase its availability (Darch et al. 2014). AFS’s 
role in the addition of organic phosphorus was highly attributed by heavy litter 
addition subsequently transferring the nutrient-rich biomass (Hossain et al. 2011). 
This added biomass acts as a reserve for organic phosphorus, namely, phosphates, 
monoesters and diesters which upon mineralization adds up to the inorganic phos-
phorus content (Vincent et al. 2010). In an investigation, it was estimated that 
continuous addition of litter for a span of three years increased the organic phos-
phorus by 16% in the surface soil (0–2 cm) (Vincent et al. 2010). 

2.8.4.2 Soil Productivity, Protection and Reduced Nutrient Loss 

The decrease in nutrient loss from the soil was highly accounted for the role of the 
AFS system in minimizing soil leaching, erosion and runoff (Zhu et al. 2020). Soil 
erosion involves the removal of topsoil due to wind or water by the influence of 
natural processes and human activities (Balasubramanian 2017). Primarily, the 
reduction in erosion was attributed to the ability of tree roots in exploring deeper 
soil layers and holding the fragile soil tight which helps to impart enhanced soil 
compaction within the system (Vannoppen et al. 2017). Above-ground functions of 
trees, namely, rainfall interception by tree canopies minimized the impact of a 
raindrop on soil also attribute to erosion control (Zhujun et al. 2015). Besides, 
frequent litter addition leads to the building up of SOM, thus enhancing the ability 
of soil to resist erosion by improving stability within the soil aggregates (Zhang et al. 
2018). On steep slopes too planting of trees on terraces act as a biological barrier to 
soil erosion and helps in cutting off the velocity of runoff (Jia et al. 2020). Similarly, 
in an investigation conducted for 8 years at e Yangtze River basin, China, found a 
remarkable reduction of runoff (63 to 70.8%) and sediment (231.2–242.8 t/ha) under 
hedgerows of both false indigo and vetiver, respectively (Lin et al. 2009). Further, 
this extensive influence of AFS systems on both physical and chemical properties of 
soil is attributed to improving the innate ability of the soil to protect nutrients against 
loss (Chandra et al. 2016), hence highlighting its role in addressing one of the major 
concerns most efficiently which is otherwise exaggerated by intensive agricultural 
practice (Ncube 2020). This agreed with the results of Tully et al. (2012) and 
according to him, there was a linear decline in N losses from the surface due to an 
increase in above-ground biomass with the integration of shade trees with coffee 
plantations. Moreover, AFS involves more diverse cropping systems and acts as 
supplemental habitat for natural forests protecting both plant and animal biodiversity 
through reduced clearance of natural forests (Udawatta et al. 2015). This was further 
regulated by soil micro and macro-fauna affecting both nutrient release and carbon 
conservation from the accumulated biomass protecting the productive capacity of the



underneath soils (Naresh et al. 2016). Collectively, all these ecosystem services 
provided by a well-managed AFS ultimately aim to improve soil fertility, thus 
complementing the yield of the annual crops cultivated under this system (Prasad 
et al. 2016). Although poor light interception through tree canopies limits the 
photosynthetic accumulation of the intercrop, this limitation was complemented by 
improved soil fertility (Qiao et al. 2019). 
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2.8.4.3 Carbon Sequestration 

Agroforestry is considered one of the most plausible ways to sequester more carbon 
in both aboveground and underground conditions (Pramanick et al. 2021). The 
agroforestry area is much higher in developing countries (about 1 billion ha) 
compared to the industry-intensive developed country. Agroforestry systems 
(AFSs) are known to sequester atmospheric carbon in an efficient way since their 
apparent ability to sequester more carbon (C) from the atmosphere during their 
growth and development. The estimates of C stored in AFSs range from 0.29 to 
15.21 Mg ha-1 year-1 aboveground, and 30 to 300 Mg C ha-1 up to 1 m depth in the 
soil (Nair et al. 2010). Many recent studies suggested that tree-based AFSs can store 
more C in the deeper layers of the soil as compared to treeless AFSs. More 
surprisingly, it was also revealed that the C3 plants could contribute to more C-
build-up in soils as compared to C4 plants in the deeper layers (Nair et al. 2010). 
However, the magnitude of C-sequestration under AFSs massively depends on the 
ecology as well as the management of the systems. The AFSs practitioners in the 
world are now gaining more and more importance as far as C-trading is concerned 
(Pramanick et al. 2023). Many previous studies reported on the C-sequestration 
potential of varied AFSs, namely, silvi-pasture, agri-silviculture, agri-horticulture 
and agri-horti-silviculture. It was found from various studies that the AFS can 
increase ~25% of C-sequestration than non-AFS (Kiran Kumara et al. 2023). The 
best-suited AFS is agro-horticulture which can contribute to ~38 Mg C ha-1 

accounting for ~30% more C-stock comparing conventional systems. 
C-sequestration can be increased to the tune of about 37% when grassland is 
converted to AFS. In contrast, generally, ~25% decline in the C-sequestration is 
observed when a forest gets converted to agroforestry (Kiran Kumara et al. 2023). 

2.9 Future Perspective of Agroforestry 

Generally, agriculture and forestry are considered as the two different domains, but 
many times these are interrelated on landscape and stake common targets and 
ecological fundamentals. The multitude of AFS is based on ecological values and 
ecosystem services with a focus on contribution to the accomplishment of many 
regional developmental goals. Worldwide, AFS is considered an underexploited 
system. Further, enough potential is there for the flourish of AFS in tropical as



well as in the temperate zone. In tropical regions, it can ensure agricultural sustain-
ability with the fulfilment of major SDGs. Past researches carried out during the last 
four decades created an enormous impression, particularly in the context of food and 
nutritional security in the arena of combatting ill effects of climate change. As the 
AFSs are having strong and scientific bases, there are enough opportunities for the 
flourishing of the systems. The technologies and research results evolved in a 
direction, which need dissemination in a broader perspective. The adoption of 
AFS systems should be intensified considering their suitability in different land-
scapes for agricultural sustainability, and in this direction there is an urgent need for 
policy interventions for lowering carbon footprint in fragile ecological conditions 
and other suitable areas. 
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2.10 Conclusions 

The agroforestry system (AFS) gained attention in the 1980s when the adverse 
impacts of GRTs were realized worldwide and alternative thoughts of sustainable 
agriculture were seeded. There is no doubt that the research works carried out 
globally on AFS influenced a lot to set a future direction to attain agricultural 
sustainability as a suitable option wherever applicable. Recent researches clearly 
emphasized the multifaceted roles of AFS like food and nutritional security, bene-
ficial environmental impacts and ecosystem services along with greater ecosystem 
services. Under the present context of climate change impacts and carbon footprint 
in agriculture, the focus should be given on eco-friendly farming practices that can 
lead to evergreen agriculture and AFS has enough potential to ensure agricultural 
sustainability. There is an urgent need for enhancement of agricultural production in 
the populous countries of tropics and AFS can play a magnificent role as it has a 
wide range of promising approaches like soil fertility improvement, proper nutrient 
cycling, C sequestration, checking erosion of soil and nutrient loss, better manage-
ment of marginal lands and greater ecosystem services. 
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Chapter 3 
The Tree-Crop Interface: Soil Moisture 
Relations 

Zikui Wang, Quan Cao, and Yuying Shen 

Abstract Understanding the soil moisture dynamics and evapotranspiration 
(ET) patterns in the tree-crop interface is crucial for effective design and manage-
ment of agroforestry systems, particularly in water-limited environments. In this 
chapter, we conducted a comprehensive analysis of soil moisture conditions, ET, and 
their key influencing factors in agroforestry. Subsequently, we developed an inte-
grated ET and soil water balance model to unravel the underlying mechanisms 
governing soil moisture dynamics. Furthermore, we investigated the soil moisture 
conditions and ET relationships in an apple tree-cocksfoot agroforestry system 
established in the Loess Plateau of China. Our findings indicate that the ET and 
soil water balance coupling model successfully captured the intricate water cycling 
processes within agroforestry systems. This model holds promise for evaluating 
water utilization efficiency and informing the design and management of agrofor-
estry systems across diverse environmental contexts. We emphasize the significance 
of appropriate field management practices, such as maintaining low coverage of 
understorey crop species, to mitigate the potential negative impacts of interspecific 
competition on tree performance in agroforestry under water-limited environments. 
We encourage the adoption of agroforestry systems incorporating well-managed 
understorey crops to enhance water productivity while providing valuable ecological 
services. 

Keywords Agroforestry · Soil moisture · Tree-crop coupling system · ET 
partitioning · Water sustainability 
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3.1 Introduction 

Diversified agricultural system has long been recognized as a sustainable agricultural 
approach. However, global agricultural modernization has led to the gradual sim-
plification of agricultural systems, resulting in increased dependence on external 
inputs such as irrigation, fertilization, and energy, and contributed to a decline in 
resource use efficiencies (Basso et al. 2021). Furthermore, simplified farming sys-
tems are more susceptible to challenges such as pest and weed invasion, heat and 
drought stress, and greenhouse gas emissions, raising concerns about their sustain-
ability in the face of climate change (zhang et al. 2018; Zimmerer and Vanek 2016). 
In contrast, a mixed agricultural system, such as intercropping and agroforestry, 
mimics the function of natural ecosystems and offers potential solutions for design-
ing agroecosystems that rely more on biological processes, while harnessing land 
productivity and ecosystem services (Frasier et al. 2017). 

Agroforestry practices have gained global recognition due to their potential for 
enhancing production and ecological service of agricultural systems (Smith et al. 
2012; Abbas et al. 2017; Garcia et al. 2018). In Europe, agroforestry systems are 
recognized as a promising approach to integrate traditional agricultural and forestry 
systems effectively (Kay et al. 2019). Consequently, the “AGFORWARD” project 
has been implemented to assist smallholders in achieving economic gains while 
safeguarding the ecological environment. Similarly, in the United States, the inte-
gration of agroforestry systems within broader agricultural strategies has played a 
significant role in enhancing agricultural productivity and ensuring food security 
(Schoeneberger et al. 2017). Compared to single planting methods of economic 
forests or crops, agroforestry systems have been shown to effectively enhance the 
regional ecological environment and achieve simultaneous improvements in eco-
nomic and ecological benefits (George et al. 2013; Zhu et al. 2018). In China, 
various types of agroforestry of different combinations of crop and tree species 
have been implemented. The understorey crops could be grain crops (e.g., cotton and 
wheat) as studied by Liu et al. (2012), forage crops (e.g., fodder canola and soybean) 
as investigated by Ling et al. (2017), and cover crops (e.g., cocksfoot) as examined 
by Wang et al. (2019). Grain and forage crops contribute to enhanced forest 
productivity, although they require substantial water resources, making them more 
suitable for arid regions under irrigation or sub-humid regions, as highlighted by 
Zhang et al. (2014). Conversely, cover crops are predominantly employed in some 
semi-arid hilly areas to prevent soil erosion, as emphasized by Gao et al. (2014). The 
selection of appropriate agroforestry systems depends on resource availability and 
the dynamics of competition or complementarity in resource utilization among 
different species (Grass et al. 2020; Wang et al. 2021). 

Water is one of the main limiting factors for forest and agricultural production. 
Numerous studies have demonstrated that incorporating economic crops or herbs 
between trees and rows can enhance rainfall infiltration rates, decrease soil evapo-
ration, and enhance soil water storage (Atucha et al. 2013; Chen et al. 2019). 
Additionally, the presence of crop canopies between rows can reduce raindrop



kinetic energy, mitigating the direct impact of rainfall on the ground and subse-
quently reducing soil erosion (Chen et al. 2017; Ali et al. 2021). Wallace (1991) 
highlighted that in arid and semi-arid regions, annual soil evaporation can account 
for 30–60% of the annual soil rainfall. By incorporating interline canopy shading 
and reducing wind speed, agroforestry systems significantly mitigate soil water 
evaporation, thereby facilitating the optimal utilization of water, soil, and other 
resources within the composite system. A comprehensive understanding of water 
utilization and soil moisture dynamics in agroforestry is essential for optimizing 
planting configurations and maximizing both agricultural productivity and ecolog-
ical benefits. 
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3.2 Soil Moisture Relations in Tree-Crop Coupling System 

3.2.1 Soil Moisture Relations in Agroforestry 

Compared to single planting methods, the establishment of a well-designed agrofor-
estry system yields positive effects on the improvement of the soil water environ-
ment. The first reason is that incorporating crops into forests can increase infiltration 
and reduce soil evaporation. In sole planting systems, a significant amount of soil 
water is lost through non-productive water consumption, such as runoff or inefficient 
soil evaporation (Celette et al. 2010; Cao et al. 2021). The introduction of biological 
cover on previously bare surfaces reduces runoff and soil erosion during rainfall 
events, while the growth of underground roots enhances soil infiltration by creating 
larger soil pores. This promotes rainfall infiltration into deeper soil layers, increasing 
water storage capacity (Huang et al. 2014). Consequently, more available soil water 
becomes accessible to trees and crops during seasonal or prolonged drought periods. 
For instance, Hernández et al. (2005) found cover crop of clover effectively con-
served available soil water without significant competition for water resources with 
the olive tree. Additionally, organic mulching with cover crop can enhance soil 
microbial activity and improve the function of soil aggregates, resulting in 
favourable soil structure and moisture conditions (Siczek and Lipiec 2011). Another 
reason is that cover crops typically have shallower root systems compared to fruit 
trees, resulting in distinct vertical divergence in their respective water uptake 
regions. Hydraulic lifting is a mechanism observed in agroforestry systems with 
deep-rooted trees and shrubs. It facilitates the efficient use of soil water resources by 
crops for their growth. This process involves the transfer of water from deep soil 
layers to the surface through roots. By strategically selecting tree and crop (or grass) 
layouts, trees can absorb water from deeper soil layers, while crops (or grasses) 
utilize water from surface soil layers. This strategy minimizes water competition 
between trees and crops. 

However, underwater short age conditions, the effects of agroforestry planting on 
soil moisture can vary. Soil water competition has been a prominent research focus 
within agroforestry systems, particularly in semi-arid and arid regions (where



seasonal drought or dry years occur), as well as in rain-fed agriculture (Leroy et al. 
2009; Zhao et al. 2014). Tree and crop roots are the primary organs responsible for 
water absorption from the soil. When the root systems of two crops overlap, 
competition for soil water and other resources becomes unavoidable. In a semi-
arid rain-fed region, Du et al. (2015) reported that the cover crop of milk vetch under 
apricot tree resulted in low soil water as well as nutrient levels compared to mono-
cultured orchard, and Fang et al. (2016) validated that crop covering decreased soil 
water content and the production in an apple orchard. 
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It should be noted that competitive utilization of soil water between tree and crop 
species is influenced by many factors such as planting arrangement, tree and crop 
height difference, and field management measures on water, nutrients and soil 
tillage. The effective design of the planting arrangement and management of the 
agroforestry can alleviate interspecific water competition. For instance, Zhang et al. 
(2014) found that reducing the cotton plant density could alleviate its competition 
with jujube tree in jujube-cotton agroforestry, and Wang et al. (2017) found that 
increasing the distance of cotton row to tree row could also alleviate the competition. 
Similarly, in another study on vineyard agroforestry, Centinari et al. (2013) found 
that increasing the cut frequency of understorey cover crop could reduce the 
understorey water consumption. However, the mechanisms contributing to the 
interaction between evapotranspiration (ET) water transportation and soil moisture 
dynamics in agroforestry systems remain unclear and warrant further investigation. 

3.2.2 ET Partitioning Between Tree and Crop Species 

The assessment of water use interactions in tree-crop systems, whether competitive 
or complementary, can be facilitated by quantifying and partitioning of ET (Padovan 
et al. 2018). ET refers to the process by which water transitions from a liquid to a 
gaseous state. Soil evaporation, on the other hand, is a significant hydrological 
process in which water dissipates from the soil to the atmosphere (Ritchie 1972). 
However, in terms of agricultural production, soil evaporation represents 
non-productive water consumption since it cannot be directly utilized by plants 
(Li et al. 2022). Plant transpiration, on the other hand, is a vital physiological process 
closely associated with plant growth. Plant roots directly extract water from the soil, 
facilitating plant growth and development, and ultimately releasing water into the 
atmosphere through leaf stomata. Achieving full cover is often challenging in young 
and newly planted forests, leading to substantial water loss through soil evaporation 
(Wang et al. 2015; Wang et al. 2019). Introducing crop species between tree rows is 
potential of reducing soil evaporation, however meanwhile, it might contribute to the 
increase of water use through crop transpiration beneath the tree canopy (Ling et al. 
2017). 

A study carried out in Kenya demonstrated as high as 35% reduction in soil 
evaporation in agroforestry systems compared to sole planting, highlighted the role 
of crop shade in evaporation reduction in forest (Wallace et al. 1999). Huang et al.



(2014) also reported that clover and cocksfoot planted under jujube tree decreased 
water consumption through soil evaporation and increased rainfall infiltration. 
However, Zhao et al. (2015) observed that the introduction of agroforestry systems 
led to alterations in the soil water balance, resulting in a 5–12% increase in system 
ET. It is found that plant transpiration tends to intensify with higher solar radiation 
levels, agroforestry primarily modifies the amount of solar radiation intercepted by 
crops and subsequently affects their evapotranspiration within the forest environ-
ment. Meng et al. (2012) investigated crop transpiration in the presence of forests in 
the North China Plain, and noted a reduction of approximately 12% in crop transpi-
ration under forest conditions. Similar to soil water conditions, proper management 
of cover crop could also have the potential of balancing water competition and water 
conservation in agroforestry systems. 
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3.2.3 Quantification of Water Relations in Tree-Crop 
Interface 

Estimating seasonal or periodic ET in agroforestry systems is commonly achieved 
by using the soil water balance equation, after measuring the soil moisture in the root 
layer. However, it is not possible to separate evaporation and transpiration using this 
method alone. Direct measurement of one of these components is necessary. Micro-
lysimeters, a widely adopted technique, can be used to measure the evaporation from 
soil (Jackson and Wallace 1999). On the other hand, measuring plant transpiration, 
especially for crop species, presents challenges due to limitations in available 
instrumentation. As a result, accurately partitioning of ET among tree plants, crop 
plants, and soil in agroforestry remains a challenging task in field operations. To 
overcome these challenges, the utilization of theoretical modelling provides an 
efficient approach for quantifying ET under various canopy and weather conditions, 
facilitating improvements in planting systems. 

The simulation of ET plays a crucial role in facilitating precise water management 
in agricultural fields. The partitioning of water resources among various plants and 
soil compartments within a complex planting system is influenced by the interactions 
between the above-ground canopy and the subsurface root system. Above-ground, 
the water requirements of plants in such complex populations are determined by 
meteorological conditions and the spatial distribution of leaves (Ozier-Lafontaine 
et al., 1998). Below-ground, it primarily depends on the soil water availability and 
the distribution extent of plant roots (McIntyre et al. 1996). The Penman-Monteith 
(PM) model was derived by extending the original Penman equation, which utilizes 
an analogy to electrical resistance to estimate water vapour fluxes from canopies and 
soil surfaces. According to this analogy, the latent heat of water fluxes is impeded by 
multiple resistances that characterize the transport processes involved (Monteith 
1965). The (PM) model integrates both soil and vegetation components when 
estimating evapotranspiration, but it overlooks the differences in water vapor



transport between these two entities. Building upon the PM model, Shuttleworth and 
Wallace (1985) recognized that soil and vegetation act as distinct sources of water 
vapor. Consequently, they developed a dual-source evapotranspiration model that 
accounts for the evaporation from both soil and transpiration from leaf surfaces of 
different vegetation types. 
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Recognizing the presence of multiple plant species within complex populations 
such as intercropping, Wallace (1997) expanded the dual-source evapotranspiration 
model. To capture the radiation interception and evapotranspiration patterns in 
complex populations, a multiple source ET model (or ERIN model) was subse-
quently presented. The ERIN model has been successfully applied to calculate ET 
partitioning in several intercrop canopies (Gao et al. 2013; Teh et al. 2001). 
However, its properness for agroforestry systems might be limited. The main reason 
is that the multi-source ERIN assumes a mean canopy flow (MCF) dominated by the 
taller species. This assumption can result in an underestimation of water transporting 
resistance of understorey crops, and thereby overestimating the crop transpiration. 
Additionally, in cases where tree coverage is low, the model may also underestimate 
the boundary layer resistance for soil evaporation. 

In order to enhance the simulation of water use processes in agroforestry systems, 
Wang et al. (2021) recently made improvements to the multi-source ERIN model. 
The improved model accounted for the impact of significant height differences 
among species within agroforestry systems on resistance network. Subsequently, 
the improved multi-source model was combined with a soil water balance model to 
simulate water cycling in agroforestry. This enhanced model was rigorously vali-
dated and demonstrated high accuracy in simulating plant transpiration, soil evap-
oration, and soil moisture conditions in the tree-crop coupling systems. The model 
will be presented in the forthcoming chapter. 

3.3 Soil Moisture Relations Modelling in Agroforestry 

3.3.1 Radiation Partitioning 

Radiation drives water evaporating processes, which needs to be firstly figured out. 
The incident net radiation (Rn,  MJ  m-2 day-1 ) on the top of tree canopy was 
determined with the procedures proposed by Allen et al. (1998). Incident radiation 
transmits through tree canopy, understory crop canopy, and then reaches soil 
surface. The interception of radiation by each component could be determined by 
the agroforestry radiation transmission model (Wang et al. 2019). This radiation 
model incorporates a geometrical approach to simulate radiation transmission within 
the tree crown, accounting for the spatial heterogeneity of the tree canopy. Addi-
tionally, it specifically applies a strip-path radiation transmission model for under-
story crop strips, guaranteeing the accurate partitioning of radiation between crop 
and soil. Finally, the fraction of net radiation captured by each component was



calculated, and the available radiation for each plant species and soil was calculated 
as the product of total radiation and the fraction of radiation capture. 
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3.3.2 ET Partitioning 

The multi-source ERIN model was enhanced by Wang et al. (2021) to simulate water 
processes within agroforestry canopies. Figure 3.1 illustrates the water transportation 
and the resistances on the way in intercrop canopy, as presented by the ERIN model 
(Wallace 1997). Species 1 represents the dominant species, while species 2 is the 
subdominant species. The latent heat for species 1 (λE1), species 2 (λE2), and soil 
(λEs) are firstly transporting from the crop or soil surface to the level of MCF, and 
then to the reference level. On their way to the reference layer, the latent heat fluxes 
encounter various resistances that need to be accounted for. These include the crop 
and soil surface resistances of rs 

c1 , rs 
c2 , and rs 

s . Additionally, there are bulk 
boundary layer resistances for both species ra 

c1 and ra 
c2 , an aerodynamic resistance 

to the level of MCF ra 
s , and another aerodynamic resistance from mean canopy to the 

level of reference height ra 
a . The total latent heat flux in the canopy is calculated as 

follows: 

λET=Cc1PMc1 þ Cc2PMc2 þ CsPMs ð3:1Þ 

Fig. 3.1 The schematic representation of latent heat fluxes direction and the corresponding 
resistances on the way of flow in a two-species intercrop canopy, as presented by the ERIN 
model (Wallace 1997)
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PMi = 
ΔAþ ρcpD-Δri a Rn -Rnið Þ  = ra a þ ri a 

Δ γ 1 ri s= r
a 
a ri a 

ð3:2Þ 

where, PMc1, PMc2, and PMs are terms similar to the PM model. Definitions for the 
symbols in eq. (3.2) are referred to Allen et al. (1998). The coefficients Cc1, Cc2, and 
Cs and intermediate variables Ra and Ri are expressed as follows: 

Ci = 1þ 1=Rj 

1=Ri þ 1=Ra

- 1 

j= c1, c2, s½ ] exclude i ð3:3Þ 

Ra = Δ γ ra a 3:4 

Ri = Δ γ ri a γri s 3:5 

Upon obtaining the total ET of the system, the deficit of vapour pressure at the 
mean canopy level (D0) can be calculated from measurable vapour pressure deficit at 
the reference height (D), using eq. (3.6). Subsequently, the latent heat flux for each 
agroforestry component can be calculated using eq. (3.7): 

D0 =Dþ ΔA- Δþ γð ÞλE½ ]ra a=ρcp ð3:6Þ 

λEi = 
Δf iRn þ ρcpD0=ri a 
Δ γ 1 ri s=r

i 
a 

ð3:7Þ 

When directly applying the original ERIN model to agroforestry systems, dis-
crepancies were observed between the simulated soil moisture content and ET and 
the observed data. Wang et al. (2021) identified that the primary cause of these 
discrepancies should be the inaccurate calculation on aerodynamic resistances of 
water transportation from the understorey crop canopy and soil surface. For 
intercropping, the ERIN model estimated the height of MCF based only on the top 
species 1. Therefore, it is assumed that water vapor from the subdominant species 
2 directly flows to the mean canopy level after overcoming its surface resistance rs 

c2 

and boundary layer resistance ra 
c2 (Fig. 3.1). However, reality in the agroforestry 

canopy is that the height of understorey crop is considerably lower than the trees 
under most circumstances, resulting in a significant vertical distance between the 
MCF levels of the crop and tree canopies (Fig. 3.2). 

In the context of agroforestry canopies, the water evaporated from the 
understorey crop canopy is firstly impeded by the stomatal resistance (rs 

c ) and 
boundary layer resistance (ra 

c ), and then by an aerodynamic resistance (ra 
a,c ) from 

the MCF of crop to the MCF of the tree. Additionally, for water evaporated from soil 
under the crop strip, the aerodynamic resistance should be the sum of ra 

s,c (aerody-
namic resistance from the soil surface to the MCF of crop) and ra 

a,c . The improved 
aerodynamic resistances for understorey crop (ra 

c ′) and soil (ra 
s ′) are expressed as:



ð Þ þ þð Þ ð Þ
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Fig. 3.2 The schematic representation of latent heat fluxes and the network of resistances in an 
agroforestry system as described by Wang et al. (2021) 

ra 
c0 = ra 

c þ ra a,c ð3:8Þ 
ra 

s0 = 1- p ra 
s,t p ra 

s,c ra 
a,c 3:9 

where p is the proportion of understorey land used for planting crop. In the enhanced 
multi-source model, the calculation procedures of the original ERIN model are 
strictly followed, except for the calculation of improved aerodynamic resistances. 
The calculation procedures for different resistances are referred to the studies of 
Shuttleworth and Wallace (1985), Wallace (1997), and Wang et al. (2021). 

3.3.3 Soil Water Balance 

Figure 3.3 presents a schematic representation illustrating the partitioning of radia-
tion and the cycling of water in agroforestry. Rn is partitioned into Rnt (net radiation 
absorbed by trees), Rnc (net radiation absorbed by crops), and Rns (net radiation 
absorbed by the soil), which are utilized to drive water transport processes. Precip-
itation is intercepted by the canopies of both trees and crops, and it can either be 
stored within the canopy or infiltrate into the soil. Based on field investigations, it has 
been observed that the roots of crops predominantly occupy the 0–100 cm soil layer. 
Therefore, we assume that all transpiration of the cocksfoot crop occurs within the 
0–100 cm layer beneath the crop strip. The rooting depth of trees, on the other hand, 
can extend as deep as 300 cm or beyond, and this should be verified through field



investigations for different tree species. Trees utilize soil water from the entire root 
layer including the area occupied by crop roots, in comparison, crop only depletes 
soil water from its own root zone. Water in the root layer after rainfall firstly 
drainages down into the below layers as excessive soil water or in the process of 
soil water redistribution, and then the stored soil water is consumed through pro-
cesses such as soil evaporation, crop transpiration, and tree transpiration. 
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Fig. 3.3 The schematic representation illustrates the partitioning of radiation and the water cycling 
in an agroforestry system. Rn represents net radiation, P represents precipitation, λE denotes latent 
heat of water transport, and p represents water percolation into below soil layers. The subscripts t, c, 
and s indicate tree, crop, and soil, respectively. Area of dots means root area of apple tree while the 
areas with a cross represent the root zone of understorey crop 

Soil water balance in each layer was expressed following the procedure presented 
by Teh (2006). Soil water content in layer i at day t,Θi,t, is calculated as: 

Θi,t =Θi,t- 1 þ Pi- 1,t -Pi,t -Ea i,tð Þ - Ta i,tð Þ ð3:10Þ 

in which, Θi,t-1 represents the water content in soil layer i at day t - 1 (mm). Ea(i,t) 

means the daily evaporation from layer i while Ta(i,t) denotes the daily transpiration 
from layer i (mm). Pi-1,t represent the percolation of soil water from soil layer i -
1 into layer i, and Pi,t is the outflow of water from layer i toi + 1 (mm). The soil water



deep percolation can be further divided into two parts: pe(i,t) accounts for the loss of 
excess water, while pd(i,t) corresponds to the soil water redistribution (mm). They can 
be mathematically expressed as follows: 
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pe i,tð Þ  = 
0 

Θi,t- 1 þ Pi- 1,t -Θsat 

if Θi,t- 1 þ Pi- 1,t ≤Θsat 

if Θi,t- 1 þ Pi- 1,t >Θsat 

ð3:11Þ 

pd i,tð Þ  =Θ0 
i,t -Θ00 

i,t ð3:12Þ 

in which, Θsat is sutured water content; Θ
0 
i,t and Θ

00 
i,t represent the water content 

before and after redistribution, respectively; they are calculated as: 

Θ0 
i,t =Θi,t- 1 þ Pi- 1,t - pe i,tð Þ ð3:13Þ 

Θ00 
i,t =Θsat -

Θsat 

δ 
ln 

δKsatΔt 
LiΘsat 

þ exp Θsat 

δ 
Θsat -Θ0 

i,t ð3:14Þ 

in which, δ represents a coefficient with a value of 13. Ksat represents the soil 
saturated hydraulic conductivity (m day-1 ). L denotes the calculated depth of the 
soil layer (m). Δt represents the time step in days. Finally, the potential plant 
transpiration computed by the improved ERIN model needs to be adjusted based 
on the real-time soil moisture condition (Doorenbos and Kassam 1979). The reduc-
tion factor of transpiration is defined as: 

RD = θv - θv,wp = θv,cr - θv,wp ð3:15Þ 

in which θv,wp is the soil wilting point; and θv,cr is the critical soil water content 
which is derived as: 

θv,cr = θv,wp þ 0:5 θv,sat - θv,wp ð3:16Þ 

3.4 Case Study 

3.4.1 Field Experiment 

A field study was conducted on an apple tree-cocksfoot agroforestry system at the 
Qingyang Research Station in Gansu, located in northwest China (latitude 35°40’N, 
longitude 107°51′E), during the growing seasons of 2016–2018. The research site is 
situated in the south of the Chinse Loess Plateau, has a long-term average air 
temperature of 9.2 °C, and an annual precipitation of 527.6 mm. The soil at the 
site is classified as a silty loam.
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Fig. 3.4 The apple tree-cocksfoot agroforestry at Qingyang Research Station, which is located on 
the Chinese Loess Plateau 

The apple trees were planted in a north-south orientation, with uniform within-
row spacing and inter-row spacing of 4.0 m. Three experimental plots were 
established to investigate different orchard management treatments: (1) Monoculture 
of apple orchard which was frequently tilled to keep clean (CT), (2) agroforestry 
system with cocksfoot strips of 2.4 meter width between tree rows, where cocksfoot 
vegetation was frequently harvested to make crop had a low coverage (LC, Fig. 3.4), 
and (3) agroforestry with cocksfoot crop that was less harvested and had a greater 
cover (GC). 

The leaf area index (LAI) of apple trees was determined using an LAI-2000 plant 
canopy analyser. The LAI of cocksfoot was measured by employing a leaf area 
meter. Water content in the 0–300 cm soil layer was measured using the oven-drying 
method. Throughout the growing season, soil moisture was measured continuously 
using a Diviner 2000 soil water measuring device, covering a depth of 200 cm. Soil 
evaporation was measured with a micro-lysimeter with a length of 15 cm and 
internal diameter of 11 cm. Cocksfoot ET was measured with a larger micro-
lysimeter with a length of 30 cm and an internal diameter of 25 cm.
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3.4.2 Soil Water Dynamics and ET in Apple Tree-Cocksfoot 
System 

In 2016, two distinct drying periods were observed. Soil water content under the 
cocksfoot cover treatments exhibited more significant depletion compared to the 
clean tillage (CT) treatment. For example, in the growing season of 2016, soil water 
content in the 0–80 cm soil layer under the greater coverage (GC) and low coverage 
(LC) agroforestry treatments decreased by 22.0% and 18.3%, respectively, while the 
decrease was only 8.0% under CT. Similar trends were observed in soil water 
content in 2018. In comparison, soil water storage was recharged in 2017, the 
recharge was also the highest under GC. This indicated that agroforestry increased 
the soil water depletion and recharge compared to apple tree monoculture, a mech-
anism contributed a high rainfall capture and use efficiency. 

The agroforestry ET and soil water balance model proposed by Wang et al. 
(2021) was validated using measured soil water content (Fig. 3.5) and ET values 
(data not shown). The comparison between the measured and simulated values 
demonstrated a high level of agreement in most cases, indicating a good performance 
of the model. The simulated dynamics of soil water content closely matched the 
observed changes in soil water conditions. Notably, the model exhibited better 
performance in 2018 compared to the preceding two years. The model accurately 
captured the rising and declining trends in soil water content, demonstrating its 
ability to simulate the temporal variations in soil water dynamics. 

Date (month/day) 
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(a) 2016 0-100 cm 

Measured 
values 
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values 

RMSE=0.019 
NRMSE=11.0% 
MBE=-0.010 
NMBE=-5.9% 
R2=0.84 

(b) 2017 0-100 cm 

RMSE=0.020 
NRMSE=10.2% 
MBE=0.006 
NMBE=2.8% 
R2=0.89 

(c) 2018 0-100 cm 

RMSE=0.012  NRMSE=6.1% 
MBE=-0.003   NMBE=-1.6% 
R2=0.88 
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RMSE=0.014 
NRMSE=7.3% 
MBE=0.002 
NMBE=1.0% 
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(f) 2018 100-200 cm 
RMSE=0.012 
NRMSE=5.8% 
MBE=-0.008 
NMBE=-3.9% 
R2=0.85So
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Fig. 3.5 Comparison of simulated soil water dynamics in 0–100 and 100–200 cm soil layers versus 
the measured ones in apple tree-cocksfoot agroforestry on the Loess Plateau
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Fig. 3.6 Evapotranspiration partitioning among tree (Tt), crop (Tg), and soil(Es) in an apple tree 
and cocksfoot agroforestry in the growing seasons of 2016, 2017, and 2018 on the Loess Plateau 

Using the validated model, we assessed ET and ET partitioning in the agrofor-
estry. The results revealed a substantial reduction in tree transpiration following the 
intercropping of cocksfoot, particularly in the dry seasons of 2017. In comparison to 
the clean tillage (CT) treatment, the apple tree transpiration under the agroforestry 
with greater cocksfoot coverage (GC) was significantly lower. Furthermore, it was 
observed that increasing the cutting frequency is efficient in reducing the negative 
effects of cover crop on apple tree transpiration. This indicates that low coverage of 
understorey crop helped alleviate the negative impact on tree water use. 

In addition to tree transpiration, soil evaporation also exhibited significant reduc-
tions compared to the monoculture orchard (Fig. 3.6). The reduction in evaporation 
under the cocksfoot covered treatments ranged from 21.5 to 22.7% in 2016, 24.1 to 
27.5% in 2017, and 24.8 to 25.4% in 2018 when compared to the clean tilled 
(CT) orchard. Moreover, the total transpiration, which includes both apple tree and 
cocksfoot transpiration, showed substantial increases in GC and LC. The total 
system evapotranspiration (ET) in the agroforestry system demonstrated a reduction 
ranging from 2.2% to 4.9% compared to CT in 2016 and 2017. However, in 2018, 
the total system ET increased by 2.7–6.7% when compared to CT. 

3.4.3 Scenario Analysis 

Using the agroforestry ET and soil water model, we conducted a long-term simula-
tion to assess the impacts of apple tree-cocksfoot agroforestry on water use and soil 
moisture dynamics (Fig. 3.7). Apple tree canopy information was collected by Wang 
et al. (2010). Our findings indicate that in the early stages (1–8 years of simulation), 
apple trees in the clean tilled (CT) treatment exhibited higher transpiration rates 
compared to those in the greater coverage (GC) and lower coverage (LC) treatments. 
However, as the apple tree LAI increased over time, the presence of cocksfoot did 
not significantly restrict tree transpiration. Notably, after 2008, tree transpiration in 
LC surpassed that in CT, while transpiration in GC remained lower than both LC and



CT throughout the entire period. The 18-year averaged apple tree transpiration 
represented a decrease of 7.3% and 2.1% in GC and LC, respectively, compared 
to CT. In contrast, the cocksfoot transpiration decreased significantly from 2002 to 
2007 and kept a low value thereafter. Furthermore, the total transpiration in agro-
forestry was largely improved, which in GC was 17.5% higher than that in 
LC. Importantly, our 18-year simulation demonstrated that although agroforestry 
increased total water consumption through plant transpiration, it reduced soil evap-
oration at the same time and did not increase deep soil water depletion, suggesting 
soil moisture is rechargeable and sustainable. 
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Fig. 3.7 The simulated plant transpiration in an apple tree and cocksfoot agroforestry over an 
18-year period on the Loess Plateau of China 

3.5 Conclusion 

The appropriateness of agroforestry is strongly influenced by water availability in 
arid and semi-arid regions. In this chapter we figured out the soil moisture relations 
and ET patterns in the tree-crop interface of agroforestry system. We concluded that 
firstly, the ET and soil water balance coupling model could capture the water cycling



processes within agroforestry, which was capable of guiding the design and man-
agement of agroforestry systems. Secondly, proper field management practices, such 
as maintaining low coverage of understorey crop species, should be applied to 
mitigate the potential negative impacts of crop on tree performance in water-limited 
environments. 
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Chapter 4 
Potential Nutrient Cycling 
and Management in Agroforestry 

Manish Raj, Kanhaiya Lal, Satdev, Priya Kumari, Shailja Kumari, 
Vinod Kumar Dubey, Sushant, Mainak Ghosh, and Sanjay Kumar 

Abstract The nutrient availability in soil system governs an important role in all 
living species on the earth through food cycle. Inorganic available nutrients influ-
ence the growth and development as well as influence the nutrient state in plant 
acquisition. Agroforestry system (AFS) as an alternative practice of agriculture 
involves the incorporation of agricultural crop or animal use with trees on arable 
land use system for sustaining the soil health and productivity. Soil nutrient dynamic 
is defined as the way of taking up nutrient, retention, transformation (quantity and 
forms) and cycle over the distance and time due to continuous different bio-chemical 
processes in agroecosystem. The amount of nutrient released during the decompo-
sition of litter or residue material of agroforestry subsequently satisfies the nutrient 
need of the plant, while further away the soil releases nutrient losses through various 
kinds of processes, i.e. erosion, heavy runoff, leaching and gaseous losses, removal 
by crop, as well as nutrient fixation, etc. The agroforestry system influenced different 
nutrient cycles of our ecosystem. Agroforestry system relative importance for 
storage of nutrient as well as increased the SOM (sustain of active SOM) levels in 
the soil. The agroforestry system may decrease the losses of N through leaching and 
increase the C immobilization, enhance the cation exchange capacity (CEC) and 
drastically improve the level of nitrogen, phosphorus and potash. This chapter 
examines the in situ nutrient dynamics of carbon and essential primary nutrients 
with its cycle in the agroforestry system (AFS). 
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4.1 Introduction 

The agroforestry system has been practiced from ancient time where the agricultural 
crops are diversifying with forest tree or animals on a certain unit of land. This 
system is one of the sustainable approaches to upsurge the overall production and 
socio-economic status of the people under a particular edaphic and climatic condi-
tion. In Southeast Asia, agroforestry is known by different names like taungya, 
tumpang sari and nônglâmkếthợp in Burmese, Indonesia and Vietnam, respectively. 
Worldwide, agroforestry systems are practiced in approximately 1023 Mha of land 
which is 7.9% of the global land areas (13.0 billion ha). It has been reported that 
South America has the largest areas of agroforestry, followed by sub-Saharan Africa 
and then Southeast Asia (Zomer et al. 2009). In India, as per Dhyani and Handa 
(2013), only 8.2% of India’s total land area is covered by agroforestry (25.32 Mha). 
Among this approximately 78.98% agroforestry system are practiced on cultivated 
land (20.0 Mha), of which 7.0 Mha are irrigated and 13.0 Mha are rainfed, while the 
remaining 5.32 Mha comprises shifting cultivation (2.28 Mha) and home gardens 
and problem soil rehabilitation (2.93 Mha). 

Soil nutrient dynamic is the study of variations in nutrient status (quantity and 
forms) in a soil ecosystem under a certain set of environmental conditions, in both 
temporal and spatial manners, as a result of ongoing biogeochemical processes at 
work in the system. Thus it is one of the vital processes in agroforestry to under-
standing the dynamics of soil nutrient content and forms as well as also affects 
biomass output, soil nutrient levels and the sustainable management of in situ 
nutrient cycling. 

Nutrient cycling simply states the continuous transfer of nutrients like N, P, K, C, 
Fe, Zn, Mn, etc. from the soil to plant acquisition and returning back to the soil 
through various means of activities of soil microflora (bacteria, fungi, algae, etc.) and 
macrofauna (ants, earthworm, snail, springtails, rats, spider, beetle, etc.), weathering 
of minerals and other transformation occurring within different components of the 
ecosystem. The agroforestry systems consist of different types of perennial trees like 
Gliricidia, Leucaena leucocephala, Prosopis juliflora, Azadirachta indica, Acacia 
nilotica, Casuarina equisetifolia, Acacia mearnsii, etc. and have tap root system that 
utilized nutrients and water from the deeper layer of the soil more efficiently than 
herbaceous crops. The herbaceous crops have adventitious root system and utilized 
water and nutrients only from the shallow to medium depth of the soil.
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4.2 Why Study Soil Nutrient Dynamics in AFS

• Estimation of nutrient turnover in agroforestry system
• For evaluating the activity of soil biota population, i.e. microflora (bacteria, fungi, 

algae, etc.) and fauna (earthworm, springtails, ants, etc.)
• For estimation rate of litter fall and its associated nutrient dynamics
• For assessing the crop residue and litter decomposition rate and also observe its 

nutrient release pattern
• Effect of root dynamics (fine and coarse) on nutrient supplement 

4.3 Key Process Responsible for Soil Nutrient Dynamics 
in Agroforestry System 

4.3.1 Litter Addition 

The litter consists of dead leaves, root, twigs, needles, flower, fruit and amorphous 
material of tree species that contain a considerable amount of different essential 
nutrients like N, P, K, C, S, Fe, Zn, Mg, etc. necessary for plant growth and 
development. Apart from this litter production in agroforestry that helps to accumu-
late the high amount of organic matter on the soil, which helps to compound the soil 
fertility status by releasing vital nutrients C, N, P, K, Mn and Zn to the soil as well as 
play a significant role in soil nutrient cycling process (Fig. 4.1). Rawat et al. (2009) 
reported that the rate of litter production mainly depends on the types of various tree 
species present in agroforestry and other physical factors like topographic, edaphic, 
climatic and biotic. Annual crop species or cultivars generally contribute less 
quantity of litter production as compared to perennial deep-rooted trees in agrofor-
estry systems. Sarvade et al. (2014) noticed that the deciduous species added more in 
litter fall due to shading of leaves occurring round the year as parallel to the 
evergreen species. They also mentioned that 25% litter fall is recorded in each 
season, i.e. spring and summer; however least litter fall is observed in autumn 
season. Munishamappa et al. (2012), Singh et al. (2011) and Kumar et al. (2011) 
reported that in summer and spring season wind velocity is more, helping to increase 
the abscission concentration in leaves. 

4.3.2 Decomposition of Litter and Nutrient Release 

Litter decomposition is the critical stage that occurred on dead leaves, roots, twigs, 
branches, reproductive and amorphous material of tree species, barks, etc. and break 
down into smaller trashes with the passage of time through physical, chemical and 
biological process by plummeting litter to water, CO2 and mineral nutrients



(Lambers et al. 1998). The rate of decomposition is governed by various factors: the 
type of tree species (litter quality), physical factor (temperature, relative humidity, 
rainfall, aeration, etc.), biological factors (living entity, i.e. microflora and fauna) and 
soil nutrient availability (preferably C:N ratio) that confined areas of agroforestry 
(Zheng 2006). In 2011, Kumar et al. found that tree-based cropping systems provide 
the favourable environment for soil biota (decomposer) that regulates the litter 
decomposition process and also govern the nutrient release. Sarvade et al. (2014) 
observed that the chemical characteristics of the litter, including phosphorus 
content, C:P ratio, nitrogen content, C:N ratio, phenolics, phenolics to N or P 
ratio, lignin content and lignin to N ratio. Litter composition, soil type, microbial 
populations and soil characteristics, all affect how much nutrients are released from 
the litter. High nitrogen and phosphorus concentrations speed up decomposition, but 
high C:N and C:P ratios, phenolics, phenolics to N or P ratios, lignin content and 
lignin to N ratios slow it down (Rawat et al. 2009). Litter from N2 fixing tree species 
decays more rapidly than litter from non-N2 fixing tree and crop species. The rate of 
disintegration and nutrient discharge from litter is slowed down by a slight drop in 
the N concentration of the litter, an increase in the lignin content and simultaneously 
a rise in ambient CO2 (Kumar 2011). 
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Fig. 4.1 Nutrient cycle in agroforestry (source modified from Xu et al. 2013)
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4.3.3 Biological Nitrogen Fixation 

In 1901, a Dutch microbiologist Martinus Beijerinck discovered biological nitrogen 
fixation (BNF) which is governed by a specialized group of prokaryotes. These 
organisms convert the atmospheric nitrogen to ammonia by using the enzyme 
nitrogenase (NH3). Nair et al. (1999) reported that approximately 650 woody trees 
are identified that belong to 9 different families that are capable of fixing atmospheric 
N2 and capturing it into the soil. Among this a large number of trees are confined in a 
Leguminosae family. In 2012, Nygren et al. observed that globally 246 kg N ha-
1 year-1 are fixed annually in tree-based systems; however the maximum N2 

fixation, i.e. 300–650 kg N ha-1 year-1 , are noticed in improved fallow. N fixation 
values are varied from plant to plant which are mentioned in Table 4.1. 

4.4 Nitrogen (N) 

Nitrogen is a crucial element for sustainable systems, which is involved in photo-
synthesis for sugar formation. It enhances the system productivity by carbon seques-
tration in the soil and plant system (Lawson et al. 2020; Lu et al. 2021). It is a 
structural component of amino acid, nucleic acids, chlorophyll and energy com-
pound (ATP). Although nitrogen is about 78.5% of the total atmosphere, it is not 
available to all living system. Nitrogen is a critical element in agroforestry for 
sustainable farm management. A self-reliant agroforestry system should be devel-
oped. Nitrogen availability in the atmosphere is abundant, but there is limited and 
deficient nitrogen in the farming system. In the agroecosystem, the supply of 
nitrogen is available through organic and inorganic nutrient application or by 
nitrogen fixing plants from atmospheric nitrogen. 

4.5 Nitrogen Cycling Pathways 

4.5.1 N Mineralization 

In the agroforestry, component crop and trees continuously adding organic matter 
(litter fall, roots and straw) are added in the soil and decomposed by soil microbes. 
Leguminous tree organic matters are N-rich which are converted into ammonical 
N-form and later to nitrate (Isaac and Borden 2019; Muchane et al. 2020). These 
inorganic compounds are utilized by the plant (nitrate/ammonia) or lost to below 
root zone (NO3

-), surface runoff or atmosphere (N2,  NH3 and N2O). Animal waste 
also incorporated into the soil results in enhancing the soil N. Tree pruning also 
augments a significant amount of organic C and N in the soil (Young 1989). In 
Himalayan Bhabar belt, the agri-silviculture system recorded an ammonification rate



S. no. Plant Family Scientific name 

of 6.47 ± 1.47 mg kg-1 month-1 as compared to agri-horti-silvicultural system 
(5.67 ± 1.68 mg kg-1 month-1 ) (Karki et al. 2021). Soil depth negatively correlated 
with NH4–N, NO3–N and inorganic N activity (Karki et al. 2021; Chen et al. 2005). 
Various researches reported that ammonification dominates over nitrification in the 
tree-based system in sub-tropical humid forest region and northeast India (Das et al. 
1997; Tanjang et al. 2009; Karki et al. 2021). N mineralization was higher in rainy 
season than summer and winter, mainly due to the microbial favourable condition 
(Garkoti et al. 2003; Karki et al. 2021). 
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Table 4.1 Nitrogen fixed by agroforestry components 

Higher tree plant 

N2 fixed (kg ha
-

1 year-1 ) 

1. Subabul, ipil-ipil Mimosoideae Leucaena leucocephala 
(Lam.) de Wit. 

100–500 

2. Inga Do Inga jinicuil 35–40 

3. Apple-ring acacia, 
ana tree 

Do Faidherbia (Acacia) albida 
(Delile) 
A. Chev. 

20 

4. Black wattle Do Acacia mearnsii De Wild. 200 

5. Beef wood, Saru Casuarinaceae Casuarina equisetifolia L. 60–110 

6. Gliricidia Fabaceae Gliricidia sepium (Jacq.) 
Kunth ex Walp. 

13 

Pulse crop 

7. Cowpea Fabaceae Vigna sinensis L. Walp. 73–354 

8. Pigeon pea Do Cajanus cajan L. Millsp. 68–88 

9. Black gram, mung 
bean 

Do Vigna mungo L. Hepper 63–342 

10. Pea Do Pisum sativum L. 55–77 

11. Soybean Do Glycine max L. Merr. 60–168 

12. Horse bean Do Vicia faba L. 45–552 

13. Chickpea Do Cicer arietinum L. 103 

14. Lentil Do Lens esculenta Moench 88–114 

Fodder crops 

15. Alfalfa, lucerne Fabaceae Medicago sativa L. 229–290 

16. Clover Do Trifolium spp. 128–207 

17. Wild tantan Do Desmanthus virgatus (L.) 
Willd. 

196–226 

Green manure crops 

18. Sunn hemp Fabaceae Crotalaria juncea L. 199–223 

19. New dhaincha Do Sesbania rostrata 70–458 

20. Dhaincha Do Sesbania sesban (Jacq.) 
W. Wight 

7–18 

Source: Nair (1993); Silva and Uchida (2000)



4 Potential Nutrient Cycling and Management in Agroforestry 77

4.5.2 Atmospheric N Fixation 

Legume family has the capability to fix the atmospheric nitrogen into the soil, 
resulting to an increased N status in the soil. Trees have different abilities to fix 
nitrogen, depending upon species, age of trees, climatic condition and symbiotic 
association. Species like A. mangium, C. equisetifolia and L. leucocephala can fix 
nitrogen from 100 to 300 kg N ha-1 year-1 , whereas species like Acacia albida, 
A. raddiana and A. senegal have the ability to fix less nitrogen, i.e. up to 20 kg N ha-
1 year-1 (Steppler and Nair 1987). Generally, agroforestry trees are sown depending 
upon the need, i.e. aesthetic value or economical purpose. Fixed nitrogen can either 
be utilized by other plants or help in decomposition and mineralization of the organic 
matter. Subsequent crop uptakes the fixed nitrogen through mycorrhizal hyphae 
networks (Jalonen et al. 2009) or N-enriched root exudates (Fustec et al. 2010) 
released by N2 fixer. 

4.5.3 N Miner from the Subsoil Layer: Tree Roots 

The roots of trees grow deep and excavate the nutrients from the subsoil layer or 
leached nutrients, which help to extensively increase the nutrient cycling below 
ground area. However, annual crops have shallow roots, which enable them to 
extract nutrients from the subsoil. Deep-rooted trees should be promoted in the dry 
region which reduces the competition from crops and shrubs (Pierret et al. 2016; 
Bordron et al. 2019). Roots can uptake leached N–NO3

- and reduce up to 30 to 
227 kg N ha-1 year-1 from the subsoil (Bergeron et al. 2011). 

4.5.4 Ammonia Mitigation Through the Tree Canopy 

Tree can capture ammonia from the atmosphere released by a nearby source in 
canopy, which reduces the N emission (Mishra et al. 2021). Pasture land, urinated by 
grazing animals, releases ammonia, which can also be reduced by planting trees. 
Combined modelling results showed that emissions of NH3 can be captured by trees 
for up to 20% of total emissions (Bealeyet al. 2015). Agroforestry is very effective in 
the sensitive ecosystem zone for capturing pollutants like ammonia (Lawson et al. 
2020). In a silvipastral system, trees can capture up to 60% of the livestock emissions 
(Bealey et al. 2014). Deposited ammonia in the canopy contributes to the soil 
nitrogen after rain.



78 M. Raj et al.

4.5.5 N Sequestration in Tree Biomass 

In the long term, trees accumulate nitrogen in the biomass, and the capability of 
different agroforestry systems depends on the type of plant species, soil properties, 
topography and climatic conditions (Dold et al. 2019; Thomas et al. 2020). Legu-
minous trees can increase CO2 sequestration through N forcing into the soil, 
resulting in high biomass formation. In the Zambia region, Gliricidia-maize cropping 
system gave stable yield and comparable yield with respect to fertilized plot (Sileshi 
et al. 2012). Moreover, improved fallow sorghum with Gliricidia gave 55% higher 
yield as compared to traditional fallow sorghum (Hall et al. 2006). C:N ratio differs 
drastically in the agroforestry trees. N sequestration by leaf and wood trees ranges 
from 1.28 to 3.22% and 0.82 to 2.7% of dry mass, respectively (Northup et al. 2005). 
In Mangifera indica-based agroforestry systems, root biomass was significantly 
higher in agri-horticultural system than home garden (Karki et al. 2021). The 
addition of nitrogen can sequestrate 13 kg C kg-1 N in aboveground woody biomass 
in temperate regions (Schulte-Uebbing and de Vries 2018). 

4.5.6 Atmospheric Losses 

The biological process mainly involved in the nitrogen losses by the aerobics class of 
bacteria reduces the oxides of nitrogen into N2 and N2O under anaerobic conditions 
from the soil to the atmosphere, called denitrification (Firestone 1982). Due to the 
occurrence of anaerobic conditions mainly by rainfall, this caused a gradual increase 
in the losses followed by a decline in the emission of N gases in the atmosphere. This 
happens because of the decline of nitrogen oxides in the vicinity of the soil microbes. 
Global estimated average N2O emission was 4.7 ± 1.6 N kg year-1 ha-1 (Kim and 
Isaac 2022). Under agroforestry systems, i.e. improved fallow, intercropping and 
shaded perennial crop system reported that higher N2O emission is mainly due to 
nitrogen fixer trees (Kou-Giesbrecht and Menge 2019; Akinnifesi et al. 2010) as well 
as residual incorporation (Baggs et al. 2006) over conventionally managed fields. 
Moreover, N-fixing trees have a self-regulating feedback mechanism in which 
excess N in the soil can reduce the fixation capacity and vice versa (Menge et al. 
2015). However, this regulating mechanism can vary from species to species and 
reduce fixation from 30 to 0 kg N ha-1 year-1 (Batterman et al. 2013). Another 
process is called nitrification in which ammonia is oxidized to NO3

- later on 
converted by nitrifying bacteria. Nitrous oxide (NO) emission occurs by the process 
of microbial nitrification and denitrification and chemo-denitrification (Pilegaard 
2013). Agroforestry systems emit more NO (6–4 N kg ha-1 year-1 ) than forests 
(2.74 N kg ha-1 year-1 ) and upland cropping systems (0.1–0.56 kg N ha-1 year-1 ) 
(Lin et al. 2016). Cocoa agroforestry in Indonesia emitted NO@11–13 mg N m-2 h-
1 (Veldkamp et al. 2008). But Rosenstock et al. (2014) noticed there is no threat of an 
increase in N2O emission due to legume-based agroforestry.
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4.5.7 Soil Erosion, Runoff and Leaching Losses 

There is a huge loss of soil that occurs throughout the year but varies in different land 
management systems. However, the average global soil loss was estimated to be 
10.2 Mg ha-1 year-1 (Yang et al. 2003), with 12.38 to 17.12 kg ha-1 of nitrogen lost 
in different cropping systems, whereas bare land experienced losses of 
33.88 N kg ha-1 (Zhu et al. 2020). Often, agroforestry systems cause less runoff, 
overland flow and leaching losses as compared to crop-based cropping systems and 
fallow land, which are higher than that in forest land (Zhu et al. 2020; Muchane et al. 
2020). Meta-analysis data showed that silvoarable agroforestry could reduce runoff 
and soil and nutrient losses up to 100%, but nitrogen loss was reduced by 45–88% 
(Zhu et al. 2020). Meanwhile, another scientist reported that there was less chance to 
leach down N (up to 98%) in the groundwater in an agroforestry system (Pavlidis 
and Tsihrintzis 2018). Agroforestry system build-up of soil organic matter litter 
addition which slowly on mineralization release of N, P, and other nutrients (Nair 
1987; Palm 1995; Lee and Jose 2003). Moreover, pecan-cotton mixed alley agro-
forestry system in the USA has less leaching of N and P than treeless pastural 
systems (Nair and Graetzm 2004; Nair et al. 2007). 

4.6 Carbon (C) 

Increased atmospheric CO2 raises global concerns. Atmospheric CO2 concentrations 
can be reduced by reducing emissions or by absorbing CO2. It removes CO2 from the 
atmosphere and stores it in terrestrial, marine or aquatic ecosystems. Agroforestry 
defined as a sustainable land management system use (Bene et al. 1977) has been 
criticized for some time for using land for production. In 1995, Matta and Jordan 
highlighted the underground competition that occurred between forest tree and crops 
for nutrients, water, etc. Perennials stay in place for many years, flushing their waste 
to the surface of the soil. Most of the carbon enters the ecosystem through leaf 
photosynthesis. More than half of the assimilated carbon is finally transported via the 
underground route root growth, root exudate (organic matter) and decomposition of 
litter. Therefore, the soil contains the largest C stock in the ecosystem. Organic 
carbon in soil agricultural field levels is depleted. Therefore, agroforestry practice 
will not only improve the quality of the soil but also increase the amount of carbon 
sequestration. Jha and Gupta (2002) reported that it is about 1.5 times more organic 
carbon under poplar and wheat agroforestry than wheat cultivation alone. The 
agroforestry system also affects the global carbon cycle. They often have higher 
area equivalent ratios (Graves et al. 2007), reducing the need for further agricultural 
land expansion and the associated C loss due to changes in land use. In addition, 
these systems sequester carbon at a higher rate than when trees and crops are grown 
separately and store carbon in stagnant biomass, or through, for example, defolia-
tion, root turnover, crop residues, etc. introduces carbon into the soil, thereby



reducing carbon. Schroeder (1994), Montagnini and Nair (2004) and Upson (2014) 
reported that atmospheric carbon is one of the essential components to mitigate the 
effects of global warming. Tropical forests are considered to be one of the most 
important terrestrial carbon reservoirs (Pan et al. 2011). These forests are particularly 
threatened by shifting cultivation (Kotto-Same et al. 1997) and soil loss associated 
with vegetation destruction, leaching and precipitation (Don et al. 2011; Hosonuma 
et al. 2012). 
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4.7 Carbon Sequestration in Agroforestry 

Tree-based cropping system is a significant leader in terrestrial C sequestration, 
accounting for around 12% of the total terrestrial C in the world (Dixon 1995). The 
deeper subterranean horizons are penetrated by the roots of forest trees and perennial 
crops, which places soil organic carbon (SOC) at these depths and distant from the 
reach of tillage tools (Lorenz and Lal 2005). The mulch encase the surface of farmed 
fields as they decay over time and become a component of the SOC pool. AFS not 
only helps to conserve soil nutrients but also improves soil fertility and carbon 
sequestration (Montagnini and Nair 2004). It has been recognized as of particular 
importance carbon sequestration strategy due to its applicability to agricultural land 
as well as in reforestation programmes (Cairns and Meganck 1994). 

4.8 Carbon Cycle 

Carbon (C) is the building block of all life on earth. When plants convert CO2 from 
the atmosphere into reducing sugars via photosynthesis, carbon cycling in forest 
environments begins. About half of the total photosynthate that plants normally 
produce during autotrophic respiration (Ra) is consumed in the synthesis and 
maintenance of living cells, liberating CO2 into the atmosphere. The remaining C 
products are used for net primary production (NPP) such as leaves, branches, stems, 
roots and plant reproductive organs. Detritus is generated when plants die or lose 
their leaves, roots or both. Detritus is a substrate that supports microbes and animals 
that release CO2 into the atmosphere through heterotrophic (Rh) metabolism. 
Undisturbed forest ecosystems often exhibit a little net increase in the amount of 
carbon they exchange with the atmosphere each year. This corresponds to net 
ecosystem production (NEP). Ecosystems can lose carbon when photosynthesis 
suddenly declines or when organic matter is removed as a result of disturbance. 
Soil humus, which has not been oxidized for centuries, represents the largest carbon 
stock in most ecosystems. It constitutes the most significant long-term C stock in the 
ecosystem.
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4.9 Different Types of Organic Carbon (OC) 

4.9.1 Soil Organic Carbon (SOC) 

Organic carbon (OC) in soil is a quantifiable component of soil organic matter. 
Organic matter accounts for just 2–10% of the bulk of most soils but has a major role 
in the physical, chemical and biological functions of agricultural soils (Stevenson 
1986). In a nutshell, SOC affects a variety of agricultural factors, including quality, 
fertility and productivity. Haynes (2005) noticed that SOC influences the availability 
of nutrients through mineralization. SOC also affects physical characteristics like 
aggregate stability and water retention. Therefore, it is crucial to keep soil carbon 
reserves high (Lal 2014). Bhattacharyya et al. (2011) and Singh et al. (2011) 
mentioned that specific SOC fractions play a vital role in maintaining soil quality 
and serve as markers for various management approaches. The SOC dynamic is 
shown in Fig. 4.2. 

4.9.2 Labile and Recalcitrant Soil Organic Carbon 

TOC is made up of different fractions of soil organic carbon pools (SOC-pools), 
including labile and recalcitrant pools. The atmospheric CO2 content can be consid-
erably impacted by even a slight shift in the SOC-pools. The relative percentage of 
these pools is a reflection of the soil ecosystem, which includes aerable and 
non-aerable soils that can have a direct influence on the microbial activity and 
carbon dynamics in soil. As a comparatively tiny portion of TOC with a very short 
half-life in soils and a high sensitivity to management difficulties, the labile carbon 
fractions (LP-C) in soil play a significant role in determining soil quality. 

Fig. 4.2 Schematic representation of N dynamics in agroforestry system
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In the soil system, there is more recalcitrant carbon (RC), which also has a slower 
turnover rate. The proportion of long-lived RC is frequently used to estimate long-
term C storage. Depending on their state of decomposition and their function in the 
health and functioning of the soil, these C pools have different chemical composi-
tions. Both the equilibrium of these fractions and the resistance of soil C to microbial 
attack are influenced by the textural characteristics of the soil. 

4.9.3 Soil Organic Matter 

Soil organic matter (SOM) is predominantly constituted of C, O and H along with 
trace quantities of Ca, P, N, S, Mg and K prevalent in organic wastes. It is divided 
into ‘living’ and ‘dead’ components, and the former can include comparatively 
recent inputs like stubble, while the latter might include entirely decomposed parts 
that are hundreds of years old. About 10% of below-ground SOM is ‘living’, such as 
roots, animals and microbes (Fig. 4.3). 

SOM occurs in the soil as four separate fractions that vary greatly in size, turnover 
time and composition. 

1. Dispersed organic matter 
2. Humus 
3. Resistant organic matter 
4. Particulate organic matter 

4.9.3.1 Total Organic Carbon (TOC) 

The term ‘TOC’ refers to the quantity of carbon in soil that is tied up in organic 
molecules. These organic components may come from both endogenous and exter-
nal sources. Examples of organic materials derived from endogenous processes 
include decomposing organic materials (such as cellulose, hemicellulose, glucose, 
citric acid, amino, fulvic, humic acid and humin) as well as waste products from the 
metabolic processes of microorganisms or living things (such as suberans, murein, 
chitin and glomalin). Manures, composts, biosolids, fertilizers (such as urea), 
organic dyes (such as X-3B red dye) and insecticides or pesticides (such as DDT) 
are examples of soil amendments that fall within the category of exogenous organic 
carbon compounds (Bolan et al. 2011). Microbial biomass is said to make up around 
2% of TOC, according to reports (Marschner et al. 2008). 

4.9.3.2 Microbial Biomass Carbon (MBC) 

The living SOC component is made up mostly of microbial biomass carbon (MBC), 
which has been extensively investigated. MBC is a significant measurable carbon



fraction and a marker of biological activity in soil in various multi-pool systems of 
SOC factors (Hanson et al. 2000). According to Franzluebbers et al. in 1999, the 
overall chloroform fumigation obtaining method, which Jenkinson and Powlson 
(1976) described, is an effective general definition of MBC, assuming that the 
carbon extraction via regulated soils is not subtracted from treated soils because 
doing so might muddy the determination of the difference. 
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Fig. 4.3 Diagrammatical representation of soil organic carbon dynamics in agroforestry system
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4.9.3.3 Particulate and Mineral-Associated Organic Carbon 

The type of carbon present in particulate organic matter (POM) is known as 
particulate organic carbon or POC. The top soil has a higher concentration of POC 
than the deeper layers, which are constantly altered by management techniques 
(Cambardella and Elliot 1992). Microorganisms in the POC prefer different sources, 
which indirectly alter the community structure (Fierer et al. 2007). By altering the 
metabolic absorption of substrates, labile POM included in carbon inputs also has an 
impact on microbial populations (Wang et al. 2014). Mineral-associated organic 
carbon is made up of the SOM pool’s carbon fractions that have undergone physical 
and chemical stabilization and are thought to be representative of passive carbon 
pools with comparatively slower turnover periods (Marschner et al. 2008). By using 
(i) the natural morphological recalcitrance, (ii) associations with the surfaces of 
minerals or ionized metals as well as (iii) mechanical blockage inside aggregates, 
SOC elements can be stabilized in soils. Due to their exceedingly poor bioavailabil-
ity for microbial decomposition and lengthy turnover times, these fractions are 
highly unstable (Benbi et al. 2014). 

4.9.3.4 Dissolved Organic Carbon (DOC) 

There are several sources of dissolved organic carbon (DOC), including soil humus, 
plant litter, microbial biomass and root exudates (Bolan et al. 2004). It is believed to 
have originated from either recent litter or the more stable SOM that is often present 
in the lowest portions of organic layers (Qualls et al. 1991). Tipping (1998) proposed 
the idea that there is a ‘potential DOC fraction’ in the SOM-pool, which, although 
not in the soil solution, may be thought of as a portion of the soil solids that might 
move into the solution given ideal soil circumstances. This potential pool of DOC is 
controlled and constantly refilled by newly supplied organic wastes, root exudates 
and microbial biomass. This pool of DOC in the soil is the result of a variety of 
processes, including physical separation, chemical change, leaching and the creation 
of soluble humic compounds from additional organic wastes. The actual DOC 
content may be affected by abiotic variables such as desorption and dissolution 
from potential DOC pools, but these activities are mostly regulated by soil bacteria 
(Guggenberger et al. 1998). In order to create and maintain DOC (both prospective 
and real) in the soil, both biotic and abiotic processes may be at play. The DOC pool 
can be divided further into a portion that is readily movable and an immobile fraction 
according on the size of the soil pore (Tipping 1998). The DOC fractions in macro-
and meso-sized holes are more susceptible to convective movement than the DOC 
fractions in micropores, which are typically thought of as static (seepage).
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4.9.3.5 Extractable Organic Carbon 

It is made up of both biodegradable and non-biodegradable components. The 
biodegradable DOM has also been separated into labile, semi-labile and non-labile 
components based on breakdown rates as determined by the quantities of DOC 
mineralized after a particular amount of time (Marschner and Kalbitz 2003) 
(Fig. 4.4). Labile carbon, also known as extractable organic carbon, is referred to 
as a major energy source that can be easily broken down or eaten swiftly (between 
hours to weeks) by soil microbes. It is also recognized as a short-lived carbon pool. 
For example, labile carbon molecules include simple sugars like glucose and fruc-
tose as well as the by-products of protein breakdown such as amino acids (Gillis and 
Price 2011; Marschner et al. 2008). These substances are often scarce in most soils 
because of their quick microbial degradation, although organic additions can be 
employed to raise the soil’s labile carbon component (Gillis and Price 2011). 

4.10 Phosphorus 

The availability of phosphorus (P) commonly restricts agricultural production in 
many soils (Hedley et al. 1995). Soil may restrain a large amount of P, but the key 
criteria for fertility are the soil’s capacity to supply adequate solution P for plant 
growth. However, P availability is reduced due to insufficient crop and soil man-
agement. Losses of P occur during cropping in crop extraction and soil erosion, and
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Fig. 4.4 Living organisms make up roughly 10% of the soil organic matter pool, with the majority 
of it being dead or decomposing (www.agric.wa.gov.au)

http://www.agric.wa.gov.au


these losses can exceed the quantities added through various inputs and by mineral 
weathering which ultimately results in net reduction of P content. Therefore, this net 
decrease can be overcome by adding organic and inorganic inputs, and by returning 
crop residues, but this practice seems to be uneconomical. It is also observed that 
much of the P applied in the form of inorganic fertilizer gets firmly absorbed or 
precipitated, and it may not be instantly available to crops.

86 M. Raj et al.

Agroforestry system in this regard has been reported to be more sustainable for 
farms where nutrients are in limited amount as forest trees can apprehend more 
nutrients and use nutrients more efficiently than annual cropping systems (Grierson 
et al. 2004). In agroforestry, root degradation and litter fall are the key processes that 
ensure the transfer of P from vegetation to the soil. It was observed that roots under 
agroforestry systems might report 80% of net primary production and it may 
contribute up to 1.5–2.0 kg P ha-1 year-1 through root turnover (Manlay et al. 
2002). As a more cost-effective way to increase the availability of P to crops, an 
agroforestry system successfully focuses on enhancing the use efficiency of soil 
P. The more substantial roots of trees and shrubs result in enhanced P uptake in 
comparison with annual crops due to increased exploration of a large soil volume. 
Compared to annual crops, tree and shrub species produce a greater biomass of 
leaves and roots, which increases the quantity of P that is recycled back into the soil. 
One of the many techniques employed in agroforestry to recycle phosphorus from 
plants to soil is the absorption of plant biomass, either locally or from elsewhere 
through biomass transfer, which enhances phosphorus availability and, eventually, 
crop productivity (Niang et al. 1996; Jama et al. 1997; Nziguheba et al. 2000). 
Several physicochemical processes, as well as the quality of the litter, which is often 
determined by the C:N:P or C:N ratio, govern the release of P from degrading plant 
materials. The modulation of these reactions by inclusion of plant residues can 
promote or hinder P availability (Palm and Rowland 1997). 

4.10.1 Role of Root Morphology in P Acquisition 
in Agroforestry 

Hairy roots possessed by many plant species have the ability to rapidly establish a 
large root system, which helps in maximizing the uptake of P (and water) from the 
soil. Mycorrhiza in association with root hairs effectively expands the root system, 
increases the volume of soil exploration and boosts the contact between root and soil, 
whereas the diffusion path for phosphate ions to the root surface gets shortened in 
case of closer and more widespread exploration of the soil system. The formation of 
cluster roots or proteoid by infection of mycorrhizal fungi appears to be an alterna-
tive strategy for the enhanced uptake of water and nutrients (Lamont 1986). Some of 
the important agroforestry plants including Grevillea robusta and Macadamia spp. 
contain cluster roots similar to those of the leguminous crop, white lupin. The 
non-mycorrhizal cluster roots, however, are often highly hairy and have a



considerable surface area. They are known to produce huge amounts of phosphatase 
enzymes and organic acids, which may increase the amount of labile P pools in the 
soil solution (Grierson 1992; Dinkelaker et al. 1995). 
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4.10.2 Role of Organic Anions in P Acquisition 
and Mobilization Under Agroforestry System 

Organic anions, such as organic acids, amino acids and phenolics, generated by plant 
roots can facilitate the release of P from the soil complex. Malate, citrate and oxalate 
are examples of some low molecular weight organic acids that are known to promote 
P release by ligand exchange (Gerke 1992). Certain tree species such as Melaleuca 
cajuputi (Watanabe et al. 1998) and Banksia integrifolia (Grierson 1992) release 
large amounts of citrate into their rhizosphere, particularly under condition of low-P 
or high-Al soils. Through a variety of methods, such as chelation, solubilization and 
complexation, the ectomycorrhizas of trees have also been identified to create 
significant amounts of organic acids that aid in raising the quantity of labile P in 
the soil solution (Malajczuk and Cromack 1982). As observed, it is possible for P to 
be mobilized by organic anions in the rhizosphere through a pH shift; desorption of 
P; chelation of metal ions, especially Al and Fe (III); or the development of metal-
chelate complexes (Gardner et al. 1982). 
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Chapter 5 
Agroforestry-Based Consequences Improve 
the Soil Health 

Jyoti Yadav, Roma Rani, Bhanu Raj Meena, Deepali Chittora, 
Pushpa Gehlot, Tripta Jain, and Kanika Sharma 

Abstract Soil is the upper surface of land which covers the earth in the form of thin 
layer and, with the optimum quantity of air and water, provides the life and base to 
all plants; with the extensive availability of the upper surface of soil, once, it takes a 
longer time for its renovation and to be fertile. Agroforestry is one of the best 
practices for enhancing soil organic carbon and sustainable ecosystem. Agroforestry 
has been long in practices/used for improving soil health by combining the trees and 
shrubs with agricultural crops or livestock. These agricultural practices provide the 
multiple benefits which have been revealed from the researchers that (1) they provide 
the vital home of wildlife or in other words the number of wildlife increased; (2) they 
enhance the farm and land productivity by improving the soil health and animal 
welfare; (3) they also provide help in mitigation of one of the main global problems, 
i.e., climate change, (4) managing soil surface quality and water flow, and 
(5) balancing the nutrient cycling and also in the prevention of soil erosion. Due to 
the much extensive use of agroforestry in improving soil, improving soil fertility, 
and environment management, it is needed to focus on agroforestry practices. This 
chapter focused on the relationship of soil health and agroforestry. 

Keywords Soil health · Sustainable ecosystem · Agroforestry · Soil organic carbon 

5.1 Introduction 

Soil is the essential need for life to be sustained as it is the nourishment provider for a 
range of organisms, either microorganisms or giant organisms. It is the basis of 
agriculture and forestry (Stirling et al. 2016). Soil holds nutrients, minerals, and
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water that are the important factors responsible for agricultural productivity. The 
content of soil decides its quality that should be capable to sustain the productivity of 
flora, environmental, and faunal health which is commonly referred as soil health 
(Yadav et al. 2008). For sustainable agricultural production, soil management is a 
much needed step. Continuous exploitation of soil without considering or managing 
its capacity makes its quality or health to deteriorate (Rosa and Sobral 2008). The 
rapidly increasing demand for food for the growing population of humans and 
livestock has put immense pressure on natural resources that leads to 
non-regulated exploitation of soil (Hoppe and Sanders 2014). There are various 
factors like deforestation, over-grazing, constructions, and unscientific farming 
practices that contribute direct or indirect pressure on soil health. Other factors that 
influence the soil health indirectly include climate change and greenhouse effect that 
alter the temperature and rainfall patterns which might result in heavy rainfall or no 
rainfall at all. Excessive rainfall could swipe off the nutrient-rich organic matter 
containing the uppermost layer of soil that is the most fertile part, and it takes years 
to be that much fertile; this loss of soil quality is called soil erosion (Baig et al. 2013). 
Soil health plays a major role in agricultural productivity; continuous cultivation 
makes it necessary to add the lacking constituent again to make it fertile like once it 
was (Tittonell and Giller 2013). To scientifically manage the soil quality or health, 
there is a need of a method that is sustainable and ecofriendly, providing long-term 
multiple benefits and maintaining the soil health. One of such kind of practice is 
agroforestry. Agroforestry is a sustainable and integrated practice in which trees and 
shrubs are cultivated with crops and livestock cattle which optimizes the output one 
can get separately from individual practices (Dollinger and Jose 2018). The setup 
and benefits of agroforestry system are shown in Fig. 5.1.
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Fig. 5.1 The setup and benefits of agroforestry system
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5.2 Soil 

Soil is the uppermost layer of earth that holds biological diversity of billions of 
species. It is the reservoir for water and minerals like phosphorous, provides a 
supportive space for breakdown of organic wastes, and participates in the nutrient 
cycle (Timmis and Ramos 2021). The process of soil formation takes thousands of 
years through weathering of large rocks with the help of some abiotic factors like 
wind, water, and gravity. Soil thickness can vary from few centimeters to many 
meters depending on weathering process and other factors like deposition, erosion, 
and patterns of landscape development (Bormann and Likens 2012). Due to com-
bined effect of percolated water and living organism, vertical layers of soil are 
formed that are called horizons. These horizons combine known as soil profile 
(McKenzie et al. 2004). 

Soil plays various ecological and non-ecological functions. Some of the ecolog-
ical functions include biomass production, as gene reservoir, and providing protec-
tion to humans and environment (Blum 2005). Soil produces renewable energy 
sources, food, and raw materials that hold various applications. It is a habitat to 
diverse types of organisms that constitute more variety and number of species than 
above soil surface put together (Thomas and Kevan 1993). Hence soil is the basis of 
diverse biodiversity that is also a source of genetic diversity for biotechnological and 
bioengineering processes (Rastegari et al. 2020). Soil plays an important role in the 
carbon cycle as it transforms organic carbon into carbon dioxide and other constit-
uents by decomposition with the help of numerous microorganisms present in it and 
also is a habitat for plants that again capture this carbon dioxide and transform it to 
organic carbon (Horwath 2015). Soil plays a major role in filtering, buffering, and 
transforming capacities between atmosphere, groundwater, and plants. There are 
non-ecological functions that soil plays including providing a physical basis for 
human activities, forming a source of raw materials, and forming an essential part of 
landscape in which human civilization lived. Soil preserves paleontological and 
archeological history of human civilizations that once was there (Pandey 2021). 

5.3 Soil Health and Management 

Soil health has now been given attention as it is being understood that it not only 
provides us food and fibers but also maintains the environmental quality and 
balance. Much of agricultural land has been degraded because of soil erosion, 
pollution, excessive land cultivation, overgrazing, and desertification induced due 
to human activities (Jie et al. 2002). Degradation and loss of agricultural land are a 
big concern among the other human-induced issues like climate change, global 
warming, and biodiversity losses. Soil health is defined as the capacity of soil to 
function within natural environmental conditions to sustain plant and animal pro-
ductivity, maintain air and water quality, as well as support human health (Doran and



Zeiss 2000). Soil quality and biodiversity are influenced by human-caused distur-
bances. Majorly the soil quality is determined by its inherent physical and chemical 
properties that are specified by the climate and ecosystem. Other than the natural 
factors, the quality of soil is also influenced by the kind of management and the 
decisions about land being used (Morgado et al. 2018). In the past era, soil has been 
mismanaged to get excess production beyond the capacity of the farmland. The 
quality of agricultural land and the balance of other ecosystems have been severely 
affected. Crop cultivation with the use of heavy machineries and continuous same 
crop cultivation has resulted in decrease of soil quality and even soil loss by erosion 
(Thapa and Weber 1991). Organic content has been lost in the form of carbon 
dioxide into the atmosphere. The accelerated growth of human population has 
increasingly putting pressure on natural resources and soil which results in 
unmanageable exploitation and quality reduction of resources (Amthor 1995). 
Thus, we should develop such agricultural land use management practices like 
agroforestry that restore the lost content of soil to make it healthy and also remain 
healthy for future generations to come. 
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5.4 Agroforestry 

Agroforestry is a term used for an agricultural land management system in which 
agricultural field crops and livestock are integrated with trees and shrubs for long-
term sustainable farming and improvement of soil health (Sharma et al. 2016). 
Agroforestry leads to an ecological diverse and productive land with lesser human 
interference, low cost, and long-term environmental benefits. The concept of agro-
forestry came into light in the early twentieth century, but written evidences of 
practice of woody perennials in agriculture are found in Roman times (Rosa-
Schleich et al. 2019). Agroforestry is employable in different kinds of ecological 
units and lifestyles. Proper adaptation of agroforestry is useful to improve the living 
standard of people by enhancing health and nutrition and accelerating economic 
growth and environmental sustainability (Montagnini and Metzel 2017). It holds a 
great promise of sustainable production of fruit crops, medicinal plants, dairy and 
beef cattle, and organic biomass to regenerate nutrients and minerals for decompo-
sition (Kesavan and Swaminathan 2008). Land use management systems with 
agroforestry are proven to be efficient in carbon sequestration, enrichment of soil 
in nutrients and minerals, maintenance of biodiversity, and providing long-term 
benefit to the environment and the landowner (Udawatta et al. 2021). The basis of 
the benefits provided by agroforestry is the interaction between the components of 
the system, i.e., trees, shrubs, crop, and cattle (Mosquera-Losada et al. 2009). 
Agroforestry encourages the positive interactions like mutualism and commensalism 
and discourages the negative interactions like competition and amensalism between 
species (Campbell 2012). 

In agroforestry the components are interlinked structurally and functionally such 
that they can be managed to get the best outcome from the system, for example, trees



are regularly cut, and the cuttings are used as mulch to the soil. This encourages the 
growth of new trees and also prevents the trees to be dark shadowed on undergrown 
crops and maintains the soil moisture (Nair et al. 2010). The elements of agroforestry 
are shown in Fig. 5.2. 
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Fig. 5.2 The elements of agroforestry 

There are three main types of agroforestry systems (Zerbe 2022):

• Agrisilvicultural system: Integration of crops and trees, such as alley cropping or 
home gardening

• Silvopastoral system: Integration of forestry and grazing of household cattle on 
farmlands

• Agrosylvopastoral system: Integration of crop, trees, and cattle as scattered trees 
on farmland and animal grazing after crop harvest. 

5.5 Indicative Factors of Soil Health Influenced by 
Agroforestry 

There are various constituents present in the soil that are important to be considered 
as indicator of the soil health. The physical, chemical, and biological properties of 
soil are influenced by agroforestry system given in Table 5.1 (Cardoso et al. 2013). 
All the properties influence one another as physical properties improve the chemical 
and biological properties of soil that increase the overall growth of plants (Marinari 
et al. 2000). Leaves of trees associated with the agricultural land fall off on the soil



Nature of property Agroforestry process 

surface that form a protective layer. This layer of litter adds organic matter to the soil 
after decomposition by microorganisms, reduces loss of moisture content, and also 
plays an important role in the prevention of soil erosion (Sayer 2006). Some of the 
physical properties that are indicative of soil health and influenced by agroforestry 
are soil binding stability, bulk density, water holding capacity, infiltration rate, depth 
of soil, and structure, texture, and porosity of soil (Bot and Benites 2005). Soil 
binding or aggregation stability is the binding of primary soil particles around the 
organic matter or other surrounding particles. It is a good indicator of soil quality 
(Wei et al. 2006). The structural stability of soil depends on soil aggregation 
stability; if the binding ability of soil decreases, this can be a strong indication of 
land degradation. In agroforestry system of land management, trees play an impor-
tant role in improving soil aggregation stability by adding organic matter to the soil. 
Several reports have proven that lands with trees have larger soil aggregate when 
compared to bare farmlands (Somasundaram et al. 2012). One of the other physical 
properties of soil is the water holding capacity; it is the quantity of water soil can 
retain that is of crop use. Land systems with trees are proven to be having more water 
holding capacity and reduced water loss due to evaporation (Waddington et al. 
2015). Bulk density of soil is an indicator of soil compaction. It is defined as the 
dry weight of soil divided by its volume of soil particles and pores between soil 
particles. The more the value of bulk density, the lesser the soil porosity (Cresswell 
and Hamilton 2002). Decreased soil porosity leads to poor flow of air and water in 
the soil and also restricts the plant root growth, hence reducing plant growth. Poor
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Table 5.1 Properties of soil are influenced by agroforestry system 

Agroforestry 
interaction with 
soil

1. Chemical Carbon Increase in soil organic matter through litter 
fall, root turnover, and incorporation of tree 
prunnings and crop residues 

Nitrogen Increased soil nitrogen supply through
• Nitrogen fixation
• Lessen leaching 

Phosphorus Transformation of less available inorganic 
phosphorus form into readily absorbable form 

Other ions like calcium, mag-
nesium, potassium, and 
aluminum

• Migration in soil horizons
• Aluminum chelation by organic acids 

2. Physical • Improvement in soil texture, aggregation, and porosity
• Reduction in soil bulk density 

3. Biological • Diversify soil fauna and microbial population
• Increase in vascular arbuscular mycorrhizal and rhizobial population
• Integrated pest management of insect pests and pathogens 

4. 
Competitions 

Sharing of growth resources between trees and crop 

5. Conservation Reduction in soil erosion and leaching



bulk density of soil is the result of practices like use of heavy machinery for field 
leveling, repetition of crops with more or less equal root structure and depth, not 
plowing to different depths, application of heavy equipment on wet soil, and adding 
piles of crop remaining on the field (Kubik 2005). High bulk density and compaction 
of soil decrease the productivity of soil; hence to reduce this, one must practice 
reduction in number visits in the field especially when it is wet, plantation of crops 
with different root lengths, and increasing the organic matter in the soil aggregates 
(Arvidsson 1999).
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Other than the physical properties, there various chemical properties of soil that 
play an indicator in soil health and also influenced by agroforestry. Soil organic 
matter and soil organic carbon are reported to be increased in soil due to the addition 
of litter fall and dead root remains when crop is planted under old plantations (Singh 
and Sharma 2007). Soil pH is an important factor which influences the surrounding 
soil microbiota and the growth of plants. Soil pH is a major factor to control the 
presence of many nutrients and also decides their ionic form which further influences 
their uptake and growth of plants. The pH range of soil with good amount of 
nutrients in it is 6 to 7 (Alam et al. 1999). Trees maintain pH by addition of organic 
matter to the soil surface and releasing organic acid during the process of decom-
position of the litter. The acidic pH plays an important role in the process of 
mineralization and, thus, ensures the availability of nitrogen in the soil (Clarholm 
and Skyllberg 2013). Salts present in the soil are important in the regulation of soil 
salinity or electrical conductivity of soil. It is the ability to conduct electrical current; 
electrical conductivity is used as a measure of soil salinity (Rhoades et al. 1999). The 
amount of nutrients present in soil very much depends on the tree species in the 
agroforestry system because the amount of litter fall is different in different tree 
species with seasonal variations (Murovhi et al. 2012).
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Biological properties of soil include the number of microbes, enzymatic activity 
in the soil, carbon and nitrogen microbial biomass, soil basal respiration, and 
microbiota (Salazar et al. 2011). These properties are influenced by organic matter 
present in the soil and soil organic carbon added by litter fall, decomposition of plant 
remains, and variety of litter depending on the different types of tree species under 
the agroforestry system (Gupta et al. 2009). Higher microbial count is reported in 
cultural agroforestry system, and it has been reported that higher bacterial count is 
found in the soil containing higher clay and water content, whereas higher fungal 
count is found in the soil with higher nitrogen content (Tangjang and Arunachalam 
2009). The soil pH and organic carbon content are the deciding factors for microbial 
population in the soil. Higher organic matter and neutral pH in agroforestry favor 
high number of microbes in the soil (Ramesh et al. 2019). Studies have suggested 
that soil associated with agroforestry system have more number of total bacteria, 
anaerobic bacteria, gram-negative bacteria, and mycorrhizal fungi when compared to 
regular field soil (Unger et al. 2013). More root colonization is found by arbuscular 
mycorrhiza for Croton macrostachyus (45%) tree than Albizia gummifera (41%), 
and significantly higher root colonization of maize crops is grown under the canopy 
of Albizia gummifera and Croton macrostachyus trees by AM than outside the 
canopy (Hailemariam et al. 2013). Various studies have revealed that 
agrosilviculture-based agroforestry with different tree species showed considerable 
difference in microbial biomass of carbon, and also variation in microbial biomass of 
carbon and nitrogen was also varied with the density of the same tree species; the 
more the density of tree, the more the microbial biomass (Panwar et al. 2017; 
Rodrigues et al. 2015). The trees that produced high litter fall and root exudates 
are reported to harbor more microbe population and microbial biomass (Van Der 
Heijden et al. 2008). Another biological property is soil basal respiration; it is 
defined as the constant respiration rate originating due to carbon dioxide evolution 
or oxygen released during the decomposition or mineralization of organic matter. In 
agroforestry system of land management, much of carbon containing matter is added 
to the soil due to which higher soil basal respiration is found in these tree-based 
cultivated land (Cardinael et al. 2020). Presence of large microbiota like bacteria and 
fungus plays an important role in decomposition; hence they are an indicator of soil 
heath, and their number is proven to be found more in agroforestry systems (Jeffries 
et al. 2003). Enzymatic activities in soil are also an indicator of soil health because 
dehydrogenase activity of soil microbiota plays an important role in nutrient cycling. 
The rate of activity could be different based on soil type, vegetation of that particular 
region, and also the season. Higher dehydrogenase and alkaline phosphatase enzyme 
activity is found to be more in agroforestry systems with trees of different species 
rather than single tree species (Uthappa et al. 2015).
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5.5.1 Agroforestry for Soil Health 

5.5.2 Carbon Transformation 

Increasing global atmospheric carbon dioxide is a big problem considering global 
warming as its one of the consequences. Agriculture and forestry can be employed to 
curb certain levels of carbon dioxide concentrations by incorporating carbon from 
atmosphere to vegetation biomass (Luckow et al. 2010). The role of trees and forest 
in carbon cycling is well known; forest is a large sink of carbon. To increase the 
carbon storage capacity, there is an increasing interest to incorporate agricultural 
land with trees and reforestation (Murthy et al. 2013). Ever since the industrialization 
began, atmospheric carbon has increased from 280 mg/L in 1750 to about 392 mg/L 
in 2012, and at the current rate, it is expected to surpass 400 mg/L by 2015 (Jose and 
Bardhan 2012). Agroforestry land use system has the greatest potential for carbon 
sequestration due to large area available to employ agroforestry as a practice 
(Ramachandran Nair et al. 2009). In comparison to mono-crop field, the area 
incorporated with trees and shrubs is proven to be more efficient in carbon seques-
tration both on the aboveground and belowground. Due to much modernization in 
agriculture, soil carbon pool has been decreased due to deforestation, soil erosion, 
overexploitation of soil, and unsustainable agricultural practices. The incorporated 
carbon into vegetation biomass constitutes the soil organic carbon that adds with the 
litter fall. Studies have found that land cultivation system shifting from without trees 
to agroforestry systems has improved the levels of soil organic carbons (Lorenz and 
Lal 2014). 

5.5.3 Symbiotic Interaction 

The two important mutualistic interactions in agroforestry-based system are 
nitrogen-fixing microbes and mycorrhizas. Both the relations are based on resource 
transfer trading. In the case of root nodules, plant trades carbon in return of fixed 
nitrogen, whereas phosphate, water, and other ions are traded from mycorrhiza. Plant 
and symbiotically associated microorganism fixing nitrogen biologically are 
presented in Table 5.2. These interactions contribute to the overall fertilization of 
the soil. 

5.5.4 Control of Soil Erosion 

Soil erosion is the main cause of fertile soil loss which affects physical, chemical, 
and biological properties. There are various control measures to manage erosion, but 
these methods are not very cost-effective and also are not easy to maintain.



Plant name Family References 

Agroforestry-based cropland ecosystem is predominantly found effective for soil 
conservation and soil erosion. The forest vegetation along with hedge plants pro-
duces a cover effect which decreases soil erosion by creating a barrier. 
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Table 5.2 Plant and symbiotically associated microorganism fixing nitrogen biologically 

Microorganism 
associated

Silver wattle (Acacia dealbata) Mimosoideae Rhizobia Niu (2013) 

Black wattle (Acacia mearnsii) Mimosoideae Bradyrhizobium Boudiaf et al. (2014) 

Gum Arabic tree (Acacia 
nilotica) 

Mimosoideae Rhizobium Choudhary et al. (2020) 

Indian alder (Alnus nepalensis) Betulaceae Frankia Varghese et al. (2003) 

European alder (Alnus 
glutinosa) 

Betulaceae Frankia Varghese et al. (2003) 

Beef wood (Casuarina 
equisetifolia L.) 

Casuarinaceae Frankia Mink et al. (2016) 

Erythrina (Erythrina 
poeppigiana) 

Papilionoideae Bradyrhizobium Leblanc et al. (2007) 

Ana tree (Faidherbia albida) Mimosoideae Bradyrhizobium Mokgolodi et al. (2011) 

Gliricidia (Gliricidia sepium) Fabaceae Rhizobium Samarakoon and 
Rajapakse (2020) 

Inga(Inga jinicuil) Mimosoideae Rhizobium Grossman et al. (2006) 

New dhaincha (Sesbania 
rostrata) 

Fabaceae Sinorhizobium Maheshwari et al. 
(2013) 

Indigo (Indigofera tinctoria L.) Fabaceae Rhizobium Sarvade et al. (2014) 

Horse bean (Vicia faba L.) Fabaceae Rhizobium Richardson et al. 
(1975) 

Pigeon pea (Cajanus cajan 
L. Mill sp.) 

Fabaceae Rhizobium Bopape et al. (2022) 

Mung bean (Vigna mungo 
L. Hepper) 

Fabaceae Rhizobium Veer et al. (2021) 

Chickpea (Cicer arietinum L.) Fabaceae Rhizobium Singh and Singh (2018) 

Peanut, groundnut (Arachis 
hypogaea L.) 

Fabaceae Bradyrhizobium Zhang et al. (2022) 

Pea (Pisum sativum L.) Fabaceae Rhizobium Amsalu et al. (2012) 

Alfalfa, Lucerne (Medicago 
sativa L.) 

Fabaceae Sinorhizobium Panahpour (2009) 

Clover (Trifolium spp.) Fabaceae Rhizobium Rodríguez-Navarro 
et al. (2022) 

Sun hemp (Crotalaria juncea 
L.) 

Fabaceae Methylobacterium Sarvade et al. (2019) 

Wild tantan (Desmanthus 
virgatus (L.) Willd.) 

Fabaceae Rhizobium Sarvade et al. (2019)
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5.6 Discussion 

The environment and soil are dealing with so much pressure to sustain the large 
population of living organisms; this pressure is somewhere responsible for blind 
exploitation of natural resources without considering the degrading quality or health 
of these resources like soil. Good soil health is the important factor to sustain the 
growing population consistently in long term. It is also the ethical duty of the present 
population to pass the natural resources to the upcoming generations in good 
condition. The integration agricultural crops and livestock with trees and shrubs 
have proven to be more productive than a mere cropland. This system of land 
cultivation maintains the balance of the ecosystem and enriches and conserves the 
natural resources like soil and water, making it sustainable in the long term. 

5.7 Conclusion and Future Prospective 

The agroforestry-based agriculture is efficient in improving soil quality, and its large 
biodiversity is helpful in the achievement of sustenance in agriculture and environ-
ment. This integrated system in which litter is added to the soil by the perennial trees, 
decomposition is performed by microorganisms, and the nutrients and minerals are 
recycled again to the soil makes a cycle of agroforestry system. Additionally 
biological nitrogen fixation and carbon transformation inside the soil also improve 
the status of the absorbable form of these nutrients and overall quality of soil. Large 
root system and balanced moisture due to trees make the soil less exposed to soil loss 
and erosion. Agroforestry system is a sustainable way of agriculture as well as an 
adaptive method of soil and water conservation with high productivity of soil. 
Hence, agroforestry system of land use should be adapted widely to achieve sus-
tainable development goals. 
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Chapter 6 
Soil Nutrient Dynamics and Cycling Under 
Agroforestry 

A. Balasubramanian, K. S. Anjali, G. Swathiga, Ghazanfer Abbas, 
and S. Navaneetha Krishnan 

Abstract Agroforestry is the sustainable integration of trees with other agricultural 
components for multiple benefits. Water, light, and nutrients are apprehended as the 
basic components of plant growth. Sustainable management of these resources will 
ensure maximum nutrient and water use efficiency, hence resulting in maximizing 
the output from the system. Agroforestry systems can promote efficient nutrient 
cycling than any other agricultural systems by regulating the uptake, recycling, and 
synchronization. The tree components in an agroforestry are the most integral 
component of nutrient balance owing to its deep roots of holding nutrients, nutrient 
addition by litter, and fine root decomposition and symbiotic nitrogen fixation by 
nitrogen-fixing trees. Agroforestry hence can modify the nutrient dynamics of the 
system. Hence integrating the right components in the system can reduce the cost of 
application of external inputs such as fertilizers and results in a system that is self-
sustained and productive. 

Keywords Agroforestry · Litter · Fine roots · Nutrient balance · Nutrient use 
efficiency 

6.1 Introduction 

Agroforestry encompasses a range of land use systems and techniques that involve 
intentionally cultivating woody perennials such as trees, shrubs, palms, and bam-
boos alongside agricultural crops and/or animals. These different components are 
strategically grown together on the same land units, either in specific spatial arrange-
ments or temporal sequences (ICRAF 1996). In many tropical nations, output and 
food security are seriously threatened by the current agricultural situation’s loss of 
nutrients and organic matter in the soil. Agroforestry encourages a water and nutrient 
cycle that is more effective than the typical agriculture system. The conjugation of
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different components in agroforestry will result in a complex system modifying the 
soil and nutrient dynamics pertinent to the system. The nutrients in the soil are 
responsible for the overall growth and development of the crop by influencing the 
productivity and species composition. Hence the shift from optimum physical, 
chemical, and biological constants of the soil will affect the productivity of the 
soil, thus influencing the soil and plant nutrient balance.
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Fig. 6.1 Nutrient dynamics under an agroforestry system 

Soil nutrient dynamics encompass the changes in nutrient status in the soil 
ecosystem under a given set of environments in temporal and spatial manner due 
to continuous biogeochemical processes operating within the system. Agroforestry 
system can alter the soil properties substantially in both surface and sub-surface 
layers. The intercropping pattern of the trees, management techniques, spatial 
planning, the quantity and quality of litter, and the rate of decay and decomposition 
all affect the soil’s characteristics in an agroforestry system. The most prominent 
species in the community, which is frequently the tree component, is mostly 
responsible for the ecological processes like decomposition, which have overall 
beneficial impacts from the pumping of nutrients throughout the system. By man-
aging the microclimate of the site and changing the physical composition, infiltration 
ability, moisture regime, and other physio-chemical aspects of soils, trees as a 
component of an agroforestry system tend to influence the ecosystem. The tree 
components in the agroforestry owing to its deep roots are more capable of nutrient 
and water pumping from the deep layers that are usually not utilized by the 
herbaceous crops. Trees can also minimize nutrient losses by reducing soil erosion 
and trapping nutrients that drain out of the crop root zone with the help of their deep 
and broad root systems. The nutrient dynamics under an agroforestry system has 
been presented in Fig. 6.1.
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Litter fall, root decay, internal recycling of nutrients through crop residue and 
manure formed within the system, and the recycling of nutrients by trees from deep 
soil horizons to the soil surface are all examples of nutrient transfers that take place 
inside the system. The majority of the nutrients that plants absorb return to the soil in 
the form of decomposed litter, and the patterns of nutrient release are influenced by 
the climatic conditions and the quality of the litter. This process accounts for around 
50% of the nutrients that plants take up. The input of nutrients into the system comes 
from rainfall, fertilizers, and biological nitrogen fixation by trees, crops, and other 
organic matter from outside the system, and the output comes from removal of crop, 
tree, and livestock products, soil erosion, leakage, evaporation, and other processes. 

Apart from litter and fine root decomposition, the residues of tending operations 
such as pruning and pollarding also contribute to nutrient addition. Fine lateral roots 
are a dominating axis of nutrient acquisition techniques across and between species 
because they exhibit a wide range of nutrient acquisitive qualities and conservative 
traits within the zone of tree and crop root interactions. In agroforestry system such 
as alley cropping, the tree crop interactions in an agroforestry system can be 
enhanced by planting leguminous trees with crops with increased nitrogen fixation 
and enhanced productivity. 

6.2 Nutrient Recycling Under an Agroforestry System 

The nutrient cycling is defined as the cycling of nutrients in the physical environ-
ment into the living organisms and recycling back to the physical environment. The 
nutrient cycling is a vital function of the ecology of a region, and under an 
environment, the cycle must be stable and balanced. An instability in nutrient 
balance results in the nutrient loss from the system affecting the sustainability of 
the system to support life. Nutrient cycling under an agroforestry system can be 
redefined as the cycling of nutrients within the physical environment and between 
the components of the system. Due to the continuous accumulation of litter and 
activities involving decomposition, the biological processes in agroforestry systems 
increase the system’s efficiency in terms of carbon stocking and cycling of nutrients. 
The movement and interchange of organic and inorganic substances back into the 
formation of living matter are known as nutrient recycling. Food web mechanisms 
that break down organic matter into mineral nutrients control the recycling of 
nutrients. 

Nutrient balance (Fig. 6.2) is the difference between nutrient inflow and outflow. 
The stability of a system is contributed by the state of a positive nutrient balance. For 
any system where the inflow and outflow are equal, the state of balance is referred to 
as steady state. On comparing with the tree ecosystems (Fig. 6.3), viz., forest 
ecosystem, agroforestry, and agricultural ecosystem, regarding the flow of input 
and output, agroforestry has a predominantly positive effect on the process followed 
by forest ecosystem and agricultural ecosystem. The roots will hold the soil by 
nutrient saving, and the litter will contribute to nutrient addition maintaining a



balance of nutrients in an agroforestry system (Hossain et al. 2011). Trees through 
their canopy will make a balance of shade and water interception through stem flow 
and through flow will provide the system the needs for sustainable agricultural 
practices. 
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Fig. 6.2 Nutrient balance input and output 

Fig. 6.3 Agroforestry possesses characteristics that can potentially mitigate water, soil, and 
nutrient losses, in contrast to both natural forests and conventional agricultural systems (source, 
Zhu et al. 2019)
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6.3 Major Processes Responsible for Soil Nutrient 
Dynamics in Agroforestry Systems 

6.3.1 Litter Fall 

The dead leaves, twig, bark, needles, etc. form the composition of total litter 
production in the system. Litter production in agroforestry system helps in 
maintaining or improving the soil fertility through release of critical macronutrients 
like nitrogen, phosphorus, and potassium to the soil and plays a significant role in 
soil nutrient recycling process. The addition of organic matter through litter pro-
motes the water holding capacity, water penetration rate, biodiversity, soil microbial 
activity, and nutrient concentration of the soil, all of which contribute to its better 
quality (Hossain et al. 2011). In terms of the overall amount of litter generated in the 
system, leaf litter makes up the majority, and in comparison, it has the greatest 
nutritional concentrations. It also returns the most nutrients to the soil, making it the 
main source of soil nutrients (Hossain et al. 2011). Litter fall in soil depends on the 
nature of plant species, climate, land use, decomposer population, etc. (Tapia-Coral 
et al. 2005). Major processes responsible for soil nutrient dynamics in agroforestry 
systems have been presented in Fig. 6.4. 

6.3.2 Decomposition 

Decomposition, which is a sequence of physical and chemical processes that reduce 
leaf litter and foliage to their basic chemical components, is the main mechanism in 
nutrient recycling within ecosystems (Aerts 1997). The decomposable matter on the 
agroforestry soil floor breaks down into smaller fragments through chemical and 
physical processes by the activity of microfauna present in the soil (Lorena et al. 
2005). This is one of the most significant ecological occurrences because it contrib-
utes nutrients to the soil (Dommergues 1987). The availability of nutrients in soil is 
significantly impacted by the decomposition and mineralization processes carried 
out by soil microbes, and this is made possible by soil fauna such as non-symbiotic 
nitrogen-fixing bacteria, phosphate, solubilizing bacteria, and sulfate-oxidizing bac-
teria. The rate of litter decomposition is influenced by several factors such as quality 
and quantity of plant component; climatic factors such as temperature, moisture, and 
aeration; and soil nutrient availability factors including carbon-nitrogen (C : N) ratio, 
microbial community dynamics, etc.
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Fig. 6.4 Major processes 
responsible for soil nutrient 
dynamics in agroforestry 
systems 

6.4 Biological Nitrogen Fixation Under an Agroforestry 
System 

The process by which inorganic nitrogen is changed into a useful organic form with 
the support of living things is known as the biological nitrogen fixation mechanism. 
This may be accomplished in collaboration with both free-living and symbiotic 
bacteria, as well as with other symbiotic microbes. Nitrogen fixation occurs when 
atmospheric molecular nitrogen is converted to ammonia. With the help of a group 
of bacteria called rhizobia, legumes are able to fix atmospheric nitrogen and accu-
mulate it biologically. The bacteria, which are normally free-living in the soil in the 
native range of a particular legume, inoculate into the tree root hairs and are 
embodied in small root structures called nodules. The mutualistic association is 
accomplished by providing energy to the bacteria by the plant to fuel the nitrogen 
fixation process by which the plant receives nitrogen for growth. The influences of 
soil biota on soil processes in tree-based ecosystems are given below.
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6.4.1 Microflora 

These groups of soil biota include fungi, bacteria, and actinomycetes. These actively 
participate in nutrient cycling by catabolizing organic matter and mineralizing and 
immobilizing soil nutrients. By producing organic substances that bind aggregates 
and hyphae that entangle particles into aggregates, they improve the structure of 
the soil. 

6.4.2 Microfauna 

These groups of soil biota include protozoa, nematodes, etc. These actively partic-
ipate in nutrient cycling by regulating bacterial and fungal population, hence altering 
nutrient turnover. Through interactions with microflora, they could have an impact 
on aggregate structure. 

6.4.3 Mesofauna 

Mesofauna includes Acarina, Collembola, enchytraeids, etc. This group regulates 
fungal and microfaunal populations, alters nutrient turnover, and fragments plant 
residues. They alter the soil structure by creation of biopores and promoting 
humification. 

6.4.4 Macrofauna 

Macrofauna includes isopods, centipedes, millipedes, earthworms, etc. These groups 
fragment plant residues and stimulate microbial activity. These groups mix organic 
and mineral particles, redistribute organic matter and microorganisms, create 
biopores, and promote humification. 

6.5 Soil Fauna: Small Burrowing Animals 

This group enriches soil by breaking down of organic matter and mixing of soil 
through profile, enhancing decomposition. The interconnecting tunnels created by 
their activities improve aeration and infiltration. These enhance soil structure by 
influencing microrelief and soil properties.



116 A. Balasubramanian et al.

6.6 What Are Nitrogen Fixing Trees? 

Trees may provide nitrogen to agroforestry systems in two ways: biological nitrogen 
fixation in the case of nitrogen-fixing tree species (NFTs) and soil deep nutrient 
collection (Rosenstock et al. 2014). Trees and nutrient cycling under an agroforestry 
system have been presented in Fig. 6.5. Trees which have the capacity of converting 
atmospheric nitrogen into plant usable compounds, such as ammonia, are called as 
nitrogen-fixing trees (NFTs). The role of NFTs in agroforestry includes improve-
ment of soil fertility by nitrogen fixation, and they are incorporated as fodder plants, 
windbreaks, and plywood and pulpwood trees (Brewbaker 1987; Das and 
Chaturvedi 2005). The interpolating of N-fixing trees in rows with low crop plants, 
often known as alley cropping or hedgerow intercropping, can help increase soil 
fertility. Trees planted as hedge will improve the soil fertility by means of nitrogen 
fixation and enrichment of fallow land, and the litter provides mulch for crop fertility 
improvement. 

The amount of biological nitrogen fixation by trees, both leguminous and 
non-leguminous, ranges from 20 to 300 kg N ha-1 year-1 . Nitrogen-fixing trees 
can supply nitrogen either through symbiotic nitrogen fixation or through litter fall. 
Some non-NFTs, e.g., cherry, mandarin, etc., also accumulate more nitrogen as 
NFTs, owing to their greater root volume and ability to capture nutrients from soil 
surface, where they perform the role of cycling the nutrients apart from fixing them 
to the system. Apart from leguminous nitrogen fixation, NFTs can fix nitrogen by the 
process of deep nutrient capture; trees can uptake nutrients at depths by means of 
deep roots where the crop roots can’t reach. In agroforestry systems, these nutrients 
are leached and lost for crop use, but they are transported to the soil through the 
decomposition of tree litter, where they constitute an additional nutrient input

Leaching 

Root exudate 

Safety-net 

Leaching 

Nutrient return 

Litterfall 

Nutrient pumping by 
deep root system 

U
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Fig. 6.5 Trees and nutrient cycling under an agroforestry system (Fahad et al. 2022)
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https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pulpwood


(Galiana et al. 2004). Major nitrogen-fixing trees and its agroforestry utility have 
been presented in Table 6.1.
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Table 6.1 Major nitrogen-fixing trees and its agroforestry utility 

Species Agroforestry utility 

Acacia aneura Trees and shrubs in pastures 

Acacia farnesiana Fodder banks 

Albizia lebbeck Trees and shrubs in pastures 

Albizia saman Trees and shrubs in pastures 

Alnus acuminate Trees and shrubs in pastures 

Calliandra arborea Trees and shrubs in pastures 

Calliandra calothyrsus Trees and shrubs in pastures Fodder banks 

Casuarina cunninghamiana Live fence posts 

Desmodium velutinum Trees and shrubs in pastures Fodder banks 

Erythrina variegata Trees and shrubs in pastures Live fence posts Fodder banks 

Gliricidia sepium Trees and shrubs in pastures Live fence posts Fodder banks 

Pterocarpus hayesii Trees and shrubs in pastures 

6.7 Phosphorus Dynamics Under Agroforestry 

Unlike nitrogen, phosphorus is a highly immobile nutrient and is mostly deficiently 
available to plants. The agroforestry system can also not supply the whole phospho-
rus requirement for crops. Phosphorus cannot be fixed like nitrogen and is not 
available to get captured from deep due to the non-availability of phosphorus in 
subsoil. The phosphorus accumulated in tree biomass will be transferred to the soil 
by means of litter decomposition, but it is merely nutrient cycling and not an input. 
During phosphorus cycling non-available form of phosphorus is converted to avail-
able form for plants. The phosphorus cycle also affects the biological activity of the 
system since photosynthesis and microbial activity in decomposing litter require 
sufficient amounts of phosphorus in certain biochemical forms. Contrary to nitrogen, 
the phosphorus cycle is closed, indicating that over the course of a few years, neither 
significant gains nor losses arise from the system. Trees can also solubilize phos-
phorus by symbiotic association with phosphorus-solubilizing fungi termed mycor-
rhizae where trees will host the fungi and fungi, in turn, solubilizes phosphorus. 
Mycorrhizal association between fungi and roots of higher plants is presented in 
Fig. 6.6. In agroforestry systems with little input, phosphorus is frequently the 
essential nutrient; as a result, inorganic phosphorus in the form of fertilizers needs 
to be added to soils that are low in P.
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Fig. 6.6 Mycorrhizal association between fungi and roots of higher plants 

6.8 Factors Affecting Biomass Decomposition 

The factors affecting biomass decomposition include the following. 

6.8.1 Substrate Quality 

6.8.1.1 Carbon and Nitrogen Content 

The rate of decomposition is enhanced by high initial nitrogen content and low 
carbon:nitrogen (C:N) ratio. High C:N ratio does not provide sufficient nitrogen for 
the metabolism of decomposing crop. 

6.8.1.2 Lignin and Cellulose Content 

High lignin and cellulose content in the substrate will increase the stability and 
reduce/resist the rate of decomposition. 

6.8.1.3 Polyphenol 

Increased polyphenol content will reduce decomposition as polyphenol forms com-
plexes with protein making inaccessible to microorganisms.
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6.8.2 Soil Micro- and Macrofaunal Activity 

The microorganisms in the soil play a major role in the decomposition of dead 
organic matter, nitrogen fixation, improvement in soil aeration, and mixing of soil. 

6.8.3 Environmental Parameters 

The environmental parameters including moisture and temperature play a major role 
in influencing biomass decomposition. Prominently, the increased moisture content 
will increase the decomposition, while the optimum temperature and moisture 
content affects the populations of the active microbes. 

6.9 Root Dynamics Under Agroforestry System 

Roots serve as the primary interface between plants and soil for the uptake of water 
and nutrients. Roots contribute to nutrient dynamics, by returning nutrients to the 
soil by death, decay, exudation, and leaching. The root biomass is not static (Peter 
and Lehmann 2000). The roots with diameter less than 5 mm are fine roots distrib-
uted in the upper soil layers with 90 percent in the top 30 cm. Fine roots contribute 
high organic matter with 2–5 times higher than that of the aboveground parts. Eight 
to 67% of net primary production is made up of fine root production. The detritus 
input to the soil from the fine roots may be greater than that from the aboveground 
compartments (Finér and Laine 1998). 

The factors affecting fine root decomposition include the following: 

(a) Elevated CO2: The fine root production and turnover increase in elevated CO2. 
(b) Climate change: When soil moisture and nutrient availability are sufficient, 

both root growth and death increase as temperature rises (Pregitzer 2002). 
(c) Nutrient availability: Fine root biomass normally declines with increased N 

availability, but turnover rises (Nadelhoffer 2000). 
(d) Drought: In the organic layer of the analyzed spruce stand, soil dryness and frost 

enhanced fine root mortality by 61% and 29%, respectively (Gaul et al. 2008). 
(e) Changes in water supply: Rapid rise in root numbers in Tectona grandis (Singh 

and Srivastava 1985) and Eucalyptus globulus (Kätterer et al. 1995) following 
the extinction of drought periods.
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6.10 Nutrient Use Efficiency (NUE) 

Nutrient use efficiency (NUE) is the proportion of the overall rate of biomass output 
to the total rate of nutrient intake (Hirose 1975). For many decades, nutrient use 
efficiency (NUE) has drawn the attention of forest researchers. It was asserted that 
the more nutrients that were consumed, the less was their NUE, i.e., biomass 
generated per unit of resource supply declined with an increase in supply. This 
was based on litter fall as a substitute for growth and net primary productivity (NPP) 
and litter N content as a replacement for N supply (Vitousek 1982). Nutrient use 
efficiency of the trees can be maintained by both fertilizer management and irrigation 
management. By using proper fertilizer scheduling techniques, which provide nutri-
ents at the proper rate, time, and location with proper silviculture techniques, the 
NUE of the trees may be increased (Panhwar et al. 2019). 

The NUE can be quantified based on the potential photosynthetic nutrient use 
efficiency of leaves (Hiremath 2000), ratio of growth to nutrient uptake (Manschadi 
et al. 2014), ratio of net primary productivity to soil nutrient supplied (Hirose 2011), 
litter fall nutrient use efficiency (Vitousek 1982), nitrogen and phosphorus growth 
efficiency (Berendse and Aerts 1987), product of plant level nutrient efficiency to the 
uptake efficiency (Xu et al. 2012), and efficiency of recovery (Shaver and Melillo 
1984). 

The NUE of the trees depends on the factors such as site soil nutrient status and 
litter dynamics, nutrient loss from the system, nutrient partitioning, soil fertility 
status, forms of nutrients applied, age of the trees species, and composition of the 
species. 

Another way of improving NUE in trees is applications of biofertilizers for 
sustainable enhancement of productivity improvement, for instance, improved 
NUE was obtained in Pinus wallichiana on treating with ectomycorrhizal fungus 
followed by Azotobacter sp., Azospirillum sp., Pseudomonas fluorescens, and 
Bacillus subtilis (Asif et al. 2014). Three tropical trees that grow quickly have 
their potential and cumulative photosynthetic nutrient use efficiency assessed: 
Cedrela odorata, Cordia alliodora, and Hyeronima alchorneoides where Cedrela 
odorata with shortest-lived leaves was observed with highest potential nitrogen use 
efficiency, beneficial under high-nutrient environments, whereas Hyeronima 
alchorneoides with longest-lived leaves had the highest cumulative nitrogen and 
phosphorus use efficiencies which are extremely beneficial under low-nutrient 
environments (Hiremath 2000). 

On comparing deciduous trees, evergreen trees with greater leaf longevity, high 
cumulative carbon gain over leaf lifetimes (DeLucia and Schlesinger 1995), longer 
nutrient retention, and lower rates of nutrient losses (Aerts 1995), accompanied by 
longer nutrient retention and lower rates of nutrient losses while quantifying NUE 
with respect to potential photosynthetic nutrient use efficiency of leaves (Field and 
Mooney 1986). On examination, the foliar nutrient dynamics of four deciduous 
species, Quercus prinus, Quercus alba, Acer rubrum, and Fagus grandifolia under 
different soil nutrient availability, Boerner (1984) observed high nutrient efficiency



and improved growth rate under poor site conditions, while Miller et al. (1976) 
observed a decrease in nutrient use efficiency but an increase in growth rate for 
conifer stands under high nitrogen availability. In monoculture plantation of Hima-
layan alder (Sharma 1993) and in the mixed plantation of Alnus + cardamom 
(Sharma et al. 2002), nitrogen as well as phosphorus use efficiency decreased with 
age; this is in contrary to Jha (2014) in  Tectona grandis, where NUE increases with 
age up to 18 years and then reduced up to 30 years. 
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6.11 Fertilizer Requirements in Trees 

The practice of applying nutrients at the proper rate, timing, and location based on 
the species can be termed fertilizer scheduling (IPNI, 2014). Fertilizer requirements 
are affected by the type of soil, previous cropping, expected duration of the growth 
season, stand age, yield, and nutrient demand of the tree. Fertilizer requirement in 
trees can be monitored by appearance of nutrient deficiency symptoms, soil analysis, 
and foliar analysis. The same fertilizer requirement can be monitored through 
mathematical models based on nutrient accumulation and released by fertilized 
trees with the help of intelligent sensor systems (Lakhiar et al. 2018). 

Nitrogen fertilization in boreal conifer forest at a recommended dose of 
150 kg ha-1 infers high timber yields and cash flows in spruce-dominated stands 
growing on medium sites than pine stands (Pukkala 2015); this is in contrary to 
Saarsalmi and Mälkönen (2001) where fertilizing pine trees were more profitable 
than spruce. Jordan et al. (2003) monitored N fertilizer uptake in Quercus rubra and 
Quercus coccinea seedlings by 15 N labelled fertilizer and infer a reduced fertilizer 
uptake and growth owing to soil compaction, while in Quercus ilex under favorable 
nursery conditions, increasing rate of fertilizer 200 mg N plant-1 increased nutrient 
uptake and biomass of the seedlings (Oliet et al. 2009). In Eucalyptus plantations, 
trees respond positively to the increasing rate of fertilizers (fourfold dose of 
40 kg ha-1 N; 16 kg ha-1 P; 53 kg ha-1 K) at the initial stages; however the effect 
goes on decreasing in subsequent years as the tree response to fertilizer doses 
generally diminish with tree age (Santana et al. 2008), while a split application of 
fertilizer at rates of 125 and 250 g (16N–7P–7K) per seedling increased growth and 
biomass accumulation in hybrid eucalyptus (Zeng et al. 2013). Fertilizer dose of 
50 N:25 P2O5:50 K2O  kg  ha-1 year-1 shows an increment in mean height and 
diameter, while dose of 100 N:50 P2O5:50 K2O  kg  ha-1 showed an increase in 
crown width in Ailanthus triphysa saplings under an agroforestry system, but the 
observations were not significant (Kumar et al. 2001). In Dalbergia sissoo dual 
inoculation of biofertilizers, rhizobium, and AM fungi results in an increasing 
growth and biomass under normal soil, while in alkaline soil blending of 
micronutrients with dual dose of biofertilizers inferred a favorable outcome (Revathi 
et al. 2013). The application of 163 kg ha-1 urea, 375 kg ha-1 mussoorie rock 
phosphate, 145 kg ha-1 muriate of potash, 105 kg ha-1 quick lime, and 
373 kg ha-1 Mg sulfate from two split applications in the first year and four split



applications during the second and third years in young plantations of Tectona 
grandis in Kerala is practiced, cited in Kumar (2011), while in Costa Rica applica-
tion of N-P-K at the rate of 10-30-10 or 12-24-12 at the beginning of the rainy season 
and an extra N dose during the maximum rainy days up to 3 to 4 years is practiced 
(Alvarado 2012). 
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6.12 Fertigation on Tree Growth and Biomass Allocation 

Fertigation is referred to a fertilizer application method that uses a drip irrigation 
system to dissolve fertilizer in irrigation water. Fertigation intensifies the efficiency 
of fertilizer and water application with the advantage to modify the doses and 
frequency of water and fertilizer administrations based on plant/tree requirements, 
influenced by tree age, growth cycle, and weather conditions in which the tree crop is 
growing. Fertigation has significant impact on tree development and biomass pro-
duction by synchronizing the application of water and nutrients (Li and Liu 2010) 
and hence results in a much higher yield and more efficient use of water and 
nutrients, allowing for the sustainable use of both water and nutrients (Shirazi 
et al. 2014). Extensive studies on fertigation in forest trees are limited, and some 
of the research evidences related to tree fertigation are discussed. The N fertigation in 
Populus tomentosa influenced basal area and the aboveground diameter by 38% 
(N115), 30% (N230), and 32% (N345) (Wang et al. 2015). The estimation of above-
and belowground biomass in sweet gum (Liquidambar styraciflua L.) and loblolly 
pine (Pinus taeda L.) plantation which is under proper irrigation and fertilization by 
Coyle et al. 2008 showed increase in mean annual aboveground biomass, for sweet 
gum ranging from 2.4 to 5 Mg ha-1 year-1 and for loblolly pine ranging from 5 to 
6.9 Mg ha-1 year-1 . Teak (Tectona grandis L.) under fertigation on medium black 
soil, with three fertilizer levels and five fertigation frequencies under drip irrigated 
system, registered an increase in height, diameter at breast height, basal area, and 
volume, for fertigation application in six splits a year, and there was an increase in 
the volume for the fertilizer doses at 200, 43, and 166 kg and 300, 64.5, and 
249 kg N/ha, P/ha, and K/ha. 

6.13 General Methods of Estimation of Nutrient Dynamics 

The nutrient dynamics can be evaluated in terms of litter fall rate, leaf and litter 
decomposition rate, soil microbial population, soil nutrient status, organic matter 
content, and aboveground and belowground biomass. The general methods of 
estimation can be by destructive sampling of trees; soil N, P, K, and organic carbon 
content estimation; estimation of nutrient content of litter; N, P, and K uptake of trees 
and crops; etc.; apart from this advanced application, stable isotopes can be also used 
such as 15 N isotope for nutrient uptake dynamics, 32 P isotope for root competition,



etc. The fine root dynamics or the belowground contribution to nutrient dynamics 
can be estimated without destructive sampling techniques such as X-ray computed 
tomography, 3D laser scanning, ground penetrating radar, etc. Various models such 
as WaNuLCAS, SCUAF, AME, AMAPmod, etc. were also developed in order to 
justify the tree-soil-crop interactions. 
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6.14 Conclusion 

The system became stable and sustainable if there is a balance in the input with the 
output, where there are occurrence of nutrient reduction and land quality reduction 
due to continuous utilization of land for agriculture. Therefore, the need of sustain-
able agriculture practices is of potent importance for maintaining the soil quality and 
land integrity for the future. Agroforestry is one such approach with sustainable 
balance of nutrient input vs output and is the future of green revolution. Thus, 
integrating with trees, the agricultural system can make use of these benefits from 
trees and can reduce the intake of inputs such as chemical fertilizers and maximize 
the output with minimum input cost. 
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Chapter 7 
Benefactions of Agroforestry to Ecosystem 
Services 

B. C. Sarkar , K. A. Manohar , G. Shukla , S. Maitra, A. Dabral, 
M. Sairam, and S. Chakravarty 

Abstract The human population is benefited from Agroforestry systems (AFs) and 
practices since man settled down and learned the cultivation of crops. However, the 
recognition for ecosystem services provided by AFs is perceived very recently only. 
Research evidence envisages as a land-use system agroforestry supports ecosystem 
services like carbon sequestration, biodiversity, food security, microclimate modifi-
cation, ground water recharge, etc. Agroforestry (AF) is perceived as a sustainable 
system than monoculture systems mainly due to the multiple ecosystem services it 
provides. The ecosystem services of these land uses are affected by complex tree-
crop-animal-environment interactions both above ground and below ground. Defor-
estation and deterioration of traditional land use systems has caused reduction in area 
of agroforestry systems and practices. Quantification of ecosystem services provided 
by these agroforests will help the policy makers to conserve and widen the practices 
of agroforestry. Adaptation of agroforestry practices has the potential to mitigate the 
ill effects of climate change as well as it is a way forward to sustainable livelihoods. 
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7.1 Introduction 

The importance of ecosystem services in preserving both human well-being and the 
health of natural ecosystems has been recognized since the publication of the 
Millennium Ecosystem Assessment (MEA) report (MEA 2005; Kamiyama et al. 
2016; Rana et al. 2018). Recent studies have also demonstrated the significance of 
agroforestry systems (AFs) in delivering ecosystem services, such as reducing the 
impact of climatic aberrations and improving the soil quality (Jose 2009; Tscharntke 
et al. 2011; Rathore et al. 2022). Agroforestry (AF) is the land-use systems and 
methods in which perennial woody plants are taken into the consideration as crops 
on a piece of land other annual crops and animals are chosen spatially and/or 
temporally. The ecological and commercial interactions exist among several com-
ponents considered in AFs (Lundgren and Raintree 1982; Murthy et al. 2016). The 
multifunctional approach in agroforestry, the deliberate combination of trees and 
shrubs with crops or livestock, provides ecosystem services. The Ecosystem Service 
is broadly categorized into four services, that is, provisioning, regulating, culturing, 
and supporting or protecting services (Fig. 7.1). The provision of tangible and 
intangible returns to human society such as the livelihood improvement, materials 
production for an improved livelihood, health, as well as social relationships (Jose 
2009; Akinnifesi et al. 2010; Garrity et al. 2010; Mbow et al. 2014; Kamiyama et al. 
2016; Moreno et al. 2018; Sida et al. 2018; Thierfelder et al. 2018; Haile et al. 2019;

Fig. 7.1 General illustration of the types of ecosystem services (MEA 2005)



Kay et al. 2019; Pradhan et al. 2020). It has been widely noted that agroforestry 
provides ecosystem benefits to agriculture and related systems as well as at the 
micro-level of a household. For cultivars that might be susceptible to biotic and 
abiotic stress in fields, these are protections and hospitable environments; agro-
biodiversity conservation; a habitat for small and large animals and a means of 
promoting plant population gene transfer both inside and outside the garden; provi-
sional, regulating, or supporting services in the form of food, clothing, shelter, 
materials, and well-being; pollination, soil amelioration, soil conservation, practical 
nutrient cycling, soil fertility improvement, soil carbon build-up, water retention, air 
purification, reducing CO2 emissions, microclimate modification, temperature reg-
ulation, providing livelihood opportunities as well as social-cultural preservation, 
aesthetic or recreational needs, and empowerment or the social position of women 
(Junqueira et al. 2016; Chakravarty et al. 2017; Vibhuti et al. 2018; George and 
Christopher 2020; Avilez-López et al. 2020).
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7.2 Ecosystem Services in Agroforestry 

7.2.1 Provisioning of Agroforestry 

The provisioning services include the things that serve humans directly or immedi-
ately, such as food, fire, wood, and natural medications, etc. (Table 7.1). The AFs 
provide tangible benefits to the farmer (land manager), frequently by balancing the 
production of marketable items with the household’s subsistence requirements, 
mitigating the effects of climate change, and safeguarding soil and water resources 
(van Noordwijk 2021). Thus, productivity, sustainability, and adaptability are one of 
the important attributes of the agroforestry system (Nair and Sreedharan 1986). 
Agriculture is the most prevalent anthropogenic land use, occupying around 38% 
of the planet’s land surface (Foley et al. 2011). However, a key difficulty the globe 
faces is ensuring that the millions of family’s living in poverty have access to enough 
food and nutrition (Adekunle 2013). Therefore, AFs offer a significant amount of 
opportunities to discuss the present problems with food, nutrition, energy, employ-
ment, and environmental security. Home garden systems ensure that small pieces of 
land close to the house are used to meet daily demands for staple foods, fibre, fodder, 
medicine, timber, and fuel (Fig. 7.2). According to numerous studies, an agroforestry 
system is essential for maintaining sustainability and providing ecosystem services 
(Jose 2009; Montagnini et al. 2004; Vaast and Somarriba 2014). 

The oldest land use practice is home gardening, followed by shifting farming, 
which has been practiced by many human groups around the world (Kumar and Nair 
2004; Galhena et al. 2013; Cerda et al. 2022). It developed over many generations as 
agriculture gradually became more intensive in return under rising human needs 
resulting in decline in fertile areas (Nair 2001; Kumar and Nair 2004). Due of the 
environmental, social, and economic advantages that agroecosystems and traditional 
agricultural systems, including home gardens, bring, there is growing interest in the
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Table 7.1 Provisioning services on home gardens from different regions 

Number of 
Homegardens 
(HGs) surveyed 

Total 
number 
of species 

Predominant plant 

Austria (Osttirol) 196 94 Ornamental, spices, 
fruits 

Vogl-Lukasser 
and Vogl (2004) 

Bangladesh (North-
ern part) 

80 62 Edible, medicine, 
fuel and timber 

Roy et al. (2013) 

China (Beijing 
municipality) 

104 278 Edible, ornamental, 
medicine 

Clarke et al. 
(2014) 

Ecuador 
(Amazonian) 

138 484 Edible, medicine, 
ornamental 

Caballero-Serrano 
et al. 2016 

Ethiopia (Janithenan 
District) 

48 69 Edible, medicine, 
ornamental 

Mekonnenet al. 
(2014) 

Iran (Bash district) 192 97 Edible, ornamental, 
medicine 

Schadegan et al. 
(2013) 

India (North Bengal) 100 142 Edible, fuel and 
timber, ornamental 

Subba et al. 
(2015) 

Sri Lanka (Western 
parts) 

106 289 Ornamental, food, 
medicine 

Kumari et al. 
(2009) 

Mexico (Tehuacan-
Cuicatlan Valley) 

30 281 Ornamental, edible, 
shade, medicinal 

Blanckaert et al. 
(2004) 

India (North-Eastern 
part) 

50 122 Edible, medicine, 
timber, ornamental 

Das and Das 
(2005) 

Fruits, vegetables 
and cereals 

Fuel 

Medicinal crops 
and flowers 

Animal Products 

Fig. 7.2 Provisioning services from agroforestry



study of ecosystem services (Calvet-Mir et al. 2012; Caballero-Serrano et al. 2016). 
Studies in many locations’ home gardens have noted remarkable species diversity 
and their benefits. Caballero-Serrano et al. (2016) reported a total of 142 species as 
food, fuel 7 species, and fibre 6 species, produced from the home garden of 
11 localities of the Sangayparish of the Amazon region of Ecuador. Kala (2010) 
reported 62% were edible species among a total of 47 species in home gardens of 
tribal communities of Pachmarhi Biosphere reserve, Madhya Pradesh, India. Grow-
ing multiple species simultaneously in home gardens addresses more than only 
providing resources for food and mechanisms; it also addresses related resilience 
tactics by minimizing risk and increasing toughness, as is typically seen in single 
crop farming (Buchmann 2009). In another study, out of 281 species recorded in AFs 
within 12 use groups 115 were ornamental plants, 92 edible, and 50 medicinal plants 
in Tehuacan valley, Mexico (Larios et al. 2013). Due to the owner’s perception that 
the provisions (food, medicines) provided by home gardens are most important for 
his or her well-being and livelihood, even though it provides many services other 
than provisional services, the invisible nature of provisioning services with home 
gardens may undermine its regulatory services (Blanckaert et al. 2004; Caballero-
Serrano et al. 2016).
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7.2.2 Regulatory Services 

The advantages derived from the regulation of ecological processes are a conse-
quence of regulating ecosystem services (Table 7.2). Because of the several func-
tions that trees serve, agroforestry treatments are the finest management strategies for 
delivering a range of regulating ecosystem services. There are seven ecosystem 
services that need to be regulated: C sequestration, improving soil fertility, check 
in soil erosion, control of flood, wind, pests, and supporting the pollination, etc., as 
mentioned by MEA 2005 (Fig. 7.3). 

7.2.2.1 Carbon Sequestration 

According to current estimates, human activities are to blame for the annual emis-
sion of 7.9 billion tons of carbon into atmosphere (IPCC 2001). Climate change 
brought on by increasing CO2 levels in the atmosphere is anticipated to have a severe 
impact on fresh water availability, food production, distribution, and the seasonal 
transmission of infectious vector-borne diseases (UNEP 2002). One strategy to slow 
down climate change is to reduce anthropogenic carbon emissions; another is to 
preserve or improve ecosystems’ ability to absorb carbon. By repairing degraded 
landscapes and soils through better management or changing the land’s use, it is 
possible to create an effective terrestrial ecosystem for sequestering carbon dioxide, 
the main greenhouse gas causing global warming. Switching from conventionally 
managed pasture lands to improved pasture lands or from degraded crop or
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Table 7.2 Role of agroforestry in regulating ecosystems processes (Leeuw et al. 2014) 

Regulating 
services 

Livelihood assets 

Human Natural Financial 

Microclimate Improving productivity of 
drylands, implication on 
health and nutrition 

Providing shade, reducing wind, 
rain velocity, and momentum, 
reducing body energy loss from 
livestock 

Impact on 
income from 
other services 

Air quality Benefiting health by 
reducing dust 

Lower dust movement and offer 
soil cover 

Indirect impact 
on income 
from other 
services 

Macroclimate Improve productivity of 
drylands hence implica-
tion on health and 
nutrition 

Carbon sequestration Indirect impact 
on income 
from other 
services 

Flood + 
groundwater 
Control 

Improve productivity of 
drylands hence implica-
tion on health and 
nutrition 

Reduction in runoff amount and 
speed, improved soil moisture 
and ground water recharge 

Indirect impact 
on income 
from other 
services 

Pest and dis-
ease control 

Health of human and 
livestock 

– Indirect impact 
on income 
from other 
services 

Air Quality 

Carbon Sequestration 

Microclimate 
Regulation 

Pest Control 

Water Regulation 

Fig. 7.3 Regulatory services from Agroforestry (Created with BioRender.com)
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grasslands to tree plantations and agroforestry systems are particularly best at 
capturing carbon while still allowing products to be harvested that will benefit the 
land’s users (van Noordwijk et al. 2014).
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Carbon is removed from the atmosphere by physical or biological processes and 
stored in carbon sinks (such as oceans, vegetation, or soils) (Jose 2009). Agrofor-
estry not only provide provision services, but they also supply, safeguard, and 
enhance conditions for plant kinds that may be vulnerable to biotic and abiotic stress 
in fields. Due to the potential for C storage by plants and soil, and its applicability on 
farm lands, and reforestation or afforestation, AFs are significant as a strategy for 
sequestering carbon. Therefore, complex or traditional agroforestry systems, that is, 
home gardens, were reported more efficient in carbon sequestration than simpler 
systems or sole stand. In addition, agroforestry systems can aid carbon sequestration 
of natural forests by offsetting potential deforestation, for example, five to twenty 
hectares of deforestation can be offset by one hectare of sustainable agroforestry 
(Dixon 1995; Nair and Nair 2003; Kumar 2006a, 2006b) and also increase the soil 
carbon storage (Kumar and Nair 2004; Palm et al. 2004; Nair et al. 2010; Zomer 
et al. 2016). 

The home gardens may be particular in all mechanisms registering their efficien-
cies, that is, C sequestration in soil and biomass, reduction of fossil fuel consumption 
by encouraging the output of wood fuel, aid in the storage of carbon stocks in 
existing forests by reducing extra burden on natural forest, and safeguard better 
synergy with the Convention on Biological Diversity (CBD). The efficiency of home 
gardens as carbon sinks depends on factors such as land area, natural site quality, 
species selection, system management, and the owner’s preferences for his garden. 
Alternatively, a home garden’s ability to sequester carbon is a function of the 
garden’s structural design and arrangement as modified by environmental, social, 
and economic factors (Haile et al. 2008; Newaj and Dhyani 2008; Henry et al. 2009; 
Saha et al. 2009). Home gardens in Kerala, India, and other nations have been 
claimed to be stable from an ecological and socioeconomic standpoint and to store 
more carbon than natural forests (Peyre et al. 2006; Saha et al. 2011; Kassa et al. 
2022). Above ground carbon stock in home garden of Kerala estimated up to 
16–36 Mg ha-1 with smaller gardens reportedly storing more than the larger ones 
(Kumar and Takeuchi 2009; Saha et al. 2009, 2010). The traditional agroforestry 
systems around Srinagar, Garhwal Himalayas, were dominated by tree species 
Grewia oppositifolia followed by Toona ciliata and carbon stock estimated in 
these was 19.85–57.45 Mg ha-1 with an average of 32.56 Mg ha-1 (Kumar et al. 
2012). The soil organic carbon estimated in these traditional agroforestry systems of 
Srinagar was 12.78–146.88 Mg ha-1 with an average of 56.74 Mg ha-1 . The amount 
of carbon sequestered by Kashmir Himalayan home gardens with various species 
composition (salix, poplar, beans, kale, and apple) varied greatly (104.86 Mg ha-1 ) 
in comparison to home gardens with poplar, kale, beans, and apple (44.53 Mg ha-1 ) 
(Dar et al. 2019). From South-eastern Ethiopia coffee agroforestry, home garden and 
crop field of Dallo Mena districts reported 426.54, 266.61, 185.26, and 
97.56 Mg ha-1 , respectively (Mengistu and Asfaw 2019). Estimated carbon storage 
of 145 Mg ha-1 in Panamanian traditional agroforestry systems was lesser than



managed forest (335 Mg ha-1 ) but higher than pastures (46 Mg ha-1 ) (Kirby and 
Potvin 2007). In Ethiopia, home gardens were estimated with a higher amount of 
ecosystem carbon stock (100.4 Mg ha-1 against 72.90 Mg C ha-1 ) estimated in 
woodlot agroforestry systems (Semere 2019). 
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In addition to vegetation, the presence of tree species, litter volume, and quality as 
well as age tree species influenced the soil organic carbon status in AFs; however, 
the SOC varies with location, geographic position, land use and management 
systems. Moreover, the studies are meagre to evaluate the benefits of AFs spatially 
and temporally. Many large cardamom-based traditional AFs in Sikkim Himalayas 
were reported rich in SOC, however, it remained lesser than natural forest cardamom 
agroforestry (Sharma et al. 2007, 2008, 2016). Total tree biomass of studied 45 home 
gardens in Cooch Behar district of West Bengal, India, quantified was 7482.67 Mg 
with potential to offset 507.94 Mg CO2. Moreover, these North Bengal home 
gardens of West Bengal produced 110.86 Mg fuel wood 39.15 Mg fodder per year 
avoiding deforestation with net gain of 247.06 CO2e annually while the monetary 
value of carbon offset was US$ 1270 with average carbon credit per household of 
US$ 28.22 annually (Pala et al. 2019). 

7.2.2.2 Water Regulation 

Groundwater resources are crucial for supplying over half of the world’s drinking 
water, making them essential for human use (Smith et al. 2017). Water scarcity is a 
common issue in the world and more than 40% of the people across the world 
experienced various forms of water shortage (Nordbotten and Celia 2006). The 
availability of high-quality groundwater is a major concern for the estimated 2.5 
billion people who rely mostly on groundwater to meet their daily water needs 
(WWAP 2015). Urbanization, unsustainable farming methods, and climate change 
are all projected to have a negative influence on groundwater recharge and water 
quality, increasing the vulnerability of entire water supply systems (Jiménez 
Cisneros et al. 2014). Of these, nearly 1.2 billion people experienced physical 
water scarcity. 

Forests have a significant impact on atmospheric moisture fluxes and rainfall 
patterns over land. Water vapour is released to the atmosphere by the land and ocean 
surfaces of Earth. Evapotranspiration (ET), which is the process of water evaporating 
from soil and plant surfaces and being transpired by plants, is facilitated by forests 
and other vegetation on continental surfaces. Winds move the resulting atmospheric 
moisture over the planet’s continents and oceans. 

AFs with the mixed stands of tree species and pasture or agricultural crops were 
thus added to the list of climate smart technologies. The annual plants in agroforestry 
systems tend to have shallow roots, but perennial plants, such as trees, have deep 
root systems that reach deep into the soil, supporting the safety-net concept (van 
Noordwijk and van de Geijn 1996; van Noordwijk et al. 2015; Bayala and Prieto 
2020). Therefore, by adding tree species through supportive root distributions, water 
sharing mechanisms like hydraulic redistribution and bio irrigation, and



intercropping, limiting inputs for crop productivity, namely, soil moisture and 
essential plant nutrient, may be used more effectively (Maitra et al. 2021). Addi-
tionally, widespread mycorrhizal networks and/or decreased runoff enhanced water 
penetration into the soil (Mao et al. 2012; Prieto et al. 2012; Bayala and Wallace 
2015; Brooker et al. 2015). 
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7.2.2.3 Pest and Pollution Regulation 

An essential ecosystem service that contributes to agricultural yield, stabilized 
production, and the preservation of wild plant populations is insect pollination 
(Varah et al. 2020). For most flowering plants to reproduce successfully, pollination 
by animals is necessary. About 22,0000 out of 24,0000 eastimated plant species 
require animals such as bees, beetles, butterflies, beneficial insects, hummingbirds to 
complete this crucial duty, have been recorded. This covers over 70% of the crops 
and their wild relatives used to feed the world’s population. These natural pollination 
services ensure higher productivity of crops on cropping lands, home gardens, 
rangelands, and forests (Buchmann and Nabhan 1996). The pollination service has 
obtained specific attention as it ensures more than one-third of global crop output for 
cross-pollinated crops as a resultant of insect pollination to a certain extent (Klein 
et al. 2007). 

Traditional home gardens are home to many insects, which are crucial for 
pollination, which helps fruits ripen. In the context, various researchers have claimed 
that high species variety and close plant connection also lower the danger of pest and 
diseases in home garden in contrast to monocropping. However, the pest incident 
has not been recorded or researched in home garden. Regarding the pest control 
services offered by home gardens, there is no scientific data or research. The variety 
of natural pollinators for wild plants and domesticated crops is dwindling and over 
60 genera of pollinating species are currently categorized under the list of threatened, 
endangered, or extinct species (Buchmann and Nabhan 1996; Hossain et al. 2021). 

7.3 Cultural Services 

The Millennium Environment Assessment ( 2005) narrated cultural ecosystem 
services vaguely as “non-material benefits people obtain from ecosystems through 
spiritual enrichment, cognitive development, reflection, recreation, and aesthetic 
experiences”. However, this is controversial or being criticized because it is very 
difficult to distinguish terms, services, advantages, and values (Milcu et al. 2013). 
Cultural ecosystem services (CES) have a special role mainly due to their intangi-
bility, emotional and mental benefits, and partly non-consumptive character (Milcu 
et al. 2013). CES must be measured with non-monetary methods in order to fix their 
poor quantification and integrate them into Ecosystem services (ES) frameworks 
(Martín-López et al. 2012; Milcu et al. 2013; Szücs et al. 2015). Cultural values of a



landscape or an ecosystem are important and worth protecting because they are 
unique, irreplaceable, and have an increasing importance in economic societies 
(Szücs et al. 2015). Cultural ecosystem services play a special role in their connec-
tion and contribution to human well-being. They are on the one hand generally less 
directly linked to human well-being than provisioning or regulating services. On the 
other hand, their potential for replacement is low (Plieninger et al. 2013). While 
degraded provision or regulating services can be replaced by other means, for 
example, bottled water as a replacement for a contaminated spring, cultural ecosys-
tem services have less possibilities for a substitution (Bieling et al. 2014; Plieninger 
et al. 2013). Agrodiversity includes cultural memory and many modes of informa-
tion transmission, such as oral histories, rituals, exchanging first-hand accounts, the 
arts, and so forth; these are just as crucial as cataloguing species and assembling 
genetic collections. Additionally, it is well known that placing a focus on replacing 
local technology and expertise rather than enhancing it, such as in regard to 
intensifying agricultural production, frequently results in various types of land 
degradation and a reduction in food security (MEA 2005). Home gardens contribute 
significantly to social life in neighbourhoods. Every house garden has a level area 
that is shaded by big trees where kids may play and seniors can socialize when they 
are free. The gardens are a significant symbol of social status as well (Ahmad et al. 
1980). Typically, a live fence or enclosure of shrubs or small trees surrounds 
traditional home gardens, allowing for simple access to bring water, gather medic-
inal herbs, and pass through. As far as we know, numerous animal and plant species 
in India can be found in home gardens and have cultural significance. In diverse AFs, 
as well as in personal gardens, the species choice, plant geometry and stand, and the 
level of maintenance differ significantly based on the agroclimatic and soil condi-
tions, market potential of the chosen species, and cultural background of the owner 
(Saikia and Khan 2009). Home gardens of Darjeeling Himalaya, West Bengal, India, 
have been presented in Table 7.3 and depicted in Fig. 7.4. 
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Table 7.3 Prominent home garden cultural services of North Bengal, West Bengal, India, based on 
field observation (SERB project, Department of Forestry, Uttar Banga Krishi Viswavidyalaya, West 
Bengal, India) 

Cultural value Home garden of North Bengal 

Religious and spiritual 
significance 

Temple, religious plants, animals, etc. 

Aesthetic value Flower garden, pond, greenery, etc. 

Health value Medicinal plants, home grown food, daily activities on garden, 
etc.



7 Benefactions of Agroforestry to Ecosystem Services 139

Fig. 7.4 Home gardens of Darjeeling Himalaya, West Bengal, India at different altitudes 

7.4 Supporting Services 

Agroforestry has the potential to improve livelihood as it provides farmers with a 
variety of options and opportunities to increase farm output and incomes as well as 
provides ecosystems with productive and protective forest function (biodiversity, a 
healthy ecosystem, protection of soil and water resources, terrestrial carbon storage, 
etc.) while preserving the environment (Sharma et al. 2007). The addition of trees to 
agricultural settings has the potential to benefit the soil in several ways, both for crop 
growth and as a habitat for soil creatures. Trees have a range of effects on the soil 
environment: their leaves deflect rain, release water that their roots have collected 
from the ground, and shade the understory and soil; their dead or pruned branches 
cover the soil and nourish it with nutrients. These processes change the temperature, 
moisture content, erosion susceptibility, nutrient content, and soil biota of the soil 
(Barrious et al. 2012). Litter is a key element of nutrient cycling in agroforestry 
systems because it includes a significant quantity of the nutrients required for plant 
growth (Zheng 2006). Agroforestry systems’ floral diversity fosters favourable 
circumstances for soil microorganisms, which are crucial to the decomposition of 
litter and the release of nutrients (Kumar 2011). The nitrogen fixing trees most 
widely used in AFs include Acacia spp., Albizia spp., Calliandra calothyrsus, 
Faidherbia albida, Flemingia spp., Erythrina spp., Inga spp., Leucaeana spp., 
Gliricidia spp., and Sesbania spp. (Table 7.4), which develop symbiotic associations 
with N2-fixing bacteria (Gold 2020; Sileshi et al. 2020). These are specified by their 
wide adaptation qualities under severe environmental stresses, namely, drought, 
salinity, erosion, low fertility, and other hostile situations (Ribeiro-Barros et al. 
2018). Therefore, the adoption of N-fixing trees to endorse restoration of vegetation



cover is a sensible approach for ameliorating soil stabilization and fertility. Agro-
forestry practices involving tree legumes represents a sustainable cultivation practice 
for farming communities (Jena et al. 2022). 
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Table 7.4 Important N2 fixing species (Nair 1993; Silva and Uchida 2000) 

Common name Scientific name Family Nitrogen fixed (kg N ha-1 year-1 ) 

Black wattle Acacia mearnsii Mimosoideae 200 

Beed wood Casuarinae quisetifolia Casuarinaceae 60–110 

Erythrina Erythrina poeppigiana Palilionoideae 60 

Subabool Leucaena leucocephala Mimosoideae 100–500 

Stylo Stylosanthes spp. Fabaceae 20–263 

Horse bean Viciafaba Fabaceae 45–552 

Pigeon pea Cajanuscajan Fabaceae 68–88 

Cowpea Vigna sinensis Fabaceae 73–354 

Black gram Vigna mungo Fabaceae 63–342 

Soybean Glycine max Fabaceae 60–168 

Chickpea Cicer arietinum Fabaceae 103 

Lentil Lens esculenta Fabaceae 88–114 

Groundnut Archis hypogaea Fabaceae 72–124 

Pea Pisum sativum Fabaceae 55–77 

Bean Phaseolus vulgaris Fabaceae 40–70 

Alfalfa Medicago sativa Fabaceae 228–290 

Clover Trifolium spp. Fabaceae 128–207 

Sunn hemp Crotalaria juncea Fabaceae 199–223 

Wild tantan Desmanthus virgatus Fabaceae 196–226 

True indigo Indigofera tinctoria Fabaceae 79 

New dhaincha Sesbania rostrata Fabaceae 70–458 

Dhaincha Sesbania sesban Fabaceae 7–18 

Gliricidia Gliricidia sepium Mimosoideae 13 

7.5 Conclusion 

Agroforestry methods have been scientifically developed in the current situation to 
increase the quantity and quality of the same plot of land, yield more, and improve 
sustainability. The agroforestry systems can help billions of people throughout the 
world to fulfil their demands, making agroforestry systems the second-largest carbon 
sink behind forests. In order to maintain ecosystem resilience and integrity while 
meeting production demands, agroforestry is a viable alternative. The foundation of 
a sustainable land use that is both socioeconomically and environmentally safe is the 
spatial and temporal combination of agroforestry components (trees, crops, and 
animals). The use of agroforestry techniques is a successful way for ecological



restoration and climate-smart agriculture. A comparable approach would likewise 
guarantee the well-being of society, the economy, and the environment. 
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Chapter 8 
Agroforestry for Restoring and Improving 
Soil Health 

Ankit Pandey, Prabhat Tiwari, Chowlani Manpoong, 
and Hanuman Singh Jatav 

Abstract Globally, sustainable agricultural systems must be better understood as 
evidenced by concerns about food security, environmental degradation, and climate 
change. The demand for food and goods is increasing with rise in population while 
the productivity of land is declining all over the world. It is predicted that 25% of the 
world’s lands are either highly deteriorated or prone to rapid degradation. Approx-
imately, 12 million hectares of land are degraded every year worldwide due to land 
degradation. The functioning of soil ecosystems depends mainly on soil biodiversity 
and soil organic matter content. Inappropriate land use practices, such as deforesta-
tion, crop residue clearance, overgrazing, extensive mechanical tillage, and irriga-
tion, are the main factors that contribute to soil nutrient losses and land degradation. 
Lack of organic matter reduces soil fertility, which ultimately results in reduced 
agricultural production. There are 175 million acres of degraded land in India. The 
world’s population is expected to reach 9 billion people by 2050, which will 
necessitate a 60% increase in food production. Many conventional methods have 
been recommended for preserving soil fertility among which agroforestry is a 
potential system with multiple benefits. The woody perennial in agroforestry can 
supply nutritional inputs to crops through biological nitrogen fixation, deep capture, 
and storage of nutrients in their biomass. Tree roots take up different macro and 
micronutrients from deeper soil strata, which are then released into the top most layer 
of soil during the decomposition of roots and litter and have a potential utilization in 
providing nutrients to agricultural crops. As a land management strategy, agrofor-
estry can simultaneously support household income, food security, soil biodiversity
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preservation, gender equality, and ecosystem services as well as address global 
issues such as climate change, global warming, and fulfilling the obligations of 
international agreements such as sustainable development goals (SDGs).
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8.1 Introduction 

Soil is an important habitat for most of the living organisms including microorgan-
ism which regulates the nutrient for enhancing soil fertility and productivity (Laban 
et al. 2018). Since the last few decades, land managers have realized the value of the 
soil health and quality for long-term human existence and future sustainability 
(Anderson and Udawatta 2019; Dollinger and Jose 2018). Soil fertility is the key 
factor that affects the crop productivity and soil biodiversity. Soil quality is “the 
capacity of soil to function within ecosystem boundaries to sustain biological 
productivity, maintain environmental quality and promote plant and animal health” 
(Soil Science Society of America 2008). The fertility of soil is depleting continu-
ously due to various factors such as erosion, over utilization of land, wrong agricul-
tural practices, and other anthropogenic activities. Intensive agriculture practices 
such as monocropping and shifting cultivations have immensely contributed to soil 
degradation. These practices not only damage the soil and its environment but also 
reduce biodiversity and decline the quantity of nutrients, resulting to low soil 
productivity (Tsufac et al. 2021; Gupta 2020). Shifting cultivation is a dominant 
and traditional land use practice in North India, which has led to soil degradation due 
to loss in soil microbial diversity, reduced soil fertility, enzyme activity, and heavy 
soil erosion, etc. (Saha et al. 2010). In India, 175 m ha land is subjected to various 
types of degradation out of which 9.38 m ha is affected by sodicity and alkalinity 
(Gupta 2020; Uthappa et al. 2015). The land-use systems have a significant impact 
on the availability and cycling of nutrients and may also have an impact on 
secondary succession and biomass output (Panwar et al. 2011). Many conventional 
methods have been recommended to improve the health and quality of the soil and 
the ecosystem services provided by the soil, thereby increasing the viability of 
agricultural systems. Agroforestry systems have been widely adopted by the farmers 
and stakeholders in order to improve the soil quality and increase the farm outputs as 
well as soil diversity (Akter et al. 2022). These systems include the variety of 
interactions between trees and crops (Muchane et al. 2020). The integration of 
trees into croplands is the most crucial step in reducing the risk of degradation. 
These multi-strata farming agroforestry techniques can improve the less productive 
areas and provide security against the risks of crop failure in adverse conditions 
(Sahoo et al. 2020). In a plant and soil system, plant nutrients move continuously and 
dynamically. Plants absorb nutrients from the soil, use them for metabolic activities, 
and then return those nutrients to the soil naturally as litter falls as pruning in 
agroforestry systems, or through root senescence in both managed and unmanaged



systems. These plant residues are broken down by microorganisms, which release 
nutrients into the soil that are once again available for plant uptake (Mao et al. 2011; 
Panwar et al. 2011; Sharma 2011). The land use systems that include trees, crops, 
and pastures are crucial for enhancing the quality and fertility of the soil in a number 
of ways. In contrast to pure agricultural systems, trees in agroforestry systems 
provide more closed nutrient cycling (Misra 2011; Nainwal et al. 2016). The 
significant advantage of tree-mediated benefits includes the increased inputs of 
organic matter, increased biological nitrogen fixation, efficient use of nutrient from 
deeper soil layer, and enhanced nutrient cycling. 
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8.2 Agroforestry and Global Scenario 

From ancient times, trees were the integral parts on farmland to support agriculture 
(Pinho et al. 2012; Gupta et al. 2020). Agroforestry is a technique for managing land 
that can simultaneously raise household income, increase food security, preserve 
biodiversity, and enhance ecosystem services (Muchane et al. 2020). In addition, 
agroforestry act is a prominent tool to combat climate change (Muchane et al. 2020). 
Historically, agroforestry is one of the oldest known farming systems (Nainwal et al. 
2016). Human revolution has been initiated from the forest when the human 
community learnt the art of cultivating crops/plants and domesticated animals for 
their use. There are countless instances of traditional land-use techniques that 
involve co-cultivating agricultural plants and trees on the same unit of land through-
out the world (Gupta et al. 2020; Garrity et al. 2010). Although agroforestry methods 
have been used in various forms around the world for centuries, a systematic 
research on agroforestry started only during the 1970s–1980s in different countries 
(Marques et al. 2022) with the aim to formulate alternatives to increase agricultural 
production, restore the degraded lands, and enhance the well-being of small land-
holders (Gupta et al. 2020; Udawatta et al. 2017; Nainwal et al. 2016; Pinho et al. 
2012). Agriculture land having more than 10 percent tree cover have been catego-
rized as agroforestry system by Gupta et al. (2020) and Zomer et al. (2014). 
Agroforestry provides an alternative and sustainable approach towards the addition 
of organic matter to the soil by utilizing fast growing and nitrogen fixing plants 
species (Tsufac et al. 2021). The systematic research on agroforestry were popular-
ized after the establishment of International Council for Research in Agroforestry 
(ICRAF) which was later renamed as World Agroforestry Centre (WAC) recently 
(Gupta et al. 2020). In India, for scientific and dedicated research in the field of 
agroforestry, the National Research Centre for Agroforestry (NRCAF) was 
established in Jhansi, Uttar Pradesh, in 1998. It was later renamed as Central 
Agroforestry Research Institute (CAFRI) in 2014. India is the first country in the 
world with policy on research in agroforestry which is known as “National Agro-
forestry Policy 2014”. Several other projects and schemes were launched for devel-
opment in the agroforestry sector (Verma et al. 2017).
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8.2.1 Characteristics of Good Trees in an Agroforestry 
System for Soil Improvement 

In the agroforestry system, selecting a suitable tree is one of the most important 
factors for the farmers. The selected trees play a key role in determining the 
production and providing protection to the farm. It also helps in the management 
and improvement of soil health (Saha et al. 2010). The following characteristics are 
given priority while selecting the trees for agroforestry system:

• The tree should be fast growing with deep root system.
• The tree should have high rate of nitrogen fixation capacity.
• Higher production of leafy biomass (avoid thorny species in farmland).
• It should have dense fine root network as well as abundant mycorrhizal associ-

ation capacity.
• The tree should not have any toxic substance or allelopathic effect in its litter or 

root exudate.
• It should have the capacity to grow in poor soil, water scarcity, as well as drought 

condition and should have resistance against a wide range of pest and diseases.
• Low invasiveness and capacity for soil reclamation.
• Trees should have both productive as well as protective functions. 

8.3 Agroforestry for Restoration of Degraded Soil 

Land degradation is the temporary or long-term reduction in the land’s ability in 
production and providing ecosystem functions and services (Masebo and Menamo 
2016; Mahmud and Islam 2017). Negative human activities including overgrazing, 
over-cultivation, ineffective irrigation systems, deforestation, industrial pollution, 
and population growth are only a few examples of the natural causes that contribute 
towards land degradation (Lorenz et al. 2019; Mahmud and Islam 2017; Sharma 
2011). Food and agricultural organization (FAO) has recognized 13 different forms 
of soil degradation that degrades land in which one of the most ubiquitous aspects of 
worldwide land degradation is soil erosion (Muchane et al. 2020; Gupta et al. 2020; 
Udawatta et al. 2017: Korneeva 2021). As a result of land abandonment brought on 
by soil erosion, more grasslands and woodlands were cleared for farming (Lorenz 
et al. 2019; Udawatta et al. 2017). There are numerous effects of soil erosion both 
on- and off-site (Sileshi et al. 2020). When compared to conservation agriculture, 
erosion caused by traditional farming methods causes three times as much land 
degradation and nearly 75 times as much destruction of natural flora (Udawatta et al. 
2017). Muchane et al. (2020) conducted research and concluded that soil erosion rate 
was significantly lower in agroforestry system than monoculture. Compared to 
monocultures, agroforestry practices considerably minimize erosion rates (50%), 
increase infiltration rates (75%), and reduce runoff (57%). Kinama et al. (2007)



concluded that hedgerow cropping of Senna seima based system significantly 
reduces the soil erosion from 100 mg/ha to 2 mg/has as compared to sole cropping 
system. In general, all agroforestry systems contain at least two components, one of 
which must be a tree or shrub component. The presence of trees has a lot of benefits, 
and there are several agroforestry techniques for restoring and boosting land pro-
ductivity besides fulfilling the demands of farmers (Gupta et al. 2020). There are 
several agroforestry systems such as agro-silvopasture, silvopasture, and agro-silvo-
pasture (Tsufac et al. 2021) systems that are appropriate for rehabilitation or resto-
ration of degraded lands due to soil erosion, salinization, waterlogging, less soil 
organic matter, and mining and improving the agricultural crop’s resistance to 
harmful effects of climate variability as well as pests, diseases, and weeds (Nainwal 
et al. 2016; Anderson and Udwatta 2019; Parewa et al. 2018). Singh et al. (2010) 
conducted research on soil fertility under various farming systems and concluded 
that different soil parameters such as organic carbon and available nitrogen, phos-
phorous, and potassium in soil was enhanced in a poplar-based agroforestry system 
as compared to a monoculture system. The available nutrient was higher in Subabul, 
Siris, and Shisham plantation. Thus, tree component in agroforestry systems helps in 
sustaining the soil health by improving soil physico-chemical and biological prop-
erties. The agroforestry system may also reduce runoff by blocking the flow channel, 
which reduces the amount of sediment that it may carry. Researchers perceived that 
agroforestry has the potential to restore the degraded soil and regulate ecosystem 
services. Sileshi et al. (2011) reported a higher water use efficiency in Leucaena and 
maize-based agroforestry system as compared to sole maize cropping system. The 
most adopted agroforestry systems in tropical and subtropical countries are alley 
cropping (hedgerow intercropping), home gardens, improved fallow, multipurpose 
trees on farms and rangelands, shaded perennial crop systems, shelterbelts and 
windbreaks, silvopasture, and Taungya cultivation (Dollinger and Jose 2018). 
Uthappa et al. (2015) carried out research in various districts of Bundelkhand region 
of Madhya Pradesh and Uttar Pradesh and revealed that Aonla based agroforestry 
farming was profitable in degraded land. Rodriguez et al. (2021) revealed that the 
agroforestry system helps in reducing land degradation whereas the silvopasture 
system significantly improves soil conditions as compared to traditional agricultural 
practices. Thus, the agroforestry system can not only revive the soil ecosystem 
services but also play a major role in improving soil fertility. 
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8.4 Soil Fertility Improvement 

It is challenging to generalize the impacts of an agroforestry system on soil fertility. 
Crops continuously remove nutrients from the top layer of soil, leading to deficien-
cies in macro nutrients such as N, P, K, sulphur, zinc, and micro nutrients such as 
boron. The lack of organic matter reduces soil fertility, which eventually leads to 
lower agricultural productivity (Misra 2011; Mahmud and Islam 2017; Gupta 2020). 
In agroforestry systems, tree and crop roots help in restoring the fertility of the soil in



addition to organic matter, nitrogen fixation, soil physical conditions, and nutrient 
cycling (Sharma 2011). The soil organic carbon stock is essential for the fertility, 
productivity, quality, and health of the soil. It also provides soil-based ecosystem 
services like nutrient cycling, provisioning services of food, fresh water, timber, 
fibre, and regulation of flood control as well as water quantity attenuation (Lorenz 
et al. 2019). Young (1989) defined soil fertility as the capacity of the soil to support 
plant growth on a sustainable basis under given condition of the climate and other 
relevant properties of the land. Agroforestry systems have reported to have compar-
atively better overall production than systems that only grow crops (Verma et al. 
2017). Agroforestry systems, including agri-horticulture, agri-pastoral, agri-
silviculture, agri-silvo-pasture, and others, are the most fertile systems to restore 
soil that has been damaged. The residues of trees, crops, and animals of different 
agroforestry systems are decomposed with the aid of microorganisms to produce 
humus, which helps in improving the soil fertility by preventing nutrient loss (Tsufac 
et al. 2021; Parewa et al. 2018). 
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8.4.1 Soil Organic Carbon Through Agroforestry 

Soil is considered as the third greatest carbon sink and plays a crucial role in carbon 
sequestration (Handa et al. 2020; Dollinger and Jose 2018) with 1.5–3 times more 
carbon than vegetation (De Stefano and Jacobson 2018). The soil organic carbon 
(SOC) content acts as a universal indicator of soil fertility (Sileshi et al. 2020; 
Anderson and Udwatta 2019) and for monitoring of soil degradation (Lal et al. 
2015). Traditional farming methods sometime encourage SOC loss. Tillage opera-
tions promote the oxidation of soil organic matter, streamline microbial communi-
ties, and quicken erosion, all of which result in lowering SOC pool, worsening soil 
fertility, and increasing land degradation (Mosier et al. 2021). Trees contribute in 
addition of organic matter to the soil in several ways, such as through their root 
decomposition, litter fall, and the incorporation of root exudates into the rhizosphere 
(Pinho et al. 2012). Saputra et al. (2020) reported that the soil organic carbon in 
cocoa-based agroforestry system was higher than monoculture system. The agrofor-
estry system has proven beneficial effect on soil organic carbon stocks at varying soil 
depths (Ramachandran Nair et al. 2009; Handa et al. 2020). Ramachandran Nair 
et al. (2009) reported a higher soil carbon stock in agroforestry system as compared 
to sole tree plantations as well as uncultivated/other land uses. This is probably due 
to the fact that the tree component has longer growing seasons and minimum 
biomass loss during harvest. The leaf litter and debris of woody perennials that is 
returned to the soil often increases the soil organic carbon as compared to seasonal 
crops. Pardon et al. (2017) found maximum SOC concentration in the agroforestry 
system with an average increase in soil 5300 kg ha-1 within the field zone. The tree 
characteristics (such as species, canopy, density, age, and associated intercrops), 
system characteristics (such as structure, function, and stability), and system man-
agement (such as tillage operation, fertilizer application, harvesting regime, pruning,



and holding size) together play a significant role in enhancing the soil carbon 
sequestration in agroforestry system (Handa et al. 2020). Several studies has 
revealed a significant increase in soil organic carbon stock when agricultural lands 
are converted to agri-silviculture and silvo-pasture, pasture/grassland to agri-silvo-
pastoral systems, forest to silvo-pasture, forest plantation to silvo-pasture, and 
uncultivated/other land uses to agri-silviculture (Udwatta and Jose 2012: De Stefano 
and Jacobson 2018: Gupta et al. 2020). Ramos et al. (2018) reported higher soil 
carbon stock in cocoa and oil palm-based agroforestry systems in Brazil. Similar 
findings were reported by Rahman et al. (2022) in home garden-based agroforestry 
system where most of the species enhanced the SOC status and soil organic matter of 
the stated home garden as compared to cropland and orchard. 
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8.4.2 Nitrogen Availability Through Agroforestry 

One of the major obstacles to sustainable crop production and plant growth in any 
region is the lack of primary nutrients, particularly nitrogen (N) (Munroe and Isaac 
2014). This lack of primary nutrients and the excessive use of fertilizers also has an 
adverse effect on the ecosystem (Parewa et al. 2018). In comparison to monoculture, 
agroforestry greatly enhances the N levels in the soil (Muchane et al. 2020). 
Agroforestry system perennial crops (trees), whether they are harvested, grazed, or 
planted in conservation areas, have a great potential for preserving N. In addition, 
they also have the unique nitrogen absorption mechanisms that reduce the require-
ment for supplemental nitrogen (Mosier et al. 2021). Incorporation of nitrogen fixing 
tree species in agroforestry systems enhances the nutrient availability in soil (Sharma 
2011; Parewa et al. 2018). Through above-ground inputs like litter fall and pruning 
as well as below-ground inputs like roots, nitrogen-rich tree biomass adds N to the 
nitrogen pool. After the processes of decomposition and mineralization, the soil’s 
inorganic nitrogen is then added by these processes (Sarvade et al. 2014; Muchane 
et al. 2020). In agroforestry, legumes are particularly commonly grown to enhance 
the production of fodder, and simultaneously they can improve soil fertility, increase 
soil nitrogen status, enhance below-ground productivity, and consequently increase 
below-ground C inputs (De Stefano and Jacobson 2018; Solanki et al. 2020). 
Munroe and Isaac (2014) reported that there are three major ways of interaction 
between nitrogen fixing trees and non-nitrogen fixing trees: (1) Mineralization and 
decomposition of organic compound such as litter, pruning, root, and nodule, 
(2) root to root direct transfer of nitrogen through exudation, and (3) common 
mycorrhizal networks. Yengwe et al. (2018) estimated the nutritive potential of 
F. albida and maize-based intercropping system and concluded that the addition of 
litter by F. albida could supply more than 18 kg N ha-1 year-1 and improve the 
nitrogen availability for maize crop. Augustine et al. (2007) reported higher soil 
organic matter and N content in the agroforestry as compared to non-agroforestry 
system.
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8.4.3 Phosphorus Availability Through Agroforestry 

Phosphorus (P) is the second most important nutrient after nitrogen for plant growth, 
and is a crucial component of carbon metabolism, energy conservation, and photo-
synthetic control in plants. It has a key role in the production of ATP, enzymes, 
DNA, and RNA. Both organic and inorganic forms of P are present in soil, but only 
inorganic P is available for plant uptake (Gaxiola et al. 2011). Perennial crops 
enhance soil organic matter, which accelerates P cycling by supplying a P source 
through decomposition and dissolution of adsorbed inorganic P (Mosier et al. 2021). 
Woody perennials enhance the P availability and recycling by reducing losses and 
increasing the presence of plant-available P (Augustine et al. 2007). Many tree 
species with deep roots system and efficient mycorrhizal assocoation are able to 
harvest phosphorus and transform it into a form that is useful for plants available 
form of P (Crews and Brookes 2014). Microbes are essential for converting phos-
phorus (P) into forms that plants can utilize by releasing metabolites and organic 
acids that liberate adsorbed, inaccessible phosphorus from minerals and organic 
materials (Ingle and Padole 2017). Mycorrhizal association found in the roots of 
higher plants are important to facilitate this process to make phosphorus more easily 
available to plants and also increase the nutrient uptake of the plant. The processes 
by which these organisms change the solubility of organic compounds to their 
soluble form includes several factors such as the production of acids and H2S 
under aerobic and anaerobic conditions, respectively, mineralizing organic com-
pounds with the release of inorganic phosphate, and converting insoluble phospho-
rus to an available form (Sujata and Nibha 2011). Prakash et al. (2018) evaluated 
phosphorus availability and speciation between different land use systems in India 
and reported that the poplar-based agroforestry system showed higher levels of 
organic phosphorus (27%) and soil organic carbon as compared to other land use 
systems. Chowdhury et al. (2022) reported higher availability of phosphorus in 
agroforestry system than other land use system. Correa et al. (2015) argued that in 
eucalyptus-based agroforestry system, P supply may be increased due to the decom-
position of litter facilitated by P solubilizing microorganism. 

8.5 Nutrient Recovery of Soil Through Agroforestry 

Plants absorb nutrients and store them as biomass in various plant parts. Crop harvest 
is often accompanied by loss of nutrients from the system. Without any external 
nutrient inputs in the form of inorganic fertilizers, productivity is expected to decline 
because recycling nutrients through agricultural leftovers cannot make up for these 
nutrients losses. In an agricultural system, harvesting removes much of the crop 
biomass (Misra 2011). Plant nutrients are in a stage of continuous and dynamic 
transfer between soil and plants, where plants absorb nutrients from soil for meta-
bolic activities which is returned to the soil through the addition of organic matter.



Tree OC (%) 

Trees play a significant part in the nutrient cycling by taking back and pumping back 
the leached nutrients from the soil through deep root system, which serves as a safety 
net against nutrient losses (Fahad et al. 2022). In agroforestry systems, nutrient are 
returned to the soil through litter fall, or pruning, and other organic left overs. Trees 
have the ability to translocate nutrients from deeper soil horizons to the soil surface 
facilitating plant uptake as indicated in Table 8.1 (Nair et al. 1999: Misra 2011). 
Hoosbeek et al. (2018) carried out research and revealed that the nutrient content in 
surface and sub-surface soil under the tree canopy was higher in C and N as 
compared to the pasture land due to the presence of trees, which ultimately enhanced 
the availability of nutrient through nutrient cycling. The soil organic matter in the 
soil surface is decomposed by microorganism (Fungi, bacteria) present in the soil 
and release the chemically bound immobile nutrient into the soil, thus making the 
nutrient available to plants. 
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Table 8.1 A comparative analysis of major nutrient input by different tree species 

Available N 
(kg/ha) 

Available P 
(kg/ha) 

Available K 
(kg/ha)

Leucaena 
leucocephala 

150–200 16–18 150–170 1–1.32 

Dalbergia sissoo 200–210 14–16 250–280 0.46 

Poplar spp. 170–190 15–18 150–160 1.22 

Melia azedarach 180–185 14.5–16.14 150–165 0.98–1 

Eucalyptus 
camaldulensis 

150–170 10–12 150–158. 0.97 

Albizia procera 180–197 14–16.52 150–165 0.54–0.62 

Acacia nilotica 200–216 14–15.5 100–150 0.71–0.80 

(Source: Sarvade et al. 2019; Uthappa et al. 2015; Sarvade et al. 2014, Misra 2011) 

8.5.1 Leaf Litter Addition 

The dead leaves, twigs, bark, needles, etc., form the overall litter in the system, with 
leaves as the major component. In agroforestry systems, the plant litter containing 
most of the nutrients is needed for plant growth and is the key component of nutrient 
cycling. Through the addition of the important nutrients (such as nitrogen, phospho-
rus, and potassium) to the soil, the agroforestry systems contribute towards the 
maintenance and improvement of soil fertility and of the nutrient recycling process 
(Singh 2020). The nature of the tree-crop species and conditions such as climatic, 
edaphic, topographic, and biotic factors affecting the plant development and phe-
nology are crucial factors for litter production in an agroforestry system (Rawat et al. 
2009). Schroth and Krauss (2006) reported that the addition of litter via tree 
component of agroforestry is essential for preserving soil moisture and maintaining



optimum bulk density, which results in an increased nutrient mobilization compared 
to bare soil. In agroforestry systems, the agricultural crops make up the smallest 
portion of the overall litter generation as compared to perennial woody tree species 
(Sarvade et al. 2014). Generally, deciduous plants produce more leaf litter as 
compared to evergreen plants throughout year. In summer and spring season the 
plant’s contribution towards litter is more as compared to autumn season (Singh 
et al. 2011; Pragasan and Parthasarathy 2005). 
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8.5.2 Leaf Litter Decomposition 

After the litter formation, decomposition of litter and its rate of decomposition play a 
significant role in the improvement of soil fertility in terms of nutrient cycling and 
soil organic matter formation (Bhattarai and Bhatta 2020). Soil fauna such as 
non-symbiotic nitrogen fixing bacteria, phosphate solubilizing bacteria, thio-
sulphate oxidizing bacteria, etc., mediate litter decomposition and its mineralization 
which in turn enriches nutrients into the soil for the plants (Singh 2020). There are 
several factors such as litter quality and its quantity, climatic factor (temperature, 
moisture, etc.), C:N ratio, and microbial community structure which determine the 
rate of litter decomposition (Sarvade et al. 2014; Dechaine et al. 2005). The term 
“litter quality” refers to the intrinsic chemical characteristics of the litter, including 
its nitrogen content (C:N ratio), phosphorus content (C:P ratio), phenolics (C: N or P 
ratio), lignin content (C:N ratio), and phenolics to P or N ratio. High levels of C:N 
ratio, C:P ratio, phenolics, phenolics to N or P ratio, lignin content, and lignin to N 
ratio reduces the rate of decomposition, but high nitrogen and phosphorus content 
increases the rate of litter decomposition (Nair et al. 1999). Fungi are regarded as the 
“primary players” in the breakdown of leaf litter due to their capacity to create a 
variety of extracellular enzymes. Enzymes such as peptidases, urease, and phospha-
tase, etc., play crucial role for microbial uptake of nitrogen and phosphorus, while 
others such as phenol oxidase, peroxides, and laccase aid in the catalysis of lignin 
degradation of leaf litter (Tennakoon et al. 2021). The decomposition rate of litter 
found in temperate region is slower than the litter found in tropical region (Bhattarai 
and Bhatta 2020). The rhizosphere of tree species, which is generally rich in 
microorganism, plays a significant role in nutrient transformation. This is probably 
due to a increased root exudates status in agroforestry system as compared to 
seasonal crops. The stages of decomposition as shown in Fig. 8.1 comprises two 
main simultaneous process: (A) the mineralization and humification of lignin, 
cellulose, and other substances by microorganisms; (B) the slow mineralization of 
carbon, nitrogen, and other elements in the soil caused by the leaching of soluble 
chemicals into the soil (Tennakoon et al. 2021).
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Fig. 8.1 Phases of leaf litter decomposition. (Source: Tennakoon et al. 2021) 
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Fig. 8.2 Nutrient pumping through deep root system (Fahad et al. 2022) 

8.5.3 Nutrient Pumping 

It is a well-recognized fact that because trees are having a deep and spreading root 
system, they may uptake nutrients and water from deeper soil horizons where 
herbaceous crop roots often cannot penetrate (Nair et al. 1999). Figure 8.2 depicts 
the process of absorption of nutrients from a deeper soil profile and its eventual 
deposition on the surface and subsurface layers through litterfall and other processes 
by the tree. This process is termed as “nutrient pumping” (Misra 2011). Because of



the plastic response of trees to competition with an annual crop, trees in agroforestry 
systems are likely to have a deeper root system than monocropping and takes up 
nutrient from deeper soil strata. Closed and more efficient nitrogen cycling results 
from the nutrient pumping of nitrogen from deep soils to the root zone of deep tree 
roots leads in closed and more effective N cycling (Fahad et al. 2022). Augustine 
et al. (2007) reported that G. sepium enhanced N content in soil by not only nutrient 
cycling from decomposing litter and by fixing atmospheric nitrogen but also by 
taking up nutrient from deeper soil layer than the normal rooting zone of maize. 
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8.5.4 Biological Nitrogen Fixation 

The leguminous trees in agroforestry, enhance the soil fertility by biological nitrogen 
fixation, addition of organic matter, and recycling of nutrients (Misra 2011: Solanki 
et al. 2020). In the case of legumes, the mimosoideae and caesalpinioideae sub-
families contain the majority of the nitrogen-fixing tree species, whereas the 
papilionoideae subfamilies contain the least number of species. In these subfamilies, 
98, 60, and 30% of the tested mimosoids, papilionoids, and caesalpinoids, respec-
tively, demonstrated the ability to fix atmospheric nitrogen. Families of 
non-leguminous plants, such as the ulmaceae, rosaceae, casuarinaceae, 
chrysobalanaceae, coriariaceae, eleagnaceae, myricaceae, rhamnaceae, and 
zmiaceae, also demonstrated the ability to fix N2 (Sarvade et al. 2014). Both 
symbiotic and non-symbiotic processes are used in biological nitrogen fixing. 
While a few of the non-leguminous species have Frankia symbionts as their symbi-
onts, many legumes form associations with the bacterial rhizobium. Free-living soil 
organisms influence non-symbiotic fixation (Misra 2011). Approximately 60% of 
nitrogen provided to plants comes from the biological fixation whereas 50% of that 
is provided by the plant bacterial symbiosis (Barea et al. 2005). In India’s tropical 
soils, rhizobia are abundant and capable of nodulating a variety of legume symbioses 
(Nambiar et al. 1988). The examples of nitrogen fixing bacteria associated with 
legume trees used in agroforestry system are shown in Table 8.2. 

8.6 Agroforestry for Soil Biota 

The majority of soil biogeochemical processes depend upon soil microbial commu-
nities, which are found in the soil and rhizosphere. The integration of tree in 
agroforestry not only enhances the physical and chemical properties of soil but 
also plays a significant role in the enhancement of soil microorganism. The “demand 
side” for soil resources is represented by root systems, while the “supply side” is 
influenced by soil microbes and fauna, which play a key role in the degradation and 
stabilization of soil organic matter as well as the breakdown of litter and other 
organic components in the soil (Schroth and Krauss 2006). They are crucial for



biogeochemical cycles, nitrogen cycling, mineralization, and nutrient delivery, 
chemical degradation, maintenance of aboveground biodiversity, soil formation, 
and maintenance soil health (Udawatta et al. 2019; Jose 2012). When agroforestry 
system was compared with grazing and row crop management, the soil enzyme 
activity, microbial diversity, and macro fauna activity were found to be higher under 
agroforestry system (Udawatta et al. 2017). A major contribution of agroforestry 
trees significantly contributes to soil ecosystem services as a result of above- and 
below-ground organic inputs that supply food and nutrition required for soil organ-
isms for nutrient cycling and maintenance of soil fertility (Uthappa et al. 2015).Trees 
alter the soil environment in a variety of ways, such as by providing shade for the 
understory and soil, transpiring water taken up by roots from the soil, and covering 
the soil with dead or pruned leaves/branches to add nutrients (Barrios et al. 2012). A 
comparative analysis of agroforestry system over sole cropping system (Table 8.3)
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Table 8.2 Nitrogen fixing bacteria associated with legume trees used in agroforestry system 

Bacterial symbionts Host genus Source 

Azorhizobium caulinodans Sesbania spp. Dreyfus et al. (1988) 

Azorhizobium johannense Moreira et al. (2002) 

Bradyrhizobium sp. Acacia spp. Dupuy et al. (1994) 

B. Japonicam Inga spp. Leblanc et al. (2005) 

Ensifer mexicanus Acacia spp. Lloret et al. (2007) 

Mesorhizobium albiziae Albizia spp. Wang et al. (2007) 

Rhizobium tropici and Rhizobiumetli Gliricidia spp. Hernandez-Lucas et al. 
(1995) 

R. gallicum Leucaenaa 
spp. 

Hernandez-Lucas et al. 
(1995) 

Sinorhizobium kostiense and Sinorhizobium 
arbosis 

Prosopis spp. Sprent (2009) 

Table 8.3 Comparison of 
mean densities of different soil 
biota in soil under agrofor-
estry system and monoculture 
with calculated response ratio 

Agroforestry Monocrop RR 

Soil macro fauna 
Earthworm 54.4 17.6 3.1 

Beetles 20.9 9.6 2.2 

Centipedes 2.7 0.5 5.6 

Millipedes 8.1 1.3 6.1 

Termites 90.7 81.0 1.1 

Ants 23.2 8.6 2.7 

Soil mesofauna 
Collembola 3890.1 2000.7 1.9 

Mites 5100.7 1860.1 2.7 

Soil microfauna 
Non-parasitic nematodes 2922 1288 2.3 

Parasitic nematodes 203.7 1 

(Source: Barrios et al. 2012)



reveals that the agroforestry system has more macro fauna (termites, earthworm, 
ants, etc.), miso fauna (Mites, collembola), as well as micro fauna such as nematodes 
(Nygren et al. 2012). Maurya et al. (2012) reported that the population of 
Azospirillum and Azotobactor was higher in agroforestry system whereas lower in 
rice-wheat and grassland-based cropping system in Uttar Pradesh. Tondoh et al. 
(2015) revealed that the abundance of earthworms as well as species richness in 
cocoa-based farming system increased with increasing the plantation age due to 
adaptation of fauna to degraded land. Marsden et al. (2020) reviewed and found 
positive effect on abundant fauna in agroforestry as compared to cropland. Bainard 
et al. (2011) studied and concluded that tree-based intercropping has the highest and 
diverse Arbuscular mycorrhizal fungal community as compared to traditional 
cropping system.
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8.7 Conclusion 

Agroforestry techniques offer the ability to restore ecosystem services, enhance food 
security, restore livelihoods on degraded land, and decrease pressure on forests. 
Agroforestry can help to diversify and intensify the existing farming system through 
integration of trees suitable for local conditions with the agricultural crop as well as 
animals in the same unit of land. In comparison to agricultural monocultures, 
agroforestry practices significantly lower the rate of soil erosion, enhance SOC 
and N status, increase inorganic N availability, and slightly increase inorganic P 
and pH levels in the soil. The trees in agroforestry help in the reduction of nutrient 
loss from soil by limiting soil erosion and leaching. Trees also have the capacity to 
uptake nutrient from a deeper layer of soil, regulate the soil temperature as well as 
microorganism in soil-based agro-ecosystem. It is assumed that agroforestry systems 
have a higher capacity to store carbon than pastures or field crops. The study 
suggests that agroforestry systems can not only ensure sustenance and improvement 
of physicochemical and biological properties of soil but may also help in the 
restoration of degraded land and have a huge potential in sustainable production 
for the farm output, which ultimately ensures a raise in farmer’s income too. 
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Chapter 9 
Nutrient Acquisition in Agroforestry 
Ecosystem Services and Soil Health 

Vishnu K. Solanki, R. K. Meena, Vinita Parte, and Tulika Kumari 

Abstract Agroforestry helps sustain soil nutrients and recycles waste material in a 
variety of ways to promote the plant growth. The soil nutrients are highly dynamic in 
nature and can change into several forms that impact the availability to the plants. By 
controlling recycling and absorption, agroforestry encourages more efficient nutrient 
cycling than any other system. Agroforestry is more capable of taking up the water 
from the deep layers and nutrient pumping than any other crops. In any agroforestry 
systems, litter accumulation and their decomposition processes play a major role for 
soil fertility improvement. Numerous variables, including land use pattern, soil 
microbial population, climate, species character, management-related activities, 
etc., affect the decomposition rate of litter and the rate of nutrient release into the 
soil. In agroforestry, soil nutrient dynamics influence biomass output, soil nutrient 
availability, and total nutrient cycling control. 

Keywords Agroforestry · Soil nutrients · Dynamics · Recycling · Soil fertility · 
Decomposition · Accumulation 

9.1 Introduction 

Agroforestry is a land use system where trees, shrubs, pastures, agricultural crops, 
and livestock are cultivated on a single land unit. It also involves the interaction 
between the system’s crops and trees. Nair (1984) states that “Agroforestry is a land 
use that involves deliberate retention, introduction, or mixture of trees or other 
woody perennials in crop and animal production fields to benefit from the resultant 
ecological and economic interactions.” Agroforestry encompasses not only the 
combination of crops, trees, and bushes but also livestock, horticultural crops, etc.
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Agroforestry systems are more environmentally friendly and able to use various 
nutrients, moisture, and sunlight, which are primarily found in India. It is typically 
not feasible to include trees in monocropping systems in agricultural settings (Nelliat 
et al. 1974). The fundamental goal of any agroforestry system is to maximize 
positive interactions between different biological and physical environmental com-
ponents such as crops, trees, shrubs, animals, and land resources, which helps to 
create a more diverse, productive, and sustainable system. The main aim of any 
agroforestry system is to improve soil fertilization. Agroforestry not only enhances 
the biological but also the physical and chemical properties of the soil. Soil conser-
vation is one of the key services where trees in agroforestry systems provide (Misra 
2011). Agroforestry has a lot of potential due to its many advantages and broad 
application in the areas of nutrient cycling, soil conservation, improved soil fertility, 
productivity enhancement, bio-fuel, bio-energy, bio-drainage, carbon sequestration, 
microclimate amelioration, etc. Agroforestry provides a great way to combine soil 
and water conservation (Dhyani et al. 2015). Trees increase the amount of nutrients 
inside the root zone of crops by pumping up and capturing nutrients from below the 
root zone, reducing nutrient losses from erosion and leaching, and providing nitro-
gen through biological N2 fixation. Trees can increase the availability of nutrients 
through increased release of nutrients from soil organic matter and through recycling 
organic materials. Plants used in agroforestry have the ability to absorb both mobile 
and available nutrients, such as phosphate. Nitrate can accumulate below the rooting 
depth of annual crops when sub soils have anion exchange sites to absorb the nitrate 
and when pests and nutrients other than nitrogen restrict the crops’ ability to 
produce. Built-up subsurface nitrate can be effectively removed with Sesbania 
sesban. Sesbania (Daincha), when grown in place of natural grass fallows, is more 
efficient at retaining subsurface water and reducing nutrient losses. Mineralization of 
soil organic matter is a good source of nitrogen and phosphorus that are available to 
plants. The application of organic materials can help recycle phosphorus, which is 
necessary to meet crops’ phosphorus requirements. Agroforestry with continuous 
crop production on phosphorus-deficient soils typically needs phosphorus inputs, 
such as fertilizer (Roland et al. 1996).
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9.2 Dynamics of Soil Nutrient 

Practices in agroforestry and the type of soil can also affect the quantity and quality 
of litter, as well as its rate of decomposition, intercropping pattern, orientation, and 
management techniques. In addition to providing food, fuel, wood, building mate-
rials, and raw materials for cottage industries and small-scale forest-based busi-
nesses, these trees also enrich the soil with vital nutrients (Ghosh et al. 2011). It 
might be feasible to increase the soil’s carbon content by planting trees and crops 
which is also beneficial in resolving numerous global problems, such as carbon sink, 
global warming, and climate change (Kumar et al. 2006). Reclamation of salt-
affected soils by using agroforestry tree species (Fig. 9.1 shows the sources of



plant nutrients in soils). Using leaf litter in agroforestry practices increases the 
amount of organic matter in the soil. It enhances biological nitrogen fixation in 
soil and preserves the population dynamics of advantageous microorganisms. 
Microbiological activity, nutrient cycling, and all soil activities support ecosystem 
services and functions (Jhariya et al. 2013). 
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Fig. 9.1 Main sources of 
plant nutrients that exist in 
soils (Bierman and Rosen 
2019) 

In agroforestry systems, reasons for soil nutrient dynamics are as follows:

• Turnover estimation of nutrients.
• On nutrient supplement impact of fine and coarse roots.
• Rate of litterfall and its associated nutrient dynamics.
• Estimation of leaf litter, litter decomposition, rate of decomposition, and its 

pattern of nutrient release.
• For assessing the soil microbial population activity. 

9.3 Nutrient Cycling of Soil 

Through the process of nutrient cycling, nutrients are moved from one component of 
the plant–soil–animal environment system to another. In agroforestry, rainfall, 
organic residues, and fertilizers from outside the system, crops and trees, and 
biological nitrogen fixation all contribute to the addition of nutrients. The harvesting



of trees, crops, livestock products, volatilization, leaching, soil erosion, and other 
processes are the causes of the nutrient losses. The system’s produced manure, litter 
fall, and tree pruning are the sources of the nutrient transfers. Transcend nutrient 
cycling by improving soil biological and physical processes. Nutrient cycling will 
help increase soil fertility, which is beneficial for trees and crops, and increase the 
availability of water and nutrients. Through increased nutrient availability, increased 
nutrient supply in the crop root zone, and decreased nutrient loss through the control 
of soil erosion and leaching, trees in agroforestry facilitate the cycling of nutrients to 
crops (Nair 1979). Through biological nitrogen fixation and nutrient recycling, trees 
increase the amount of nutrients available to the soil surface. By increasing biolog-
ical activity, enhancing soil structure, adding leaf litter to the system, and allowing 
biomass to decompose, it is possible to increase the availability of nutrients for 
crops. Trees use their deep roots to absorb nutrients that seep out of the crop root 
zone, thereby reducing nutrient losses and utilizing their extensive root systems to 
stop soil erosion. 
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9.4 In Agroforestry Major Processes for Soil Nutrient 
Dynamics 

Tree litter fall: In agroforestry, the majority of the litter produced is made up of 
leaves, but there are also dead bark, branches, twigs, and other organic materials. 
Agroforestry systems contribute significantly to soil nutrient recycling and help to 
maintain and improve soil fertility through the addition of essential elements like 
potassium, nitrogen, and phosphorus to the soil. Many factors, including the popu-
lation of decomposers, land use, climate, plant species, etc., also affect soil litter fall 
and nutrient release from tree and crop residues (Fernandes et al. 1997). 

Litter fall decomposition—over time, the accumulation of litter on the agrofor-
estry soil floor began to fragment into smaller pieces, converting the litter to mineral 
nutrients, water, and carbon dioxide through physical and chemical processes 
(Lambers et al. 1998). The process of mineralization and decomposition in soil is 
greatly influenced by soil microbes, and soil fauna including phosphate, 
non-symbiotic N2 fixing bacteria, thiosulphate oxidizing bacteria, and solubilizing 
bacteria help to make soil more nutrient-available (Fig. 9.2 depicts the soil nutrient 
cycling in the agroforestry system through litter fall and decomposition). The supply 
of plant nutrients depends on various variables, including the microbial community, 
the availability of nutrients in the soil, climatic conditions like temperature, mois-
ture, and aeration, the quantity and quality of plant species, etc.
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Fig. 9.2 Soil nutrient cycling through litterfall and decomposition in an agroforestry system (Kang 
et al. 1986) 

9.5 Improvement of Soil in Agroforestry 

Through leaf litter, woody compound pruning, and atmospheric fixation, agrofor-
estry contributes nutrients. Certain nutrients that are generally believed to be inac-
cessible to crops may be introduced into the system by tree roots from deeper soil 
layers that are beneath the area where the roots of the annual crop grow. The topsoil 
layer and decomposing organic matter, such as fruits, flowers, branches, leaves, etc., 
aid in enrichment. The two biggest positive effects on the tree’s soil may be 
increased soil structure and nutrient availability (Sanches et al. 1983; Nair 1989). 
Increasing inputs such as organic matter, atmospheric fixation, and biological 
nitrogen fixation are signs of improved soil under agroforestry systems. The physical 
properties of the soil and its ability to hold water for a long time are increased by the 
addition of organic matter. By modifying nutrient cycling through agroforestry, it is 
possible to make even more efficient use of nutrients, whether they come from 
fertilizer or the natural removal process. Compared to pure agriculture systems with 
agroforestry systems, agroforestry systems support a more closed nutrient cycle. 
Figure 9.3 depicts the decomposition process in terrestrial ecosystems. The process 
of soil improvement under agroforestry systems is acknowledged through:

• Increasing inputs such as atmospheric fixation, biological nitrogen fixation, and 
organic matter.
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A tree grows in the soil 

Some are eaten 
by insects and other 

animals. Nutrients and 
energy enter food web. 

A green leaf falls 
to the ground 

Leaves partifally consumed 
by decomposers such as fungi 
and bacteria. They begin to 
lose form and become litter. 

Further 
decomposition by 
carthworms. bacteria. 
soil,mites,fungi,ets. 

Organic rich soil 

Some nutrients leach 
into soil by 

chemical action 

Fig. 9.3 Decomposition process in terrestrial ecosystem (NCERT 2006) 

• Reducing losses of organic matter and nutrient.
• Additions of organic water holding capacity are improving and soil physical 

properties.
• Nutrients are recycled. 

9.6 Nutrient Loss Under Agroforestry 

Nutrients are uptaken by plants and stored as biomass in the plants and plant parts, 
resulting in a net loss of nutrients from the system as a result of crop harvesting. It 
would be expected that inorganic fertilizers, in the absence of any external nutrient 
inputs, would lower system productivity by recycling nutrients through crop residue. 
Leaching and erosion, in addition to the removal of biomass, are crucial components 
of the system in the depletion of nutrients. In agricultural systems, biomass is 
removed from crops during harvesting (Sanches et al. 1983). In a similar vein, a 
comprehensive strategy for utilizing trees was discovered from the tree-based system 
to remove a sustainable quantity of nutrients. Lower levels of organic carbon have 
generally been found in cultivated soils compared to forest soils (Misra 2011).
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9.7 Nutrient Recovery Under Agroforestry 

More nutrients are added to the soil through litter fall, which occurs when trees 
translocate nutrients from deeper soil. Organic residues and leaf shedding also 
contribute to the deposition of nutrients on the soil surface. Nutrients are released 
into the soil as a result of the mineralization and breakdown of organic matter. 
Agroforestry systems release substantially fewer nutrients into the atmosphere than 
monoculture tree plantations (Young 1987). According to the agroforestry system, 
soil organic matter can only be preserved by adding biomass from whole trees to the 
soil (Table 9.1 shows the variation in nutrients in open field and agroforestry 
systems). To demonstrate that nutrients from tree pruning reach the crop, alley 
cropping and the biomass transfer system are employed (Szott et al. 1981). 

9.8 Soil Enrichment Through Agroforestry 

Higher nutrient status and crop fields of soil where trees were previously grown and 
near trees maintain soil fertility, which is a major trend in agroforestry. Due to their 
substantial contributions, many tree species are prized in traditional agroforestry. 
Phosphorus and nitrogen levels in organic matter are higher beneath trees than they 
are at bare sites (Shankermarayan 1984). Under an agroforestry system with euca-
lyptus hybrid and Populus deltoids canopies, the increase in soil nutrients was 
33–83% organic carbon, 38–69% available nitrogen, 3–33% available phosphorus, 
and 8–24% available potassium (Anonymous 1987). More nutrients are present in 
the soil under the Prosopis-based agroforestry system than in open fields (Aggarwal 
1980). In comparison to open fields, the silvipastoral system has higher levels of 
organic carbon, nitrogen, and phosphorus (Hazara 1990). A significant rise in 
nutrient storage in the trees results in improved resource sharing, nutrient cycling, 
and a tree-based crop system with topsoil compartments (Fig. 9.4). Improved 
moisture status is attained under trees by lowering evapotranspiration, and more 
soil organic matter increases the soil’s ability to retain moisture, which is known to 
support improved soil structure. The nutrient pool is enriched by the addition of trees 
and organic matter, which also checks soil erosion and decreases losses. Sustainable 
land resource use and tree-based cropping systems can be beneficial. 

Table 9.1 Variation of nutrients in agroforestry and open field systems (Misra 2011) 

S. no. Tree species Organic matter (%) Nitrogen (%) Phosphorus (%) 

1 Prosopis cineraria 250 22.9 633 

2 Prosopis juliflora 250 10.3 409 

3 Open field 203 7.7 370
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Fig. 9.4 Maintain soil health with the help of agroforestry (Uthappa et al. 2017) 

9.9 Nutrient Cycling Under Agroforestry 

The nutrient cycle in the system is made up of inputs into gains, outputs from losses, 
and internal turnover or transfer. Low rates of output and high rates of turnover 
characterize closed, efficient nutrient cycling systems in forest ecosystems (Fig. 9.5). 
Normal agricultural systems have low system turnover and relatively high input 
costs and losses. In agroforestry systems, the cycling of nutrients oscillates between 
two extremes: more nutrients are recycled by plants before they are eliminated from 
the system. The transfer of nutrients from one system component to another without 
compromising the overall productivity of the system’s components is the main way 
that agroforestry differs from land use systems. This allows for higher rates of 
turnover and the potential for system management. The tree’s deep roots allow it 
to absorb nutrients from soil depths that crop roots are unable to (Raj et al. 2017). 

9.10 Nutrient Cycling Through Trees and Agroforestry

• Use of nitrogen-fixing tree species to increase the gains from synthetic fixation.
• Recycling as litter by uptake tree root systems of associated mycorrhiza.
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Fig. 9.5 Agroforestry, nutrient cycling, and soil productivity (Solanki et al. 2020) 

• As organic residues nutrient deficiencies provide a balanced nutrient supply.
• Nitrogen accumulates in tree fodder. 

9.11 Nitrogen-Fixing Trees

• Increase nitrogen inputs to agroforestry systems by using nitrogen-fixing trees 
that contain a majority of legumes and a minority of non-legumes in quantities 
comparable to those from herbaceous legumes.

• Substantially improve rates of nitrogen fixation by selection of genotypes of plant 
and rhizobium inoculation in some cases.

• Both above- and below-ground nitrogen are transferred from nitrogen-fixing 
through root residues within one season, pruning, litter decomposition, and a 
longer period via soil organic matter.

• Increasing nitrogen inputs to plant–soil systems does not improve or worsen the 
performance of nitrogen-fixing trees compared to herbaceous legumes. Non-
nitrogen-fixing tree mulches can also be supplies of nitrogen (Raj et al. 2017). 

9.12 Some Nitrogen-Fixing Tree Species 

Acacia albida, Acacia auriculiformis, Acacia catechu, Acacia aneura, Acacia 
dealbata, Acacia decurrens, Acacia farnesiana, Acacia implexa, Acacia 
leucophloea, Bauhinia variegate, Buteamonosperma, Cassia fistula, Cassia siamea, 
Casuarinaequisetifolia, Dalbergialatifolia, Dalbergiasissoo, Delonixregia,

http://ecoursesonline.iasri.res.in/mod/page/view.php?id=14548
http://ecoursesonline.iasri.res.in/mod/page/view.php?id=14584


Gliricidiasepium, Acacia mearnsii, Hardwickia binate, Acacia melanoxylon, 
Leucaenaleucocephala, Acacia mollissima, Moringaoleifera, Acacia nilotica, Aca-
cia planifrons, Parkinsonia aculeate, Acacia Senegal, Albizia chinensis, 
Pithecellobium dulce, Albizia lebbeck, Prosopis alba, Albizia procera, Prosopis 
chilensis, Alnus nepalensis, Prosopis cineraria, Alnus nitida, Samanea saman, 
Sesbania bispinosa, Saraca indica, Sesbania grandiflora, Tamarindus indica, etc. 
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9.13 Choose Nitrogen-Fixing Trees

• To fix huge quantities of nitrogen by the potential of nitrogen-fixing tree species.
• Eco-friendly and sustainable viable alternative.
• Restocking of nutrient pumping and soil fertility. 

9.14 Help with Nitrogen-Fixing Trees in Agroforestry 

Many leguminaceae trees like Sesbania spp., Gliricidia spp., Dalbergia sissoo, 
Acacia nilotica, Leucaena leucocephala, etc. and several non-legumes trees like 
Alnus spp., Casurina equisetifolia, etc. are important to fix about 50 to 500 kg 
nitrogen per ha (Raj et al. 2017). 

9.15 Biological Nitrogen-Fixing Agroforestry 

Leguminous trees, which make up the majority of agroforestry trees, recycle nutri-
ents, add organic matter, and improve soil quality by fixing nitrogen biologically. 
Many tree species like Alnus, Acacia, and Leucaena have annual nitrogen fixations 
of up to 400–500 kg, 270 kg, and 100–300 kg, respectively, per hectare. The fixed 
nitrogen contributes to increased soil fertility and may have symbiotic benefits for 
crop growth. Nitrogen is added when certain tree species are pruned, or a substantial 
amount of soil organic matter-legumes-is left over after pruning and is not fully 
absorbed by the first crop, suggesting a longer term nitrogen advantage than an 
immediate one. The release of nutrients and tree components, such as wood, fruit, 
twigs, leaves, etc., is distributed over time by the varying rates of decomposition of 
the various tree components. Biological nitrogen fixation mainly occurs through 
symbiotic and non-symbiotic relations between plant roots and microorganisms. 
Certain non-leguminous species have symbiotic relationships with actinomycetes, 
which is a genus of Frankia bacteria, while a number of legumes have relationships 
with the bacteria rhizobium. Non-symbiotic fixation can play a major role in natural 
ecosystems and is influenced by free-living soil organisms from external systems 
with relatively low nitrogen requirements (Nair 1993a, b).

http://ecoursesonline.iasri.res.in/mod/page/view.php?id=14621
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9.16 Process of Nutrient Pumping 

Certain beneficial effects on soils, such as the physical stature enhancement of 
compact soil layers, the capture of leached nutrients, and the enrichment of soil 
with carbon through root turnover, are attributed to tree root systems. Trees can 
absorb water and nutrients from deeper soil layers where the roots of herbaceous 
crops cannot typically grow because of their spreading and deep roots. Nutrients are 
taken up by the deeper soil profile and subsequently deposited on the surface layers 
by tree litter fall and a variety of tree mechanisms collectively referred to as nutrient 
pumping (Fig. 9.6). 

In general, topographic, climatic, soil, and tree species characteristics influence 
this process because their deep root systems aid in the pumping of nutrients and 
water. Trees with low-moisture content soils outperform those with high-moisture 
content soils in this regard. (Makumba et al. 2009; Schroth and Sinclair 2003; 
Schroth 1999). 

Fig. 9.6 Nutrient pumping through multipurpose trees (MPTs) species’ deep roots in agroforestry 
systems(Sarvade 2019)
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9.17 For Agroforestry Desirable Characters in Tree Species 

In agroforestry systems, choosing a tree species should take into account a number of 
desirable traits. Any tree species can be put to multiple uses, but no single species 
possesses all desirable traits.

• Selecting the tree species should not interfere with soil moisture.
• Selecting the tree species should have very little water requirement for 

agroforestry.
• For water, trees should not compete with crops.
• Tree species can draw water from deep strata of the soil so tree roots should be 

deep tap.
• For plant nutrients, tree species should not compete.
• Tree should utilize less plant nutrients.
• In building soil fertility, trees should help.
• Fix atmospheric nitrogen in their roots should be preferred by leguminous tree 

species.
• The root growth characteristics and root system should explore soil layers.
• For sunlight tree species should not compete.
• On the crops, tree species should not interrupt sunlight falling.
• Tree habit should be light branching.
• Trees promote better crop, pasture growth, and yield and permit the penetration of 

light into the ground trees.
• If tree species possess dense canopy, they can withstand pruning operation.
• Wider adaptability in selecting tree species.
• For agroforestry, a tree species selected combination must have a wider 

adaptability.
• Tree species should have soil stabilization attributes and shelter-conferring.
• Some tree species are especially helpful in providing protection for livestock, 

crops, and soils because of their adaptability and inherent growth habits. Many 
tree species have been extensively used in soil erosion control, e.g., 
Casurinaequisetifolia, Willows (Salix spp.), Poplars (Populus spp.), etc. because 
of their ability to grow in water-logged soils and extensive root system.

• Tree species should have nitrogen fixation attributes and nutrient cycling.
• Trees can play an important role within an agroforestry system leached down 

through the soil profile, recycling nutrients, and minerals released from 
weathering parent material like sediments and rocks.

• These nutrients are used in the development and growth of the tree many 
returning to the topsoil in the form of dead seeds, flowers, twigs, and leaves 
which are eaten by animals or slowly decompose on the surface.

• In maintaining the nutrient status of the soil by role-play of all trees through 
recycling.

• A thick mat of leaves on the ground deciduous trees drop most of their leaves in 
autumn, whereas throughout the year, most evergreen species maintain some 
level of litterfall.
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• Many tree species can convert atmospheric nitrogen into organic nitrogen through 
complex symbiotic relationships between their fine roots and Rhizobium bacteria 
for their use.

• On the roots, the bacteria form nodules that can convert nitrogen gas, usable 
nitrogen for the plant as it is in the atmosphere.

• Some non-leguminous ones and leguminous trees like Casuarina spp. as well as 
Prosopis, Leucaena, and Acacia fix the atmospheric nitrogen.

• Generally high in nitrogen the litter of these nitrogen-fixing trees, thus increases 
the nitrogen status of the soil.

• Easily decomposable leaves have the character of selected tree species.
• For agroforestry, the suitable tree species with a fast rate will be one in which 

fallen leaves decompose.
• The leaves of most of the legume tree species easily, decompose quickly, and 

small in size, and add a large quantity of nutrients and organic matter to the soil.
• For the agroforestry system, some tree species having broad leaves like banyan, 

mango, and trek should not be preferred.
• They require a longer time for decomposition and also contain more fiber matter. 

Broad leaves block their photosynthetic activities when fall on the tender crop 
plants. 

9.18 Plant Nutrient Sources and Losses 

Through root uptake, plants receive mineral nutrients from the soil solution. In soil, 
these soluble nutrient sources are as follows:

• Decomposition of soil microorganisms, animal remains, and plant residues.
• Weathering of soil minerals.
• Application of fertilizers.
• By legumes nitrogen fixation.
• Atmospheric depositions like sulfur and nitrogen from N-fixation or acid rain by 

lightning discharges.
• From flooding and erosion nutrient-rich sediment deposition. 

Mineral nutrients from the soil system may be lost and plant uptake become 
unavailable. When nutrients leak into groundwater, rivers, and lakes, they cause 
environmental damage. They are also costly and wasteful. Nutrient losses 
happen by. 

9.18.1 Runoff 

Runoff is the term for the loss of dissolved nutrients from the water as it moves 
through the soil surface.
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9.18.2 Erosion 

Erosion is the loss of nutrients in or linked to soil particles that are removed from 
fields due to water and wind movement. 

9.18.3 Leaching 

Leaching loss of dissolved nutrients out of the field through drain lines or the soil 
moves down to groundwater. 

9.18.4 Atmosphere Gaseous Losses 

Mostly losses of various nitrogen types by denitrification and volatilization. 

9.18.5 Removal of Trees 

Removal of nutrients and plant uptake in harvested goods from the field. 

9.19 Increase Nutrient Uptake by Agroforestry 

Nutrients recovered from deteriorating rock and lower soil layers, trees can increase 
the amount of nutrients added to agroforestry systems. Most of the trees species have 
deep root system, which is often cited as a benefit for agroforestry systems. Trees are 
able to absorb nutrients from soil depths that agricultural roots are unable to the top 
20 cm of the soil are the majority of the feeder roots of many common trees. 
Although it is difficult that the minerals in weathering rock cannot be identified, 
uptake from deep soil horizons and weathering rock is quite likely. The fact that 
some trees can thrive in areas with virtually no soil and that their roots can pierce 
weathered rock serve as indirect evidence. A major factor is the greater nutrient 
cycling caused by atmospheric deposition in humid regions compared to dry ones. It 
includes nutrients that are dissolved in rain and those that are carried in dust (Raj 
et al. 2017). 

Generally speaking, agroforestry techniques improve soil’s biological nitrogen 
fixation, which raises soil organic matter, multiplies the populations of helpful 
microorganisms, and adds leaf litter (Fig. 9.7). In addition to improving soil nutrient 
cycling, the additional organic matter serves as a source of energy. Additionally



enhances the system of soil aggregates and modifies the soil microclimate (Raj et al. 
2017). 
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Fig. 9.7 Tree & crop root distribution, function, and processes for nutrients in agroforestry 
(Marney and Kira 2019) 

9.20 Through Nitrogen Fixation Agroforestry Systems 
Increase Inputs to the Plant–Soil System 

In agroforestry systems, nitrogen inputs can be significantly increased by adding 
nitrogen-fixing trees. The biological nitrogen-fixing process involves both symbiotic 
and non-symbiotic processes. Fixation is carried out independently of plants by 
non-symbiotic soil organisms (Fig. 9.8). The amounts of fixed nitrogen are negligi-
ble compared to the greater needs of agroecosystems, despite being significant in 
natural ecosystems. The amount of organic matter in the soil and the level of 
microbiological activity affect its rate (Raj et al. 2017). The process of symbiotic 
fixation involves the bacterial attachment of nitrogen to plant roots. The mutualisms 
are as follows:
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Fig. 9.8 Soil-based ecosystem services in agroforestry (Solanki et al. 2020)

• Forming nodules on root between many leguminous species and bradyrhizobium 
or rhizobium.

• Between a small number of Frankia and non-leguminous genera. 

Many of the chosen shrub and tree species for agroforestry are legumes found in 
nature, such as Sesbania, Gliricidia, Erythrina, Calliandra, Leucaena, etc., and are 
fast-growing nitrogen-fixing trees. Additional legumes that fix nitrogen are Prosopis, 
Inga, Albizia, and several Acacia species. Casuarinaceae is the most commonly used 
non-leguminous nitrogen fix in the tropics, while Alnus is used in the temperate zone 
(Raj et al. 2017). 

9.21 Erosion Control by Agroforestry

• On erosion factors effect of agroforestry.
• Erosivity of rainfall.
• Erosivity of soil.
• Runoff reduction.
• Cover the ground surface.
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9.22 Agroforestry Can Recycle Nutrients 

In agroforestry, where trees were previously grown, trees preserve the nutrient status 
of the soil or its fertility. Due to their substantial contributions, many tree species are 
prized in traditional agroforestry. A significant increase in the nutrients stored in the 
trees in the topsoil compartments of tree-based crop systems results in increased 
efficiency in resource sharing and nutrient cycling. Moisture status was enhanced by 
lowering evapotranspiration beneath trees by using canopy shade. Better soil struc-
ture is being promoted by increased soil organic matter, which enhances the soil’s 
ability to retain moisture. The addition of organic matter in soil from tree species 
helps reduce soil erosion and similarly improve the nutrient pool. Tree-based 
cropping systems have the potential to contribute to the sustainable use of land 
resources. Trees that translocate nutrients from deeper soil through litter fall, leaf 
shedding, and organic residues contribute significantly to the amount of nutrients 
added to the soil and on the soil’s surface. Agroforestry systems release significantly 
less nitrogen emissions than single-tree crop plantations. In agroforestry, trees in 
particular are leguminous, and all trees improve soil via nutrient recycling, the 
addition of organic matter, and biological nitrogen fixation (Fig. 9.9). Improved 
soil fertility may be aided by fixed nitrogen, which also has a symbiotic benefit on  
crop growth. Legumes absorb a significant amount of nitrogen from the first crop or

Fig. 9.9 The basic nutrient cycle



from the pruning of certain tree species, but this nitrogen is absorbed over time rather 
than immediately through the soil’s organic matter. Different tree components, like 
wood, fruit, twigs, leaves, etc., decompose at different rates, which help to distribute 
the release of nutrients over time.
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By increasing the amount of carbon in the soil through root turnover, tree root 
systems can physically enhance compact soil layers or intercept nutrients that have 
leached. Because of their deep, spreading roots, trees can absorb water and nutrients 
from deeper soil layers that herbaceous crop roots are unable to. Nutrient pumping 
describes the process of removing nutrients from a deeper soil profile and subse-
quently depositing them on the surface by layers, trees, and other mechanisms. In 
this process, topographic, climatic, soil, and tree characteristics are all important. 
Trees aid in the pumping of water and nutrients in low-moisture soils, while deep 
root systems are characteristic of high-moisture soils (Makumba et al. 2009; Schroth 
and Sinclair 2003; Schroth 1999). 

9.23 How to Improve Nutrient Cycling Efficiency from 
Management? 

Compared to agricultural systems, agroforestry practices result in a more efficient 
use of soil nutrients through natural processes, whether they are added externally or 
made available. Increased horizon depth in the soil can enhance nutrient uptake. 
While deep root systems of trees may reach these sites, the shallow roots of common 
crops prevent them from doing so. In agroforestry systems, nutrient pumping is a 
crucial part of increasing soil fertility. By choosing the right species and combina-
tions of trees, one can increase the benefits of symbiotic nitrogen fixation by trees. 
Nitrogen fixation inputs into the plant–soil system and nitrogen addition through 
litter or pruning may cause an internal transfer within the system. A significant 
portion of the nitrogen found in the litter comes from the soil, either from reserves in 
the soil or from additional fertilizers. Better soil productivity and eventually 
improved nutrient cycling will result from improved soil organic matter status as a 
result of management practices. The primary advantage of tree biomass in agrofor-
estry systems is related to nutrients and comes from the addition of organic matter to 
the soil. It is common knowledge that soil productivity and soil organic matter are 
important. The potential for reducing nitrogen loss through soil conservation is a key 
component of agroforestry management (Raj et al. 2017).
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9.24 Conclusion 

In agroforestry, improving the soil’s nutrient status, improving yield productivity, 
and maintaining the ecosystem through microbial population dynamics are all made 
possible by carefully pairing multipurpose trees with field crops that have nitrogen-
fixing trees. Improvements in the soil beneath agroforestry and trees are closely 
associated with increases in organic matter, whether in the form of soil carbon or 
surface litter. There is a lot of potential in the soil for agroforestry systems to raise 
carbon stocks. Agroforestry is crucial for preserving soil fertility and controlling 
nutrient cycling in agroecosystems. The decomposition process, together with the 
timing and quantity of nutrients released to meet the needs of the components, 
determines the amount of nutrients released from components and the effectiveness 
of agroforestry. When it comes to nutrient cycling, agroforestry systems encourage 
more closed-through synchronization, recycling, and uptake than any other type of 
agricultural system. Through rhizospheric microbial activity, litter fall, tree root 
regeneration, disintegration, and decomposition contribute continuously to the nutri-
ent supply in the agroforestry system. The type of species, the prevailing climate, 
and the governing elements of another system all influence this process. Nutrient 
cycling takes place to varied degrees in different land use systems. Leguminaceae 
trees are the best component and field crop because of their low output and high 
nutrient inputs, which boost the efficiency of nutrient cycling. However, this 
depends on the type of field crops, trees, land types, and combinations of trees and 
crops. In order to improve soil productivity and nutrient cycling, agroforestry can 
better utilize nutrients, increase nutrient uptake, and improve the soil’s organic 
matter status. 
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Chapter 10 
Carbon Sequestration in Agroforestry: 
Enhancement of Both Soil Organic 
and Inorganic Carbon 

K. S. Anjali, A. Balasubramanian, Ghazanfer Abbas, C. N. Hari Prasath, 
S. Navaneetha Krishnan, G. Swathiga, and V. Manimaran 

Abstract In India owing to its gradation in climatic conditions from temperate to 
humid tropics, the agroforestry systems (AFS) and practices are highly diverse 
within the country. The agroforestry practices followed in India range from intensi-
fied simple monoculture systems of planting, such as block and boundary planta-
tions, to more specific, diversified, and complex systems, such as home gardens. In 
the era of changing climate, the role of trees, and other vegetation, its abatement is of 
paramount significance. Agroforestry as a sustainable land management system has 
a major role in carbon conservation and sequestration. Agroforestry practices 
sequester carbon both above ground as well as belowground. The above ground 
carbon sequestration by vegetation which sequester atmospheric carbon undergoing 
various physiological process and conserve it as biomass. The sole terrestrial pool 
where carbon (C) may be intentionally increased by agroforestry practices is the soil 
organic carbon (SOC) pool, which has been able to store some carbon for millennia. 
Agroforestry systems sequester about 2233 g carbon both above and below ground 
during the period of 50 years, but estimates of the amount of land they occupy 
globally are highly uncertain. 
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10.1 Introduction 

Agroforestry can be defined as a sustainable land management system in which trees 
are deliberately integrated with agriculture crops, fodder crops, pastures, and poultry 
in some form of special arrangement or temporal sequence. Climate change is 
considered as a potent environmental concern in the twenty-first century. Land 
Use, Land Use Change, and Forestry (LULUCF) under Kyoto Protocol 
recommended afforestation and reforestation as the potent Green House Gas 
(GHG) offset activity to mitigate climate change. But as per the Paris climate 
agreement, every developed and developing nation shows reduction in carbon 
emission in order to reduce the global warming of the atmosphere by about 2 °C, 
whereas the global warming is directly related with carbon emission. Therefore, 
studies on the carbon sequestration potential of trees are gaining momentum for 
reducing the global temperature. According to LULUCF, agroforestry became 
recognized as a carbon sequestration activity under the afforestation and reforesta-
tion programmes, and agroforestry systems attracted attention as a carbon seques-
tration strategy from both industrialized and developing countries. Under the Paris 
agreement for climate change, the Nationally Determined Contribution (NDC) for 
India is to sequester 2.5–3.0-billion-ton carbon dioxide equivalent by 2030 (Chavan 
et al. 2022). A study of the change in forest carbon stock between the years 2019 and 
2021 showed an increase of 79.4 million tonnes of carbon (FSI 2021). According to 
India’s Restoration Opportunities Atlas, 87 million hectares (25% of total land) have 
the potential for carbon reduction through agroforestry (Singh 2021). According to 
the IPCC’s Fifth Assessment Report, agroforestry will have a significant potential to 
sequester carbon in developing nations by the year 2040 (Nair et al. 2009a, b, c, d; 
2010). 

The variation in land use sectors have varying carbon emissions and sequestra-
tion. Agriculture alone is assumed to be responsible for 10–12% of all global 
anthropogenic GHG emissions, with non-CO2 GHG emission estimates of 5120–-
6116 Mt CO2 eq/year in 2005. Agricultural lands frequently undergo extensive 
management, which presents numerous chances to enhance agronomic techniques, 
fertilizer and water management, and land use techniques to meet the goals of carbon 
sequestration. The total carbon sequestration capacity of agricultural lands world-
wide is 0.75 to 1 Pg/year, or roughly 50% of the 1.6 to 1.8 Pg/year lost to 
deforestation and other agricultural activities. Thus, switching from lower biomass 
land uses like crop fallows, grasslands, etc., to tree-based systems like agroforestry, 
forests, and plantation forests can result in significant increases in carbon storage. 
IPCC (2007)  defined carbon sequestration as the process of uptake of carbon 
containing substances, predominantly carbon dioxide, into a secondary reservoir 
with a long residence time. In agroforestry, carbon accumulation has been estimated 
to range from 0.29 to 15.2 Mg C ha1 year1 above ground and from 30 to 300 Mg C 
ha1 year1 for soils that are at least 1 m deep (Nair et al. 2009a, b, c, d). 

Above ground carbon sequestration in agroforestry (Fig. 10.1) is by trees and 
other vegetation (above ground biomass) and below ground carbon sequestration is



by roots biomass and soil pool. According to the Soil Science Society of America 
(SSSA), carbon sequestered in the soil is in two ways, direct and indirect (SSSA 
2001). Chemical processes that transform carbon dioxide into inorganic soil mole-
cules like calcium and magnesium carbonates directly sequester carbon in the soil. 
Plants photosynthesize atmospheric carbon dioxide into plant biomass, resulting in 
indirect carbon sequestration. 
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Fig. 10.1 Carbon sequestration in agroforestry 

10.2 Mechanisms of Carbon Sequestration in Agroforestry 
Systems 

The mechanism of carbon sequestration is through biologically mediated uptake and 
conversion of atmospheric carbon dioxide into inert, long lived carbon containing 
substances and hence it is also called as bio sequestration (U.S. DOE 2008). Carbon 
sequestration in an agroforestry system can be above ground carbon sequestration 
and below ground carbon sequestration (Fig. 10.2). Over geological time scales of 
more than 100,000 years, the atmospheric carbon dioxide concentration is regulated 
by the long-term global carbon cycle, which explains the biogeochemical cycling of 
atmospheric carbon among surface systems including oceans, the atmosphere, 
biosphere, and soil. 

The carbon dioxide in the atmosphere is fixed in plants through the physiological 
process of photosynthesis and a small amount of carbon dioxide is released back



through plants, animals, and microbes through aerobic respiration as carbon dioxide 
and anaerobic respiration as methane. A large amount of carbon dioxide and 
methane is released into the atmosphere during the burning of fossil fuels, forest 
fire, vehicular exhaust, land clearance for agriculture and other purposes. The plants 
store carbon both in above ground and belowground biomass. The above ground 
biomass encompasses leaves, twigs, stems, and branches and belowground as roots. 
The biomass on decomposition by the activity of microbes will transfer the carbon to 
a labile carbon pool. The lignin, hemicellulose, and cellulose content of the plant 
biomass is used for the growth and nourishment of soil microbes which in turn fixes 
carbon in the dead necromass to the soil stable carbon pool, and such carbon 
sequestration in the soil is called indirect soil carbon sequestration. Direct carbon 
sequestration occurs through direct chemical reaction of carbon dioxide with soil 
minerals and is converted into stable inorganic compounds such as calcium and 
magnesium carbonates and is stored in the soil pool. According to estimates, the soil 
and aboveground components of tree-based land-use systems carry the majority of 
the carbon (C), or around 60% and 30%, respectively. 
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Fig. 10.2 Mechanism of bio carbon sequestration in agroforestry
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10.3 Soil Carbon Sequestration 

Soil carbon sequestration is one of the significant greenhouse gas (GHG) removal 
strategies and is estimated at about 4.8 Gt CO2 eq/year. Soil carbon sequestration is 
also addressed as negative emission technology is through two ways, direct and 
indirect carbon sequestration (Fig. 10.3). Direct carbon sequestration occurs through 
direct chemical reaction of carbon dioxide with soil minerals and converted into 
inorganic compounds such as calcium and magnesium carbonates and is stored in 
the soil pool. The carbon thus formed is called as inorganic carbon or bound carbon 
which is in stable form and can be stored for a long period of time. The indirect 
carbon sequestration occurs when the dead or living plants biomass is acted upon by 
soil active microorganisms through the process of decomposition. The lignin, 
hemicellulose, and cellulose content of the plant biomass is used for the growth 
and nourishment of soil microbes which in turn fixes carbon in the dead necromass 
to the soil stable carbon pool (Nair et al. 2009a, b, c, d). 

The pool of carbon in the soil is made up of 750 Pg of soil inorganic carbon and 
1550 Pg of soil organic carbon, both at a depth of 1 m. According to an average 
calculation, the total soil carbon pool (2300 Pg) is more than both the atmospheric 
pool (770 Pg) and the vegetation pool (610 Pg) combined (Murthy et al. 2013; 
Lorenz and Lal 2014, b; Shi et al. 2018). 

In an agroforestry system, the growth of the crop is a function of soil fertility, and 
soil organic carbon is an important factor determining the fertility of the soil. The 
litter from the tree decomposition is responsible for the enrichment of soil fertility for 
crop growth under an agroforestry system. The organic carbon content in the soil is a 
pool of atmospheric carbon dioxide that is sequestered indirectly contributing toward

Fig. 10.3 Biological carbon sequestration in soils



the fertility of the soil and also plays a major role in determining the carbon storage 
in the ecosystem and regulating the concentration of carbon dioxide in the atmo-
sphere. Hence, agroforestry can be adopted as the sustainable tool not only for the 
reduction in atmospheric carbon dioxide but also increases the crop productivity and 
enhances the sustainability of the system.
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The protocols envisaged to quantify the soil carbon sequestration includes esti-
mation of organic carbon dynamics in soil by wet digestion or dry combustion, 
measuring belowground living biomass, isotope measurements labelled by using 
either stable (13 C) or radio (14 C) isotopes and carbon dating. Apart from these 
various models such as CENTURY, RothC models, etc., were also developed to 
formulate the soil carbon pool. Recent spectroscopic methods, such as airborne 
spectroscopy, were also intended to assess the surface soil organic carbon utilizing 
multispectral and/or hyperspectral sensors mounted on aircraft, unmanned aerial 
vehicles (UAVs), or satellite platforms (Stefano and Jacobson 2018). 

10.4 Carbon Stock Measurement 

10.4.1 Aboveground 

The above ground carbon sequestration is carried out by the trees’ above ground 
biomass such as stems, leaves, branches, inflorescence, etc. The above ground 
carbon stock is measured in terms of harvested and standing biomass (Moraes 
et al. 1995; Guo and Gifford 2002). The traditional method of estimating the carbon 
stock is by harvesting the whole tree including roots. The method includes cutting 
down sample trees, separating different parts (such as the stems, leaves, inflores-
cence, etc.), digging out and washing the roots, calculating the dry weights of each 
part from samples, and adding the results to determine the total biomass. The carbon 
content of the harvested parts were estimated by combustion of samples. 

The C content in each component was determined by combusting the samples 
after separating the collected representative trees into their various parts (branchlets, 
branches, dead branches, leaves, roots, and fine roots). A regression curve was then 
created using the calculated whole-tree biomass and carbon content. Such whole-tree 
harvesting processes need a lot of time and labour. In order to estimate whole-tree 
biomass, Dixon (1995) measured the volume of stem wood and multiplied it by the 
species-specific wood density. This result was then multiplied by 1.6. Root biomass 
was not included and it was assumed that 50% of the projected whole-tree biomass 
was made up of carbon. The worldwide forest biomass was then estimated in greater 
detail using this preliminary estimate. Variations in tree management can also be a 
problem; for example, trees in AFS may be pruned differently depending on 
management procedures, or they may grow in various ways because their spacing 
is different from that of natural (forest) systems. Agroforestry plots also differ from 
one another in terms of plant composition, planting patterns, and stand densities. As



a result, estimating biomass output from local AFS is a tough undertaking that makes 
extrapolating results from one system to another exceedingly challenging. 
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10.4.2 Belowground Estimation 

Understanding how belowground organic carbon dynamics in AFSs affect carbon 
stock depends on this determination, which is challenging. In addition to live root 
and hyphal biomass, microbial biomass, and Soil Organic Matter (SOM) in labile 
and more recalcitrant forms, organic C can take on a variety of distinct forms in soils. 
Measurement, estimation, and prediction of Soil Carbon Sequestration (SCS) are 
challenging tasks due to the complicated interplay of these several forms (Schulp 
et al. 2008). Carbon stock above ground and below ground has been presented in 
Fig. 10.4. 

Fig. 10.4 Carbon stock above ground and below ground
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10.5 Carbon Stocks in Agroforestry Systems in India 

Through the enhancement of soil carbon and root biomass, carbon is stored in 
standing biomass above ground as well as below ground in diverse agroforestry 
systems. India’s potential for sequestering carbon via agroforestry and other alter-
native land use systems was estimated to be 25 t C/ha over 96 M ha of land, or 
68–228 Mg C/ha. However, this value varies by location according to biomass 
production. According to research by Jha et al. (2009), agroforestry can store 26% 
more carbon than farming in the Haryana plains, or about 83.6 t C/ha, up to a depth 
of 30 cm in the soil. However, the scale of the operation and the final use of the wood 
would determine the amount of carbon sequestration from forestry activities. 

10.5.1 Agri-Silvicultural systems 

Carbon sequestration in tree biomass: Maikhuri et al. (2001) projected that planted 
tree species on abandoned agricultural land may sequester 3.9 t/ha/year of carbon 
annually and 1.79 t/ha/year of carbon on degraded forest land. The intercropped 
Alnus nepalensis and Dalbergia sissoo plants with wheat and paddy had the 
maximum carbon sequestration rates of 0.256 t C/ha/year and 0.141 t C/ha/year, 
respectively. 

10.5.1.1 Carbon Sequestration in Tree Biomass 

According to Maikhuri et al. (2001), planted tree species on degraded forest land 
may absorb 1.79 t/ha/year of carbon and 3.9 t/ha/year of carbon on abandoned 
agricultural land. The highest rates of carbon sequestration were achieved by the 
intercropped Dalbergia sissoo and Alnus nepaliensis plants with wheat and rice, at 
0.256 t C/ha/year and 0.141 t C/ha/year, respectively. Agri-silvicultural system 
based on Gmelina arborea that has been in place for 6 years sequestered 
31.37 t C/ha. According to a different study, monocultures of trees and food crops 
sequestered 40% and 84% less carbon than agri-silviculture, showing that agrofor-
estry systems have a greater capacity to sequester carbon. Dalbergia sissoo, at the 
age of 11 years, was able to accumulate 48–52 t/ha of biomass in an agri-silvicultural 
system. In an agri-silvicultural system where tree biomass ranged from 23.61 to 
34.49 t C/ha with black gram-mustard, carbon dynamics involving various pruning 
techniques were investigated. According to studies on poplar-based agri-silvicultural 
systems, total biomass in the system was 25.2 t/ha, which is 113.6% more than 
solitary wheat cultivation. Net carbon storage in the system was 34.61 t C/ha as 
opposed to 18.74 t C/ha in single wheat cultivation. Albizia and mixed tree species, 
such as Mandarin, formed an agroforestry system that collected 1.3 t of biomass per 
hectare and stored 6939 kg of agricultural and tree biomass.
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10.5.1.2 Enhancement of Soil Organic Carbon 

Singh et al. (1989) found that Populus deltoides and Eucalyptus hybrids with 
Cymbopogon spp. increased SOC by 33.3 to 83.3% when planted alongside crops, 
with Populus deltoides showing the greatest increase in SOC. It has been found that 
agroforestry plantings with ages ranging from 6 to 20 years have boosted soil 
organic carbon. In an agroforestry system based on Poplars, trees were able to 
store more soil carbon in sandy clays than loamy sand during the first year of 
installation (6.07 t/ha/year) compared to the following years (1.95–2.63 t/ha/year). 
Traditional Prosopis cineraria-based systems cause SOC to rise by 50%, primarily 
as a result of leaf litter. After 5 years of planting, Samra and Singh (2000) noted 
increases in the status of soil organic carbon under Acacia nilotica + Sacchram 
munja of 0.39 to 0.52% and under Acacia nilotica + Eulaliopsis binata of 0.44 to 
0.55%. 

10.5.2 Silvipastoral Systems 

10.5.2.1 Carbon Sequestration in Tree Biomass 

The rate of biomass carbon storage in the silvipastoral system was 6.72 t C/ha/year in 
8 years, which is two times more than the rate of 3.14 t C/ha/year from natural 
grassland, according to comparative studies conducted by National Research Centre 
for Agroforestry (NRCAF) in the year 2007 on biomass production from natural 
grassland and silvipastoral system composed of Albizia amara, Dichrostachys 
cinerea, and Leucaena leucocephala. Approximately 16,400 t/year of carbon is 
sequestered annually in farm forestry, which includes species like Eucalyptus sp., 
Populus deltoides, Tectona grandis, and Anthocephalus chinensis trees. In natural 
grassland in semi-arid Uttar Pradesh, species of Eucalyptus tereticornis, Emblica 
officinalis, Albizia procera, and Albizia lebbeck were introduced as part of a 
silvipastoral system. 

10.5.2.2 Carbon Stored in Block and Boundary Plantations 

In a study conducted by Kumar (2010) on four different agroforestry systems, 
including Eucalyptus hybrid boundary plantation + wheat, Populus deltoides block 
plantation + wheat, Populus deltoides block plantation + lemon grass and Populus 
deltoides boundary plantation + wheat it was estimated that total carbon sequestra-
tion rate [in trees] was 21.38, 70.59, 18.53, and 116.29 tonnes. For the Chirpine, 
Khair, mango, mixed plantations and Kino-based agricultural forestry systems in 
Uttaranchal, assessed a mitigation potential of 62.7, 48.5, 60.8, 61.7, and 37.6 t C/ha/ 
year, respectively.
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10.6 Estimation of Carbon Sequestration Potential 
for Agroforestry Systems 

Under the Kyoto Protocol, agroforestry has been recognized as a viable global 
approach to reduce greenhouse gas emissions. And the reason for this is due to its 
potential in carbon sequestration. There are several agroforestry mechanisms with 
different carbon sequestration rates. In that aspect carbon sequestration can depend 
on type of climate, technology, time since land use change, and previous land use. In 
this regard, it is critical to understand carbon sequestration in various tree species in 
agroforestry technologies, as well as which agroforestry technologies offer the best 
value in terms of carbon sequestration. The carbon sequestration potential for any 
agroforestry system is estimated by the following methods: 

1. Destructive method 
2. Non-destructive algometric method 

10.6.1 Destructive Method 

The standard procedure for calculating biomass via destructive sampling is to cut 
down numerous sample trees and weigh their various components (e.g., branch, 
foliage, root, and stem). There are two methods employed for the estimation of 
carbon content using destructive sampling method 

1. Destructive by weighing 
2. Destructive with scaling 

10.6.1.1 Destructive by Weighing 

Carbon estimation in trees through destructive weighing methods involves measur-
ing the biomass of the tree and converting it into an estimate of carbon content. Here 
is a general approach for conducting such measurements:

• Select a representative sample of trees: Choose a range of trees from the target 
populations that are representative of the species, age, and size distribution.

• Sample tree harvesting: Carefully select individual trees for destructive sampling. 
Ensure that the trees selected are healthy and not ecologically significant. Obtain 
necessary permissions and permits if required.

• Tree felling and sectioning: Cut down the selected trees and section them into 
different components, typically including the trunk, branches, and foliage.

• Weighing components: Weigh each component separately using a scale or 
balance with suitable precision. It is advisable to record weights in kilograms 
(kg) for accuracy.
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• Moisture content determination: Measure and record the moisture content of each 
component, as this can affect the carbon content. This can be done by weighing a 
subsample of each component before and after drying in an oven.

• Carbon content determination: Convert the dry weight of each tree component to 
carbon content. The conversion factors differ for different tree components. For 
example, the carbon content of dry wood is usually assumed to be around 50% by 
weight.

• Summing carbon estimates: Sum up the carbon estimates of all the tree compo-
nents to obtain the total carbon content for each tree.

• Extrapolation: Scale up the carbon estimates from the sampled trees to the entire 
population using appropriate statistical methods, considering the size and com-
position of the forest. 

Formula 

W fð Þ=WW fð Þ×DW sð Þ=WW sð Þ  

where,
• DW (f) = field dry weight in g
• WW (f) = field wet weight in g
• DW (s) = sample dry weight in g
• WW (s) = sample wet weight in g. 

10.6.1.2 Destructive with Scaling 

Estimating carbon content in trees through destructive sampling and scaling methods 
involves measuring the biomass of a tree and then converting it into carbon equiv-
alents. Here is a step-by-step process for estimating carbon using destructive sam-
pling and scaling:

• Select the trees: Choose a representative sample of trees from the target popula-
tion. The sample size should be statistically significant to ensure accurate 
estimation.

• Destructive sampling: Cut down the selected trees and carefully measure the 
different components of the tree, including the stem, branches, leaves, and roots. 
Divide the tree components into sections or categories for easier measurement 
and analysis.

• Biomass measurement: Weigh each component of the tree using a scale or 
balance. It is important to separate the different components for accurate biomass 
determination. Measure the fresh weight of each section.

• Moisture content correction: Determine the moisture content of each tree com-
ponent by collecting a subsample and drying it in an oven until it reaches a 
constant weight. Calculate the moisture content as a percentage of the fresh 
weight. Subtract the moisture content from the fresh weight to obtain the dry 
weight.
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• Carbon content determination: Use conversion factors specific to the tree species 
to convert the dry weight biomass of each component into carbon equivalents. 
These conversion factors represent the average carbon content of different tree 
components.

• Scaling: Scale up the carbon content of the sample trees to estimate the carbon 
content of the entire population or a larger area. This involves applying appro-
priate statistical techniques to extrapolate the results from the sample to the 
population.

• Statistical analysis: Analyse the data collected from destructive sampling to 
estimate the mean carbon content per tree or per unit area, along with measures 
of uncertainty such as confidence intervals.

• Reporting: Present the estimated carbon content in a suitable format, such as tons 
of carbon per hectare or per individual tree, depending on the objectives of the 
study. 

Formula 

Vb = SA1 þ SA2ð Þ=2× L 

where,
• Vcc – volume with bark in m3

• SA1 – sectional area of the stem lower part in m2

• SA2 – sectional area of the upper stem in m2

• L – stem section length in m 

It is important to note that destructive sampling involves cutting down trees, 
which may not be feasible or desirable in certain situations. Alternative 
non-destructive methods, such as allometric equations based on tree measurements 
(e.g., diameter, height), can also be used to estimate carbon content without harming 
the trees. 

10.6.2 Non-destructive Algometric Method 

Non-destructive carbon estimation methods in trees allow for the assessment of 
carbon content without the need to cut down or harm the trees. These methods rely 
on various measurements and equations based on tree characteristics, such as 
diameter, height, and biomass allocation patterns. Non-destructive methods are 
widely used due to their efficiency, minimal ecological impact, and the ability to 
estimate carbon content in a non-invasive manner. They are particularly useful for 
large-scale assessments of carbon stocks in forests, ecological research, and moni-
toring efforts. 

One commonly used non-destructive method for carbon estimation is the use of 
allometric equations. Allometry refers to the relationship between different tree 
parameters and biomass or carbon content. By measuring easily obtainable tree



Þ

characteristics, such as diameter at breast height (DBH) and height, allometric 
equations can estimate the carbon content of the tree without the need for destructive 
sampling. These equations are developed using statistical analysis of data collected 
from destructive sampling and scaling methods. They provide a reliable and efficient 
means of estimating carbon content across different tree species and ecosystems. 
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Non-destructive methods can also utilize remote sensing techniques, such as 
LiDAR (Light Detection and Ranging) or aerial/satellite imagery, to estimate carbon 
content in trees. LiDAR uses laser pulses to measure the three-dimensional structure 
of the forest canopy, allowing for the estimation of tree height, canopy density, and 
aboveground biomass. Aerial or satellite imagery provides information about the 
spatial distribution and density of vegetation, which can be used to infer carbon 
content through statistical models and algorithms. 

The advantage of non-destructive methods is their ability to estimate carbon 
content in a non-invasive manner, reducing the ecological impact on forests and 
preserving the integrity of the trees. These methods also allow for rapid and efficient 
carbon assessments across large areas, making them valuable for monitoring 
changes in carbon stocks over time and space. However, it is important to note 
that non-destructive methods rely on statistical models and equations that are 
developed based on specific tree species and ecosystems, and their accuracy may 
vary depending on the context and conditions in which they are applied. 

10.6.2.1 Calculation of Above Ground Biomass (AGB) 

Above ground biomass (AGB) is defined as “the aboveground standing dry mass of 
live or dead matter from tree or shrub (woody) life forms, expressed as a mass per 
unit area”, typically Mg ha-1 . 

The biometric values measured using tree biometry was utilized for calculating 
the above ground biomass. The volume arrived and the density measured was used 
to calculate the biomass content of the wood in metric tonnes per hectare as detailed 
below. 

Above ground biomass of the plantation is calculated by using the following 
formula: 

Above ground biomass AGBð Þ= volume m3 =tree ×wood density g=cm3 

The biomass expansion factor (BEF) is a ratio that quantifies the increase in 
aboveground biomass of a tree or plant as it grows from one stage or size to another: 

BEF= total volume of trees=hað Þ= merchantable volume of trees=hað  

For calculating the above ground biomass, BEF was used to convert stem 
biomass to above ground biomass.
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10.6.2.2 Calculation of Below Ground Biomass (BGB) 

Belowground biomass in trees refers to the total mass of plant material present below 
the ground surface, including the roots and associated structures. It encompasses the 
root system, which plays a crucial role in nutrient and water uptake, anchoring the 
tree, and providing structural support. 

BGB is calculated as per the standard procedure suggested by Pandya et al. 
(2013): 

Below ground biomass BGBð Þ= 0:26×AGB tonð Þ  

10.6.2.3 Estimation of Total Biomass (TB) 

Total biomass comprises of both above ground and below ground biomass of 
individual trees in a plantation. Therefore by adding both above ground and below 
ground biomass of the plantation the total biomass was arrived. 

Total biomass was estimated by using the following formula: 

Total biomass TBð Þ=Above ground biomass AGBð Þ  
þ below ground biomass BGBð Þ  

10.6.2.4 Estimation of Weight of Carbon (C) 

The average carbon content in trees is generally considered as 50% of the tree’s total 
biomass. Therefore, carbon content in trees was calculated by multiplying the tree 
biomass by 50%. 

Carbon content is estimated as follows: 

Carbon content= biomass × 0:50 

10.6.2.5 Estimation of Total Quantity of Carbon Dioxide 

Carbon dioxide equivalent is the ratio of the total weight of one molecule of carbon 
(44 g) to oxygen (12 g). Therefore, weight of carbon dioxide sequestered in the tree 
was calculated by multiplying the carbon content of the tree by 3.67:



Agroclimatic regions/states systems
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Table 10.1 Estimated biomass of different agroforestry systems in different agroclimatic regions 

Agroforestry 
AGB 
(Mg ha-
1 ) 

BGB 
(Mg ha-
1 ) 

TB 
(Mg ha-
1 ) 

Northern Himalayas (Himachal Pradesh, 
Jammu and Kashmir, Uttarakhand) 

Agrisilviculture 54.93 14.87 64.67 

Agrihorticulture 40.00 13.23 57.56 

Silvipasture 43.85 19.47 87.52 

Indo-Gangetic region (Punjab, Haryana, 
Uttar Pradesh, and Bihar) 

Agrisilviculture 33.82 3.76 23.85 

Silvipasture 38.41 9.32 50.72 

Eastern and Northeastern India (West Ben-
gal, Odisha, Assam, Sikkim, Meghalaya, 
Manipur) 

Agrihorticulture 5.57 3.63 6.41 

Home garden 52.54 34.69 121.67 

Plantation crop-
based 
agroforestry 

40.46 13.36 87.16 

Boundary 
plantation 

16.96 2.52 19.48 

Block 
plantation 

186.20 25.33 220.20 

Western and central India (Rajasthan, 
Gujarat, Maharashtra, and Madhya 
Pradesh) 

Agrisilviculture 11.91 – 33.63 

Agrihorticulture 81.05 24.60 78.95 

Block 
plantation 

79.24 21.84 120.09 

Southern India (Karnataka, Andhra 
Pradesh, Tamil Nadu, and Kerala) 

Agrisilviculture 37.37 11.87 35.96 

Plantation crop-
based 
agroforestry 

174.96 41.29 232.38 

Block 
plantation 

170.9 69.49 239.8 

Coffee 
plantation 

221.5 59.38 279.2 

Source: Panwar et al., 2022 

Total CO2 equivalent= carbon content× 3:67 

The biomass estimated under different agroforestry systems in different 
agroclimatic regions is given Table 10.1. 

In an agricultural environment with larger net increases in carbon stocks, home 
gardens and block plantation agroforestry systems were observed to have higher 
carbon contents than other land uses. Agroforestry systems are now being adopted 
by developing nations as REDD+ strategic options to achieve climate change 
mitigation because they are financially viable, prevent deforestation, improve soil 
productivity, permanently sequester carbon in agricultural landscapes, and support 
growers. 

As each agroforestry system differs based on site factors, tree species, the density 
and productivity of shade trees, as well as their longevity and subsequent use in 
processing systems, the production of litter, the rate of decomposition, and its



incorporation in the soil matrix as soil carbon, nutrient cycling, and soil respiration, 
uncertainties in estimates of carbon stocks should be expected. Additionally, each 
system’s management strategy plays a crucial role in determining how much carbon 
is added to and removed from each system. The system’s resilience, or its capacity to 
tolerate climatic or other shocks and, so, retain carbon despite such disturbances may 
be more significant over the long run. The complexity and variety of the agroforestry 
management unit, as well as the characteristics of the landscape matrix in which 
agroforestry systems are located, influences all resilient mechanism in agroforestry 
systems. A functional landscape system must be viewed as an integrated landscape 
that includes flows of materials and services across system boundaries, from 
agroforests to natural forest patches, and more intensive land uses, such as planta-
tions and annual crops. This is true from the perspectives of resilience and carbon 
storage. A detailed knowledge of the mechanisms and scales governing the alloca-
tion and partitioning of biomass in agroforestry plantings is necessary. Unfortu-
nately, the exact nature of this driving force and its size are yet unknown. Due to a 
lack of data on changes in land use and land cover, there are also sizable uncer-
tainties in the estimation of carbon fluxes into and out of systems. 
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10.7 Conclusion 

Planting multipurpose tree species in non-forest land uses promotes biodiversity and 
carbon sequestration at the same time. When crops fail, trees provide an extra source 
of income. They also offer financial benefits from the non-carbon advantages. In 
order to produce valuable wood that is economically advantageous as well as wood 
for use as fuelwood and for construction purposes, it is useful to plant trees using a 
blend of fast- and slow-growing species. Agroforestry systems exhibit high soil and 
live biomass carbon accumulation, indicating their potential to provide the environ-
mental service of carbon sequestration. Additionally, by preserving soil and 
preventing the burning of fuelwood derived from forests, agroforestry systems can 
aid in lowering CO2 emissions. Agroforestry systems have the capacity to gather and 
store carbon, and they may develop into a technical alternative for reducing tropical 
deforestation rates while simultaneously providing rural populations with a wide 
range of goods and services. 

Important knowledge gaps around C sequestration in AF include the following: 
(1) quantitative evaluation of carbon inputs and stocks in various AF systems, with 
special attention to deep soil carbon and its dependence on tree species and age; 
(2) optimization of the area allotted to trees and crops within each AF system to 
achieve maximum carbon sequestration, increase yield, maximize ecosystem ser-
vices, and improve environmental conditions; (3) development of new remote 
sensing techniques to distinguish AF from the background of forests, plantations, 
and other agricultural areas. 

It is important to note that the effectiveness of carbon sequestration in agrofor-
estry systems can vary depending on factors such as site-specific conditions,



management practices, and the longevity of the system. Additionally, carbon seques-
tration in trees and soil should be considered in the context of overall emissions 
reduction strategies and sustainable land management practices. 
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Chapter 11 
Sustainable Forest Management (SFM) 
for C Footprint and Climate Change 
Mitigation 

Ruby Patel, Siddhartha Mukherjee, Biswabara Sahu, Bishnuprasad Dash, 
M. Jaison, Kodchire Avinash, and Puja Singh 

11.1 Introduction 

Nowadays government, stakeholders, and other common people are shifting from 
conventional forest management to sustainable forest management (SFM) to 
improve the productivity without affecting the environment. To implement the 
principles of sustainability, Sustainable Forest Management (SFM) requires adaptive 
measures, scrutiny of knowledge insights, and continuous monitoring of social, 
economical, and environmental factors. SFM is characterized by some identifiable 
features like trans-disciplinary, pluralistic, integrative nature, and heterogeneity that 
make it different from the conventional forest management approach. According to
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Keenan (2015), approximately 30% of the Earth’s land area is covered by forests, 
making it difficult to imagine a person who does not rely on forest products and 
services in their daily life (Köthke 2014). The economic contribution of forests is 
significant, providing various amenities that sustain livelihoods and safeguard our 
environment (MacDicken et al. 2015).
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Fig. 11.1 Global-level thematic elements of SFM 

Managing the regenerative capacity of forests sustainably to ensure future bene-
fits is a significant challenge, as emphasized by Nasi and Frost (2009) and Chow 
et al. (2013). This challenge gave rise to the concept of SFM, which recognizes the 
importance of sound management practices for both forest production and protection 
(Keeton and Crow 2009; Putz and Thompson 2020). The potential of SFM lies in 
two key aspects: the inherent ability of ecosystems to regenerate themselves and the 
adaptability of economic activities and social perceptions that influence human 
interaction with the ecosystem, ultimately safeguarding its long-term productivity 
and health, as stated by MacDicken et al. (2015). However, the planning of SFM 
must be tailored to climate change scenarios since climate plays a crucial role in 
adopting SFM strategies. Tropical, temperate, and boreal forests collectively provide 
diverse habitats for plants, animals, and micro-organisms, serving as homes to the 
majority of terrestrial species worldwide, according to the CBD (2009). Forests 
provide both productive and protective functions, supplying valuable resources and 
services while safeguarding the environment (Fig. 11.1). Sustainable management 
and conservation of forest resources are essential for ensuring their continued



contribution to economic development, biodiversity conservation, climate regula-
tion, and the well-being of present and future generations. The health of forests and 
the provision of various ecosystem services depend on species diversity, genetic 
diversity within species, and the diversity of forest types. The global-level thematic 
elements of SFM encompass key principles and components that are essential for the 
effective and holistic management of forests worldwide. These elements provide a 
framework for guiding policies, practices, and decision-making processes aimed at 
achieving sustainable outcomes for forests and the communities that depend on 
them. These elements include the productive and protective functions of forests, 
climate regulation, biodiversity conservation, forest health, socioeconomic consid-
erations, and policy and institutional frameworks (Fig. 11.1). 
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11.2 Sustainable Forest Management (SFM) for C 
Footprint 

SFM scheme assisted by forest certification with the green economy reduces the 
carbon footprint by C sequestration and also balances the economic, social respon-
sibility, and environment to sustain the livelihood. SFM plays a key role in combat-
ing climate-related risk or climate variability and also ensures the environmental 
safety. SFM increases the carbon sequestration in both soil and plants which reduce 
the greenhouse gas emission to the atmosphere and lower the C footprint. SFM 
ensures the renewable carbon-neutral energy source from forest biomass and acts as 
a substitute for materials which are carbon intensive including cement and steel, 
thereby reducing C footprints and improving greenery economy. 

11.3 Sustainable Forest Management (SFM) for Climate 
Change Mitigation in Tropical and Sub-tropical 
Regions 

The implementation of SFM in tropical landscapes presents a unique challenge that 
necessitates disaggregated approaches for assessment, as highlighted by Köthke 
(2014). The definition of SFM in relation to tropical forests encompasses various 
categories, including managed, exploited, and unmanaged forests across landscapes, 
as well as protected areas, selectively logged natural forests, and logged forests 
subjected to additional silvicultural treatments (Putz and Thompson 2020). Many 
tropical forested areas face challenges such as weak administration, disputed land 
ownership, poverty, a high dependence on forests by local communities, intensified 
exploitation and deforestation, modest-to-high opportunity costs for forest conser-
vation, and political conflicts. 

The effectiveness of tropical protected areas within the framework of SFM relies 
heavily on governance, stakeholder consensus, adequate staff training and



commitment, and sufficient funding (Bruner et al. 2001). In tropical and sub-tropical 
forests, SFM requires consideration of large enough landscapes that can sustain all 
values, including sustainable wood production and ecosystem services for people, 
without causing species losses. Individual protected areas often lack the size neces-
sary to protect wide-ranging or rare species. However, proper management of buffer 
areas surrounding protected areas can establish connectivity, which is crucial for the 
persistence of certain species on a larger scale, as highlighted by Hodgson et al. 
(2011). Unmanaged or primary forests, which show no visible signs of human 
intrusion according to FAO (2018), are rapidly declining. 
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A recent article by Potapov et al. (2017) reported a global decline of 7.2% in the 
area of intact forests, defined as areas larger than 500 km2 without roads, between 
2000 and 2013. Intact forests are already absent in many tropical countries. Several 
large-bodied and heavily exploited animal species in tropical regions, such as the 
Asian elephant (Elephas maximus), African forest elephant (Loxodonta cyclotis), 
tiger (Panthera tigris), and harpy eagle (Harpiaharpyja), depend on intact forests for 
their survival (Kinnaird et al. 2003; Barlow et al. 2011; Birdlife International 2017; 
Roopsind et al. 2017). Furthermore, intact forests have high conservation value, as 
research shows that up to 94% of designated blocks of selectively logged forest 
remain intact due to factors such as absence of commercial timber, unfavourable 
conditions, poor planning, and insufficient supervision, as stated by Putz et al. 
(2019). The rate of intact forest loss has generally been higher compared to areas 
outside designated protected forests, although intact forest areas within parks also 
experience degradation. 

In most tropical countries, timber stocks fail to recover to primary-forest levels 
within the officially designated minimum cutting cycle as per current regulations. 
For instance, in Amazonian Brazil, it takes over 60 years for timber volumes to 
recover after conventional timber harvest, as reported by Vidal et al. (2020). A meta-
analysis based on numerous studies of yield recovery (over 100 publications) indi-
cates significant variability in timber yield, with a decline of approximately 46% 
from the first to the second harvest (Putz et al. 2012). It is worth noting that while 
many tropical forests are logged multiple times, most of the reviewed studies 
focused on timber harvests from primary forests. Overall, the review suggests that 
despite the conservation potential of selective logging on a large scale, SFM is 
currently compromised in many tropical regions due to poor logging practices and 
premature re-entry logging after previous harvests (Sasaki et al. 2016; Ellis et al. 
2019).



Domain 
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11.4 Sustainable Forest Management (SFM) for Climate 
Change Mitigation in Temperate Region 

At the global level, policies and regulations pertaining to SFM have been reported to 
cover 97% of the world’s forested areas. However, despite these efforts, sustainable 
forest operations and other factors such as fuelwood collection can contribute to 
forest degradation and negatively impact biodiversity within ecosystems. Disturb-
ingly, more than 50% of the temperate broadleaf and mixed forest biome, as well as 
nearly 25% of the tropical rainforest biome, have experienced fragmentation or 
destruction due to various human activities, as documented by Secretariat of the 
Convention on Biological Diversity (SCBD) (2006). 

To ensure the sustainable management of temperate forests, it is crucial to 
develop and implement appropriate and region-specific Forest Management Plan-
ning (FMP). MacDicken et al. (2015) conducted a global meta-analysis and 
observed that the proportion of land area under FMP was relatively high in temperate 
domains (63%), compared to tropical and subtropical domains, which had approx-
imately 28% coverage (Table 11.1). However, the mere presence of an FMP does not 
guarantee its effective execution. Nevertheless, having an FMP in place is a positive 
step toward establishing conditions favourable for SFM. It is worth noting that 
successful long-term SFM can also be achieved without a written management 
plan, as evidenced by multi-generational family management of private forests. 
Monitoring of FMP implementation by governments plays a vital role in improving 
compliance with pre-determined strategies. The meta-analysis revealed that 40% of 
FMPs in tropical climates were monitored annually, followed by 38% in the boreal 
domain and 32% in the temperate domain (Fig. 11.2). In contrast, the subtropical 
domain showed a lower frequency of monitoring events, with only 22% of FMPs 
being monitored annually. On average, FMPs in the tropics were monitored and 
evaluated once every 2.5 years to ensure their smooth functioning (MacDicken et al. 
2015). Globally, the adoption of forest management planning and the monitoring of 
plans has significantly increased, covering over 430 million hectares by 2014. 
However, it is worth noting that internationally verified certification is predomi-
nantly concentrated in the boreal and temperate climatic domains, accounting for

Table 11.1 Forest area with FMP by climatic domain. (Source: MacDicken et al. 2015) 

Forest under FMP FMP for conservation 

Area 
(000 ha) 

% of domain forest 
area 

Area 
(000 ha) 

% of domain forest 
area 

Tropical 5,09,761 28.2 2,03,787 11.3 

Temperate 4,24,971 63.1 2,09,428 31.1 

Boreal 10,73,801 87.7 4,01,497 32.8 

Boreal without 
Russia 

2,58,656 63.1 7852 1.9 

Sub-tropical 91,131 28.5 28,678 8.9 

Total 20,99,664 8,43,391



90% of the total certifications. In contrast, only 6% of permanent forests in the 
tropical domain have been certified (MacDicken et al. 2015).
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Fig. 11.2 Average proportion of forest management plans monitored annually by climatic domain 
(bars are the standard error of the mean) (Source: MacDicken et al. 2015) 

Over the next 30 years, it is projected that the consumption of primary timber 
products will increase, and the utilization of solid biofuels for electricity generation 
could be three times higher by 2030 compared to the present level (FAO 2018). 
Furthermore, it is anticipated that the demand for industrial round wood will rise by 
50–75% by 2050, reflecting the overall growth in demand (Sedjo 2001). As a 
consequence of this escalating demand, the area of tropical forest plantations more 
than doubled between 1995 and 2005, reaching 67 million hectares, primarily 
concentrated in Asia. Plantations in boreal and temperate regions have also experi-
enced some level of expansion, and this upward trend is expected to persist (ITTO 
2006). However, the use of a limited number of tree species in these plantations and 
modified natural forests raises concerns regarding ecosystem resilience (Hagar 
2007).



11 Sustainable Forest Management (SFM) for C Footprint and Climate. . . 209

11.5 Forest Certification and REDD+ as New Approach 
for Healthy Forestry 

Forest plays a very crucial role in fulfilling the material needs of humans as well as 
adding the aesthetic value to the society, protecting the environment from natural 
calamities, and also maintaining the quality of natural resources like soil, water, and 
environment by the process of waste water processing, ground water recharge, 
reducing effects of noise, erosion control, binding, and inactivation of toxic sub-
stances present in soil and water. Thus, along with the regeneration of new forests, it 
is of utmost importance to maintain the existing forests and to assess and monitor 
their functions through some scientific criteria. Forest certification is one such 
method which can promote better management of forests by providing environmen-
tal and financial assistance through forest and forest products. 

11.5.1 What Is Forest Certification? 

Forest certification is a program of judging the forest management practices by 
comparing with a series of pre-set standards based on environmental, social and 
economic perspectives for monitoring, and tracing and labelling the forest products, 
for example, timber and non-timber forest products and pulp, etc. 

11.5.2 Aim of Forest Certification 

1. Achieving SFM through market forces 
2. Reducing greenhouse gas (GHG) emissions through healthy forests’ sequestra-

tion potential for carbons 

The government regulations are very unlikely to be imposed successfully at every 
corner of the world, improving the economic value of forest produce could be used 
as a way to motivate people for better forest management.

• Certification ensures better protection to the existing forests and adequate finan-
cial returns from sustainably managed forests.

• Secondly, a healthy forest can absorb a tremendous amount of carbon dioxide 
which can potentially reduce the carbon load in the environment.

• Along with climate change mitigation, the huge carbon sequestrating capacity of 
the forest trees offers a generation of carbon credits which can generate another 
source of income for the forest landowners.
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11.5.3 Forest Certification Process 

The two separate processes of forest certification deal with monitoring the forest 
management practices as well as movement of certified forest products from its 
origin to the point of sale (Fig. 11.3) (awsassets.wwfindia.org/). For example, the 
Forest Stewardship Council (FSC) is one of the globally established reliable certi-
fication schemes. 

11.5.4 Forest Management Certification 

In the forest certification method, the forestry operations are analysed to assess 
whether the operations are up to a predetermined set of standards or not. On meeting 
the desired standards, the landowner is issued with a certificate with the potential to 
market the products as certified products brought from the certified forests. Forest 
certification addresses the quality of forest management. 

In order to attend SFM, some of the national and international criteria are being 
set. The indicators for forest management which are being set by the Montreal 
Process are as follows:

• Biodiversity conservation, maintenance of forest ecosystem and productivity of 
forests

• Conservation and maintenance of soil and water resources
• Observing the contribution of forest entities to carbon cycles
• Enhancement and maintenance of long-term socioeconomic benefits
• Construction of legal, institutional, and economic frameworks for sustainable 

management and conservation of forest (The Montreal Process 2015) 

Broadly forest certification is done to identify and promote well-managed forest 
lands and to recognize the products of sustainably managed forests (Bettinger et al. 
2016). Forest certification has certain benefits on the marketability of products 
obtained from such forests. For example, these products are eventually recognized 
as premium products and demand high price from the buyers. Also, the certified

Forest Certification 

Forest management unit certification (FMU) Chain of custody certification (COC) 

Checked if the timber and non-timber 
product producing forestis managed to a 
defined standard as set up by certification 
agency. 

It monitors and ensures the origin of 
product is from a certified forest by 
tracking the forest products from 
certified forest to the sale point. 

Fig. 11.3 Types of forest certification processes

http://awsassets.wwfindia.org


products get access to certain high-quality markets, have new market penetration 
potential, and show increased sales too (Paluš et al. 2018; Yamamoto et al. 2014; 
Aguilar and Vlosky 2007). The forest certification scheme owing to its monetary 
benefit to the managers and land owners can better act as a way for healthy forest and 
for ensuring forest ecosystem services.
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11.5.5 REDD+ 

Globally around 11% of global greenhouse gas emission is accounted to forest 
degradation and deforestation. The forest ecosystem can successfully uptake a 
huge amount of atmospheric CO2 and store it in huge tree biomass and soils thereby 
carrying out an important role in climate change mitigation. Like forest certification, 
REDD+ also promotes SFM activities to reduce forest degradation by providing 
financial assistance to the countries promoting forest preservation and conservation 
activities. 

REDD+ (also recognized in Article 5 of the Paris Agreement) is a framework to 
guide activities to reduce forest degradation and deforestation (Fig. 11.4). This aims 
to implement REDD+ activities at both the national and sub-national levels of 
government to reduce anthropogenic pressure on forests. The developing countries 
will receive payments in exchange for proof that they have reduced deforestation or 
for demonstrating their forest preservation activities. 

Fig. 11.4 Components of 
REDD+ (Cosslett 2013)
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11.5.6 Phases of Working of REDD+ 

1. Readiness phase: Development of national strategies or action plans, policies 
and measures, and capacity-building. 

2. Implementation: Implementation of the set policies and action plans. The results 
of such policy implementation are used as case studies for public demonstration. 
Also, the outcomes can be used as feedback for further capacity-building. 

3. Results-based report: The results of the implemented actions are fully verified 
and reported and the countries are allowed to seek results-based payments (FAO. 
org). 

11.6 Challenges for Sustainable Forest Management (SFM) 
to Mitigate Climate Change 

Implementing SFM in a diverse country like India poses significant challenges. 
SFM, being aligned with sustainable development, carries crucial implications for 
the global economic landscape. The foremost challenge of the coming decades is 
climate change, which poses a threat to surpass the safe planetary boundaries for 
humanity (Rockstrom et al. 2009). Consequently, climate change has garnered 
considerable attention from the scientific community and policymakers, with a 
primary focus on mitigating human-induced interference with the climate system 
(IPCC 2007). Scientific research has provided irrefutable evidence that global 
warming is already occurring (IPCC 2007). The previously stable average global 
temperature is now rising at a rate of 0.2 °C per decade (Hansen et al. 2010), and the 
continued increase in greenhouse gas (GHG) concentrations will further elevate the 
temperature. The causes of this global climate change include the escalated release of 
greenhouse gases such as carbon dioxide (CO2), methane (CH4), nitrous oxide 
(N2O), and ozone (O3). Human activities, including land-use changes, deforestation, 
and the burning of fossil fuels, have been the primary contributors to increased 
carbon dioxide emissions. Without effective policies to restrict human-induced 
emissions, the global average temperature is projected to increase by 1.1–6.4 °C 
by 2100 (IPCC 2007). 

Forests play a crucial role in the global carbon cycle. Forest ecosystems contain a 
substantial amount of carbon, estimated to be around 1200 gigatonnes (Gt), which 
represents a significant portion of terrestrial carbon and surpasses the amount of 
carbon (550 Gt) stored in the atmosphere (IPCC 2001). Climate, with its variability 
and changing patterns, exerts a significant influence on forest growth, development, 
migration, succession, and regeneration. While climate information has traditionally 
been incorporated into local or regional forest management decisions, the global 
impact of climate has often received limited attention. However, the projected 
changes in global climate pose threats to SFM. Therefore, it is imperative to develop

http://fao.org
http://fao.org


Country 

a climate plan as an integral part of SFM, encompassing improved strategies for 
regeneration and protection to adapt to these changes. 
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Table 11.2 Top ten countries in terms of forest area (2020) 

Sl. 
No

Forest Area 
(000 ha) 

% of world forest 
area 

% of country 
area 

1 Russian federation 8,15,312 20 49.8 

2 Brazil 4,96,620 12 59.4 

3 Canada 3,46,928 9 38.7 

4 USA 3,09,795 8 33.9 

5 China 2,19,978 5 23.3 

6 Australia 1,34,005 3 17.4 

7 Democratic Republic of 
Congo 

1,26,155 3 55.6 

8 Indonesia 92,133 2 49.1 

9 Peru 72,330 2 56.5 

10 India 72,160 2 24.3 

Total 4,85,438 66 

Source: ISFR (2021) 

Human-induced climate change presents potential risks to forests and poses 
future challenges for forest managers. Addressing climate change, through both 
mitigation and adaptation measures, necessitates transformative changes in forest 
management and research. Climate change is leading to increasing temperatures and 
alterations in precipitation patterns, including changes in snowfall and the timing, 
quantity, and variability of rainfall (IPCC 2013). Forests are long-lived ecosystems 
that are inherently complex to manage, both internally and externally. They are also 
susceptible to the impacts of long-term climatic changes, as are the societies and 
economies reliant on them. Climate change amplifies the significance of numerous 
existing challenges related to environmental, social, and economic changes. 

In India, the total forest and tree cover spans 80.9 million hectares, accounting for 
24.62% of the country’s geographical area (ISFR 2021). Climate change hotspots 
within Indian forests, as identified by India State of Forest Report (ISFR) (2021), 
indicate that approximately 45–64% of forests in the country will experience adverse 
effects from climate change and rising temperatures by 2030. Among the states, 
except for Nagaland, Tripura, Meghalaya, and Assam, most forested regions in India 
are highly vulnerable to climate change. The Union Territory of Ladakh is expected 
to be particularly impacted by climate change and rising temperatures. The total 
forest cover in India spans 72,160 ha, equivalent to 24.3% of the country’s geo-
graphical area, while the tree cover represents 2.91% of the geographical area 
(Table 11.2). According to ISFR (2021), the latest assessment indicates a combined 
increase of 0.38% in forest and tree cover at the national level, with forest cover 
increasing by 0.22% and tree cover by 0.76% (Table 11.3). 

To achieve these goals, information, innovation, and implementation are the three 
essential factors that rely on human resources to make them a reality.
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Table 11.3 Top ten countries 
for average net gain in forest 
area (2010–2020) 

Sl. No Country Annual forest area gain 

Area (000 ha) % 2010 forest area 

1 China 1937 0.93 

2 Australia 446 0.34 

3 India 266 0.38 

4 Chile 149 0.85 

5 Vietnam 126 0.90 

6 Turkey 114 0.53 

7 USA 108 0.03 

8 France 83 0.50 

9 Italy 54 0.58 

10 Romania 41 0.62 

Source: IFSR (2021) 

11.7 Challenges of SFM for Government, Research 
Scientists, and Institutions 

Forests are a global resource, and effectively dealing with important issues related to 
their use and maintenance requires global participation. To fully understand and 
address the challenges in forest science, it is essential to establish an appropriate 
framework and enhance our capacity to generate knowledge for a sustainable future. 
A balanced approach is crucial for the successful management and development of 
forests, ensuring their existence at acceptable levels for the benefit of present and 
future generations. 

1. Addressing the drivers of forest degradation and deforestation, and enabling 
SFM, requires greater innovation and better coordination in global forestry 
dialogue, national sector planning, and technical analysis. Demonstrating the 
potential of forests to reduce poverty, support economic growth, and provide 
environmental services at local and global levels necessitates close collaboration 
between donors and governments, linking forest sector activities with national 
strategies. Promoting forest ownership and access rights, as well as emphasizing 
stakeholder participation in policy formulation and implementation, are essential 
for poverty reduction and effective forest governance. 

2. One of the main challenges with sustainability is its multidimensionality. Achiev-
ing a state of sustainable development requires progress in one dimension without 
compromising progress in other dimensions. Climate change, although initially 
perceived as an environmental issue, is closely interconnected with various 
sectors in society, such as energy. Climate policy cannot be confined solely to 
environmental policy as it encompasses multiple fields. National governments 
often struggle to determine how they will precisely achieve their goals, leading to 
a significant gap between expected emission reductions and global commitments.
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3. The gap in forestry research capacity and the translation of practical results 
between developing and developed countries remains unacceptably wide. How-
ever, highly efficient and locally adapted low-cost technologies often contain a 
substantial amount of research-based knowledge. Unfortunately, the state of 
forestry research in many developing countries is characterized by a lack of 
political commitments, a shortage of scientists with diverse expertise, limited 
methodological and technological innovation, and inadequate funding for 
research programs. Consequently, forestry research in these places has not sig-
nificantly evolved to address current and future global, national, or local issues, 
hindering the development of sustainable forest. 

4. The implementation of climate policy administration patterns is not always clear-
cut. In Italy, a significant number of responsibilities have been transferred to 
lower levels of government, while environmental issues remain predominantly 
centralized. In France, a central government policy is supplemented by the 
expectation that regions will develop their own plans incorporating climate 
change considerations, although only a few countries or regions have done so. 

5. Challenges lie ahead for governments in the process of redefining the sharing of 
authority between different entities with regards to climate change. National 
governments grapple with the complexities of climate change and face difficulties 
in finding effective solutions within existing monitoring frameworks. Relations 
with lower levels of government are being revisited to foster greater unity in 
policymaking and explore new opportunities. Local governments play a crucial 
role in spatial planning, transportation, housing, and energy. SFM is a highly 
complex task that requires a comprehensive approach, including policy frame-
works, strengthened governance, removal of market distortions, and engagement 
of market actors, full valuation and sharing of forest benefits through market 
mechanisms, capacity building, and mobilization of adequate financial resources. 
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Chapter 12 
Climate Change Mitigation Through 
Agro-Forestry Improves Natural Resource 
and Livelihood Security 

Tanmoy Sarkar, Sudip Sengupta, Sahely Kanthal, 
and Suprabuddha Kundu 

Abstract It is commonly known that human activity has a stronger impact on 
climate change than ever before. Deforestation and forest degradation lead to an 
increase in carbon emissions. However, this problem may be solved by using 
appropriate land and forest management. The improvement of forest C stocks by 
agroforestry is one method that significantly lowers atmospheric greenhouse gas 
emissions. In order to preserve natural resources, provide livelihood stability, 
advance the well-being of society and the economy, and sequester carbon, agrofor-
estry is crucial, as this chapter critically investigates. Through the fusion of agricul-
tural science and forestry studies, agroforestry is developing into a specialised area 
of study. Agroforestry is defined as an integrated agricultural system that includes 
woody trees, crops and herbaceous annual plants, and animals on a same land piece. 
The ability of agroforestry systems to sequester and store carbon, which may be 
fixed, absorbed, and stabilised in soils and plant structures (woody portions), is 
another benefit they provide. The establishment of databases for tracking tree and 
soil carbon stocks, however, necessitates the use of standardised procedures, which 
poses a substantial difficulty within this system. To improve their readiness in 
achieving national climate goals, regional countries must address additional obsta-
cles like water scarcity, weak interactive governance, problems with farmer rights 
and land ownership, as well as insufficient financial support for small-scale farmers 
engaged in agroforestry. As a result, the supervision of agroforestry systems should 
place a high priority on maximising financial rewards for farmers while also attend-
ing to their needs for production (such as fuelwood, rich in nutrients fruits, food, and 
lumber) and protecting the environment (such as efficient nutrient cycling, water-
shed management, reducing soil erosion, and improving soil health and fertility). 
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12.1 Introduction 

Agroforestry is a practice that is used by more than 1.2 billion people globally and is 
a sustainable method of using land (Dawson et al. 2014a). It has received a lot of 
attention since it is a land-use approach that is both resource- and environment-
friendly. Similar to this, the idea of agroforestry was developed in anticipation of the 
contribution that tree production on and off farms may make to the management of 
natural resources and the promotion of sustainable land use. The goal of agroforestry 
is to solve the economic, ecological, and social issues of the modern world by 
focusing on the function of trees in agricultural landscapes (Garrity 2004). In 
terms of ecosystem services, agroforestry provides a number of advantages, such 
as soil enrichment, biodiversity preservation, improved air and water quality, and 
carbon sequestration (Jose 2009). As it differs from other conservation strategies that 
call for stopping land use, agroforestry may be thought of as a type of “productive 
conservation” (Gold et al. 2004). Long planning horizons, uncertain costs and 
incomes, and the inclusion of permanent tree components alongside agricultural or 
animal components are characteristics of agroforestry systems from an economic 
perspective. Agroforestry systems are based on the core economic tenet that coop-
erative rather than individual output (monocropping) results in higher total net 
benefits. In the “climate-smart” environment, which incorporates policies and 
actions for both mitigation and adaptation, agroforestry systems play a significant 
role (Montagnini 2017). The potential of agroforestry, given its multiple environ-
mental and economic benefits, may help the agricultural and forestry sectors and 
offer creative solutions to present difficulties including financial instability, envi-
ronmental implications, and a bad public image. Farmers may maintain a decent 
standard of living while conserving land, water, and other natural resources by 
producing a sizable number of specialist items for markets (Gold et al. 2004). 
Agroforestry programmes help to the sustainability of diverse rural resources, 
which leads to the growth of more resilient agribusinesses and rural communities 
(Fig. 12.1). Agroforestry, according to Montagnini and Metzel (2017), can signifi-
cantly help achieve a number of Sustainable Development Goals (SDGs), including 
reducing hunger (SDG 2), gender equality (SDG 5), clean water (SDG 6), affordable 
and clean energy (SDG 7), eradicating inequalities (SDG 10), addressing climate 
change (SDG 13), and sustainable forestry and restoration (SDG 15). The main goals 
of agroforestry systems are to improve human living standards, provide a sustainable 
basis for agricultural products, and make things better as they are now by increasing 
output and productivity. By looking at agroforestry systems as a potential alterna-
tive, it is possible to ensure sustainable and climate-smart agriculture (Somarriba 
et al. 2017). Agroforestry, which combines agriculture and forestry, maximises the 
advantages for economic, environmental, and social factors. Its environmentally 
friendly methodology is responsible for its rising acceptance as a tool for agricultural 
growth. As an alternative management method to conventional agricultural prac-
tices, agroforestry offers opportunities for farm economic success while satisfying 
the standards for decreased environmental impact. Agroforestry gives farmers in



underdeveloped countries access to business opportunities in regional and interna-
tional markets. Although agroforestry-related products and services now have more 
access to the market, their value to rural and commercial growth is still overlooked. 
Lack of knowledge about existing agroforestry techniques and their potential for 
future agricultural growth may result in a lack of understanding of their critical 
function in local economies (Drew et al. 2004). Due to the scant academic attention 
devoted to agroforestry research, decision-makers are also left in the dark about how 
to create economic models that successfully address the SDGs (Rosenstock et al. 
2020). To fully utilise and maximise the economic advantages of agroforestry as a 
climate-smart agricultural investment, a thorough grasp of its nature and features is 
necessary. The goal of this literature is to fill the knowledge gap and define the 
agroforestry sector. This chapter provides more information on the benefits of 
agroforestry systems, as well as the difficulties and possible rewards of making 
investments in them. 
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Fig. 12.1 The organisation and operation of ecosystems in interaction with societal systems serve 
as a representation of ecosystem services
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12.2 Agroforestry Adoption Characteristics in Developing 
Nations 

The majority of people in developing countries, especially those who live in rural 
regions, rely on agriculture as their main source of income (Diao et al. 2010). 
Traditional agroforestry has traditionally been the primary source of income for 
rural inhabitants. For instance, forest communities often participate in activities like 
selling wood or consuming locally grown fruits and vegetables (Kalaba et al. 2010). 
Additionally, in isolated areas, subsistence farmers may raise animals, produce 
certain perennial plants, or grow crops to augment their income. 

Around the world, agroforestry practices such as the use of multifunctional trees, 
riparian buffers, and better fallow are practised. These methods include agro-
silvopastoral systems, which combine shrubs and trees with both crops and animals, 
silvopastoral systems, which combine trees and cattle, and silvoarable systems, 
which combine shrubs and trees with crops. Regional differences result from the 
adoption of modified versions of these strategies by several emerging nations. For 
instance, agroforestry is practised in many ways throughout Sub-Saharan Africa, 
including multilevel organised gardens on Mount Kilimanjaro in Tanzania and 
logical woodlots in Kenya (Mbow et al. 2014). Latin American nations exhibit 
comparable regional variances. For example, silvopastoral practices use eucalyptus, 
pine trees, and native grass species in Chile and Argentina to raise cattle (Browder 
et al. 2005). Silviculture is interplanted with coffee and native tree species in the 
Brazilian Cerrado and the Andean area, which includes Venezuela, Colombia, Peru, 
and Ecuador. Agro-silvopastoral practices combine the farming of animals, such as 
goats and cattle. While agroforestry systems with home gardens and agro-
silvopastoral practices including cows, oil palm trees, and woodlands are more 
frequent in Southeast Asia, agroforestry systems with coffee or cacao and timber 
are not as common (Besar et al. 2020). According to Jara-Rojas et al. (2020), the 
existence of agroforestry systems is dependent on a number of variables, including 
the availability of resources, the sustainability of the economy, and the topograph-
ical, social and cultural, and ecological features of the region. Regression analysis 
and logistic analysis of models, for instance, were used in a research in Brazil’s 
Atlantic rainforest to examine how the socioeconomic position affects farmers’ 
aspirations for implementing agroforestry (McGinty et al. 2008). Farmers’ adoption 
was found to be impacted by ideas about conservation, labour availability, and 
behavioural control perceptions. In a different research, Nguyen et al. (2020) 
found that the existence of coffee agroforestry systems in Northwest Vietnam was 
impacted by access to markets, ecological compatibility, and plot layout. 

Agroforestry operations that are favourable to the community can be defined in a 
number of ways. To choose behaviours that are appropriate for adoption, it is 
necessary to identify all the salient differentiating characteristics, according to 
Mbow et al. (2014). The accessibility of natural resources and the farmer’s location 
might affect the use of a certain approach or system (Jara-Rojas et al. 2020). For 
example, people who live close to forests and raise livestock may choose



silvopastoral or agro-silvopastoral methods because they have access to resources 
(like cattle, goats, etc.) and can feed their animals by foraging shrubs or grasses that 
naturally occur in the forests, while they can also make additional money from crop 
or timber cultivation (Beyene et al. 2019). Furthermore, since they demonstrate 
greater rates of recycling, some forms of agroforestry that require little input and 
maintenance are more profitable and, as a result, are chosen by low-income farmers 
(Jezeer et al. 2018). Even yet, numerous agroforestry systems provide comparable 
functions, notably in regard to livelihoods and landscapes, and are appropriate for 
various agro-ecological zones. Consequently, it is impossible to choose the best 
agroforestry system for adoption using a single set of criteria. Depending on the 
resources at hand and the surrounding environment, agroforestry comprises a wide 
variety of practices and procedures. Understanding how agroforestry functions 
independently in various environmental, social, and political situations is crucial if 
one is to appreciate the motives for the adoption and use of agroforestry. When 
examining the selection criteria, it might be interesting to look at the trade-offs 
related to a farmer’s choice to use a certain kind of land management, including 
non-agroforestry practices. Further study is required, especially in the creation of 
instruments for agroforestry intervention, as the aforementioned qualities may 
change across various temporal and geographical scales. 
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12.3 Role of Changing Climate on Agro-Forestry 

12.3.1 Climate Change Exposure Risk for Smallholder 
Farmers 

The production of agriculture and local lives are both threatened globally by the 
expected climate change. Farmers must modify their agricultural and land manage-
ment practices in order to reduce the negative effects of a changing climate (Jarvis 
et al. 2011). Climate- or environment-driven adaptation can be a direct response to 
changing patterns in temperature and precipitation, but it can also come about as a 
consequence of actions taken to lessen the hazards associated with severe weather 
throughout the world when the change is not immediately obvious. Farmers’ behav-
iour is impacted by environmental and social elements in addition to weather and 
temperature. According to Gourdji et al. (2013), it is clear that rising temperatures 
have a negative effect on agricultural productivity on a large scale. Warmer places, 
where the implications of temperature rises would be more obvious, are predicted to 
experience these negative effects more severely (Schlenker and Lobell 2010). 
Furthermore, because many of these warmer locations are predominately made up 
of poorer nations, it is anticipated that the effects of climate change would dispro-
portionately harm those nations’ poorest farming families (Schmidhuber and 
Tubiello 2007; Skoufias et al. 2011).
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Numerous studies have used statistical techniques to analyse how climate change 
influences agriculture at the national or global level (Lobell and Field 2007; Gourdji 
et al. 2013), but they have only been able to address implications since household-
level adjustments will be implicit in aggregated data. According to certain research 
(Schlenker and Roberts 2009; Schlenker and Lobell 2010), farmers either make 
long-term or short-term adjustments, but particular adaptation strategies have not 
been examined. Crop substitution, irrigation, and soil fertility improvements are a 
few examples of adaptations or changes that might aid in minimising production 
losses in the case of climatic shocks. The unique adaptation methods employed by 
households in diverse locations in response to climate changes are not adequately 
covered in the literature. Farmers may adjust their crop decisions consciously or 
unconsciously in response to changing and unpredictable environmental conditions. 
Given how difficult it is for someone to predict weather conditions that may have an 
effect on crop yields, producers may find it challenging to successfully adjust to 
these hazards on their own, even though variability in the weather has been demon-
strated to have a major influence on yields of crops (Lobell et al. 2011). In order to 
overcome knowledge gaps, farmers need reliable climate information that provides 
them with anticipatory understanding of dangers to the environment (Rosenzweig 
and Udry 2013). 

12.3.2 Climate Change Impact on Food Security 

Due to the effects of climate change, it may become more difficult for people, 
communities, and nations to get appropriate amounts of high-quality food. Many 
emerging nations have seen a gain in buying power over the past thirty years as a 
result of falling real food prices and growing real earnings. However, recent market 
volatility has brought to light how susceptible to price changes marginalised and 
poor groups are. Given how challenging it is to predict and assess the effects of 
economic growth, the connection between the environment and food accessibility is 
extremely complex. Additionally, price rises may cancel out the advantages of 
income growth. Food insecurity trends are expected to deteriorate if income levels 
dramatically increase but stay low and the percentage of income dedicated to food 
remains high. According to empirical research, climate change may have an impact 
on people’s capacity for self-sufficiency. One Ethiopian research, for instance, found 
a strong link between fluctuating rainfall patterns and economic activity. According 
to Conway and Schipper (2010), wetter years were related with larger SDP growth 
and drier years with less negative growth. Despite the fact that correlation does not 
indicate causation, this association shows that, in the absence of adaptive measures, 
climate change may have an influence on livelihoods. The possible effects of 
increased food costs and temperatures have been examined. According to Brinkman 
et al. (2009), rising food costs have resulted in decreased dietary variety and quality 
as well as a rise in malnutrition, notably stunting and deficits in macronutrients.



Researchers have also looked at how rising temperatures would affect food costs in 
the long run (Fischer et al. 2005; Nelson et al. 2009). 
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After the year 2050, temperatures are anticipated to increase gradually along with 
food costs, but pricing is also anticipated to rise substantially. According to a study 
by Nelson et al. (2010), real prices for wheat, rice, and maize could increase by 
87–106%, 57–78%, and 54–58%, respectively, in contrast with the baseline year of 
2010 by 2050 as a result of the adverse effects of climate change. According to 
research, food prices may rise sharply in the future, with particular Asian nations 
seeing increases in poverty of 20–50% as well as cost increases of 10–60% for 
essentials by 2030 (Hertel et al. 2010). Given how vulnerable agriculture is to 
climatic patterns, climate change may potentially have an impact on rural earnings. 
Rural income may suffer as a result of decreased agricultural output and rainfall 
(Morton 2007). Additional research shows how historical climatic data significantly 
influences the development of agriculture in particular places with moderate precip-
itation and rural incomes. It is predicted that rising temperatures that are beyond 
ideal levels and unpredictable rainfall patterns brought on by climate change would 
increase rural poverty levels and, as a result, lower the revenue needed to ensure food 
security. 

12.3.3 Agro-Forestry Species Respond to Climate Change 

By integrating tree species into cultivation as intercropping during two distinct 
cropping seasons as an enhanced fallow or on a short- and long-term basis as 
scattered intercropping, agroforestry practices are frequently used as a climate 
change solution (Hall et al. 2005). Increased carbon sinks, improved agricultural 
yields, and the maintenance of nutrients in the soil and biomass may result from tree 
species that are mostly leguminous. Agroforestry techniques may reduce evapora-
tion by lowering wind speed and temperature (Lin 2010), providing shelter from 
radiation, and enhancing nutrient cycling by raising soil microorganism activity and 
organic carbon content. Deep-rooted trees may aid in the hydraulic lift process, 
which raises water and nutrients to the top layers, and primarily serve as 
“bioirrigators” (Barrios et al. 2012). Diverse crops and trees are generally more 
effective for natural resource use, create micro-climate for crop growth and diverse 
environmental stress conditions, namely, extreme weather, disease, and pest attack 
than the monocrops (Gaba et al. 2015). In the majority systems of agroforestry, the 
efficiency of nutrient and water consumption does not considerably differ between 
C3 crops and perennial trees. Trees can grow to their full potential because they are 
perennial crops with better developed roots that can access bigger amounts of soil, 
nutrients, and water. Reduced soil understory evaporation, reduced excessive wind 
velocity, reduced light intensity, minimised solar radiation, and control of extremely 
high temperatures are all ways to improve gaseous exchange, the water table, and 
water use efficiency (Campi et al. 2009; Muthuri et al. 2009; Lasco et al. 2014). In a 
Mediterranean setting, the Cupressus arizonica tree canopy acts as a windbreak,



which has a considerable impact on agricultural output and water usage efficiency, 
according to Campi et al. (2009). This decreases temperature and improves micro-
climate. Jugluans regia plants with wheat crop (Triticum aestivum) increased crop 
yield production, this may be reduction of understory availability of light which 
decrease temperature and weed growth and minimum use of water. Selection of 
suitable trees at proper place depends on the selection of site, goals, and specific 
characters that increase positive interaction and decrease negative effects in aspects 
of climate change. 
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Model Components 
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Model dimensionality: 2D 
Time step: Day 
Physiologically oriented: Yes 
Tree-crop interaction: Light and water 
Applicability: Tropical Region 

Crop Management 

Tree 

Soil 

Model dimensionality: 2D 

Applicability: Tropical Region 

Time step: Day 
Physiologically oriented: Yes 
Tree-crop interaction: Light, nutrients 

WaNuLCAS model 

and water 

Yield-SAFE model 

Model dimensionality: 1D 
Time step: Day 
Physiologically oriented: Yes 
Tree-crop interaction: Light and water 
Applicability: Temperate Region 

Model dimensionality: 3D 

Applicability: Temperate Region 

Time step: Day 
Physiologically oriented: Yes 
Tree-crop interaction: Light, nitrogen 

Hi-sAFE model 

and water 

Fig. 12.2 Tree and crop interactions modelling overview used in agroforestry practices 

Crop modelling is a complex system in agro-forestry; its management depends on 
the tree–crop interaction and components (Fig. 12.2). In order to effectuate climate 
change interaction, tree-crop components must affect sustainability crop production 
and productivity. Therefore, crop modelling of agroforestry has a major role for 
increasing crop production and minimising environmental hazards into changing 
climate. The crop modelling systems needs to multiple objectives, researchers, 
village, private and government forest. However, this is challenging that crop 
grown together for agroforestry system mainly environmental condition, crop phys-
iological interactions and management in terms of adequate placement of tree and 
crops. Different models are likely to be followed for diversified environmental 
conditions, agricultural crops, and trees, namely, agroforestry systems. These types 
of models may be organised into six categories (Burgess et al. 2019). 

Estimating biomass and above-ground volume using allometric models 
Models for canopy architecture 
Models for soil status impact on agroforestry systems 
Models for crop and tree growth (Yield-SAFE, WaNuLCAS, HyPAR) 
Farm decision models (Foreage-SAFE, Farm-SAFE) 
Land design models – mainly interpret the effect of agroforestry on land scale
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To apply agroforestry practices, the WaNuLCAS and Hi-SAFE models have been 
used in a number of nations, especially in tropical and European locations (Dupraz 
et al. 2019). In the hedgerow cropping system used in agroforestry, the WaNuCLAS 
model, which models the growth of maize and sugarcane, is dynamically 
implemented. The WaNuLCAS model may also be used to tackle the issue of 
agricultural adaptation for mitigating climate change (Luedeling et al. 2014). 

12.4 Agro-Forestry for Improving Livestock 
and Smallholder Livelihood Security 

12.4.1 Agro-Forestry for Livestock and Livelihood Security 

It is impossible to emphasise the importance of agroforestry systems in raising land 
productivity in order to support the growing human and animal populations. Agro-
forestry has the ability to increase production and security while also generating jobs 
in rural regions. Dhyani et al. (2003, 2005) have emphasised the importance of 
agroforestry in conserving the native way of life and meeting the needs of 
marginalised groups. The economy has benefited greatly from the income and job 
creation brought forth by agroforestry. This is accomplished by fusing several 
commercial crops that provide a variety of goods and advantages, including wood 
agricultural products, food crops (such as vegetables, fruits, legumes, pulses, citrus 
fruit, and edible medicines), and timber agricultural products. In agricultural forests, 
trees provide a significant source of revenue and are essential for maintaining food 
security in times of adversity (Table 12.1). The multifunctional trees used in 
traditional agroforestry systems contribute significantly to social and cultural stabil-
ity, food security, and revenue generation in rural communities. According to 
Dhyani et al. (2005), the Indian Himalayas may provide 5.763 million person 
days/year of labour and advantages for rural development through agroforestry. 

The agricultural system founded on Acacia Senegal in some regions of 
the Barmer and Jodhpur regions of Rajasthan serves as the greatest example of the 
possibilities of agroforestry to improve lives. Acacia Senegal is the source of the 
highly valuable commercial product known as Arabic gum. The farmers also 
extracted significant amounts of Arabic gum using the gum inducer supplied by 
CAZRI in addition to growing grain for food and collecting crop leftovers for fodder 
(Roy et al. 2011). Methane (CH4), nitrous oxide (N2O), and 9% of the world’s 
anthropogenic greenhouse gas emissions are all caused by the raising of cattle. The 
variety of production possibilities accessible to rural areas is increased by the raising 
of cattle, which are often acclimated to hard settings. Timber supplies produced from 
natural forests and woods are less accessible as a result of agricultural expansion 
through deforestation. The increasing importance of agroforestry as for the livestock 
industry is being highlighted by the difficulties that exist with human food and
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animal feed, the increase in consumer appetite for animal products globally, and its 
changing environmental repercussions (Dawson et al. 2014a, b).
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12.4.2 Fodder Trees Increasing Income and Livestock 
Production 

The addition of woody plants inside the system gives agroforestry a distinct advan-
tage over other land use forms. The implementation of tree-based farming can 
increase economic resilience since it diversifies the types of goods produced 
(Amare et al. 2019). By offering rural inhabitants alternate sources of revenue, 
fodder, or food (such as edible wild fruits) during difficult times, the introduction 
of multifunctional trees, in particular, might boost the profitability of agroforestry 
(Gebru et al. 2019). Additionally, forests with higher economic value might provide 
the town with other cash streams to augment its regular agricultural earnings. Due to 
the slower growing phase, studies on teak-agroforestry structures in Indonesia have 
shown that despite their shorter recycling period, they may nevertheless provide up 
to 12% of a household’s overall revenue. Damar (Agathis dammara) output 
accounted for up to fifty percent of the household’s total income, according to 
research on damar cultivation in Pesisir, West Sumatra, Indonesia (Wollenberg 
and Nawir 2005). Additionally, compared to just 12% under the traditional 
non-agroforestry agricultural system, households’ income increased by more than 
50% after the establishment of a coffee agroforestry system in Lampung’s 
Wey-Besay Watershed. The findings may be impacted by a variety of variables 
like the type of trees available, environmental conditions (such as the existence of 
pests, weather, etc.), and the price of commodities volatility, thus care must be given 
when evaluating the economic advantages of different systems. Agroforestry is yet 
another technique to improve the benefit-to-cost ratio. Growing woody plants with 
little need for input (chemical fertilisers, insecticides, etc.) is one strategy that can 
boost farmer revenue and lower production costs (Maia et al. 2021). The knowledge 
of the farmers, particularly in terms of how to successfully select appropriate plants 
and trees for their particular system, can have a considerable impact on the results. 
When grown alongside complementing crops, some trees can thrive. Contrarily, the 
choice of inappropriate tree or crop components may cause nutrient competition 
(Reynolds et al. 2007), resulting in lower yields and, as a result, lower earnings for 
the farmers. According to Iskandar et al. (2016), agroforestry has the potential to 
open up new job opportunities in rural areas in fields like furniture making, grain 
drying, and other off-farm pursuits. Because they may actively take part in industrial 
processes, women may also profit from having additional employment possibilities. 
Additionally, keeping jobs in rural regions can halt the departure of people from 
those areas, boosting the rural economy. However, caution must be taken when 
building industrial sites adjacent to primary forest areas due to the risk of human 
encroachment into these designated areas and the potential for ecological harm.
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The application of agroforestry can provide food security for those living near 
woods in addition to producing revenue. Ickowitz et al. (2016) used geographic 
information to better understand the micronutrient intake of one- to five-year-old 
Indonesian children. They found a link between the national consumption of 
legumes and the use of agroforestry. Their specialised research showed a connection 
between agroforestry and more leafy greens and vitamin A-rich diets. Additionally, 
agroforestry practices were linked to an increase in meat intake, especially among 
silvopastoral farmers. Following its implementation, agroforestry training led to 
higher food production and greater diversity among low-income farmers, indicating 
enhanced food accessibility (Pratiwi and Suzuki 2019). 

Agroforestry may also promote the societal participation of adopters. For 
instance, farming organisations may meet and discuss the method of cultivation, 
the choice of tree or crop species, the control of fertilisers, and other issues. A study 
by Roikhwanphut Mungmachon (2012) found that collecting was a traditional 
practice among Thailand’s tiny forest villages. They had ongoing meetings to 
discuss their problems and work together to come up with solutions. The first 
phase involves examining their problems as a group, building on prior knowledge 
and traditional wisdom, then assimilating new information. This leads to a more 
informed and engaged community through peer-to-peer conversation and commu-
nity participation. 

12.4.3 Agro-Forestry Improving Ecosystem and Natural 
Resource 

Agroforestry provides a range of environmentally conscious tactics that might 
enhance ecological services for rural residents. Rotation of crops, conserving soil 
(cover crop integration), enhanced fallows, and boundary plants are a few of these 
tactics. Crop diversification, which includes combining crops and trees, is another. 
As an example, adding pruning debris to the soil as an amendment can increase soil 
fertility and improve its physical structure (soil conservation) (Shrestha et al. 2018). 
The effectiveness of the pruning materials used in the system, however, can have an 
impact on the outcome of this practice. Plant wastes may decompose in soil, with the 
breakdown process varying depending on the C/N ratio of the soil. As a conse-
quence, the quantity of minerals released into the soil may vary based on the kind of 
residues (Hossain et al. 2011), changing the chemistry of the soil and impacting crop 
development. Different decomposition rates, caused by changes in the C/N ratio, 
may have an impact on an agroforestry system’s overall ability to sequester carbon. 
This might then affect the amount of carbon in the soil, either increasing it or 
decreasing it (Zhang et al. 2013). By creating homes for animals, the incorporation 
of several tree species in an agroforestry system enhances biodiversity (Assogbadjo 
et al. 2012). In addition, on steep slopes, the vast root networks of trees inside the soil 
matrix are essential for limiting soil erosion and reducing the risk of landslides



(De Souza et al. 2012). Through shadowing, the existence of trees in agroforestry 
systems may also change the microclimate, perhaps reducing the quantity of sunlight 
that acts as the temperature buffer around the farm. Due to the fact that extremely 
strong solar radiation can hinder crop physiology and growth, agroforestry can help 
boost crop growth and, therefore, agricultural production (Caron et al. 2018). 
Consideration must be taken when selecting a tree canopy, though, as excessive 
shadowing can severely limit penetration of light, which may stunt the development 
of co-cultivated crops and raise the risk of disease. 
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Agroforestry provides nearby communities with improved water conservation as 
one of its ecological advantages. Such ecological benefits are made possible by the 
greater water absorption of the integrated tree-crop system. A research done in 
Kenya that focused on an agroforestry system with maize and trees found that during 
the dry season, about 25% of the precipitation was absorbed inside the plant 
biomass. This demonstrates how effectively the system uses off-season precipitation, 
which makes up 15% to 20% of the yearly total. The system’s capacity to hold onto 
moisture is demonstrated by the residual water that stays in the soil layers even after 
harvest (Lott et al. 2003). The organic carbon content of agroforestry soils can be 
further increased by the use of organic amendments. This can boost water retention, 
reducing excessive evaporation and water runoff. The choice of tree type is impor-
tant, too, as different plant species may have different water uptake rates. The 
potential for water distinction between the soil and the surrounding environment 
leads plant roots to take in water while leaf stomata are open. This depends on a 
certain plant species’ capacity to investigate the roots (Bayala and Prieto 2020). 
Additionally, an experiment was run to demonstrate the effect of vegetation decrease 
on rainfall, and the results showed a connection between greater precipitation rates 
and increasing vegetation density (which was achieved through more tree and shrub 
biomass). Reduced evapotranspiration and higher light reflection in the environment 
brought on by lower plant density may be to blame for the drop in rainfall seen in 
situations of decreasing vegetation density (Gonzalez et al. 2012). In addition, water 
cycle analysis emphasises the significance of controlling tree cover to increase 
rainfall (Ellison et al. 2012). So, one method for reducing dryness in some desert 
regions and boosting community resilience to climate change is agroforestry. These 
investigations, which rely on data correlation or modelling, were only carried out at 
the farm level, despite being promising. Therefore, additional research 
encompassing various geographic sites is required to corroborate such conclusions.
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12.5 Adaptation and Mitigation Strategies 

12.5.1 Climate Change Mitigation Via Sustainable 
Agroforestry 

The capacity of farming systems in tropical and subtropical climates to adapt to 
shifting environmental circumstances is greatly improved by agroforestry systems. 
Additionally, these systems have a substantial capacity for carbon sequestration, 
which would lessen climate change. The goal of current agricultural research is to 
make agricultural systems more productive and resilient. While the resilience of 
these ecosystems mostly depends on their ability to adjust to unfavourable climatic 
changes, production is directly influenced by the capability to store and maintain 
carbon (Amare et al. 2019). While diligent observation, experimentation, and prac-
tice have allowed traditional civilisations to show their flexibility and resilience, 
dealing with the fast changes in the world’s climate and other areas calls for more 
than a simple self-correcting mechanism. To reduce the effects of anticipated 
temperature rises and fulfil the requirements of families for money, food, and fuel, 
it asks for well-thought-out solutions, including supporting laws and regulations 
(Gebru et al. 2019). Stronger adaptation techniques are required to adequately 
manage the increased dangers offered by unanticipated or unexpected weather 
changes. Among the difficulties posed by adaptation are: 

The use of crop varieties and effective management techniques appropriate for 
various soil and climate conditions is required to reduce heat stress on plants 
and animals. 

Implementing strategies to reduce erosion and organic carbon loss in order to reverse 
land deterioration. 

Increasing agricultural operations’ innovative and sustainable diversification and 
promoting climate adaptation are two key strategies for managing climate-related 
hazards. 

By utilising high-use efficiency technologies and techniques, applying irrigation 
practices, and adopting suitable soil and water conservation measures, rainfall 
may be captured, stored, and used efficiently. 

Reducing nutrient mining and enhancing or sustaining soil fertility to maintain soil 
fertility and productivity. 

Promoting tillage and fuel-saving management practices to cut emissions of green-
house gases and encourage carbon sequestration. 

Protecting against the burden of pests and diseases. 
Increasing community resilience through more efficient use of resources and better 

investment targeting. 
Making sure food and nutritional security is maintained.
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12.5.2 Agroforestry’s Role in Climate Change Adaptation 

Farmers employ the well-known management method of agroforestry to grow trees 
and shrubs alongside annual crops. By using this strategy, you may reduce soil 
erosion, preserve soil fertility, diversify your revenue sources, increase and stabilise 
your income, and increase the effectiveness with which you utilise nutrients, water, 
and sunshine (Wu et al. 2020). Along with providing food and cash year-round, this 
approach also offers shade. Agroforestry also offers solid employment opportunities. 
The extensive research carried out by the World Agroforestry Centre and its 
associates over the past three decades has greatly increased our understanding of 
the various advantages, opportunities, and challenges associated with merging crop 
and tree production. The development of more trustworthy, scientifically based, and 
integrated systems that benefit from advancements in crop and tree management and 
breeding has also been made possible by this. For instance, planting swiftly growing, 
nitrogen-fixing shrubs and trees in agricultural fields is one of the several practices 
used in tropical areas to increase soil fertility and reduce erosion (Rao et al. 2007). 
The agricultural productivity of small-scale farms can be increased by choosing the 
appropriate tree and shrub species. Utilising agroforestry systems may boost output, 
encourage soil fertility, enhance microclimate, reduce soil erosion, and diversify 
income streams. The IPCC Third Assessment Report on Climate Change (IPCC 
2001) notes that agroforestry also has a variety of economic, environmental, and 
social benefits. This demonstrates how flexible agroforestry systems are in solving 
different problems and offering a variety of benefits. For instance, the existence of 
trees on agroforestry farms improves soil fertility by reducing erosion, preserving 
soil organic matter and structure, increasing nitrogen content, taking in nutrients 
from deeper levels of soil, and fostering a closed nutrient cycle. 

12.5.3 Agroforestry Systems as a Viable Tool for Mitigation 
to Climate Change 

Agroforestry, which combines the production of food and/or animals with trees and 
shrubs, offers a significant chance to lessen the effects of climate change and 
promote adaptability. The acceptability of agroforestry will face a variety of obsta-
cles, and it will not realise its full potential until the best and most durable solutions 
are made generally acknowledged. Therefore, this chapter’s section is quite 
significant. 

12.5.3.1 Agroforestry Systems for Moderating the Crop Microclimate 

For many different kinds of plants and crops to reach their genetic potential, the 
environment must be almost ideal. Otherwise, they will not be able to realise their



full potential. Any alteration of these elements, especially during the reproductive 
period, would immediately affect the yield and marketability of different crops. Even 
if the additional energy that has built up and been stored by the natural world cannot 
be released, a workable solution to lessen the impacts of local heat stress is to use 
agroforestry systems with the appropriate shade-giving plants. 
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On farms, trees have a considerable impact on the rate and duration of photosyn-
thesis. This has an effect on soil water usage, transpiration, and plant development. 
The radiation flux, air temperature, wind speed, and crop saturation deficiency 
understorey are among these parameters, according to Monteith et al. (1991). The 
advantages of microclimatic changes are utilised in a wide variety of methods, such 
as the planting of shade trees, wind breaks, and shelter belts to lessen wind speed and 
prevent physical damage to crops, mulches that chill the soil, and diverse crop tree 
pairings to improve resource efficiency. However it is sensitive to hot herbs, such as 
cardamom, ginger, coffee, and chocolate. 

The seasonal average for the surrounding temperature and solar radiation are 
often lower in microclimates caused by shadow. Beer et al. (1998) examined the 
literature on managing shade in cocoa and coffee farms and discovered that shade 
trees can minimise temperature extremes by up to 5 °C. According to Steffan-
Dewenter et al. (2007), the removal of shade trees caused the soil’s surface temper-
ature to rise by 4.0 °C and the relative air humidity to drop by 12% at a height of 2 m. 
It was found that the soil temperature in semi-arid areas of Kenya was 6 °C lower at a 
depth of 5 to 10 cm than what was observed in an open environment (Belsky et al. 
1993). In the Sahel, where soil temperatures often surpass 50 to 60 °C and are a 
significant barrier to farming a sustainable crop, Faidherbia trees lowered soil 
temperature at a depth of 2 cm by 5 to 10 °C depending on their movement of 
shadow (Vandenbeldt and Williams 1992). A popular method for enhancing micro-
climates is the creation of shelterbelts, which are horizontal rows of trees covering 
the ground. These trees are specifically used to control evapotranspiration and wind 
erosion, slowing down wind speed by making the surface rougher. The leeward side 
takes the brunt of the effects when shelterbelts are constructed properly, with impacts 
felt between 10 and 25 times the height of the belt below. 

The production and economical benefits of these systems are still highly debated 
(Beer et al. 1998; Rao et al. 2007), despite the fact that the benefits of trees in shifting 
and warming microclimate conditions are well established. This is partly due to the 
intricate interactions seen in various agroforestry systems. The kind of crop and tree, 
the quantity and distribution of trees, the ages of the trees, the management of the 
crop and trees, and the changing temperature are the main biophysical elements 
affecting the effectiveness of mixed systems. Cereals like barley and millet are either 
moderately sensitive or less responsive to shade than other green horticultural crops 
like clover and alfalfa. When the annual crop is a C3 plant, which is regularly 
exposed to light outside, the net shadow impact is reportedly more favourable (Ong 
et al. 1996). Higher agricultural yields were seen in all climatic regimes, particularly 
in the humid and subhumid tropics, where the advantages of increased fertility 
outweigh the disadvantages of competition (Rao et al. 2007). Although maize was



cultivated on Grevillea robusta, productivity was significantly decreased due to 
competition for water and nutrients (Ong and Swallow 2004). 
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12.5.3.2 Agroforestry Systems Provide Permanent Cover, which Is Very 
Successful in Preserving Soil and Water Resources 

Soil deterioration is impacted by climate change in many different ways. Rao et al. 
(2007) found that higher temperatures and drier conditions reduce the amount of 
organic matter that may develop up in the soil, which results in a poorer soil 
structure, less precipitation absorption, increased runoff, and erosion. The severity, 
frequency, and extent of erosion were all predicted to be negatively impacted by the 
anticipated rise in the frequency of protracted rains (WMO 2005). The already 
horrible problem the continent is suffering will get worse as a result of these changes. 
Changes in the chemical, physical, and biological conditions are required to stop 
degradation and restore the soil’s capacity for production. Systems that incorporate 
agroforestry are desirable because they may improve all three criteria. Better fallows, 
contour hedgerows, and other permanent covering agroforestry systems are essential 
to stop land deterioration. Permanent protection is provided by these systems, which 
also improve soil structure, increase infiltration, raise fertility, and stimulate biolog-
ical activity. 

In collaboration with the Institut de Recherche pour le Développement (IRD) and 
governmental agricultural research organisations in Kenya, the World Agroforestry 
Centre assessed the efficiency of expanded fallow for preventing soil erosion in 
western Kenya. In the experiment, Tephrosia species and Crotalaria grahamiana 
were utilised as fast-growing shrubs. The ability of these plants to reduce soil losses 
has been quite strong. During the fallow season, when trees reduce the influence of 
rainfall on the soil, the process of improving fallow begins. The growth of the soil’s 
structure and biological activity, however, causes the soil to stay for a very long 
period after fallow clearing (Rao et al. 2007). 

There are not many studies that examine the variety of soil life between planted 
fallows and natural or continuous cropping. Observations carried out in Muguga, 
Kenya, under natural forest, regularly harvested corn, one-year-old sesbania fallow, 
and grass fallow showed that sesbania fallows recovered the soil biological life to the 
same level as in natural forest. They were also much larger than in grass fallows or 
farmed regions. The World Agroforestry Centre has expanded the use of infrared 
spectroscopy to improve the diagnosis and monitoring of soil quality, allowing for 
quick evaluations of soils and many other organic resources (Shepherd et al. 2003). 
The technique aids in both a better knowledge of the complexity and a variety of 
local soils as well as soil quality monitoring for environmental protection. Large 
numbers of soil samples with georeferences may be described with ease using 
infrared spectroscopy. As a result, it is possible to extrapolate ground data from 
satellite imagery to cover quite large areas. Precision agriculture, farm advisory 
services, process studies, and large-area uses (soil survey, watershed management, 
pedo-transfer functions, soil quality indicators) all stand to gain from the use of IR



spectroscopy to increase productivity and cut costs. In particular, it creates new 
possibilities for risk-based soil evaluation techniques that explicitly take into account 
the ambiguity of forecasts and interpretations of value assumptions for soil. 
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12.5.3.3 Agroforestry: An Important Route for the Sustainable 
Diversification of Agricultural Systems and Incomes 

Farmers have long used diversification of their operations as a risk management 
strategy and as a way to take advantage of favourable weather conditions. This 
entails maximising complementarities and synergies between various farm opera-
tions while preserving their core characteristics. To decrease risk, take advantage of 
new market possibilities, investigate current market niches, increase output and 
on-farm processing, as well as other income-generating activities, diversification 
demands changing the makeup of farm operations (Dixon et al. 2001). 

Diversification at the farm level refers to the adoption of multiple production 
activities including crops, animals, trees, and post-harvest processing that comple-
ment one another in terms of their ecological and/or economic properties. The most 
successful long-term strategy for diversifying agricultural systems is widely 
acknowledged to be integrated agroforestry systems. These techniques have been 
widely used, for instance, poplar trees, whose quick growth has made them popular 
on many South Asian farms. Home gardens with a variety of fruit and vegetable 
plants are widespread in Africa and considerably improve food security by supply-
ing a year-round supply (Wezel and Bender 2003). 

Home gardens may contribute up to 44% and 32%, respectively, of a household’s 
protein and calorie needs, according to research (Torquebiau 1992). Home gardens 
are essential for supplying households with additional revenue in addition to meeting 
their fundamental necessities (Mendez et al. 2001). The success of agroforestry 
technology depends on increasing the market opportunities for small-scale farmers, 
particularly in niche markets and high-value items (Russell and Franzel 2004). The 
development of the small-holder tree product business in Africa is constrained by 
problems with outgrowing plans and contract farming, as well as by physical and 
social barriers to market access, forest regulations, and a lack of market knowledge 
regarding agroforestry items. 

Nevertheless, a number of innovative initiatives have been implemented that 
show promise, including fuelwood programmes with contractual agreements, the 
development of small nurseries, adjustments to the policies governing the production 
of charcoal, the introduction of market information systems, and partnerships 
between the private sector, colleges and universities, and extension organisations 
(Russell and Franzel 2004). Traditional and non-traditional tree crops might be 
integrated into farming practices for growing fruits, nuts, short rotation woody 
agricultural products, biomass energy plantations, and medicinal herbs by setting 
up the proper market mechanisms (Rao et al. 2007; Hall and House 1993).
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12.5.3.4 Agroforestry Systems Improve Rain Water Use Efficiency 

Climate change is anticipated to make the existing situation worse because of the 
lack of water supplies. Water supply is impacted by climate change in both direct and 
indirect ways. Modifications in precipitation patterns are examples of direct conse-
quences, whereas increased runoff and losses from evapotranspiration are examples 
of indirect effects. According to the Comprehensive Assessment of Water Manage-
ment in Agriculture, if existing trends in food production and the environment are 
not reversed, there might be crises all over the world. This warning is based on 
in-depth investigations carried out as part of this project (CA 2007). Therefore, 
whether or not climate change happens, it is imperative to increase agricultural water 
output to manage the severe water shortages that are anticipated in the next 50 to 
100 years. 

Agroforestry has the capacity to utilise water resources more efficiently through a 
number of mechanisms as compared to annual crops. First, agroforestry systems 
with their permanent tree components, unlike annual systems where the land is 
exposed for extended periods, may use water retained in the soil after harvest and 
rainfall that arrives outside of the crop season. Second, by collecting a larger amount 
of the annual rainfall, reducing runoff, and utilising water stored in deep layers, 
agroforests boost the productivity of precipitation. Thirdly, there is more water 
available for transpiration as a result of climatic changes, including cooler air, 
stronger winds, and reduced agricultural water demands (Ong and Swallow 2004). 
However, due to the intricate interactions involved and the challenges of quantify-
ing, we currently lack understanding regarding resource competition between the 
tree and crop components. The overwhelming bulk of the evidence is based on the 
analysis of information obtained from the system’s above-ground components, 
which mostly demonstrate that trees have a negative influence on agricultural 
production. The competition for nutrients in moist, humid environments as well as 
the availability of water in semi-arid tropical regions are usually linked to this 
negative effect (Rao et al. 2007). 

In a study conducted in Machakos, Kenya, soil water was measured over the 
course of three succeeding growing seasons in hedgerow intercropping systems with 
different Senna species, as well as an annual crop system with maize and cowpea. 
The study demonstrated the importance of water competition in semi-arid situations 
by showing that both hedgerow systems had lower soil water levels than the annual 
crop system, especially during times of water shortage. Compared to the slower-
growing, lower-biomass S. siamea, S. spectabilis grew quickly and depleted soil 
water more quickly. The soil profile never entirely refilled even during the “short 
wet” season of 1994–1995, which received above-normal rainfall of 547 mm 
(50 percent greater than usual), because of significant water depletion in the previous 
season (Rao et al. 1998). Depending on tree density, rainfall volume, and distribu-
tion, the canopy of trees can drastically limit the quantity of water that reaches the 
soil by intercepting rain (Ong et al. 1996). Estimated losses can exceed 50%. The 
complementing nature of their vertical root systems is thought to be one advantage of



agroforestry systems. According to studies on root growth, not all of the trees 
employed in agroforestry systems have deep, necessary roots; rather, they frequently 
have mixed and shallow root structures (vanNoordwijk et al. 1996). Plants prefer to 
develop surface roots in soils that lack nutrients and when the supply of water below 
the root zone is restricted, as it does during dry spells (Rao et al. 2004). Few plants 
have roots that can penetrate water tables that are rather deep. As a result, vertical 
root complementarity may not be as likely as initially believed (Ong and Swallow 
2004), highlighting the need for management strategies to reduce competition. 
However, methods like side-trimming to reduce above-ground competition and 
periodic root pruning to reduce below-ground rivalry have been researched. It is 
yet unknown if root competition can be controlled on tropical farms. 
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12.5.3.5 Agroforestry Systems Offer an Affordable and Sustainable 
Way to Increase Soil Fertility 

The fundamental barrier to higher productivity in many African countries is usually 
cited as the soil’s nutrient depletion from continually growing crops without proper 
fertilisation or soil fallowing. According to studies, cultivated lands in 37 African 
nations have lost an average of 22 kg of nitrogen, 2.5 kg of phosphorus, and 15 kg of 
potassium per hectare year during the previous 30 years, which is equal to $4 billion 
in fertiliser costs (Sanchez 2002). However, it is extremely improbable that African 
farmers will be able to afford substantial investments in fertilisers given the current 
cost of fertilisers to resolve this issue. As a result, agroforestry systems have become 
a desirable and sustainable way to improve soil fertility. 

The World Agroforestry Centre has made significant progress in identifying and 
promoting agroforestry systems intended to boost soil fertility. According to 
Sanchez et al. (1997), trees may help to deliver nutrients in four distinct ways: by 
increasing nutrient inputs into the soil, promoting internal nutrient cycling, reducing 
nutrient losses from the soil, and by providing environmental benefits. After care-
fully examining numerous soil fertility replenishment techniques, the World Agro-
forestry Centre created a system that consists of three components that can be used 
separately or together: (i) nitrogen-fixing leguminous tree fallows; (ii) the use of 
native rock phosphates in phosphorus-deficient soils; and (iii) biomass transfer of 
leaves from nutrient-accumulating shrubs. In the subhumid tropical regions of East 
and Southern Africa, leguminous trees from genera including Sesbania, Tephrosia, 
Crotalaria, Glyricidia, and Cajanus are interplanted with immature maize harvests. 
These trees are allowed to grow on fallow lands during dry seasons, accumulating 
100 to 200 kg of nitrogen per hectare over a two- to six-year period. The nitrogen 
fixation achieved with this method is equivalent to the nitrogen fertiliser used by 
commercial farmers in industrialised countries to grow maize. 

Biomass transfer utilising Gliricidia (mixed intercropping; Gliricidia sepium)  or  
wild sunflower (Tithonia diversifolia) have also been investigated (Place et al. 2002). 
These methods have shown improvements in grain output of 50 to 200 kg N ha-1 .  It  
should be understood, nonetheless, that not all agro-ecologies may be suited for



these techniques. The usefulness of enhanced fallows in the semi-arid tropics of 
Africa has yet to be determined in shallow soils, poorly drained soils, and frost-prone 
locations since their growth and capacity to fix nitrogen are constrained by the longer 
dry seasons (Sanchez 2002). 
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12.5.3.6 Agroforestry Systems Limit Carbon Emissions and Sequester 
Carbon 

Agroforestry has enormous potential to reduce CO2 emissions and fight climate 
change by efficiently absorbing carbon from the atmosphere. The tree component of 
agroforestry systems may be a significant carbon sink on agricultural soils. Through 
three main mechanisms, trees help reduce carbon emissions: they sequester carbon 
through enhanced fallows and integration with trees, they conserve the existing 
carbon pools by preventing deforestation and implementing alternatives to slash-
and-burn techniques, and they replace fossil fuels with biofuel and bioenergy 
plantations (Montagnini and Nair 2004). The effectiveness of agroforestry systems 
as carbon sinks has been examined in several research (IPCC 2001; Albrecht and 
Kandji 2003; Montagnini and Nair 2004). According to estimates, assuming a mean 
carbon content of 50% in aboveground biomass, agroforestry systems may store, on 
average, 9, 21, 50, and 63 Mg C ha-1 of carbon in semiarid, subhumid, humid, and 
temperate climates, respectively. With an estimated 630 x 106 hectares of land 
worldwide that are suitable for agroforestry, the widespread application of agrofor-
estry greatly adds to its quantitative relevance (Palm et al. 2005). Improved fallows 
are without a doubt one of the most promising agroforestry strategies in the 
sub-humid tropics since they aim to restore nutrient-depleted soils. Recent studies 
have shown the potential for widespread adoption throughout southern and eastern 
Africa, including in drier regions like the Sudan-Sahel zone in West Africa. Short-
rotation systems, which decrease aboveground carbon collection, are frequently used 
in improved fallows in place of the more permanent systems observed in the humid 
tropics. But over time, they store much more aboveground carbon than degraded 
land, croplands, or pastures (Albrecht and Kandji 2003). Although the capacity of 
agroforestry systems to store carbon is well acknowledged, it is important to 
consider any potential trade-offs between carbon storage and profitability when 
promoting these systems. One tonne of soil carbon can increase crop yields for 
agricultural soils by 20 to 40 kg ha-1 for wheat, 10 to 20 kg ha-1 for maize, and 0.5 
to 1 kg ha-1 for cowpeas. The extent to which carbon sequestration schemes and 
carbon market activities will benefit smallholders is still unclear, according to 
Montagnini and Nair (2004). It is required to quantify carbon sequestration and its 
contribution to soil carbon pools more precisely in order to offer incentives and 
include these elements in carbon audits. However, agroforestry’s potential for 
sequestering carbon has not yet been fully acknowledged or utilised. One notable 
challenge is the lack of empirical evidence for most of the proposed mechanisms 
explaining how agroforestry systems could effectively mitigate atmospheric CO2 

accumulation (Dhiman 2013).



240 T. Sarkar et al.

12.6 Challenge and Future Outlook 

Despite the large number of studies proving the advantages of agroforestry, many 
developing countries have not yet adopted it widely. One possible reason for this 
slow transition is the perception that agroforestry contradicts the prevailing notion of 
high-yield monoculture systems (Ollinaho and Kröger 2021). In contrast, agrofor-
estry uses a more complex system with several elements, such as different tree 
species, crops, and/or animals, where the interaction between these elements is 
essential for getting the best outcomes in terms of the economy and environmental 
sustainability. As a result, whether the effects are beneficial or poor, a lot depends on 
how well-informed people are about efficient agricultural methods (Good Agricul-
tural Practices, or GAP). For instance, lower yields or harvestable sections of crops 
or trees may result from competition for nutrients or light among the species 
included in the agroforestry system (Wu et al. 2020). The high nutrient and water 
needs of some tree and agricultural species may decrease soil resources and cause 
water loss (Mukhlis 2019). Therefore, agronomy becomes a vital skill for rural 
populations to successfully embrace agroforestry. Disseminating information within 
these communities necessitates additional personnel from NGOs, government orga-
nisations, and research institutes. Another barrier to adoption is the lack of explicit 
inclusion of agroforestry in national agendas promoting the transition to sustainable 
agriculture. Unlike more well-defined approaches like organic farming, the term 
“agroforestry” may be less familiar, contributing to this challenge. It is important to 
remember that different tree-based systems can exist under the agroforestry 
umbrella, but the results may vary depending on the particular components involved. 
Despite the fact that studies on the effects of agroforestry have been carried out for 
decades, the majority of these studies have concentrated on the farm level and have 
only addressed one aspect of the effects (social, economic, or environmental), with 
only a small number of thorough studies being carried out on larger scales like 
national or continental scopes (Ollinaho and Kröger 2021). Consequently, reaching a 
consensus on the effects of agroforestry remains challenging, partly due to the 
relatively limited political support it receives. Overcoming this obstacle requires 
future research to concentrate on examining the social, economic, and environmental 
impacts of agroforestry. Several attempts have been made to popularise agroforestry 
by collaborating with the business sector and emphasising the establishment of 
large-scale plantations. However, the practice of “industrial” agroforestry raises 
concerns, as it may lead to limited intercropping systems with a single tree species 
dominating, deviating from the more diverse components typically associated with 
agroforestry. Moreover, this “commercial” agroforestry approach may result in the 
conversion of virgin forests into mixed-commodity plantations (e.g., spices, palm 
oil, bananas), exacerbating biodiversity loss rather than safeguarding it. Clear lines 
must be drawn through legislation, particularly when defining the phrase “agrofor-
estry”, in order to stop “a new form” of deforestation. Outside of main forests, 
agroforestry can be used to improve biodiversity and restore soil quality in degraded 
regions. However, due to the fact that these resources are frequently under the



Conflict of Interest The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work.

jurisdiction of governments or enterprises, many rural areas, particularly those with 
smallholder farmers, have difficulty gaining access to the land, seedlings, and 
germplasm needed to create agroforestry systems (Gebru et al. 2019). Governments 
or NGOs can step in to remedy this issue by opening up degraded lands to anybody 
interested in putting agroforestry systems in place. To improve these communities’ 
economic resilience, the government may also offer temporary aid in the form of 
market access, post-harvest equipment, or price stability. 
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12.7 Conclusion 

At this time, the feeding of various stakeholders, including the general public and 
wood-based companies, is deemed necessary. It is acknowledged that the practice of 
agriculture alone will not be sufficient to fulfil the requirements of marginal and 
small-scale farmers because to climatic changes, growing demands on agriculture, 
declining land holdings, and the diversion of agricultural land to other uses. A 
solution to address these issues is found in agroforestry, which will contribute to 
the elevation of the standard of living for the agricultural community through the 
utilisation of a cluster strategy and value chain models, bringing all stakeholders 
together on a single platform. By incorporating animals and trees into fields, income 
can be increased, and job opportunities can be created in rural areas. Active efforts 
are being made by the research institutions of central and state governments to 
develop agroforestry and agricultural forestry on a broad scale, employing precise 
silvicultural methods and ensuring a structured pricing system. These initiatives not 
only meet the domestic and financial requirements of farmers but also yield positive 
environmental impacts. Ultimately, the implementation of agroforestry methods is 
necessary to preserve the agrarian character and natural (forest) resources of the 
nation. To fully unlock the potential of a tropical agroforestry system in a specific 
location, it is crucial that government action and the support of other private entities 
through the adoption of various policies are embraced. 
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Chapter 13 
Interaction Between Belowground 
and Aboveground Resources in Tree-Crop 
Systems 

Ankita Bhardwaj, Susmita Shil, M. N. Ashwath, Umakanta Dash, 
Vijay Kumar, and Preeti Vats 

Abstract Agroforests are intricate systems whose management relies on copious 
interactions among their components. Complex interactions between trees, crops, 
soil, and climate have a significant impact on the productivity of agroforestry 
systems. The system’s overall sustainability and yield are determined by its man-
agement and the harmony between positive and negative interactions. Intercropping 
of agricultural crops together with trees results in a number of changes through time 
and geography, mostly in response to environmental factors, biophysical interac-
tions, and management choices (e.g., spatial-temporal selection). The essence and 
scale of interactions in agroforestry systems operate at the tree–crop interface (TCI) 
and soil–root interface (SRI). Ecologically, there exists complementarity when the 
relationship between the two is positive or synergistic, supplementary when the 
effect is neutral, and competitive when the interaction is negative or antagonistic. 
The selection of tree species is a crucial management action that affects the resource 
use between tree and crop components. Trees show either interference (shade effect, 
root competition, allelopathy, host for pests) or facilitation (nutrient pumps/safety 
nets, bio irrigators, mulch/litter production, amelioration of microclimate, erosion 
control, and reduction of weeds/pests). Several process-based models (WaNuLCAS, 
SCUAF, HyCAS, HyPAR, and APSIM) have been developed to simulate the 
intricate dynamics of tree–crop interactions. These models are known to simulate
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physiological processes that regulate growth influenced by abiotic environmental 
factors such as soil, climate, and management. Investigations examining interactions 
among trees and crops provide insight into how different agroforestry components 
share and use resources, as well as how one component affects the growth and 
development of others. In agroforestry, interactions are measured under two main 
categories that are indirect in sequential systems as opposed to direct in simultaneous 
systems. All agroforestry systems must demonstrate interactions between trees and 
agricultural components in order to succeed. Therefore, to enhance both traditional 
and emerging systems, a thorough understanding of biophysical interactions, both 
above and belowground, is necessary.
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13.1 Introduction 

All the components of the biosphere are interlinked in such a way that ecological 
balance is maintained at equilibrium. Interlinkage provides ways for interaction, 
which happens either to benefit or harm the component at the interface. In simple 
terms, interaction is defined as sharing or exchanging of resources among the 
components. In the case of plants, it is not possible to see how this exchange of 
resources happens. This silent exchange we can only manifest by seeing the growth 
and developmental stages. Many determinants play an active role when two com-
ponents undergo an interacting phase. Agroforestry, in terms of interaction, is simply 
described as the area where trees and agriculture coexist (Sinclair 2004). Agroforests 
which are envisaged for spatial and temporal complexities highlight the challenges 
to understand interactions. A comprehensive understanding is possible when all the 
practices, products, and services are simulated in a flexible model (Luedeling et al. 
2016). The model simulates the production of a particular crop based on the 
interaction between crop features and environmental factors like weather and soil, 
which are in turn influenced by climate, inputs, and management. The models 
predict attainable yields which are far below the actual yields due to climatic 
uncertainties. 

Agroforestry has been documented for providing numerous tangible and intan-
gible benefits that vary with site-explicit responses of trees, crops/other elements 
with the intense spatial and temporal disparity in the farming perspective (Bayala 
et al. 2014; Coe et al. 2014). However, multispecies systems pose a significant 
challenge to systemic agronomy and contemporary agricultural research, because it 
is difficult to comprehend the effects of the different components that interact in 
these systems (Malézieux et al. 2009). Despite the benefits of mixing crops, it may 
be more challenging to comprehend how trees and crops interact ecologically in 
these intercropped systems (Moura et al. 2014). On the other hand, tree–crop 
interactions have been thought of a cause of harm. Most of the time, these factors 
are connected to how trees affect crop development by competing with them for 
light, moisture, and nutrients (Imo and Timmer 2000). The prime objective of



writing this section is to synthesize conceptual and experimental information on 
interactional studies in tree–crop systems. The efforts are put forth to develop an 
understanding of the concept of interactions in the tree–crop system, their above and 
belowground nature, factors of influence, field scale mechanisms and models, the 
performance of component yield under various interactions in different agroforestry 
systems, and their economic implications. The knowledge gap is also discussed and 
prioritized for the need of future research in the aspect of interaction. 
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13.2 Resource use patterns at Tree-crop interface 

The results, in general, of interactions between the woody and herbaceous compo-
nents are believed to be promising over the long-term evaluation, which illustrates 
the rationales for the promotion of agroforestry (Smethurst et al. 2017). The secret to 
agroforestry success is to minimize the negative interactions and strengthen the 
positive ones to achieve the most beneficial results (Thevathasan and Gordon 
2004). However, to maximize the beneficial interactions, it is vital to maintain soil 
cover and provide a sufficient release of nutrients, which will improve the soil’s 
ability to hold water over the course of the crop cycle (Moura et al. 2010). Aguiar 
et al. (2010) suggested that a useful approach is to combine tree species that offer 
both low- and high-quality residues. Sharing of resources among the components 
under spatial configuration affects both plant structure as well as resource capture 
(Jones et al. 1998) (Fig. 13.1). 

The effect of interaction (I ) on crop yields under the two major agroforestry 
groups is denoted as follows (Rao et al. 1997): 

Simultaneous system : I =F þ C þ M þ P þ Lþ A 
Sequential systems : I =F þ M þ Pþ Lþ A 

where, F is soil fertility (includes soil chemical (Sc), soil physical (Sp), soil biolog-
ical (Sb) interactions), C is competition (competitive interactions for soil water (Sw), 
soil nutrients (Sn), and radiation (r)), M is microclimate, P is pest and diseases 
(interactions related to weeds (Pp), insects (Pi), and diseases (Pd)), L is soil conser-
vation, and A is allelopathy. 

The difference between the two types of systems is the absence of C in sequential 
systems, where interactions are indirect rather than direct as in simultaneous sys-
tems. The two counterparts for agroforestry were formulated in regard to classic crop 
production laws, that is, law of limiting factors and law of optimum. The converse of 
the law of limiting factors asserts that when a resource becomes more readily 
available in the environment of trees and crops, its proportion in the interaction 
between trees, environments, and crops decreases. The counterpart of the law of 
optimal asserts that as more of the other limiting factors in the tree–crop environment



become available, their proportion in the overall tree–environment–crop interaction 
increases. The rules govern synthesis and analysis of various agroforestry experi-
ments. The analytical results of the alley cropping system demonstrated that nutrient 
capture by trees below the crop rooted zone results in net benefits for the crop, which 
is probably true for nitrogen but not for phosphorus. Additionally, the results 
indicated that the competitive nature of trees for water likely outweighs their water 
conservation effects (Kho 2000). The modelling effect of trees on crops started with 
the ecological field theory given by Wu et al. (1985). The theory states that a tree 
alters the accessibility of growth resources (light, nutrients, water) through its stem, 
crown, and roots (Fig. 13.2). 
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Fig. 13.1 Illustrations of resource use patterns among agroforestry components 

The effect of tree is depicted in terms of its distance and dimension. The three 
influential regions of trees (stem, root, and crown) or ecological fields behave 
differently to obtain relative availability of water, nutrients, and light around the 
tree. The tree’s  influence on light, water and nutrients creates three resource avail-
ability surfaces which together accounted with the resource requirement of agricul-
tural crop give rise to the surface of ecological interference potential (EIP). The 
relative growth rate is 1-EIP (Pukkala 1998).
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Fig. 13.2 Ecological interference of single isolated tree as a function of distance 

13.3 Beneficial and Harmful Interactions 

Umpteen factors influence tree–crop interactions. Trees offer shade, and their leaves 
may help with soil nutrient and nitrogen cycling. Crops can also offer trees with 
nutrients and litter for their betterment. However, crops and trees compete over 
water, nutrients, and light resources. It is challenging to measure changes and the 
availability of these elements directly for plants, rather, quantified indirectly by 
measuring the yield (Miina et al. 1999). In agroforestry systems, analysis of tree– 
crop interactions has uncovered equally beneficial and harmful interactions that take 
place above and below ground. 

13.3.1 Beneficial Interaction 

(a) Recycling of nutrients may be based on:

• Nutrients are taken while sinking to a deeper layer with the “safety net” of tree 
roots.

• Deep tree roots serve as a “nutrient pump”, drawing nutrients up from weath-
ered elements in a deeper stratum.
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(b) Litter production: High-quality litter with a low C/N ratio, lignin concentration, 
and polyphenolic content will disintegrate quickly and provide nutrients. 

(c) Mulch: Poor quality litter that has a high carbon to nitrogen ratio and high levels 
of lignin and polyphenols decomposes poorly and is suitable for mulching. 
Mulch helps keep the soil hydrated during the dry season. 

(d) Due to roots turnover or direct transport from nodulated roots in adjacent 
proximity to crop roots, provid nitrogen to crop roots. 

(e) The effects of trees and crops lower the burden of pests and diseases by 
enhancing potential biocontrol agents. 

(f) Influence of trees on microclimate. 
(g) Protracted effects on soil structure, soil organic matter management, and erosion. 

13.3.2 Harmful Interaction 

(a) Tree shade reduces the amount of light that reaches the crops. 
(b) Root competition for moisture and/or nutrients in the topsoil between crop and 

trees. In this regard, the tree root architecture is crucial. Shallow tree root 
systems probably compete more with the crop for precious nutrients. 

(c) Allelopathy refers to the chemical interactions between plants that can inhibit or 
promote the growth of other nearby plants. Some tree species release allelopathic 
chemicals that inhibit the growth, reducing yields and potentially damaging the 
overall health of the agroforestry system (Eucalyptus, Acacia, and Robinia spp.). 
In order to lessen allelopathy’s detrimental impact on agroforestry, it is impor-
tant to choose tree species that are less likely to release allelopathic chemicals. It 
is also possible to use agronomic practices, such as crop rotation or 
intercropping, to reduce the impact of allelopathic chemicals. 

(d) Numerous pests and diseases that harm both trees and crops can be found 
in both. 

Both above and below ground, a wide variety of intricate interactions including 
radiation exchange, water balance, food budget and cycling, shelter, and other 
microclimatic modifications take place (Singh et al. 2013). Given this, ICRAF 
researchers have developed an eq. (T = F - C) for quantifying tree–crop interaction 
that accounts for both the beneficial effects of tree and crop yield through the 
enrichment of soil fertility (F) and the detrimental effects resulting from crop 
competition for growth resources between tree and crop (C). If F > C, the interaction 
is positive; if F < C, it is negative; and if F = C, it is neutral. Interaction aids in 
knowing how the different agroforestry components use and share the environment’s 
resources, as well as how the growth and development of one component may 
impact the others. The shifting trends toward agroecological, resilient, and sustain-
able farming systems has also modified the ways to manifest interactions in different 
ways. The 4 C approach (competition, complementarity, cooperation, and compen-
sation) is the newly developed scientific and pedagogical way to represent the



processes and effects that occur simultaneously and dynamically between species 
during growing season (Fig. 13.3) (Justus et al. 2021). 
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4C effects in 
intercropping 

Competition 
when one speceis is 

higly vigorous to 
extract limiting 

resources than other  
speceis 

Cooperation 
when one speceis 

modifies the 
environment which 
is congenial to the 

other 

Complimentarity 
when the speceis have 
different requirement 

of resources in 
time/space/form 

Compensation 
due to difference in 

sensitivity  to 
abiotic/biotic factors , 

the often failure of 
one species is 

comensated by the 
other 

Fig. 13.3 The 4 C approach 

13.4 Factors Affecting Tree–Crop Interactions

• Species: Appropriate tree–crop combination selection.
• Sunlight: Light-crowned trees; either choosing crops that can withstand shadow 

or managing tree growth to lessen shade on agricultural crops (Prunning).
• Density: Number of trees planted per hectare, growing as many trees as possible 

in a given area to minimize competition between crops and trees.
• Age: Competition is negligible in the early stages of the tree crop.
• Site factors: This has to do with site quality and carrying capacity.
• Management: The degree of tree crop management for the advantages of agri-

cultural crops or raising system production overall.
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13.5 Field Scale Modelling of Tree–Crop Interactions 

Field testing has been main method for comprehending the complicated dynamics of 
agroforestry systems. It can take a while to empirically establish the attainability and 
correlative benefits of various tree-based farming practices in new environment due 
to factors like long tree gestation period, inconsistent funding, and other logistical 
issues. However, carefully planned, lengthy trials might provide data for years. But 
there is a need of advanced technologies for a speedier simulation of performance 
potentials. To assess the results of various interactions at tree–crop interface and 
provide better guidance for predicting success of trials with more in-depth ecological 
knowledge, modelling is crucial. 

Model construction is challenging due to the intricacy of interactions in agrofor-
estry systems, both spatially and temporally (Fig. 13.4). In order to manage food 
production systems, models are widely used to help with operational, tactical, and 
strategic choices (Zhu et al. 2003). The ability to simulate systems across 
pedoclimatic environments and management regimes, above- and below-ground 
interactions for light, water, and nutrients, a variety of potential yields, including 
food, fibre, fuel, and ecosystem services like the capture of excess nutrients, soil 
erosion, and carbon sequestration, are some of the foremost objectives for agrofor-
estry models. These models have the potential to improve nutrition and food security

Fig. 13.4 Schematic representation of models classification



worldwide. Models are instruments created to improve the efficacy of research, 
management, or instruction (Burgess et al. 2019). Empirical or correlative models 
for agroforestry systems are inferior to process-based or mechanistic models because 
they are less accurate at capturing the complex dynamics of tree–crop interactions 
and are limited in the range of data that can be used for parameterization 
(Table 13.1).
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Table 13.1 Comparison between mechanistic and empirical models 

Type Mechanistic models Empirical 

Scope Broad Restricted 

Model’s approach to time Variable May be invariable 

Connections to recorded data Can be fragile Normally good 

Fidelity of simulations Variable Normally good 

Normal usage Testing and instructing Governance 

Normal intricacy Intricate Elementary 

The majority of conventional crop models are constrained to monocultures, 
where plant interactions are only allowed to occur when members of the same 
species exchange resources. Most of the time, models forecast the potential yield 
while also taking into account the actual yield, which is impacted by crop genotype, 
temperature, radiation, and management and is limited by limiting factors like water 
and nutrients. Simulating systems that are more complicated than a monoculture 
may be done using a few different methods. Examples include growing weeds in 
monocultures and utilizing intercropping systems (Deen et al. 2003). Since they 
presume all above and below ground stand components are horizontally homoge-
nous, the majority of crop models are one-dimensional. Similar to tree stand models, 
which make the identical assumption, they are likewise 1D. On the other hand, for 
the majority of tree–crop systems, modelling discontinuous canopies and discontin-
uous root systems requires a 3D method. The 2D technique may be enough in some 
circumstances, but it is only applicable to some systems with established bilateral 
symmetry. Various agroforestry models are in vogue now but some main models 
which take into account both above and below ground interactions are briefly 
elucidated below. 

13.5.1 WaNuLCAS 

In order to offer a general pattern for agroforestry systems with significantly diverse 
geometries and temporal patterns, the Water, Nutrient, and Light Capture in Agro-
forestry Systems (WaNuLCAS) model was created (Fig. 13.5). It was created in an 
open-source environment so that users may edit it, albeit this is challenging in reality 
due to its complexity. The model is both broad enough to encompass a large range of 
characteristics and detailed enough to address particular requirements. The structure



of WaNuLCAS is based on a collection of inputs that specify the beginning 
conditions of the soil and tree attributes as well as dynamic inputs like rainfall. 
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Fig. 13.5 Modules of WaNuLCAS model 

Its main modules keep track of crop and tree growth as well as water, nitrogen, 
phosphorus, crop, and tree roots in four horizontal zones separated from the tree by 
vertical soil layers. The system’s geographical definition and management schedul-
ing calendar are also included. This generates a basic set of outputs (as net present 
value (NPV)) in terms of the vegetation standing stock, harvested goods, and 
profitability. To interact with the fundamental sub-models, numerous other pro-
cesses, inputs, and outputs may be offered as optional sub-models (Noordwijk and 
Geijn 1996). With data on crop and tree root lengths that were captured in the soil 
profile, this model is often parameterized. Zones are used in an agroforestry setting 
to describe spatial patterns and model system activities. The STELLA environment, 
a popular and user-friendly ecological modelling tool, is used to code the model. The 
concept has been used to several issues. Utilized it, for instance, to examine water 
competition in agroforestry systems. WaNuLCAS was used to simulate the effects of 
evergreen and deciduous trees in semi-arid Central Kenya to assess the effects of tree 
leafing phenology on crop performance and soil water balance. Recent applications 
evaluated resource competition at the crop-soil-hedge interface in Thailand and 
looked at tree pruning and stand thinning options for teak + maize intercropping 
systems in Indonesia (Khasanah et al. 2015). Research on peat soils and the 
possibility for agroforestry systems to combine low greenhouse gas emissions with 
profitability are recent advances.
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13.5.2 APSIM 

The Agricultural Production Systems Simulator (APSIM) modelling framework was 
created to mimic biophysical processes in agricultural systems and forecast the 
economic and environmental effects of management practices and policy changes. 
Predicting the effects of climate risk and climate change has grown more crucial 
recently. APSIM has been extensively used in a variety of contexts, including 
on-farm decision-making, assessment of seasonal climate forecasts, farming system 
design, analysis of agribusiness supply chains, risk assessment for government 
policy, development of waste management guidelines, and as a research and explo-
ration tool (Holzworth et al. 2010). Its modular architecture facilitates communica-
tion via a common protocol between different models (Keating et al. 2003). Its “plug 
in-pull out” design, which permits flexible routine recombination, makes it simple to 
add, remove, and swap out sub-models and subroutines within them. The APSIM 
framework currently includes more than thirty significant tree, pasture, and agricul-
tural species (Probert et al. 1998). There are equivalent sub-models for all key soil 
processes that have an impact on agricultural systems, such as water, C, N, and P 
dynamics, and erosion (Paydar et al. 2005). According to Moore et al. (2014), 
APSIM can reproduce a variety of agricultural management options and allow the 
user to select complex crop rotations and land management regimes. The implemen-
tation of demanding scientific and software engineering methodologies to maintain 
integrity is a major strength of this architecture. Although it is not mainly based for 
an agroforestry modelling pattern, various forestry and agroforestry applications 
have been made possible by the framework’s modular design. 

13.5.3 SCUAF 

In the 1980s, the Soil Changes Under Agroforestry (SCUAF) model was initially 
created with a focus on the effects of trees on soil carbon concentration and 
conservation (Fig. 13.6). In addition, it sought to forecast how land use will affect 
soil loss and medium-term production under certain climatic conditions (Young and 
Muraya 1990). SCUAF concentrates on trees’ capacity to replenish soil properties in 
tropical humid regions (Young et al. 1998). Although tree and plant development 
rates are exogenous to the model, soil processes are nevertheless represented in 
detail. 

However, the competition for light, nutrients, or water between trees and crops is 
not represented. It allows for slight extrapolation to longer time periods or other 
parameter conditions and gives interpolation across situations with clear bounds. 
The ability to simulate agricultural development processes with the level of accuracy 
and complexity found in models like APSIM and DSSAT (Decision Support System 
for Agrotechnology Transfer) is severely constrained by SCUAF’s annual time 
scale. Although the model was developed more than 20 years ago, research has 
just lately used it (Lojka et al. 2008).
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Fig. 13.6 Overview of SCUAF model 

13.5.4 HyPAR 

It is the amalgamation of Hybrid tree growth v 3.0 and tropical crop model PARCH 
(Predicting Arable Resource Capture in Hostile environments) model for cereal and 
pulse crops (Mobbs et al. 1997). The “gap model” used to represent trees in the 
hybrid model predicts nutrient fluxes for each tree at varying canopy heights and soil 
depths while simulating competition between individual trees with various physio-
logical characteristics. A “big leaf” model, which simulates activities at several 
levels of the leaf canopy and then averages them horizontally across a sizable 
piece of land, is used to ascribe energy absorption, photosynthesis, stomatal con-
ductance, and transpiration (Mobbs et al. 1998). Contrarily, the PARCH model 
simulates crop growth depending on the availability of several growth-promoting 
elements, including light, water, nitrogen, and phosphorus. Here, the negative effects 
of temperature extremes can be explained by the addition of additional stressors. The 
crop growth processes are not explicitly represented in this model; instead, they are



just recorded as process efficiency variables, making it less physiologically precise 
than its equal on the tree side (hybrid) or numerous other crop models now in use 
(such as DSSAT, APSIM). Bradley (1995) does not take into account the microcli-
matic interactions between trees and crops in this instance. 
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v1.0 

v2.0 

v2.5 

v3.0 

•  Includes routines that simulate the daily allocation of photosynthate, isolated
   canopy light interception, and three-dimensional feuding between the roots of
   trees and crops for water and nutrients (Mobbs etal., 1999). 

•  Addition of alternatives for tree canopy management and improvised soil water
   routines (Mobbs et al., 1998). 

•  Initiate competition for nitrogen and used to simulate Z. mays growth (Bradley,
   1995). 

•  Created in 1955 and used to predict crop growth and potential annual grain yield
   (Mobbset al., 1997). 

Fig. 13.7 Improvements to HyPAR from version 1.0 to 3.0 

It provides a way to evaluate different agroforestry choices in light of a variety of 
soil types, climatic factors, and management techniques. HyPAR can represent up to 
15 soil layers and, in addition to humus, takes into account five separate pools of soil 
organic matter (Das and Bauer 2012). The density of a plant’s roots affects how well 
it can absorb water and nutrients (Khasanah et al. 2020). Despite being a major 
improvement over SCUAF, the HyPAR model does not seem to have seen much use 
once the project that served as its inspiration was finished (Fig. 13.7). Some of the 
reasons for this include the fact that the primary funding agencies have shifted their 
priorities away from a particular model in favour of the flexible modelling environ-
ment SIMILE as well as the realization that the “quick-fix” approach of allowing 
existing crop and tree models to interact with a single soil representation had 
limitations that could only be overcome by a fundamental reformulation (Matthews 
and Lawson 1997). WaNuLCAS and HyPAR were initially developed simulta-
neously, with the model ideas being cross-fertilized, until HyPAR as a separate 
model was largely placed on hold. In addition to HyPAR, another model called 
HyCAS (Hybrid tree growth model + GUMCAS) forecasts the performance of 
Manihotesculenta (Cassava) in agroforestry systems (Friend et al. 1997). 

13.6 Below-Ground Interaction Models 

In addition to the previously mentioned WaNuLCAS, SCUAF, HyPAR, HyCAS, 
and APSIM, Matthews et al. (2004) have studied a number of models for below-
ground interactions between species, including CropSys, COMP8, GAPS (General-
purpose Atmosphere-Plant-Soil Simulator), and Almanack (Agricultural Land



Management Alternatives with Numerical Assessment Criteria). A few of these 
models successfully represent the supply, absorption, and competition for water, 
carbon, nitrogen, and other nutrients for specific applications. These models were 
designed largely as study aids and were not frequently closely linked to other 
ecosystem components, such as the production of food or lumber. 

262 A. Bhardwaj et al.

13.7 Performance of Component Yield Under Variable 
Interactions 

The performance of the agroforestry component and yield is determined by 
the nature and intensity of the interface among the components within the system. 
The influence of the tree component on the other component(s) frequently deter-
mines the net effect of these interactions. When trees are young, crop yields may not 
be influenced; nevertheless, crop yields beneath big trees may rise or decrease 
depending on the species. Given how slowly trees alter the soil environment, it 
would take many years before there would be any positive effects of trees on 
agricultural yields due to increased soil fertility. On the other side, it takes a few 
years to notice the detrimental impact of trees on competition for growing resources. 
Although fast-growing trees diminish agricultural yields quite rapidly, within two to 
three years, slow-growing trees may not have an impact on crop yields for many 
years. 

13.7.1 Comparative Yield Performance—Monocrop v/s 
Intercrop 

The potential of crops to produce sustainably is affected by the over-story compo-
nents. Crops grown under shade and open may vary in growth performance, 
production, and quality. A study on soybean, tomato, and radish in association 
with Xylia dolabiformis reported that crop yield contributing parameters improved 
with a surge in planting distance from tree base. (Basak et al. 2009). Chauhan et al. 
(2012), stated that Populus deltoides trees grown at an 8 m × 3 m spacing had the 
maximum DBH (Diameter at Breast Height), crown diameter, and crown length with 
the highest wheat grain yield compared to lesser spacing. Singh and Bishnoi (2013) 
found that bean crops grew more vegetatively and produced more pods when grown 
under khejri trees as compared to sole bean cropping. On the contrary, Bhat (2015) 
purported declined plant height and yield of tomatoes under Melia composita. He 
explained it as a sign of severe rivalry between the tree and crop for scarce resources. 

In an agrisilvicultural system of 20-year-old Terminalia arjuna and Mitragyna 
parvifolia with four varieties of green gram (Vigna radiata), all green grams fared 
better in open circumstances in terms of leaf count, branch count, and grain



production (per plant and plot) (Kumar et al. 2015). However, it was shown that only 
plant height under Arjun and kalam trees was at its maximum. The shade effect, 
which can be controlled by routine branch pruning, may be the cause of the crop’s 
comparatively poorer yield under tree cover. Likewise, Chavan and Dhillon (2019) 
reported a reduced yield of sorghum, berseem, cowpea, and wheat under the 
P. deltoides after the second year of planting due to competition. Similar observa-
tions were reported on turmeric, potato, and wheat under poplar plantations, where 
crop yield decreases with the oldness of poplar trees (Handa et al. 2019). Turmeric’s 
growth and yield were enhanced under mango plantations (34.75 t ha-1 ) compared 
to sole crops (Ali et al. 2018). Kumar et al. (2018) explained that plant growth was 
significantly higher under the shade of Diospyrus embryophytes and Terminalia 
chebula. The intercropping of medicinal plants (lemongrass, patchouli, citronella, 
palmarosa, and mango ginger) under coconut gardens positively influenced coconut 
yield. In contrast, the yield of all MAPs was reduced under tree canopy compared to 
sole cropping without altering the quality of produce (Padma et al. 2018). Similarly, 
green gram planted below Albizia, Grewia, and Subabulhas experienced less pro-
duction compared to sole cropping (Gupta and Gupta 2017). Pandey et al. (2017) 
observed maximum growth and yield of ginger under the sapota + jatropha agrofor-
estry system as compared to their sole crop. The yield of pineapple (9981 kg ha-1 ) 
and aloe vera (8635 kg ha-1 ) grown under Acacia mangium had shown maximum 
yield compared to the open sole cropping, whereas kalmegh (1239 kg ha-1 ) and 
mango ginger (3300 kg ha-1 ) performed well in the open as compared to A. mangium 
(Nayak et al. 2014). Turmeric and moong grown in the interspaces of poplar reported 
reduced yield with an increase in poplar’s age (Chauhan et al. 2013). The cash crops 
like onion variety PRO-7 recorded 34.4% and 36.7% reductions in yield when 
planted with 4- and 5-year-old poplar (Bhardwaj et al. 2021). 
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13.7.2 Manifestation of Tree-Crop Interactions in Response 
to Spacing Regimes 

The space between trees and the nature of the agricultural crop decides the density of 
the crop and the yield produced. The shade-loving crops may yield better under the 
canopy-developed tree compared to sun-loving crops. Several studies have shown 
negative and positive interactions in the final tree crop yield. 

The bell pepper production under a silver oak-based agroforestry system showed 
maximum fruit yield under larger spacing compared to closer spacing of trees, as less 
space affected the light availability and competition for nutrient availability. The 
same system showed that the trees planted with larger spacing produced maximum 
leaf fodder, bast fibre, and torchwood (Kar et al. 2019). A similar increment trend 
was witnessed by Thakur et al. (2019) under the Melia dubia and Cymbopogon 
flexuous-based system. Systems volume (41.25 m ha-1 ) and biomass (17.41 Mg ha-



1 ) increment was registered maximum at 3 × 3 m spacing, whereas minimal tree 
growth was recorded in 2 × 2 m.  
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Two baby corn varieties, that is, HIM-123 and DHM-107, under poplar-based 
system with different spacings, that is, 45 × 25, 55 × 25, and 65 × 25 cm, reported the 
maximum growth and yield under spacing of 55 × 25 cm for two years (Bhushan and 
Khare 2018). The okra intercropped Melia composita systems showed a negative 
effect of trees on okra production (Bhusara et al. 2018). Okra performed better in an 
open field than in the agrisilviculture system. But among the tree spacings, maxi-
mum growth and yield parameters were achieved in wider spacing in comparison to 
less space. Patil (2018) reported higher seed production of French bean and soybean 
(1042.9 and 875.8 kg ha-1 , respectively) planted under a young teak plantation with 
4 × 2 m spacing. The same system in the same season showed a reduced yield of 
black gram and green bean, attributing to the nature of the agricultural crop used for 
developing the system, where black gram and green gram are well recommended for 
the open field than any agrisilvicultural system considering the final seed yield. The 
production of fennel and ajwain under different spacing of a 5-year-old poplar 
plantation (Rathee et al. 2017) showed that the seed yield declined up to 78.67% 
and 84.84% under 5 × 4 m spacing as compared to the sole fennel and ajwain plots. 

Sharma and Pant (2017) experimented with maize cultivation in a poplar-based 
agroforestry system with tree spacing of 6 × 4 m and 4 × 4 m and open conditions. 
Maize’s maximum plant height and grain weight were reported in open conditions 
(248.67 cm and 244.61 g, respectively) and minimum in the tree spacing of 4 × 4 m  
(210.19 cm and 236.06 g, respectively). An increase in wheat and paddy grain yield 
with an increase in distance from the base (6 m) of Poplar and Eucalyptus trees was 
observed by Gusain (2016). 

13.7.3 Manifestation of Tree–Crop Interactions in Response 
to Nutrient Regimes 

Farm nutrient management of a complex agroforestry system is a vital practice that 
directly influences the productivity of system components, ultimately defining the 
system’s economics. Nutrient management in the earlier and later phase of the 
system influences the tree–crop interaction either by facilitation or competition. 
Additional application of nutrients directly increases the system’s output; knowing 
the appropriate nutrient, application dosage, time of application, etc., plays a role in 
increasing or inhibiting growth and productivity. 

Verma et al. (2019) reported better performance, namely, yield, oleoresin, and dry 
matter recovery, of two rhizomatous crops, turmeric and ginger, under organic 
practices than traditional prevalent methods, that is, without fertilizer or inocula-
tions. Whereas Anuradha et al. (2018) reported that the combined application of 50% 
recommended dose of nitrogen fertilizer through an inorganic source and the 
remaining 50% through Pongamia cake resulted in higher fresh rhizome yield,



that is, 43.94 t ha-1 in turmeric. A comparative analysis of different nutrient sources, 
namely, poultry manure (PM), NPK (Nitrogen, Phosphorus, Potassium) (200 kg per 
ha), Mg fertilizer (20 kg per ha), PM + Mg, NPK + Mg on the performance of 
turmeric showed that the yield of rhizome increased under application of NPK + Mg 
by 13.6% (Adekiya et al. 2019). Prajapati et al. (2018) reported the best results 
concerning plant growth height and maize cob yield, applied with NPK @ 
100% + vermicompost @ 100% compared to other traditional practices. The highest 
grain yield, crude protein, and starch content in maize were reported with an 
application of vermicompost @ 5 t ha-1 with 75% RDF (Recommended Dose of 
Fertilizers) (Kumar 2014). The growth and yield of poplar and linseed were highest 
with the application of FYM 125% (Kaushal et al. 2019). The application of a 50% 
recommended dose of N P K and 100% Zn fertilizer resulted in a substantial surge in 
the number of pods per plant (19.53), seeds per pod (6.20), and pod yield (77.67 q 
ha-1 ) in pea (Chethan et al. 2018). Kumar (2017) experimented the effect of INM 
(Integrated Nutrient Management) on wheat and paddy under the Casuarina 
equisetifolia-based agroforestry system resulting in higher grain yield in NPK 
(120:60:40 kg ha-1 ) treatment. The brinjal planted in 3 × 2 m interspace of teak 
showed maximum growth and yield under 100% RDF (100:50:50 NPK ha-1 ). 
Darjeeling tea production was highest under the application of 50% RDN 
(Recommended Dose of Nitrogen) through VC and urea respectively (Kumar et al. 
2015). 
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13.8 Major Research Interests in Above and Below Ground 
Interactions 

Contemporary developments and viewpoints regarding the functioning of above-
ground and belowground agroforestry (AF) systems acknowledge the interaction 
between microclimate and soil water balance. The influence of trees in this interac-
tion includes the equalization of water pressure and the significant role of tree roots 
in binding and anchoring soil. These combined effects help to mitigate the risk of 
landslides on sloping land, particularly during periods of heavy rainfall (Hairiah 
et al. 2020, Cardinael et al. 2020). 

13.8.1 Amelioration of Microclimate 

Tree canopy develops a microenvironment that modifies various meteorological 
parameters which in turn affects various physiological processes of intercrops. 
Several studies were carried out to study microclimatic effect under tree canopies. 
The influence of an agroforestry system based on poplar trees on the microenviron-
ment was appraised by implementing various pruning treatments, including 50% and



75% pruning with and without topping, as well as lateral pruning with and without 
topping. Among microclimatic parameters, photosynthetically active radiation 
(PAR) and light intensity was found to increase with the increase of pruning 
intensity. During the agrisilviculture system, higher leaf area index and relative 
humidity were remarked in summers compared to winters. This could be due to 
the increased presence of leaf biomass during summers, resulting in more transpira-
tion compared to pure crops (Singh et al. 2019). The PAR received by crops in 
intercropping systems is lower compared to crops grown in monoculture. On 
average, the daily PAR levels observed in intercropping systems based on jujube, 
apricot, and walnut were approximately 78.7%, 45.5%, and 20.1%, respectively, in 
contrast to the PAR levels in monoculture (Qiao et al. 2019). Plants adapt to different 
light regimes through changes in physiological demeanour. The maximum photo-
synthetic rate of understory crops typically occurs in the afternoon, depending on the 
prevailing weather conditions during their growth period. The growth and produc-
tivity of both rainy and winter season crops were significantly affected by the 
spacing configurations of the agroforestry system based on poplar trees, with the 
influence becoming more pronounced as the trees matured (Chavan and Dhillon 
2019). Chauhan et al. (2013) studied the microclimatic interactions under agri-horti-
silvicultural model involving poplar as timber tree, fruit trees, and agronomic crops 
(moong and turmeric). Bhardwaj et al. (2021) recorded higher relative humidity 
(42–72%) under poplar canopy while a lower range was recorded under open 
conditions (37–68%). Temperature variation showed that maximum temperature 
was lower under the canopy (14.6–36.8) and higher under the tree-less conditions 
(15.8–38). The value of PAR varied with phenological changes of poplar canopy. 
The PAR started to increase from January to the first fortnight of April and then it 
declined under full-fledged canopy while under open conditions it followed the 
increasing trend. The presence of PAR alters the microclimate in the area, subse-
quently impacting the eco-physiological parameters and ultimately influencing the 
crop yield (Sangwan et al. 2016). 
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13.8.2 Amelioration of Soil Physiochemical 
and Microbiological Properties 

Greater significance was observed for saturated hydraulic conductivity in the agro-
forestry region compared to obvious regions (3 to 14 times) (Tshepiso et al. 2005). 
Baber et al. (2006) examined the physicochemical properties of soil at two depths in 
an agroforestry system (0–15 cm and 15–45 cm). Samples were taken 5, 10, 15, and 
20 metres away from the eucalyptus trees. In the surface soil, pH, EC, OM, P, and K 
values declined with increasing distance from the trees. However, in the subsoil, OM 
and P values increased with distance, while PH, EC, and K values declined. It was 
recorded that soil bulk density, organic carbon, and dehydrogenase activity were 
improved under 1000 trees/ha, whereas available phosphorus, phosphatase activity,



and exchangeable calcium were improved under 500 trees ha-1 . Therefore, to boost 
the physicochemical and biological properties of the soil, a tree density of 500 to 
1000 trees per hectare has been found to be the optimal choice (Uthappa et al. 2015). 
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In 2009, Gupta et al. collected soil samples from both agroforestry and 
non-agroforestry sites containing poplar plants of diverse ages (1, 3, and 6 years) 
and varying soil textures (loamy sand and sandy clay). The purpose of the study was 
to investigate the soil organic carbon content to assess the amount of carbon 
sequestered in the soil. The average percentage of organic carbon in soil increased 
from 0.36 to 0.66% when an agroforestry system was used. Loamy sand had a higher 
organic carbon content than sandy clay soil. Pandey et al. (2010) conducted a study 
on Acacia nilotica trees (12 years old) to investigate the impact of three tree canopy 
positions, specifically mid-canopy, canopy edge, and canopy gap, on soil character-
istics such as texture, organic carbon content, soil pH, as well as total mineral 
nitrogen and phosphorus. The results indicated that in comparison to the canopy 
gap, the area just underneath the mid-canopy experienced a 10% decrease in sand 
particles and a 9% increase in clay particles, respectively. With increasing soil depth, 
clay particles under any canopy location did not significantly drop. Mid-canopy and 
canopy edge positions had higher levels of soil organic C, total N, total P, mineral N 
(NO3

- -N and NH4
--N), and P compared to the canopy gap. Chauhan et al. (2012) 

conducted a study in an irrigated agro-ecosystem in India to assess the potential 
carbon sequestration of a common wheat intercropping system. They found that the 
presence of poplar blocks in the system increased organic carbon content in the top 
layer of soil (0–15 cm) due to the enrichment from litter and roots. Compared to open 
fields with wheat alone, the soil organic carbon content under poplar plantations was 
0.42% as opposed to 0.32% under control conditions. In another study by Mao and 
Zeng (2013) in a semiarid temperate region of Northeast China, soil properties were 
investigated in croplands with 5-year-old poplar-based agroforestry systems. They 
found no significant differences in bulk density between croplands and agroforestry 
systems. However, they observed changes in total organic carbon, total nitrogen, 
nitrogen in microbial biomass, microbial metabolic quotient, and potential nitrogen 
mineralization rate. Tangjang et al. (2009) studied traditional agroforestry systems in 
northeast India and reported changes in microbial population and species composi-
tion attributed to factors such as plant residues, additional organic matter, vegetation, 
plant species composition, and soil mineral nutrients. Examining microbial biomass 
carbon (MBC) in semi-arid India, Benbi et al. (2012) investigated poplar-based 
agroforestry, rice-wheat, and maize-wheat cropping systems. Compared to maize-
wheat systems (185 mg kg-1 soil) and rice-wheat systems (104 mg kg-1 soil), MBC 
was greater in agroforestry systems (203 mg kg-1 soil). According to Tian et al. 
(2013) microbial biomass values at various ginkgo spacings were substantially 
higher than in pure tea systems. The significant increases in soil microbial 
biomass C, N, and P under this AFS were mostly attributable to the gradual addition 
of various amounts of organic matter inputs through litter fall over time. As a result, 
microbial biomass, which depends on nutrient fluxes, has been utilized as a measure 
of soil fertility.
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13.9 Economic Implications of Tree-Crop Interactions 

Agroforestry systems are gaining more importance in the view of benefits to farmers 
and also by considering the ecological perspective. Incorporating diversified trees 
and crops are valued for better growth and/or household consumption. These shifts 
in farming system ensure the on-farm production and helps to manage “Hungry 
season”. From an economic standpoint, agroforestry land-use systems will either 
have a higher production value at the same resource cost or the same output value at 
a lower resource cost than non-agroforestry land-use systems (Hoekstra 1987). 

Khullar et al. (2010) conducted a study on the financial assessment of Populus 
deltoides based agroforestry models in Punjab and reported that the P. deltoides-
based agroforestry system is more economically feasible and profit-making than the 
sole cultivation of paddy-wheat. The net returns from the agricultural model were 
309,582 Rs ha-1 , whereas from the agroforestry model it was 1,086,389 Rs ha-1 

(block plantation) and 540,679 Rs ha-1 (boundary plantation). Kareemulla et al. 
(2012) worked out the financial evaluation of Populus deltoides-based agroforestry 
system and reported that the main reason for adopting bund plantations and 
agrisilviculture system is the 70% additional income generation which provides 
nearly 20% of much-needed emergency sources of cash. In case of bund plantation 
of poplar with eight years of rotation, the NPV was Rs. 1,37,000/-, Rs. 1,27,000/-, 
and Rs. 1,18,000/- at discounted factors of 8%, 10%, and 12%, respectively, with 
benefit-cost ratio (B:C ratio) of 2.8 for all the three discount factors. Whereas, in the 
case of agrisilviculture with a rotation of seven years, NPV at the respected discount 
factors was Rs. 1,23,000/-, Rs. 1,11,000/-, and Rs. 1,01,000/-, respectively, 
while B:C ratios were 2.18, 2.15, and 2.12, respectively in comparison to the 
conventional crop rotation with a B:C ratio ranging from 1.34 to 1.42. On an 
average, both systems are socio-economically suitable and more profitable than 
monoculture. Devender et al. (2012) did a cost-benefit analysis of poplar-based 
agrisilviculture models adopted by farmer in N-W Indo-Gangetic plains during 
December 2000–06. They observed that productivity of the inter-sown crops 
reduced significantly after 2–3 years of poplar plantation which is compensated by 
the sale of green timber. Further they stated that the combination of poplar + 
sugarcane resulted in the highest net income of Rs. 64,355 ha-1 annum-1 followed 
by poplar + turmeric (Rs. 59,543 ha-1 annum-1 ) whereas the lowest net income was 
obtained from poplar + wheat/lentil (Rs. 18,719 ha-1 annum-1 ) followed by sole 
poplar (Rs. 20,188 ha-1 annum-1 ), which was higher than rice-wheat rotation 
(Rs. 22,970 ha-1 annum-1 ) commonly practised in this region. Padma et al. (2018) 
noticed that coconut + patchouli intercropping system registered the highest net 
return (Rs. 1,43,705/-) and B:C ratio (2.84) followed by coconut + citronella 
(Rs. 1,08,870/-) with B:C ratio of 2.12, while monocropping of coconut gave net 
returns of Rs. 29,650/-with a B:C ratio of 1.60. Saresh et al. (2018) reviewed that in 
poplar-wheat and poplar-sugarcane intercropping systems the B:C ratio was 1.75 
and 2.30, respectively, which was higher than their sole cultivation. Average net 
return ha-1 from poplar in combination with lemon grass, citronella, palmarosa, and



Japanese mint were Rs. 43,950, Rs. 40,160, Rs. 39,670, and Rs. 36,370, respec-
tively. These agrisilvicultural systems offer an annual revenue of Rs. 70,000–80,000 
per acre, which is three times more than what is primarily farmed in the central 
Punjab plains in a rice–wheat cycle. Likewise, Rana et al. (2017) studied the 
economic feasibility of growing sweet gourd alongside mango and guava in 
Gazipur, Bangladesh, and they claimed that the LER (Land Equivalent Ratio) of 
the intercropped mango and guava was 1.257 and 1.261, respectively. Pandey et al. 
(2016) reported that sapota + turmeric had the highest B:C ratio (4.85) whereas 
ginger sole cropping showed the lowest B:C ratio as 1.40. They stated that the 
cultivation of turmeric is more remunerative with sapota + jatropha as it provides a 
higher net income (Rs.3,55,350.60 ha-1 ), B:C ratio (4.73 and lesser cost of cultiva-
tion (Rs.1,12,303.93 ha-1 ) whereas in the case of ginger the cost of cultivation is 
higher (Rs. 1,59,343.88 ha-1 ). Bhardwaj et al. (2021) reported higher returns from 
poplar+onion model with 60% IRR and B:C ratio of 2.94 in comparison to poplar 
+wheat model. 
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Apart from the products, ecosystem services also play a significant part in 
decision-making on land management (Ovando et al. 2016) and numerous ecolog-
ical services are thought to be provided by agroforestry systems. Although there has 
been increasing interest in the Kyoto Protocol’s clean development mechanism 
(CDM), this initiative holds promise for financial rewards for agroforestry systems 
carbon sequestration benefits and other ecosystem services. The sequestered carbon 
can be sold in carbon credit markets. Russell et al. (2010) calculated that 
transitioning from a continuous-cropping system to an agroforestry system that 
participated in carbon trading would cost $109 ha-1 . Kay et al. (2019) conducted 
a study to assess the economic performance of marketable and non-marketable 
ecosystem services (ES) and dis-services in 11 contrasting landscapes of the 
European continent dominated by agroforestry land use. They found that the Med-
iterranean agroforestry systems tend to provide greater financial value compared to 
the agricultural system but in continental and Atlantic regions the agricultural system 
tends to be more profitable. However, when the related ES’s economic values were 
taken into account, agroforestry has become more profitable in comparison. So, 
integrating trees with field crop in the same area are far more productive in compar-
ison to sole cultivation of trees and agricultural crops. 

13.10 Conclusion 

The productivity of intercropping mixture consisting of a tree–crop combination is 
regulated by numerous growth determinants. More information on interactional 
studies between trees and crops is required to move towards low-input and diversi-
fied systems and also to manifest the beneficial relationship between trees and crops. 
In order to promote efficient and productive tree crop combinations across a wide 
range of environmental conditions, it is very important that reliable predictions of 
agroforestry practices be made with flexible models. Technological alternatives is



the area where future research needs to be focused, which would promote better 
resource use to harness the benefits of each component (trees/crops/livestock). 
Moreover, combined efforts with indigenous knowledge and scientific methods 
will provide better solutions. 
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Chapter 14 
Restoration of Degraded Soils for Food 
Production Through Agroforestry 

Vinita Partel, Rajesh Kumar Meena, Vishnu K. Solanki, and Tulika Kumari 

Abstract The effect of land degradation is mostly seen on the economically weak 
peoples because economically weak peoples are more dependent on natural 
resources. Almost all agroecologies and terrestrial biomes face the problem of land 
degradation, not only low-income countries but high-income countries as well. In 
the world, approximately 2 billion ha land is affected by land degradation in many 
forms of natural occurring and human generated. The main contribution in land 
degradation is done by water erosion. The world priority is restoration of ecology of 
ecosystems which are degraded. Agroforestry approaches like several species of fruit 
trees and forest, arable crops, medicinal crops of high value and forages are used for 
the rehab of degraded land from eroded soil, mining, deforestation, degradation of 
rangeland and intensive agriculture. To diversify and intensify farming system, 
agroforestry can be used through indigenous tree species integration which helps 
to maintain the sustainability also. The involvement of various integrated farming 
systems by including horticultural trees and various multipurpose trees helps to build 
up the soil fertility. 

Keywords Arable · Erosion · Agroforestry · Ecosystem · Deforestation 

14.1 Introduction 

Soil degradation explains the consequences when soil quality declines and capacity 
to support plants and animals gets also declined. Certain chemical, physical or 
biological qualities also go towards downfall due to soil degradation. It is a global 
problem that has large impacts upon everybody through food insecurity and higher 
food prices, through environmental hazards and climate change and through loss in
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biodiversity and services of ecosystem. Land degradation chiefly describes the life 
support land resource loss by salinization, desertification, soil erosion, acidification, 
etc. Deforestation reports severe degradation problems because it may cause serious 
soil erosion, fertile top soil removal and flood. Land degradation causes loss of 
economic productivity or biological activity and complication of rainfed cropland, 
rangeland or irrigated cropland, woodlands, pasture and forest arising from uses of 
land or from a process or process combinations which also include the processes 
arising from the patterns of habitation and activities of human beings like (i) erosion 
of soil occurring by water or wind; (ii) degradation of many properties of soil like 
biological, chemical and physical as well as economic; and (iii) depriving the natural 
vegetation on a long-term basis. Land degradation will hold on the important factor 
which will frighten the village livelihoods, increasing the dispute over restricted 
natural resources and also bringing about forced migration. In advance instance of 
land deterioration, drought and desertification, the whole village, social and com-
munity are enforced to move from own original inherited place to areas having 
already competitiveness over scanty resources and in this way come up with conflict 
at excess risk. The major role played by sustainable use of land is soil protection for 
human security, food and climate (Lal 2014; Amundson et al. 2015). After that also, 
land degradation is a worldwide occurrence which is influenced by natural and social 
factors; it occurred commonly in agroecologies and terrestrial ecosystem, in 
advanced industrialized countries as well as in low-income countries (Nkonya 
et al. 2016).
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The primary effects of land degradation are reduced production of food, storage 
of water, biodiversity losses, organic carbon removal and diminished ecosystem 
functions (IUCN et al. 2015; Gilbey 2019). Land degradation has several primary 
causes, including incorrect utilization of land, soil erosion, soil carbon losses, water 
logging, mining, desertification, imbalance of nutrients and reduced soil biodiversity 
(FAO and ITPS 2015). 

Understanding the scope of land degradation at global level by knowing both its 
impacts and causes, its imperative on environment as well as socio-economic could 
impose a basic threat to security and peace from communities of the local people to 
the whole continents. This chapter will explain in a nutshell these potential and 
linkages by considering the human securities. The basic purpose is to convince the 
decision-makers about the urgent need for action against the land degradation and 
meanwhile highlighting the economical and realistic solutions which also include 
the embracing and step-up of sustainable land management practices and ecosystem 
re-establishment activities. The unchecked soil degradation can entirely lose its 
productive capacity for human use, and this will again reduce if the steps are not 
taken to stop the further degradation and not restoring the productivity. The produc-
tive capacity of land is lowered temporarily or permanently by land degradation 
(Hurni 1993). 

When negative activities of humans become supplemental to the factors which is 
natural, then degradation occurs, and the negative human activities are system of 
irrigation which is inefficient and not corresponding with requirement of soil and 
water; overgrazing, deforestation over-cultivation and industrial pollution also



increase, and population is also another factor for land degradation (UNCCD 2003). 
The significant land degradation consequences are commonly well known which 
have negative impacts on human life and the environment. This involves non-timber 
forest products (NTFP) shortages and firewood scarcity, and other woods become 
scarce also (EFAP 1994), the water of springs and water bodies dry, sediments are 
deposited in dams, landslides and floods cause the diseases which are waterborne; 
climate change, biodiversity loss and desertification all these affect negatively land 
efficiency and food safety (Robert et al. 2008). 
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14.2 Agroforestry 

Agroforestry is a system in which perennial woody shrubs and trees intentionally 
grow by mixing on the similar land use system with crops or animals in some forms 
of time sequence or in spatial arrangement. Alternate land use systems on agrofor-
estry lessen the erosivity caused by runoff and eroding of soil through reducing the 
rainfall intensity by low height coverage, litter on surface, hindering the overland 
flow, binding the roots and ameliorating the health of the soil. When there are species 
which are compatible and availability of sufficient soil-water resources fulfills the 
water demand of both the species, then the satisfactory crop yield can be achieved. 
Agroforestry plays a significant role for providing food security as well as nutritional 
security and reducing land degradation (Pretty and Bharucha 2014; Dagar and 
Tewari 2017; Lal 2004; Nair 2007). 

The three basic components of agroforestry are trees, crops and animals which are 
classified as follows: 

1. Agri-silvicultural Agriculture crop, trees, shrubs 

2. Silvi-pastoral Trees, pastures/animals/grass 

3. Agri-silvi-pastoral Crops/pasture, animals and trees 

4. Agri-horticulture Agriculture crop/fruit trees 

5. Silvi-horticulture Forest trees and fruits 

6. Silvi-hortipastoral Trees and fruits, pastures and animal 

However, some component trees like subabul have prolific habit of seeding which 
results in higher growth rate of weeds and reduces the production of primary crops. 
The impact of rooting and shading of Acacia nilotica on cultivated crops is as much 
as 20 m, and the main drawback of the land management system of agroforestry is 
harbouring pest and diseases and birds; reduction in the scope of mechanization 
makes the system more requiring labour and having tree allelopathy effects on 
cultivated crops. Agroforestry also includes a high diversification on the degraded 
and waste lands for sustaining several ecological functions (Schoeneberger et al. 
2012).
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14.3 Soil Degradation Types 

14.3.1 Biological Soil Degradation 

The microbial and biological activity of soil is adversely affected by the factors like 
soil micro flora and fauna. It also has an impact on yield. It is also studied that 
cultivating the similar agriculture crop on similar unit of land every year, 
i.e. monocropping, causes the increase on the pest and disease attack. In the Nilgris, 
cultivation of potato is threatened by fatal nematodes, and if not checked on time, it 
can cause risk in potato cultivation in that area. Microbial activity and biomass get 
reduced by the excessive use of pesticide. Nitrification is inhibited by the incorpo-
ration of many pesticide chemicals (like bromacil, amitrole, picloram, atrazine, etc.). 
Different pesticides also inhibit some leguminous crop growth, its nitrogen fixation 
and their nodulation. Oil shales and heavy metal disposal and spillage of crude oils 
contaminate the soil and have bad impact on micro flora, as a result affecting the 
productivity of soil and causing soil demeaning. It is reported that soil biota is a 
pointer for soil richness and affecting structure of soil (Nebiyou and Muluneh 2016). 

A huge number of diverse living organisms in a complex system and varied 
communities are possessed by the soil. The presence of organisms which are billions 
in number like actinomycetes, bacteria, algae, nematodes, protozoa, fungi and 
cyanobacteria is revealed by the microscopic examination of a soil sample, and a 
complicated web of biological activity is formed in the ecosystem by the interaction 
of these diverse organisms. The functions and activities of soil biological commu-
nities are influenced by many factors of the environment like acidity, moisture and 
temperature and also by the activities of human like management practices which 
include agricultural and forestry. Physico-chemical soil deterioration is the direct 
result of unsuitable soil management practices. Covering the land with the required 
shrubs and trees is the key strategy to control the biological degradation. In the 
sustainability of ecosystem, the vital role is played by the soil organisms. Addition-
ally, they serve as the primary driving force behind the management of soil organic 
matter dynamics, the release of greenhouse gases, carbon sequestration in the soil, 
the modification of soil physical structure and water regimes and the impact on plant 
health. Biological degradation mostly manifests as a reduction of the organic matter 
in the soil, reduction of the vegetation cover and decrease in biological activity 
(Nebiyou and Muluneh 2016). 

14.3.2 Physical Soil Degradation 

Physical soil qualities including texture, structure, aggregate stability, porosity, 
permeability or compaction and crusting are fundamentally affected negatively by 
physical degradation (Mitiku et al. 2006). The change in the size distribution of the 
pores and the total volume of the soil are mostly reflected by the soil degradation



which brought about the solid phase reorganization. Compaction means reorganiza-
tion in the subsoil, and if it is called sealing or crusting, it means reorganization 
occurs in the surface. If we see worldwide, then compaction, sealing and crusting are 
the major soil physical management problems. Compaction of soil also mostly 
happened in farming systems which are mechanized, in which the soil has to tolerate 
the continuously heavy loads of machineries. By the use of machineries for the 
clearance of forest and in agricultural-based industries in the tropics, soil suffers 
mostly compaction problems (Nebiyou and Muluneh 2016). 
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14.3.3 Chemical Soil Degradation 

The chemical fertility of the soil is negatively impacted both directly and indirectly 
by changes in one or more of its chemical qualities (Suraj et al. 2001). The activities 
of soil life process get interfered by the large amount of toxic chemicals which are 
present in chemically degraded soils. Nutrient element mobility, nutrient availability 
and nutrient uptake are also interfered with these toxic elements, as organic matter is 
the primary factor for the productivity and the development of the plants which is 
declined by the chemical degradation of the land due to repeated tillage in cropping 
system. Therefore, chemical degradation reduction is one of the sustainable man-
agement, which can be achieved by the tree-based or shrub-based farming systems 
like by adopting agroforestry practices. Chemical degradation involves the collec-
tion of chemicals which influence the soil biological activity of soil (Logan 1990). 

14.4 Possibilities to Execute the Rehabilitation 
of Degraded Land 

There should be involvement of some short-term advantages, either material or 
monetary, including the foreseen future beneficial impacts:

• Behaviour of rural people, behaviour and perceptions should have interest on the 
principle of the programme regarding rehabilitation—the public should believe 
that their advantage is based upon the long-run change only.

• Complete knowledge of the connectivity, peculiarities and challenges of dry land 
ecosystems, especially for dry land forests and woodlands.

• It should conduct the soil productiveness improvement, hydrological 
processes, etc.

• Accessible uses of land should be studied, and the attributes of land should be 
matched with land uses so as to find out the causes of degradation.
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14.5 Soil Degradation Causes (Gupta et al. 2020) 

The major factors for degradation or unproductiveness of soils are the following: 

1. Using higher pesticides 
2. Waterlogging conditions 
3. Soil salinity 
4. Soil erosion 
5. Other factors 

14.5.1 Pesticides 

In modern agriculture there is large contribution of pesticides which endures the food 
security. It means the chances of incorporated pesticides going inside the soil and 
degrading some aspects of soil property should not be ignored (Fig. 14.1). Such 
effect chances are more when pesticides are incorporated at a higher dose from long 
durations (Hance et al. 2001); higher dose of pesticide leads to toxicity. According to 
a study, using less than 0.1% of pesticides added to crops will really reach the 
intended insect. The remaining chemicals will find their way into the environment 
and may contaminate the soil, air and water (Pimentel and Levitan 1986). 

14.6 Waterlogging 

The equilibrium of water of any area is distressed due to surplus recharge; soil 
becomes waterlogged. Overland water flow towards the basin; leakage from canals 
and supply system, heavy rains and tide flooding are the major sources of water.

Fig. 14.1 Pesticide 
incorporated pathways for a 
crop (Arias-Estevez et al. 
2008)



There are some conditions which cause waterlogging like low porosity of subsurface 
horizons, interior drainage, natural basins without outlet for water, less absorbing 
capacity of surface soils and hindrances to natural run of rain water. The speedy 
augmentation in the water table is due to irrigation by canal in highly productive 
areas. In arid and semiarid areas, irrigation by canal expansion is also straight 
relevant by the waterlogging and salinity problems. The disturbance in hydrological 
cycle is caused by the surface irrigation water inefficient use, deprivation of land 
development, poor drainage and leakage resulting in high water table. Canals of arid 
and semiarid regions are mostly affluent in soluble salts. When the same water are 
used as irrigation water, the salts rise to the surface by capillary action, and these 
salts are deposited on the upper surface of the soil as a coating or crust after drying up 
the water. Soil having more organic matter content, because of less temperature and 
waterlogging, can be surely affected due to both factor changes. Waterlogging is a 
global problem distressing 16% of the soils in the United States, 10% in Russia and 
agricultural land and crop production of India, Pakistan and China which depends on 
irrigation (Yaduvanshi et al. 2014). Soil properties affected by waterlogging have 
been presented in Fig. 14.2.
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Fig. 14.2 Soil properties affected by waterlogging (Nuruzzaman Manik et al. 2019)
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14.7 Salinity (Saline and Alkali Soils) 

The productivity is affected directly by salinity, making the soil unsuitable for crop 
growth, and also indirectly by lowering the productivity by having the serious 
impacts over the nutrient availability. The alkalinity’s undesirable impact on nutrient 
accessibility is because of deflocculating effect of sodium ions. Extreme irrigation in 
agriculture largely contributes to the increase in troubles of secondary salinization 
and waterlogging (Qadir et al. 2007). 

14.7.1 Erosion 

The major reason behind the soil degradation is the soil erosion. In the erosion of the 
soil, the top layer having more fertility and containing essential nutrients is lost due 
to which soil becomes essential mineral deficient resulting in loss of productivity 
(Fig. 14.3). Forest destruction or deforestation reducing the rainfall frequency and 
leading the soil erosion and damages the agriculture property. When the soil is 
abrupt, sloppy or simply erodible, then deforestation causes the degradation of the 
soil fast. Erosion of soil by wind and water is the chief factor to destruct the natural 
vegetation cover. In India soil erosion is extensive and a severe problem for its 
continued existence. It occurs in arid and semiarid lands, forest lands, agricultural 
lands and in areas where disturbances take place geologically or naturally (Saroha 
2017). 

Fig. 14.3 Impacts of soil erosion (Lal et al. 2003)
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14.8 Shifting/Jhum Cultivation 

This kind of cultivation is primarily practiced in the northeastern states of India. It is 
a kind of slash and burn cultivation method. Mostly the forest land is slashed and 
burned after reaping of crops. The subsequent cultivation will be done on a different 
piece of land, and the burned land will be left without cultivation for some period; 
the length of gap years between two cultivations in a land was 10–20 years in the 
early periods. As the population increases due to which land availability is compact, 
the gap is also getting reduced to merely 2–3 years. This causes severe deforestation, 
removal of wild animal habitation, environmental pollution, etc. The firing of forest 
causes gradual degradation and soil erosion. Jhum cultivation is a significant trade 
partner for the conservative communal orders as their essential sources of food, 
shelter, medicine, shelter and particular goods and services (Bhattacharjee et al. 
2020). 

14.9 Extension of Cultivation to Marginal Land 

The land use increases tremendously day by day due to high growth in population. 
Although marginal lands are viable for cultivation, they become low in fertility and 
susceptible to degradation. Marginal lands are the lands in dry and semi-dry areas, 
abrupt sloppy lands and sandy soils (Honson et al. 2015). 

14.10 Improper Crop Rotation 

In place of more balanced cereal-legume rotations, intensive cropping methods of 
profit-making crops are adopted by farmers due to land shortage, population increase 
and economic pressure. During the last two decades, cooking crop area decreased, 
and non-consumable crops area enlarged. Soil fertility is lost due to elimination of 
huge quantity of nutrients because of intensive cultivation (Yaduvanshi et al. 2014). 

14.11 Fertilizer Misuse 

Fertility of soil decreased due to long-time intensive farming. The efficiency of soil 
is maintained by the farmers by incorporating chemical fertilizers which make them 
take away by the use of organic manures. Even though using fertilizers production 
can be maintained at the same level that provides undersupplied minerals, their usage 
mostly causes deficiencies of other nutrients. In several parts of the world, restora-
tion at the landscape scale is being used to repair the harm that anthropogenic



ecosystem degradation has done to biodiversity and human welfare (Honson et al. 
2015). 
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14.12 Overgrazing 

In India due to agricultural land expansion, pasture ground area is shrinking as time 
passes. Recent satellite data clears that pasture land area is extremely degraded. 
Overgrazing is also the reason for this deprived situation of pasture lands. Forest 
soils have degraded because of indiscriminate and unchecked graze on forest land. 
Overgrazing directly results to vegetation disappearance, making it as a primary 
cause of water and wind erosion in dry lands (Dass et al. 2011). 

14.13 Mining 

The physical, chemical and biological properties of soil are affected through mining. 
The intensity of impact of mining depends upon the chemical and physical properties 
of the waste generated. The layers of the soil change as the uppermost soil is changed 
into interior within the dumps. Nearly all organic materials and plant and mineral 
nutrients are missing from the eroded material. There is a need of mining for diverse 
uses which causes degradation of many locations and leads to no biomass production 
in the affected area (Gupta et al. 2020). 

Soil conservation called the management of land which depends upon the land 
capacity includes best applied management practices, leading the commercial crop 
production with no degraded land (Nebiyou and Muluneh 2016). Soil degradation 
types have been depicted in Fig. 14.4. 

14.14 Agrostological Methods 

Agrostological method refers to utilize the grasses to check the erosion of soil, to 
reduce the runoff and to improve the moisture storage. Grasses having dense canopy 
cover on the surface of the soil and the rooting which is profuse and holds the soil 
provide the best protection against erosion and runoff. Various in situ techniques for 
the conservation of moisture are given below (Dagar and Tewari 2017).
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Fig. 14.4 Soil degradation types 

14.14.1 Restoration by Rangelands 

The recommendation for eroded, degraded, shallow gravelly soils is raising the 
perennial grasses to establish the grassland or pastures. Canopy of grasses catches 
the rainfall, lessens the splash erosion, controls the runoff and increases the soil 
moisture storage from rainfall. It is also an internationally well-known, ecologically 
exclusive system that sustains affluent biodiversity and intellectual and recreational 
value (White et al. 2000). 

14.14.2 Restoration by Ley Farming 

In the restoration by ley farming, grasses, legumes trees, shrubs and annual crops are 
cultivated in rotation. Legumes and grasses, e.g. Stylosanthes and Cenchrus, are 
cultivated for the duration of 4–5 years, then followed by yearly crops, e.g. sorghum 
for the period of 2 years. The coverage of soil with legumes and grasses improves the 
moisture conservation. It is advised that grassy weed attack was lessened by rotating 
graze legume pasture with wheat in comparison to the cropping systems which did 
not contain grazed pasture (Martin 1996).
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14.14.3 Restoration Follows the Strip Cropping Pattern 
with Grasses 

Grasses and fodder crops are cultivated alternately and across the slope, helping to 
control the runoff and erosion and increasing moisture infiltration capacity of the 
soil. Grasslands store most of the carbon in the soil in comparison to the vegetation 
unlike the forest (White et al. 2000). 

14.14.4 Restoration by Vegetative Barriers 

Vegetative barriers comprise the one or two rows of perennial grasses across the 
slope and along the contour at suitable intervals. They create a hindrance for 
unhindered runoff and transportation of the soil. Plantation of vetiver should be 
done in rows at 40 m spacing in the slope of 0.5%. Before the start of the monsoon, 
plough furrows are exposed by using disc plough. The holes at a depth of 5–8 cm at  
the interval of 20 cm are formed, and the planting of two slips in one hole should be 
done in the commencement of monsoon. The surrounding soil of root zone should be 
compressed. Soil erosion and runoff are prevented by the barriers of vetiver. Vetiver 
holds the soil by allowing the surplus runoff to run by their canopy with no loss of 
the soil. The effects of various vegetation barriers growing in trench-cum-bund 
arrangements were seen in runoff, moisture, loss of nutrients, soil fertility and crop 
production in the rainfed uplands in the southern Orissa watershed (Dass et al. 2011). 

Vegetative barriers need less maintenance and have adapted to drought also. It 
also doesn’t show any border effect over the adjacent row crops. It hikes up the yield 
of a crop by 10–15% by allowing the uniform spreading of water to sloppy portion in 
the field as a result making the uniform plant stand. It stores the moisture in the soil. 
The harvesting of fodder can also be taken for the animals if any fodder grasses, 
e.g. marvel grass or Cenchrus glaucus, are used. Barriers of vegetation are more 
useful for black soil. It does not permit any operations in black soil like contour 
bunding which develops the crack in summers and gives the way for water loss. 
Therefore, the maintenance of vegetation barrier is able to successfully apply in the 
black soil up to 4–5 years. The replanting material can be taken from the previous 
barriers after 4–5 years by ‘quartering’. Vegetative barriers are the biological 
procedure which is substitute, which efficiently preserve the soil and water from 
the surface runoff moderation and allow the extra infiltration time (Krishnagowda 
et al. 1990).
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14.15 Wind Breaks and Shelterbelts Uses 

Wind breaks are the structure which hinders the passing of the wind and decreases 
the wind speed; at the same time, shelterbelts are tree rows planted for the crop 
protection from the winds which desiccate, prevent from soil erosion and provide a 
favourable micro-climate. Mostly, shelterbelt provides the protection from the wind 
to 2–5 times of its height in the windward side and 30 times in the leeward side. The 
excellent protection from the winds will be provided by the conical cross section of 
wind breaks. Windward side is the direction from which the wind blows, and 
leeward side is the direction to which the wind is blowing. The planting of shelter-
belts must be one across the wind direction. Wind flow is not obstructed completely 
by them. Some amount of wind pass the shelterbelts, and the remaining are diverted 
and deflect from the shelterbelts depending upon their porosity. In this way without 
turbulence wind speed can be reduced (Bird et al. 1992). 

If the speed of the wind reduces, ultimately losses done by evaporation get 
reduced, and therefore, availability of water is more for the plants. The good impact 
of shelterbelts is further visible during drought period, and it also reduces the wind 
erosion. Wind breaks which are correctly distributed can decrease the wind speed 
(30–50%) on 5% of the area and reduce the loss of soil by 80% (Bird et al. 1992). 
Shelterbelt and advantages of windbreak have been depicted in Fig. 14.5. 

14.16 Tree Farming 

In place where arable crops are not profitable, trees flourish well and yield suffi-
ciently. Farmers are interested on tree farming due to labour cost, farm operation 
scarcity at peak time and constant crop failure because of drought. Generally on 
undersized farms, MPTS means a single tree provides multiple products, like timber, 
fuel, fodder, nitrogen, food, resins, fibre, medicines, shade, etc. Prosopis cineraria is 
the best MPTS for Gujarat plains and hills; after that Leucaena, Dalbergia sissoo, 
Ailanthus excelsa and Eucalyptus hybrid are the best trees. Multipurpose tree species 
are intentionally planted to give many considerable produce and service. 
Multipurpose trees planted on the bunds of soil reduce the surplus runoff, drain 
the concentrated runoff, decrease the soil erosion and finally check the land degra-
dation (Abebe and Tolera 2021). 

14.17 Alternate Land Use Systems (ALUS) 

Marginal and sub-marginal lands must be used effectively for planting to fulfill the 
growing demand of fruit, fibre, food, fuel and fodder. However, these types of lands 
are not capable of maintaining production, which leads to an imbalance in the



ecosystem. Therefore, an alternative land use system introduces a system of land use 
which is unusual from the conservative systems. Alternative land use is the system in 
which land are used for another production system to equate its capacity closely to 
the latest land use system and target extra economical and biological productivity. 
Alternative land use is the practice of using land in a different way than it was 
originally intended to produce goods or services in order to better fit the land’s 
capabilities to new land uses and to achieve longer-lasting economic, biological and 
biological productivity (Reddy 2011). 
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Shelter Belt 

Windward 
Side 

Leeward side 

Height of 
Shelter belt 

Common benefits of windbreaks identified by producers across the U.S. 

Wind 
direction 

·  Enhance aesthetics ·  Reduce heating and cooling costs 

·  Increace livestock production 

·  Manage drifting snow 

Windbreak Protected zone 8 – 10 times the maximum tree height 

·  Provide wildlife habitat 

·  Protect livestock 

·  Increase crop yield 

·  Reduce soil erosion 

Fig. 14.5 Shelterbelt and advantages of windbreak (Mathew et al. 2021) 

14.17.1 Alternative Land Use Systems Advantages 

1. By enhancing profitability and biological productivity optimizes resource use. 
2. Resource base quality is enhanced and conserved.
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3. Integrate the arable crops, pastoral crops and livestock. 
4. To make the agriculture which is not completely independent with off-farm 

inputs. 
5. Generated the employment opportunities. 
6. Improve the living standards of farmers. 

Many kinds of land use are incorporated on watershed by depending upon the 
component of farming system. Alternate land use systems available for all land 
categories target the assured income with least risk by using utilizing available 
resources efficiently. Agroforestry, ley farming and tree farming are commonly 
known alternate land use system. The potential to reduce nutrient loss through soil 
conservation is an important management factor in agroforestry (Abhishek et al. 
2017). 

14.18 Conclusion 

Pressure of increasing population, use of natural resources unsustainably, farm land 
use for non-agricultural relevant purposes continuously and the constant ruin of the 
ecosystem which is rich in biological diversification are all the facts which cause the 
situation in which food security is the major challenge. Overexploitation of naturally 
available resources, industrialization and mining for overutilization of earth assets 
are removing the soil organic matter, and in return biodiversity of soil and fertility of 
soil and agricultural productivity are also getting eroded on a long-term basis. 
Agroforestry techniques are used to restore damaged soil from mining, eroded 
soil, deforestation, degradation of rangeland and intensive agriculture. These tech-
niques include a variety of species of forest, arable crops, fodder crops, fruit crops 
and medicinal and aromatic crops. To diversify and intensify farming system, 
agroforestry can be used through indigenous tree species integration which helps 
to maintain the sustainability also. 
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Chapter 15 
Nanofertilizers: A Novel Technology 
for Enhancing Nutrient Use Efficiency 
of Crops and a Relevance to Agroforestry 

Sarbasree Goswami, Satish Kumar Singh, Sayon Mukherjee, Astha Pandey, 
Adyasha Priyadarshini, Abhik Patra, Surendra Singh Jatav, 
Ayush Bahuguna, Asik Dutta, and Gorantla Prathap Reddy 

Abstract Nanofertilizers are important in agriculture and agroforestry to boost 
nutrient use efficiency, lower fertilizer waste, and lower cultivation costs while 
also enhancing crop growth and yield. Nanofertilizers provide more surface area 
for different metabolic reactions in the plant which accelerates photosynthesis and 
increases the amount of dry matter and productivity of crops and trees. 
Nanofertilizers are particularly useful for precise nutrient management in precision 
agriculture. According to studies, applying nanofertilizers minimizes soil toxicity, 
reduces the risk of adverse side effects from overdosing, and increases the nutrient 
use efficiency. Due to the scarcity of arable land and water, the development of the 
agricultural sector can only be achieved by improving resource use efficiency 
through efficient utilization of modern technologies. One of these technologies is 
nanotechnology, which has the potential to completely transform agricultural sys-
tems. Consequently, nanotechnology has a great potential to promote sustainable 
agriculture, particularly in underdeveloped nations. 

Keywords Nanofertilizer · Agriculture · Environment sustainability · Agroforestry 

15.1 Introduction 

Newer technological advancements are highly entailed to enhance the ever-
increasing food demands of human being with a reducing cultivable area making 
agricultural productivity vulnerable. Sometimes we depend on the use of synthetic 
resources which may make it easy (Dwivedi et al. 2016). Miscellaneous problems 
related to agriculture can be addressed using nanotechnology. The demand of using
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nanotechnology in agriculture field is increasing in trend motivating researchers to 
engage in quality research work in the nanotechnology field (Shang et al. 2019). 
Norio Taniguchi first time explained nanotechnology in 1974 at Tokyo Science 
University. It is basically the technology of reducing or increasing the size of matter 
in nanoscale. Nanoparticle can be defined as a particle of at least one dimension 
lower than 100 nm. Size range of the particle is between 1 and 100 nm. There are 
mainly two approaches for making nanoparticles like bottom-up and top-down 
approach. Among these bottom-up approaches is making of nanoparticles from 
atomic structures which is regulated by thermodynamic means such as self-assembly 
(Ferrari 2005). But top-down approach is making of nanoparticles from macromo-
lecular structures including photolithography, nanomoulding, dip-pen lithography, 
and nanofluidic (Peppas 2004). Bottom-up approach of making nanoparticle is an 
easier approach than top-down approach. A nanoparticle has totally different and 
unique physiochemical properties than its bulk component. These changes can be 
attributed to altered interactions between particles at reduced size. A nanoparticle 
easily penetrates the cell wall of plants and animals which is used by 
nanotechnologists to conduct research at cellular level with a greater effectiveness 
than conventional methodologies.

294 S. Goswami et al.

Fertilizer is a prime input in agriculture; but overuse of it leads to crucial 
environmental problems related to chemical pollution. This may lead to reduction 
of soil fertility and development of barren lands over the long run (Vermeulen et al. 
2012). Some of biological species are getting vulnerable and even endangered due to 
over-application of chemicals in agricultural fields (He et al. 2019). So sustainable 
use of agricultural inputs with advanced technology is on demand. Introduction of 
nanotechnology in agricultural sectors expedited site-specific restricted delivery of 
plant nutrients which facilitates nominal use of fertilizers (Xiao et al. 2013). Beside 
this, agrochemicals and other plant products used for plant protection might be 
improved with the use of nanotechnology leading to enhancement of crop yield. 
Nanosensors are the newer headway in nanotechnology research (Chen et al. 2016) 
that promote crop productivity by improving the measurements related to fertilizer 
release patterns depending on crop requirements at peak demand or growth period of 
crop (Prasad et al. 2017). Thus, nanotechnology as an emerging science may secure 
the sustainability of intensive agricultural movements towards a “green world”. 

Nanotechnology can be used for enhancing fertilizer use efficiency besides 
making it environmentally safe for use (Janmohammadi et al. 2016). Nanofertilizers 
have higher reactivity due to increased solubility than bulk fertilizers (Naderi and 
Danesh-Shahraki 2013). Dispersibility of insoluble nutrients by application of 
nanofertilizers enhances their plant availability by reducing fixation at clay minerals 
or other adsorption sites. Fertilizers formulated with nanomaterials can be readily 
bioavailable and prolongs the nutrient supply period in soil facilitating a greater 
bioavailability (Rameshaiah et al. 2015). Conventional nitrogenous fertilizers only 
release nitrogen for 500 hours, but nanofertilizers release it till 1000 h (Rahale 2011). 
Slow release or controlled release fertilizers made by coating with nanomaterials are 
called as nanocomposites. Application of these nanocomposites is reported safer for



germination of wheat seeds, growth, and seedling emergence and assists delivery of 
nutrients when a plant requires it more (Zhang et al. 2006). 
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Around the world, nanotechnology is used in the agriculture field, health, and 
environment studies, among many others. Researchers have found that using nano-
technology to address climate change issues may be advantageous for agroforestry. 
By creating new products and features in plants using nano-engineered catalysts, 
nanotechnology has also been found to be more effective by strengthening the 
energy efficiency of agroforestry. In the agroforest-based paper industries, its poten-
tial has been demonstrated. The development of wood and agriculturally based 
products using nanotechnology may surprise the agricultural economy (McCrank 
2009). The applications to which nanotechnology is put greatly influence the 
likelihood of disputes over it. However, reviews in terms of applications of nano-
technology in agroforestry are still limited despite its importance and potential in 
agroforestry management. 

Nanotechnology-enabled sensors have been identified by researchers as a way for 
the agroforestry sector to deal with climate change issues (Yadav et al. 2014). Water 
resource management has shown the potential of systems that are nanotechnology 
enabled. By creating new products and features in the plants using nano-engineered 
catalysts, nanotechnology has also been found to be more effective by strengthening 
the energy efficiency of agroforests. In the agroforest-based paper industries, nano-
technology has demonstrated its potential. Consider the paper industry, which at 
presently is concentrating on the development of nanomaterials with new paper 
features enabled by nanotechnology, such as surface texture, optical resistance, 
electronic properties, and barriers. 

Agroforestry is a crop-plant and tree-dominated community that offers a variety 
of goods and ecosystem services, including food, fiber, wood, oxygen, water, and the 
regulation of the earth’s chemistry. However, the ratio of supply (forest and resource 
production) to demand (human demands) is very low, necessitating the use of 
nanotechnology to maintain the ratio that is fundamentally needed to achieve 
sustainability. Numerous databases have been created, and numerous studies and 
investigations have been conducted globally regarding the nanotechnology applica-
tions in the agroforestry sector. As a result, the current paper also discussed specifics 
of opportunities and nanotechnology applications in agroforestry. 

15.2 Benefits of Using Nanofertilizers

• Nutrient use efficiency has been enhanced.
• Reduction of overuse of fertilizers and wastage.
• Reduction in cost of cultivation.
• Meet up the crop nutrient demand throughout the crop growth periods.
• Enhancement of crop growth up to a certain level after that reduction of crop 

growth occurs due to toxicity.
• Requirement of amounts of fertilizers is very less.
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• Increase photosynthesis rate, make available more surface area for metabolic 
reactions, and higher biomass production.

• Crop yield has increased.
• Biotic stress and abiotic stress protection.
• Precise release of nutrients in response to biological and environmental demands.
• Use of nanofertilizers reduces the frequency of fertilizer application.
• High penetration power leads to higher efficiency of fertilizer applications that 

ultimately leads to increase in crop yield.
• High produce quality.
• Generally, the produce has no side effects. 

15.3 Classification of NFs 

The classification of nanofertilizers has been presented in Table 15.1. 

15.3.1 Zeolite-Based Nanofertilizers 

Zeolite has been used long since as a growing medium because of its good 
physiochemical characters which contains nearly 50 different minerals (Markovich 
et al., 1994). It has three-dimensional crystalline rigid structures with high pore 
spaces and CEC due to isomorphous substitution of Si with Al in tetrahedral sheet 
(Ayan 2001). Nano-zeolite, on the other hand, has hexagonal symmetry with an 
aperture of about 0.71 nm size leading to cavities of 0.48 × 124 × 1.07 nm size and a 
Si/Al ratio of around 3.0 (Bruhwiler 2005). Nano-zeolite crystal is made up of cages 
connected by double six-membered rings that form columns in the C-direction. 
When these columns are connected, 12-membered rings with free diameters ranging 
from 0.71 nm to 1.26 nm are formed (Agger et al., 2005). After suitable partial 
modification, zeolite with a more surface area holds a wider range of positive and 
negative nutrient ions. 

Table 15.1 Classification of nanofertilizers 

Classification Comments 

Nanoscale 
fertilizers 

These are made up of nutrient-rich nanoparticles 

Nanoscale 
additives 

Traditional fertilizers containing nanoscale additives are referred to as nano-
scale additive fertilizers 

Nanoscale 
coatings 

Traditional fertilizers, coated or loaded with nanoparticles, are known as 
nanoscale coating fertilizers
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15.3.2 Naturally Occurring Nanoparticles in Soils 

Since the existence of life on earth, nanoparticles are there. During evolution of life, 
exposure to nanoparticles has been encountered by all, and adoption of tolerance 
mechanism is a part of this (Buffle 2006). Soil organic and inorganic colloids 
including nano-sized silt and clay particles, dissolved organic carbon, and 
sesquioxides all are commonly occurring nanoparticles (Nowack and Bucheli 
2007). Incomplete or anaerobic combustion of coal, petroleum products, and even 
plant parts and plant-derived substances present in soils is of nano-sized substances 
(Maurice and Hochella 2008). Nanoparticles such as fulvic acids, humic acids, 
proteins, sugars, particulate organic carbon, and even some viruses are diligently 
entangled in biological activity. Fullerene, carbon nanoparticles are detected 
entrapped under the ice core for 10,000 years (Murr et al. 2004). Discrete 
nanoparticles are scanty to find in soils. Organic nanoparticles occur as coatings 
on inorganic colloids and minerals (Chorover et al. 2007). Thus, separation and 
subsequent collection of nanoparticles from soil are generally impractical (Banfield 
and Zhang 2001). Nanoparticles have large surface to volume ratio which makes it 
very reactive and can be used as an effective material for carbon sequestration 
purpose (Khedr et al. 2006). Nanoparticles can affect nutrient transport, pollutant 
adsorption, and fixation of elements and organic molecules (Mani and Mondal 
2016). Weathering of primary minerals also produces nanoparticles like allophane, 
silicate clays, and amorphous oxides (Nowack and Bucheli 2007). Production of 
nanoparticles by microorganisms through the use of redox metals by metabolic 
pathways is another promising source of natural nanoparticles. Several bacteria 
and fungi produce nanoparticles of iron, Zn, ZnS, Si, Al, and oxy-hydroxides of 
these elements (Maurice and Hochella 2008). Moreover, presence of montmorillon-
ite nano-clay in soil alters the shrinking and swelling behavior than its bulk coun-
terparts (Haack et al. 2008). One of the most promising facts about natural 
nanoparticles is that when the particle size reduced from 6 nm to 2 nm, distortion 
of some particle sites has been noticed (Michel et al. 2007). 

15.4 Synthesis/Production of Nanoparticles 

15.4.1 Top-Down Methods 

The bulk material is often broken down into its corresponding nanosized structures 
or particles using the top-down technique. These methods are an extension of those 
that have been utilized to create particles with a diameter of less than a micron. This 
technique needs substrates, like zeolites or other nanomaterials, that have been ball-
grounded for hours of time in order to acquire the nanodimension. In order to prevent 
agglomeration of the product’s heterogeneous nanoparticles, stabilizing agents like 
polymers or surfactants must be added. NPs have an affinity for anions, which can be



used to effectively load the anionic nutrients in the produced nanoparticles for using 
them as slow delivery/released fertilizers. 
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15.4.2 Bottom-Up Methods 

The term “bottom-up approach” describes the process of building up material from 
the bottom up, such as at atom level, molecule level, or cluster level (Fig. 15.1). It 
suggests that some chemical processes start with molecules in a solution and 
progress through molecular association to produce nanoparticles (NPs). The size 
of the particle is regulated by chemically controlled process. Emulsion, 
co-precipitation, micelle formation, and reverse micelle formation are examples of 
regulated synthesis methods for NP that place a priority on minimizing aggregation 
or clotting or coagulation and producing homogeneous nanoparticles. To ascertain 
their functionality, such as solubility, dispersion, and stability, they must first be 
synthesized and then physiochemically and mechanically evaluated. 

15.4.3 Hybrid Nanofibers 

Hybrid nanofibers are composed of an organic matrix (typically a polymer) and a 
scattered inorganic phase in the form of uniformly dispersed nanoparticles (NFs). In 
Abelmoschus esculentus, Tarafder et al. (2020) showed that hybrid NFs might 
release slowly up to 14 days. They created hydroxyapatite that has been urea-
modified since it is a source of calcium, phosphate, and nitrogen. The modified 
hydroxyapatite might potentially be combined with nanoparticles of Cu, Zn, and Fe, 
so that they may be able to enhance the absorption amount of these mineral elements 
in plant significantly. 

Fig. 15.1 Top-down and bottom-up approach of synthesis of nanoscaled particles
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15.4.4 Biogenic Synthesis 

In fact, the term “Biogenic synthesis or green synthesis” refers to the creation of 
nanoparticles (NPs) through sustainable, non-toxic, and environmentally friendly 
processes. The goal of this strategy is to reduce the use of potentially harmful 
chemicals and energy-intensive processes frequently connected to conventional 
nanoparticle synthesis. In biogenic synthesis or green synthesis, metal and metal 
oxide nanoparticles are produced using natural resources like plant extracts, 
actinobacteria, fungi, bacteria, and algae. These biological agents contain a variety 
of bioactive substances that can function as reducing agents, stabilizers, and capping 
agents for nanoparticle formation, including phenolic compounds, enzymes, pro-
teins, and polysaccharides. Biological synthesis and application of nanofertilizer in 
agriculture have been presented in Fig. 15.2. 

15.5 Methods of Application of Nanofertilizers 

15.5.1 Foliar Application 

In foliar application of nanofertilizers, trichomes, stomata, stigma, and hydathodes 
absorb NPs, which are then distributed throughout the plant by the phloem and 
xylem. Preparation of different types of nanofertilizers has been presented in 
Fig. 15.3. 

Fig. 15.2 Biological synthesis and application of nanofertilizer in agriculture
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Fig. 15.3 Preparation of different types of nanofertilizers 

15.5.2 Soil Application 

NPs enter the root’s epidermis, traverse its endodermis, and then enter the xylem, 
where they are carried to the plant’s aerial portion. When they are between 3 and 
8 nm in size, NPs infiltrate the cell wall through pores. 

15.6 Benefits of Foliar Application of Nanofertilizers 

After green revolution intensive agricultural practices encountered boost-up in crop 
productivity which enhanced the demand of fertilizers. With time a need was felt to 
save the environment from pollution from excess use of fertilizers by enhancing their 
use efficiency. In this respect, foliar application reveals better performance than soil 
application of fertilizers due to restriction of nutrient availability by fixation in soil, 
runoff, leaching, transformation to insoluble forms, and microbial immobilization. 
Foliar application is used for correcting the deficiency of nutrients in a fastest way by 
minimizing environmental pollution (Romheld 1999). Nano-formulation improves 
penetration of substances through cuticular pores and stomata (Eichert et al. 2008). 
Nanoparticles move through phloem vessels from application site to the inner parts 
of plants. It may also be transported through aquaporin, ion channels, or by complex 
formation with transporter proteins (Kurepa et al. 2010). Many researchers have 
studied the movement of nanoparticles in plant system. For example, movement of 
calcium oxide nanoparticle occurred through phloem tissue in groundnut plant 
documented by Deepa et al. (2015). Phloem movement of nanoparticles has also



been established by Abdel-Aziz et al. (2018) in wheat and Raliya et al. (2015a) in  
watermelon. Impact of foliar application of nanofertilizers on different crop plants 
and trees has been presented in Table 15.2. 
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Table 15.2 Impact of foliar application of nanofertilizers on different crop plants and trees 

S. No. Crop Nanofertilizer Impact on crop References 

1 Wheat Nano-
chitosan NPK 

Enhancement of leaf growth, yield Abdel-Aziz 
et al. (2018) 

2 Peppermint Nano-iron Height of plant, dry weight, yield 
increment 

Rostami 
et al. (2017) 

3 Pearl millet Nano-zinc Root and shoot length, dry biomass, yield 
increment 

Tarafder 
et al. (2020) 

4 Cotton Nano-zinc Plant height, fresh and dry weight, chlo-
rophyll content enhancement, and higher 
activity of antioxidants 

Rezaei and 
Abbasi 
(2014) 

5 Satureja 
hortensis 
L. 

Nano-zinc Content of chlorophyll and essential oil 
increases 

Vafa et al. 
(2015) 

6 Sunflower Nano-ZnS Oil content of seeds, plant growth, and 
yield increased 

Singh & 
Kumar 
(2017) 

7 Groundnut Nano-zinc 
oxide 

Enhancement of pod yield Prasad et al. 
(2012) 

8 Rice Nano-zinc Relative leaf water content, shoot and root 
growth, yield enhancement 

Upadhyaya 
et al. (2015) 

9 Wheat Nano Zn-Fe 
oxide 

Enhancement of total chlorophyll content, 
soluble sugars, enzymatic activities, and 
yield 

Babaei 
et al. (2017) 

10 Maize Nano-Zn Increment of test weight, harvest index, 
and chlorophyll content 

Farnia et al. 
(2015) 

11 Moringa 
peregrina 

Nano-ZnO 
and Nano-
Fe3O4 

Number of leaves per plant, dry weight, 
sugars, proteins, enzyme activity 
enhancement 

Amira et al. 
(2015) 

12 Cucurbita 
pepo L. 

Nano-SiO2 Reduction of chlorophyll degradation, 
H2O2 level, and enhancement of photo-
synthesis, water use efficiency, and sto-
matal conductance 

Siddiqui 
et al. (2014) 

13 Cucumber Nano-SiO2 Maintenance of turgidity, elasticity, 
strength of cell wall 

Yassen 
et al. (2017) 

15.7 Nano-wastes 

Nanoparticles produced by engineering methods create waste which are extremely 
toxic to biota and are commonly called as nano-waste (Table 15.3). They enter the 
aquatic environment from human use and ultimately come to food chain and lead to



bioaccumulation of these wastes which is very harmful to human being. So, man-
agement of these is highly needed to reduce human health risk (Musee 2011). These 
can be divided into five classes based on toxicity level (Mishra et al. 2020). 
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Table 15.3 Classification of nano-waste 

Class Toxicity Characteristics 

I Very low toxic No specific requirements for disposal 

II Harmful – toxic Waste management at its best during the handling, transportation, 
and disposal processes 

III Toxic – very toxic Proper waste management protocols 

IV Toxic – very toxic Should be disposed of at specialized, approved sites for hazardous 
waste 

V Very toxic – 
extremely toxic 

Only at authorized areas for specific hazardous waste streams 

15.8 Different Types of Nanofertilizers and Their Uses 
in Agricultural Crop Production 

15.8.1 Nitrogen Nanofertilizer 

Nitrogen is the key ingredient of chlorophyll pigment, which is essential for the 
photosynthesis process, and N is also a vital component of different plant enzymatic 
proteins which regulate plant metabolic activities (Sinfield et al. 2010). As the use 
efficiency of nitrogen by the crops is very low due to different losses of nitrogen, it is 
very important to supply the nutrient when the crop needs it to minimize the loss. 
Application of nanotechnology can release N according to the crops’ need and can 
increase N use efficiency (Naderi and Danesh-Shahraki 2013; Suman et al. 2010). 
Zeolite chips loaded with urea (Millan et al. 2008) and nanocomposite bearing N 
(Jinghua 2004) can be used as a slow N releaser and efficiently increase uptake by 
the plants. Application of clinoptilolite zeolite (CZ) can reduce the NO3

- and NH4 
+ 

concentration in the leachate as it increases the surface area of soil and cation 
exchange capacity (Huang and Petrovic 1994), and the retained ammonium is 
generally helpful to slow release (Kithome et al. 1998). It also decreases mission 
of NH3 from manures (Amon et al. 1997). It is observed that application of 
ammonium sulfate (NH4)2SO4 when loaded into CZ can minimize nitrate leaching 
and increase N use efficiency of crops in sandy soils as it inhibits nitrification of 
ammonium to nitrate resulting in reduced nitrate leaching (Perrin et al. 1998). In 
addition to CZ, zeolite can decrease ammonia volatilization by securing ammonium-
nitrogen upon exchanging cites (Lefcourt and Meisinger 2001a, b). Ammonia 
volatilization was reduced by 50% with the addition of 6.25% zeolite. As it pos-
sessed extensive surface area, mixing it with conventional nitrogenous fertilizers can



reduce the loss of nitrogen. Urea nanofertilizer introduced by IFFCO is presented in 
Fig. 15.4. 
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Fig. 15.4 Urea nanofertilizer introduced by IFFCO 

15.8.2 Phosphorus Nanofertilizer 

Several studies revealed that as compared to conventional fertilizer, P supplied 
through nanofertilizer remains available in soil for the plants for a long time. The 
release of P in the soil is not significantly influenced by the nanofertilizer, according 
to regression analysis between the treatments. Bansiwal et al. (2006) outlined the 
release of P from surface-modified zeolite (SMZ) continuing even after 1080 h of 
percolation study which shows its potential application as a slow-release P fertilizer. 
Rahale (2011) examined the release pattern of PO4 

3- from surface-modified zeolite 
in a percolation reactor and discovered that while traditional fertilizer releases 
nutrients for only up to 10–12 days, nano-formulations release phosphate for a 
longer duration of 40–50 days. 

15.8.3 Potassium Nanofertilizer 

K was released from nano-zeolite gradually and steadily, according to Zhou and 
Huang (2007). It might be as a result of zeolites’ ability to exchange some nutritional



cations for other ions. Rezaei and Movahedinaeini (2009) found that as the equilib-
rium K concentration increases, more potassium becomes adsorbed on the zeolite. 
Rahale (2011) noted that although soil potassium fixation and dynamic equilibrium 
together maintain soil potassium availability, nanotechnology can further enhance 
the availability and controlled release of nutrients. Compared to commercial fertil-
izer, which immediately released a significant amount of nutrients followed by a 
release of low and uneven quantities until day 30, the nanofertilizer demonstrated an 
early burst and a subsequent sluggish release even after 60 days (Fujinuma and 
Balster 2010). Potassium nanofertilizer enhances the absorption of nutrients like 
nitrogen, phosphorus, potassium, calcium, and magnesium by plants. Nano-K fer-
tilizer can also have an immediate positive impact on plant development. Although 
K nanofertilizer treatment stimulates both shoot and root growth, the effect is more 
pronounced on the roots, leading to greater root system effectiveness. Particularly in 
alkaline-calcareous soils and low soils, K nanofertilizer efficiently increases soil 
fertility and crop yield (Rajaei 2010). 

304 S. Goswami et al.

15.8.4 Sulfur Nanofertilizer 

Studies conducted by Li and Zhang (2010) indicated that using surfactant-modified 
zeolite (SMZ) as fertilizer additives can function well as a sulfate carrier. Sulfate can 
be released slowly and leaching can be reduced as a result. Release rate of SO4 

2- can 
be decreased by 5–7 folds when SMZ is used. Different studies showed that 
application of nano-based sulfur fertilizer increased agricultural yield factors and 
crop growth characteristics. The controlled or gradual release of nutrients is regu-
lated by nano-sulfur, which also improves plant uptake and nutrient utilization 
(Hochella et al. 2008). The nano-based S is a powerful fungicide that can be used 
to treat powdery mildew on okra by blocking the germination of conidial spores 
(Erysiphe cichoracearum). According to Subramanian et al. (2022), whereas the 
sulfur release from gypsum, a common form of sulfur fertilizer, stopped after 
35 days, the release from nano-sulfur has continued for 42 days. Plants fed with 
nano-sulfur produced considerably more dry matter (11–12%), seed yield (15%), 
and oil (14.7%) than plants given regular gypsum fertilizer. 

15.8.5 Calcium Nanofertilizer 

In comparison to applying calcium alone, according to research by Xiumei et al. 
(2005), adding nano-CaCO3 to organic manures and humic acid significantly accel-
erated groundnut crop growth and its development. In comparison to nitric acid-
calcium, the combination of nano-CaCO3 and humus acid improved the absorption 
of nutritional elements like calcium, nitrogen, and phosphorus. The nutrient content 
in the shoot and root of groundnut increased by 0.72% and 0.32%, 1.3% and 0.43%,



0.08% and 0.04%, and 0.49% and 0.01%, respectively. Different applications of 
calcium and potassium nano-chelate fertilizer increased the production of sweet basil 
as compared to the control as reported by Ghahramani et al. (2013). 
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15.8.6 Magnesium Nanofertilizer 

Magnesium plays a pivotal role in different plant enzymatic activities like RNA 
polymerases, ATPases, phosphatases, and protein kinases (Shaul 2002). As it is 
central in the chlorophyll molecule, it plays an important role in photosynthesis 
(Scott and Robson 1990). According to Khordadi Varamin et al. (2020), foliar 
application of nano-Mg and chitosan fertilizers enhances the total chlorophyll 
production, grain yield, oil content, and also the production of sugars and proline 
content while reducing the activity of the enzymes like catalase, peroxidase, and 
ascorbate peroxidase. This may increase sesame yield under water stressed condi-
tions. The nitrate reductase enzyme’s activity is increased by the foliar application of 
Mg nanoparticles. According to Salcido-MartíNez et al. (2020), the foliar application 
of nano-magnesium improves the size, structure, and function of chloroplasts, along 
with the transmission of electrons in photosystem II in addition to a favorable light 
absorption and photosynthetic activities and an increased release of enzymes to 
achieve the mobilization of nutrients, resulting in a better uptake of these and a 
consequently higher yield. The number of opening bolls per plant, plant yield (58 g/ 
plant), and cotton seed yield (1729 kg/ha) was all significantly higher after foliar 
treatment of 60 ppm concentration of 50 nm size MgO nanoparticles (NPs) (Kanjana 
2020). This also increased the uptake and accumulation of other macronutrients in 
cotton plants. 

15.8.7 Zinc Nanofertilizer 

According to Slaton et al. (2005), plants absorb more zinc when ZnO particles are 
smaller. This is due to nano-particulate ZnO’s small size, high specific surface area, 
and greater reactivity when compared to bulk ZnO. According to several researches, 
plant grains treated with ZnO NP had significantly greater total N contents and 
decreased crop water stress indices. Nano-slow-releasing fertilizer’s qualities 
enhance several physiological traits of plants and grain nutritional characteristics; 
as a result, crops and plants benefit from its application. ZnO NP application has 
been shown by Rizwan et al. (2019a) to have favorable effects on the physiological, 
qualitative, and quantitative parameters of Zea mays L. (maize) and Triticum 
aestivum L. (wheat). Plants’ carbohydrate, oil, and protein content has also been 
seen to rise (Schmidt et al. 2016; Matzen et al. 2019). To boost the pearl millet’s 
resistance to plant fungal infection, the ZnO NPs increased the defense enzyme 
activity like polyphenol oxidase, phenylalanine ammonia-lyase, lipoxygenase, and



peroxidase. Additionally, Rizwan et al. (2019a, b) hypothesized that maize and 
wheat treated with ZnO NP had larger chlorophyll contents, which increase photo-
synthetic efficiency and can raise starch, oil, total protein, and dry mass constituents 
(Bellesi et al. 2019; Schmidt et al. 2016; Matzen et al. 2019). García-López et al. 
(2018) reported that foliar fertilization with ZnO NPs dramatically boosted the 
capsaicin content of pepper fruit. 
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15.8.8 Boron Nanofertilizer 

The use of nano-boron resulted in the production of the greatest number of perfect 
flowers, as shown by Abbasi et al. (2012) and Perica et al. (2001). This resulted from 
more boron being available for various metabolic processes taking place in plant 
cells. Plants can more effectively use nutrients when using a nano-chelated mix. 
Additionally, it has been claimed that nanofertilizers have greater solubility and 
greater reactivity than their bulk equivalents (Naderi and Danesh-Shahraki 2013). 
With the use of nano-B, vegetative and reproductive growths were balanced. This 
might be as a result of boron’s function in cell elongation and division, nitrogen and 
carbohydrate metabolism, sugar transport, and indole acetic acid production. The 
quality of fruit crops is improved better by applying identical concentrations of 
boron in nano-chelated form as compared to boric acid. The slow-release capability 
of B nanofertilizers during the growth stage of fruit crops can facilitate the flow of 
nutrients into the fruit mesocarp, thereby satisfying the needs for cell division and 
cell enlargement. 

15.8.9 Copper Nanofertilizer 

Treatments with copper nanoparticles have been shown to greatly raise the flavonoid 
content of basil plants. It can be inferred that Cu NPs must be applied topically to 
basil in order to improve its quantity and quality (Abbasifar et al. 2020). Different 
studies showed that copper nanoparticle fertilization significantly increases chloro-
phyll content in leaf. Application of nano-Cu results in enhanced nutrient consump-
tion, less soil toxicity, and minimal adverse consequences from overfertilization. 
Shah and Belozerova (2009) demonstrated that application of copper nanoparticles 
at 130 and 600 mg/kg significantly increased the growth of lettuce seedlings by 
40 and 91%, respectively. However, at greater concentrations (1000 mg/L), it has 
been reported that the Cu nanoparticles were hazardous and stunted the growth of 
bean (Phaseolus vulgaris L.), wheat (Triticum aestivum), and yellow zucchini 
seedlings (Lee et al. 2008) and Cucurbita pepo (Musante and White 2012).
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15.8.10 Iron Nanofertilizer 

A study reported by Liu et al. (2005) suggests that nano-Fe2O3 improves the growth 
and photosynthesis of groundnut. According to Sheykhbaglou et al. (2010), soybean 
yield and pod and leaf dry weight rose due to nano-iron oxide. Liu et al. (2005) also 
reported that application of nano-Fe2O3 significantly enhanced chlorophyll pigment 
content in groundnut leaves. Activity of the enzyme catalase was observed to be the 
highest by application of nano-iron oxide (Ghafari and Razmjoo 2013). A study by 
Ghodsi et al. (2012) reported that nano-Fe2O3 increased plant height and seed yield 
of sunflower. Iron chelate nanofertilizers have been recognized as a beneficial source 
of bivalent iron for crops due to their excellent stability and ability to release iron 
gradually over a wide pH range. These fertilizers enhance the ratio of ferrous iron to 
ferric iron on the chelate surface, leading to an increase in chlorophyll production in 
plants (Hokmabadi et al. 2006). In a study by Burger et al. (2007), the effects of 
nano-iron chelate fertilizer on the qualitative and quantitative characteristics of cut 
flowers were investigated. The researchers found that treatments with 1 and 1.5 g/L 
of nanofertilizer had a positive and significant impact. This suggests that the 
application of nano-iron chelate fertilizers can enhance the growth and development 
of cut flowers, potentially leading to improved quality and yield. 

15.8.11 Manganese Nanofertilizer 

According to Pradhan et al. (2013), nano-Mn treatment increased mung bean root 
growth at about 52% and shoot growth by 38%. It also increased eggplant yield by 
22% (Elmer and White 2016). A soil study reported that foliar nano-manganese 
(Mn) (0.1–1 mg/L) spray boosted tomato fruit output by 6.2% under Fusarium 
disease stress. However, the nano-formulation was 6% less effective than the bulk 
form at increasing biomass yield in disease-infested conditions (Elmer et al. 2018). 
Studies have indicated that nano-manganese (Mn) is superior to other Mn forms for 
enhancing wheat grain yield. Nano-manganese (Mn) foliar application increased soil 
and shoot P, decreased soil nitrate N, and increased shoot and grain Mn concentra-
tions. Thus, foliar application of nano-manganese (Mn) may be a tactics to control its 
nebulous effects in soil (Dimkpa et al. 2018). 

15.8.12 Molybdenum Nanofertilizer 

According to Gad and Kandil (2013), applying molybdenum nanofertilizer can 
improve yield by up to 39.8% while reducing the amount of nitrogenous fertilizer 
used by up to 25%. According to Preetha and Balakrishnan (2017), both the nitrogen



cycle and metabolism are closely tied to Mo. This nutrient’s availability must be 
adequate to improve yield. 
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15.9 Nanotechnology Applications in Agroforestry 

The invasion of alien species, mostly in the form of weeds, puts agroforestry at risk. 
It is difficult to control these invasives at the agroforest ecosystem level. The use of 
nanoherbicides to manage these on a large scale has only been suggested by a small 
number of studies (Chinnamuthu and Boopathi 2009). The risk of forest fires is 
rising due to the thickness of the population, the slow spread of cities, attacks on the 
wildland-urban interface (WUI), and changes in land use plans that conflict with 
societal and environmental assurance. These problems are getting worse as a result 
of rising temperatures and shifting climatic patterns. The Fire Mash, a proven 
nanotechnology solution, emerges in wildlands destroyed by forest fires with 
quick flame concealment, complete smothering, and a quick biological rebuilding 
impact. By holding tight vertical surfaces, it enables the surface in direct contact with 
the fire front to be secured against the fire. The fire mash can put out a fire by 
eliminating both the chemical reaction and oxygen delivery to the fire. It can reduce 
the oxygen content on the contact surface to 8%. It consists of recyclable ultra-fine 
grade fiber made from lignocellulosic pulp that was removed from trees using 
environmentally friendly and sustainable tree cultivation techniques. 

15.9.1 Nanotechnology Applications Regarding Stress 
Management in Agroforestry 

Global changes, such as global warming, abiotic factors, edaphic factors, or patho-
logical factors, can all be stressors for agroforestry (Sharma et al. 2017). 
Nanosensors can detect minute quantities of microbes, humidity, and toxic pollut-
ants. These methods have wide applications in agriculture field to increase crop 
production, productivity, and disease resistance, among other things (Baruah and 
Dutta 2009). Utilization of nanotechnology to detect signal stress factors in plants, 
including nitric oxide (NO), reactive oxygen species (ROS), calcium (Ca2+ ), methyl 
salicylate, sucrose, glucose, and abscisic acid (ABA) might be one of the promising 
approaches. For the purpose of pathogen control or disease detection, these studies 
can be expanded to agroforest ecosystems. Additionally, site-specific gene transfer 
and expression for desired products/characters are made easier by nanotechnology, 
which shortens the time needed to transfer genes from alien organisms. The ability of 
engineered nanomaterials (ENM), particularly nanopolymer-coated seeds, to with-
stand water stress and germinate under favorable conditions has been reported by



researchers. The process of “greening” desert regions with very little rainfall and 
water availability may be helpful (Giraldo et al. 2019). 

15 Nanofertilizers: A Novel Technology for Enhancing Nutrient Use. . . 309

Nanobiosensors based on nanotechnology have the capacity to detect early signs 
of stress due to plant disease, soil moisture, stress from a lack of nutrient resources, 
etc. Researchers are working to create a microsystem based on nanobiosensors that 
will make it easier to provide individual trees with the right amount and timing of 
watering. This kind of system is useful for protecting against pathogens like nem-
atodes and conserving water resources. Handheld instruments can provide a variety 
of data that can be combined to produce hyperspectral measurements that can reveal 
details about the levels of chlorophyll, nitrogen, and plant diseases 

(Singh and Singh 2018). 

15.9.2 Nanotechnology Applications in Monitoring 
Agroforestry 

For the management of agroforests, agroforestry monitoring is important and essen-
tial in terms of coverage, health, and ecological services. Quartz crystal microbal-
ance (QCM) devices, carbon nanotubes (CNTs), surface plasmon resonance (SPR) 
sensors, ion-sensitive sensors (ISEs), and other nanotechnology-enabled biosensor 
systems may offer the opportunity to measure and estimate parameters such as 
gaseous exchange, water requirement, and other factors that may be used for 
accounting ecological services provided by agroforestry at the micro-level (Kaushik 
et al. 2015). These micro-level data are useful for researching how climate change 
affects vegetation and the agroforest system (Yadav et al. 2014). The technology 
might also be useful for creating sensors for satellite and space technology applica-
tions that allow for remote agroforest monitoring. In order to monitor forests and 
risks associated with them, such as the effect of air pollution on forests, pathogen 
attack, etc., rapidly and on a large scale, it is now essential to use satellite and space 
technology. Planners can create scientific management plans for the agroforests 
using current information about the health of the forest (Singh and Singh 2019). 
Materials created using nanotechnology are used to create sensors that measure how 
the earth’s features react to air pollutants, light, moisture, etc. (Wendt and Potkonjak 
2011). These sensors could be installed in satellite platforms or spacecraft or 
stations, giving them the ability to estimate trace gases and pollutants and the impact 
they have on the health of the environment and the crew. Additionally, these can be 
used to determine which species in the forest are most tolerant of high levels of air 
pollution. The species that were screened in the study mentioned can also be utilized 
for creating green spaces and mitigating urban air pollution (Sharma and Sharma 
2018). These plants can contribute to improving air quality by absorbing pollutants 
and releasing oxygen through processes such as photosynthesis. In addition, 
hyperspectral data obtained from instruments like Hyperion-EO1, Advanced Visible 
Infra-Red Sensor (AVIRS), and their newer generations have proven valuable in



assessing the health of forests. These data provide information on various indicators 
such as plant diseases, nitrogen content, and chlorophyll content, which are crucial 
for monitoring the overall health and vitality of forest ecosystems (Singh and Singh 
2018). Additionally, these sensors can provide species distribution over a sizable 
area, which can be used to manage the forest at the species level (Singh and Singh 
2019). Nanomaterials may be used to enhance these sensors for more precise 
measurements, but much more research is needed in this area. The forest ecology, 
its evaluation, potential risks to forest health, and related studies are also included in 
this application area for nanotechnology in forestry. 
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15.9.3 Nanotechnology Applications in Agroforestry-Based 
Wood Products (Paper and Pulp) Industry 

As we all know that the main product of the forest is paper and pulp. Since a very 
long time ago, humans have made extensive use of paper in their daily lives. 
Important agreements, the Vedas, and scientific manuscripts are regarded as valuable 
resources for the advancement of humanity. The storage and preservation of paper 
from moisture, dust, and biological agents, however, are a serious problem because 
of its hydrophilic nature, fibrous architecture, highly porous nature, ultraviolet 
radiation-based degradation, microbial assault, and high-water vapor transmission 
rate (Richardson and Grubb 2013). In this regard, nanotechnology holds significant 
promise and may offer a special chance to preserve and safeguard paper from 
deterioration caused by factors like moisture, light, temperature, dust, and biological 
agents. Researchers and scientists have used nanostructured materials to create 
durable paper. Each type of nanomaterial has a unique set of mechanisms. Some 
main and important uses of nanotechnology in the paper manufacturing sector 
include (a) the creation of new materials, (b) the use of nanofiltration to stop water 
circulation, (c) the creation of coating materials, and (d) the production of nanoscale 
assemblers (Mohieldin et al. 2011). It has been discovered that nano-engineered fiber 
compounds and materials hold promise for producing paper materials with excep-
tional strength. There are four different processes for creating nanoscale cellulose 
fibers: (1) bacterial biosynthesis, (2) microfibrillated cellulose, (3) electrospinning, 
and (4) synthesis of nanorods, also known as cellulose whiskers (Mohieldin et al. 
2011). Due to their abundance, inexhaustibility, nanofibrillar makeup, self-assemble 
ability into fine-tuned architectures, and ability to be prepared multifunctionally, 
cellulose and lignocellulose have extraordinary potential as nanoengineered mate-
rials (Moon 2008).
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15.9.4 Nanomaterials on Growth and Development of Crop 
Plants and Trees 

Nanofertilizers are economical and environmentally responsible agents that support 
highly effective crop plant nutrition and boost crop plant production. Crop plants 
receive nutrients from nanofertilizers in three different ways: The nutrient can be 
protected in one of three ways: 

1. Nanoparticles made of nanotubes or nanoporous materials 
2. Emulsion or nanoscale particles 
3. Thin protective polymer film 

Nanofertilizers make nutrients available to plants by releasing them gradually, 
effectively, and precisely. Zinc oxide (ZnO) nanoparticles have been found to 
increase peanut yield (Arachis hypogaea). Similarly, the use of silicon dioxide 
(SiO2) nanoparticles has been shown to enhance plant biomass and the levels of 
biomolecules such as proteins, phenols, and chlorophyll in maize grains. Addition-
ally, the application of low concentrations of these nanoparticles has been found to 
promote various growth aspects in different plant species. For hexaploidy wheat, the 
root growth is improved when exposed to low concentrations of ZnO nanoparticles. 
In mustard (Brassica juncea), black gram (Phaseolus mungo), rice (Oryza sativa), 
and tobacco (Nicotiana tabacum), the seed germination and seedling growth are 
enhanced when treated with these nanoparticles. Furthermore, tobacco cell growth 
has been observed to increase by 16% when exposed to ZnO nanoparticles at low 
concentrations (USDA 2013). 

The usage of nanomaterials (NMs) fosters growth of horticultural crops and their 
development, much like it does for field crops. Spraying nano-boron on the mango 
canopy improves overall yield production and improves the chemical characteristics 
of fruits, which is probably related to the increase in chlorophyll and other vital 
nutrient elements in the leaves. Also, mango trees that have been sprayed with nano-
zinc produce fruits that are heavier, more plentiful, contain more chlorophyll and 
carotene, and have higher amounts of various nutrient elements like N, P, K, and Zn 
(Alabdallah et al. 2020). Similar to this, using fertilizers containing nanocontent of 
boron and zinc raises fruit yields, fruit quality, and raises the proportion of total 
soluble sugars (TSS) to maturity index, total sugars, and also total phenols in the 
pomegranate fruits (Ismail et al. 2021). 

15.9.5 Nanosensors in Precision Agroforestry 

The research and development of nanoscale delivery systems for agricultural 
chemicals, such as pesticides and fertilizers, are made possible by nanotechnology. 
The effectiveness of active ingredients is increased, while negative effects on the 
environment are reduced thanks to nanoencapsulation techniques (Khot et al. 2012).



Agrochemicals are shielded from deterioration, their off-target effects are dimin-
ished, and their bioavailability is increased by nanocarrier systems like liposomes or 
polymeric nanoparticles (Raliya et al. 2018). By enhancing the availability and 
uptake of nutrients in agroforestry systems, nanotechnology contributes to precision 
nutrient management. According to Khodakovskaya et al. (2013), controlled release 
mechanisms for nutrients are provided by nanofertilizers, such as nanoparticle-based 
formulations, ensuring their availability to plants for an extended period of time. 
Real-time monitoring of soil nutrient levels by nanosensors integrated into precision 
agriculture systems enables precise and targeted nutrient applications (Singh et al. 
2017). Farmers and forestry professionals can manage microclimate conditions, 
optimize irrigation practices, and evaluate environmental impacts by using real-
time data from nanoscale sensors on these variables (Das et al. 2019). 

312 S. Goswami et al.

15.9.6 Agroforestry Systems Promote Food Security Through 
Several Mechanisms 

With the daunting task of nourishing an increasing population while contending with 
climate change and depleting natural resources, food security is a crucial global 
issue. By combining trees with the production of agricultural crops and livestock, 
agroforestry systems provide a sustainable way to improve food security. Multiple 
advantages of this strategy include increased biodiversity, healthier soil, water 
conservation, and improved climate resilience. Agroforestry systems can improve 
agricultural output, earning capacity, and nutrition by utilizing the synergies with 
trees and crops. 

1. Diversification of Production: Agroforestry systems enable the growing of a 
variety of plants, animals, and trees. By increasing the variety of food sources 
available, this diversification lowers the chance of crop failure and improves 
dietary diversity. Tree crops, like fruit and nut trees, can increase nutritional value 
and provide opportunities for income. 

2. Nutrient Cycling and Soil Fertility: In agroforestry systems, trees support soil 
fertility and nutrient cycling. In order to reduce the demand for synthetic fertil-
izers, nitrogen-fixing trees, for instance, can capture nitrogen from the atmo-
sphere and make it accessible to crops. Tree organic matter and leaf litter improve 
soil fertility, which increases the yield and hardiness of agricultural crops. 

3. Water Management and Conservation: By lowering soil erosion, enhancing 
water infiltration, and lowering runoff, agroforestry systems aid in water man-
agement. Tree canopies lessen soil surface evaporation, maintaining moisture in 
the soil for crop growth. Because of their extensive root systems, trees are better 
able to withstand droughts and have access to more water than crops. 

4. Climate Resilience: By providing a buffer against extreme weather and improv-
ing agricultural systems’ adaptability, agroforestry systems support climate resil-
ience. In agroforestry systems, trees act as windbreaks, reduce temperature
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extremes, and shield crops from too much sunlight. Additionally, trees absorb 
carbon, which slows down global warming. 

5. Livelihoods and Income Generation: Agroforestry systems can give farmers 
access to additional revenue sources. High-value tree crops like cacao, coffee, or 
timber species can be added to increase income diversity and stability. Addition-
ally, agroforestry systems can open doors for the processing and selling of tree 
products with added value, resulting in jobs and bettering rural livelihoods. 

The promise of agroforestry to strengthen food security with increased crop 
productivity, increase soil fertility, and diversify income sources has been 
highlighted in numerous studies. For instance, a study by Nair et al. (2009) empha-
sized the significance of agroforestry in strengthening food security in sub-Saharan 
Africa through the integration of high-value tree crops with staple crops. Another 
research investigation by Garrity et al. (2010) showed the role of agroforestry in 
strengthening food security in sub-Saharan Africa. 

15.9.7 Role of Nanotechnology in Strengthening Food 
Security Through its Application in Agroforestry 
Systems 

Through its use in agroforestry systems, nanotechnology has the potential to signif-
icantly improve food security. Researchers and practitioners hope to increase crop 
productivity, lower resource inputs, and lessen environmental impacts by utilizing 
nanotechnology-based solutions. Here, we will talk about how agroforestry systems 
can use nanotechnology to promote food security. 

1. Enhancing Nutrient Management: Innovative methods for effective nutrient 
management in agroforestry systems are provided by nanotechnology. For 
instance, nutrients can be formulated into nanofertilizers to release gradually, 
ensuring that plants have access to them for a long time. According to 
Khodakovskaya et al. (2013), these nanofertilizers can decrease nutrient losses, 
increase nutrient use efficiency, and lessen environmental contamination. Addi-
tionally, the targeted delivery of bioactive substances like micronutrients and 
growth regulators to plants can be improved by nanoencapsulation, which 
enhances the uptake of nutrients and overall performance of crops (Singh et al. 
2017). 

2. Precision Delivery of Pesticides and Agrochemicals: Pesticides and agricul-
tural chemicals can be delivered precisely in agroforestry systems thanks to 
nanoencapsulation and nanocarrier systems. By increasing the active ingredients’ 
stability, solubility, and controlled release, nano-formulations can increase their 
effectiveness while using fewer chemicals overall (Khot et al. 2012). By increas-
ing target specificity, minimizing off-target effects, and lowering environmental
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contamination, nanoscale delivery systems can also improve pest and disease 
management (Gogos et al. 2017). 

3. Efficient Water Management: In order to maximize water use in agroforestry 
systems, sensors and irrigation systems based on nanotechnology are essential. 
Nanosensors can measure soil moisture, which allows for precise irrigation 
planning and decreases water waste (Das et al. 2019). Additionally, soil can 
retain more water thanks to the use of nanomaterials like hydrogels, which 
increases drought resistance and water use effectiveness (Khan et al. 2020). 
Regarding the problems associated with water scarcity in arid regions, nanotech-
nology also provides potential remedies for water purification and desalination 
(Kang et al. 2018). 

4. Improving Crop Protection and Stress Tolerance: Crop protection and toler-
ance to stress in agroforestry systems could be improved with nanotechnology-
based solutions. Plant resistance to a variety of abiotic stresses, such as drought, 
high temperatures, and salinity, can be improved with the use of nano-
formulations of growth regulators for plants (Raliya et al. 2015a, b). In order to 
prevent pathogens and pests from entering, nanomaterials like nanoparticles and 
nanocoating can act as physical barriers (Pandey et al. 2019). 

5. Soil Health and Restoration: In agroforestry systems, nanotechnology aids in 
managing and restoring soil health. By providing the degradation and disposal of 
pollutants, nanoremediation techniques can be used to remediate polluted soil 
(Mukherjee et al. 2018). Additionally, soil parameters like organic matter content, 
pH, and microbial growth can be monitored by nanosensors, which can help with 
management decisions and the assessment of soil health (Zhang et al. 2019). 

15.10 Nanomaterials for Farmland Restoration 

Due to overcultivation, water scarcity, and climate change, the arable and fertile 
farmlands will become arid. Farmland restoration may benefit from NMs like 
hydrogels (potassium polyacrylate), nanoclays, nano-zeolites, which can increase 
soil water retention at about 50–70%, also reduce soil compactness/hardiness at 
about 8–10% (Sekhon 2014). Application of non-water-soluble polymers like 
hydrogels in drylands increased crop yield while preventing leaching and improving 
soil texture, evaporation, and microbial activity. NMs are safe for the environment, 
do not harm plants, and break down quickly into CO2, nitrogen (N), and water. In the 
same way, heat-resistant fertilizers like nano-zeolites improve soil aeration, micro-
bial growth, water-holding capacity, nutrient use efficiency, and avoiding soil 
contamination by taking and absorbing heavy toxic metals from their parent com-
pounds (Saponaro et al. 2016). The effects of drought stress can raise oxidative stress 
and lipid peroxidation in plants by causing the production of oxygen radicals. Plants 
with narrow leaves, stunted growth, affected foliar matrix, lower biomass contents, 
etc. are effects visible to our naked eyes. Nanoparticles like hydrogel lower the effect 
of drought on plants, resulting in less stress and oxygen radical production.
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15.11 Nanomaterials as Growth Enhancers 

Studies suggest that hydrogel usage in agriculture can significantly decrease the 
requirement of synthetic chemical fertilizers while maintaining crop growth, yield, 
and nutritional status and its value. In areas with comparable ecological constraints, 
such as arid and semi-arid climates, it would indeed a more suitable practice when it 
comes to sustainable agriculture. Additionally, potassium polyacrylate usage is 
secure and less toxic, protecting agroecosystems from contamination. 

15.12 Nanomaterials Induced Biomass Accumulation 

Carbon dots range in size from 1 to 10 nm and have fluorescent characteristics. 
When pH is neutral, carbon dots become excited, absorb a variety of UV light, and 
typically express a bluish color. These carbon dots absorb sunlight in order to 
increase photosynthesis, which results in higher biomass synthesis. For instance, 
single-walled carbon dots increase the rate of electron transfer by 49% by boosting 
the near-infrared (NIR) fluorescence light-harvesting rate and reduces reactive 
oxygen species (ROS) in chloroplasts, enhancing photosynthetic efficiency of 
plants, crop yield, and biomass production (Giraldo et al. 2014). When nano-TiO2 

was used, spinach’s photosynthesis rate improved by 3.13 times more (Zheng et al. 
2005). 

15.13 Conclusion 

In the case of conventionally using fertilizers, the efficiency is too low – for 
nitrogenous, phosphatic, and potassium fertilizers, the efficiency ranges from 20 to 
50%, 10 to 25%, and 35 to 40%, respectively. Nanofertilizers benefit the agricultural 
sector by lowering the amount of conventionally using fertilizers that are currently 
using and increasing crop yields. In addition to being eco-friendly solutions, mini-
mizing the leaching and volatilization loss, it has a significant economic benefit for 
growers. In comparison to traditional nutrients, nanonutrients are more effective and 
affordable. The various kinds of nanofertilizers have a significant effect on crop 
productivity, the preservation of natural resources, and lowering the expenditure on 
fertilizers for crop production. By using the correct dosage and concentration, 
nanofertilizers encourage healthy crop growth and yield. This clearly demonstrates 
that although nanotechnology has been used extensively in the agricultural sector, 
there is still a wider spectrum of potential applications in forest sector and agrofor-
estry industry. The nanoparticles mentioned above can have both beneficial and 
harmful effects. Thus, these could be used in accordance with rules and guidelines 
from science. Through nanotoxicity, engineered nanoparticles (ENPs) can affect



molecular and physiological characteristics in agriculture and agroforestry systems. 
In order for research to be effective, awareness must be raised in both the nanotech-
nology and nanotoxicology fields. 
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15.14 Future Research Perspectives 

Further research can be conducted on how NFs are maintained in soil, their behavior 
in the environment, and their transport pathway. Through metagenomics, the poten-
tial consequences of usage of NF on soil micro-organisms can be investigated with 
reference to soil applications of NF. Evaluating how plants interact with NFs is 
another intriguing area to research. For a sustainable agriculture, it is important to 
investigate the biological and biochemical interactions of the NF in the soil as well as 
the degradation of the NFs. To secure and sustain the expanding research opportu-
nities in the field of applications of nanotechnology in agroforest management, 
future opportunities in this area lie in significant R&D grants, an increase in the 
number of technical institutions, and effective research collaborations with well-
established labs. The production, use, and effects of various nanoparticles are being 
tracked by scientists. This is done to strike a balance between the advantages of the 
technique and any potential negative effects. 
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Chapter 16 
Sustainable Agroforestry-Based Approach 
to Achieve Food Security Through Soil 
Health 

Shubhashree Sahu and Hitesh Gupta 

Abstract Earth is one of the unique planets of the solar system containing life in the 
presence of land, air, and water, of which the land is the most important platform for 
growth and development of plants. The land and water contribute to carry it. The 
upper crust of land, i.e., solum/soil, bears productive potential. It is a critical resource 
for food production. Since the twentieth century, intensive farming has substantially 
deteriorated the soil. Around 33% of soil is already degraded and 90% could become 
degraded by 2050. The ever-increasing food demand would not allow for lowering 
intensity or coverage of cultivation; therefore the “Sustainable management” of land 
resources seems to be the most suitable option. This division of the book evaluated 
how soil and agroforestry are interconnected concepts that relate to sustainable land 
use and food production. Agroforestry practices vary depending on the type of 
environment and needs of the community; however, the characteristic feature is 
the deliberate management of trees, crops, and animals to achieve multiple benefits. 
These benefits include increased soil fertility, reduced erosion, improved water 
quality, increased biodiversity, and increased carbon sequestration. By maintaining 
year-round surface cover that shields the soil from water and wind erosion, the 
perennial woody flora used in agroforestry techniques helps to conserve soil. 
Enhancement of soil organic carbon, available nitrogen (N), phosphorus (P), potas-
sium (K), calcium (Ca), and magnesium (Mg) (macronutrients) under different 
conditions is observed. Even improvement in soil bio-physical condition is also 
reported in many studies. Soil health is a critical component of agroforestry, as the 
soil provides the foundation for the entire ecosystem. In agroforestry, soil health is 
often improved through the use of organic matter, such as compost or cover crops, 
and the reduction of tillage. Both soil and agroforestry land use systems are 
interlinked and share a complementary relation, i.e., one being responsible in 
elevating and maintaining the status of another. 
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16.1 Introduction 

Earth is the third planet in our solar system and the only one to support life. It has a 
diameter of about 12,742 km and is estimated to be around 4.54 billion years old. 
The Earth is made up of various layers, including the crust, mantle, and core, and is 
composed of a variety of elements such as oxygen, silicon, and iron. One of the most 
important components of the Earth is soil. Soil is the thin uppermost crust on the 
earth’s surface that supports plant growth and is essential for agriculture and forestry. 
It is composed of a mixture of organic matter, minerals, and water and provides a 
habitat for a wide range of microorganisms. 

Soil formation involves a complex interaction of various physical, chemical, and 
biological factors. These factors include climate, parent material, topography, organ-
isms, and time. Climate influences soil formation by affecting the rate of weathering 
and erosion, while parent material provides the mineral components of soil. Topog-
raphy influences soil formation through its effect on soil depth and the amount of 
water that it receives. Organisms, (plants, animals, and microorganisms) play an 
important role in soil formation by contributing to organic matter and nutrients. 
Finally, time is a critical factor in soil formation, as it takes hundreds to thousands of 
years for soil to develop. Soil is not a homogenous material but varies in composition 
and properties depending on its location and the processes that formed it. The 
physical properties of soil determine its ability to retain water, air, and nutrients 
and affect plant growth. The chemical properties of soil influence the availability of 
nutrients and biota that flourishes in it. 

Soil is not only important from the viewpoint of plant growth and agriculture, but 
it also plays a crucial role in climate change mitigation. Soil can store large amounts 
of carbon, with estimates suggesting that global soil carbon stocks are about 3.3 
times greater than the carbon stored in the atmosphere. However, human activities 
such as deforestation, intensive agriculture, and land use change have led to signif-
icant losses of soil carbon. To address the issue of soil carbon loss, there has been a 
growing interest in soil carbon sequestration practices. Soil carbon sequestration 
refers to the process of capturing atmospheric carbon dioxide and storing it in the soil 
in the form of organic matter. This can be achieved through various practices, such 
as conservation tillage, cover cropping, crop rotation, agroforestry, and the use of 
organic amendments. 

Research has shown that soil carbon sequestration practices cannot only reduce 
greenhouse gas emissions but also improve soil health and fertility, thereby boosting 
crop yields and biodiversity. For instance, a study published in the journal Nature 
Climate Change found that the adoption of conservation agriculture practices, such 
as reduced tillage and crop rotations, could lead to an increase in global soil carbon 
stocks by 0.25 to 0.8 gigatons per year, equivalent to removing 0.5 to 1.6 billion 
metric tons of carbon dioxide from the atmosphere annually. 

Another important aspect of soil is its microbiome. The soil microbiome is critical 
for soil health and fertility, as it plays a vital role in nutrient cycling, carbon 
sequestration, and disease regulation. Recent research has shown that soil microbiota



is highly diverse and complex, with the potential to influence plant growth and 
productivity. Furthermore, it is also sensitive to variations in land use, management 
practices, and environmental conditions. Human activities such as intensive agricul-
ture, deforestation, and pollution alter the soil microbiome’s composition and 
function, leading to negative impacts on soil health and ecosystem services. There-
fore, understanding the soil microbiota and its response to different management 
practices is essential for developing sustainable land management strategies. 
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Soil degradation is a significant environmental concern, as it leads to crop yield 
reduction, loss of biodiversity, and accelerated soil erosion. Some of the factors that 
contribute to soil degradation include erosion, compaction, salinization, acidifica-
tion, and pollution. Sustainable land management practices, such as conservation 
tillage, crop rotation, and the use of cover crops, are recommended to protect and 
preserve soil. Earth and soil are intimately connected, with soil playing a critical role 
in supporting life on our planet. Understanding the formation, properties, and 
degradation of soil is essential for sustainable land management and to ensure the 
progressive utilization of agricultural and forestry systems. 

16.2 Agroforestry as a Land Use 

Land use refers to how land is utilized, managed, and modified by humans. It 
encompasses a variety of activities and practices, such as agriculture, forestry, 
urban development, and conservation. Agroforestry is a land use system that 
involves the integration of trees with crops and/or livestock in a way that provides 
ecological, economic, and social benefits. The trees in an agroforestry system may be 
grown for timber, fruit, fuelwood, or other products and may provide shade, wind 
protection, erosion control, and other ecosystem services. The crops and livestock in 
an agroforestry system may benefit from the shade, nutrients, and other benefits 
provided by the trees and may also contribute to the overall productivity of the 
system. Agroforestry systems can range from simple arrangements of trees in crop 
fields to complex, multi-layered agroforests that mimic natural ecosystems. 

Several different types of land use can be integrated with agroforestry practices, 
depending on the local context and ecological conditions.

• Agriculture: Agroforestry can be used to enhance agricultural productivity by 
integrating trees with crops or livestock. For example, shade-grown coffee is a 
popular agroforestry system that combines coffee production with the cultivation 
of shade trees, which provide a habitat for birds and other wildlife.

• Forestry: Agroforestry can also be used to manage forested landscapes sustain-
ably. For example, silvopastoral systems combine trees with grazing livestock, 
providing economic benefits for farmers while also protecting soil, water, and 
biodiversity.

• Urban development: Agroforestry can be integrated into urban landscapes in the 
form of urban forestry, green roofs, and other green infrastructure. These
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practices can provide a range of benefits like improved air and water quality, 
reduced urban heat effects, and enhanced biodiversity. 

Overall, integrating agroforestry practices into different land use systems can help 
to promote sustainable land use, conserve natural resources, and support the liveli-
hoods of rural communities. 

16.3 Basic Concepts of Agroforestry 

Agroforestry is a sustainable land use system that involves the integration of trees, 
crops, and/or livestock in a single land use unit. Here are some basic concepts related 
to agroforestry:

• Agroforestry systems: There are different types of agroforestry systems, includ-
ing alley cropping, silvopasture, forest farming, and home gardens.

• Tree-crop interactions: In agroforestry systems, trees and crops can interact in a 
variety of ways. For example, trees can provide shade and reduce soil erosion, 
while crops can provide additional income and improve soil fertility.

• Environmental benefits: Agroforestry can have a range of environmental benefits, 
such as improving soil health, reducing greenhouse gas emissions, and providing 
habitat for wildlife.

• Economic benefits: Agroforestry systems can also provide economic benefits, 
such as diversifying income streams for farmers and increasing the productivity 
of the land.

• Social benefits: Agroforestry systems can have social benefits, such as improving 
food security, enhancing cultural practices, and promoting community 
development.

• Management practices: Agroforestry systems require specific management prac-
tices, such as selecting appropriate tree and crop species, managing competition 
between trees and crops, and controlling pests and diseases.

• Sustainability: Agroforestry is a sustainable land management system that can 
help to address environmental, economic, and social challenges in agriculture. It 
can contribute to food security, poverty reduction, and environmental 
conservation. 

16.4 Advantages and Disadvantages of Agroforestry over 
Other Land Uses Presented in Tables 16.1 and 16.2
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Table 16.1 Advantages of agroforestry over other land uses 

Agroforestry systems Other land use 

Diverse benefits Limited benefits 

Agroforestry systems provide multiple benefits 
such as food production, timber and non-timber 
products, soil conservation, water management, 
biodiversity conservation, carbon sequestration, 
and climate change mitigation 

Other land uses such as monoculture agricul-
ture or grazing systems typically focus on a 
single output and may not provide the same 
range of benefits 

Improved soil health Degraded soil health 

Agroforestry systems promote healthy soils by 
increasing organic matter content, improving 
soil structure, reducing soil erosion, and 
improving nutrient cycling 

Other land uses can degrade soil health by 
removing nutrients, compacting soil, and 
reducing soil organic matter content 

Increased resilience Vulnerability to environmental changes 

Agroforestry systems are more resilient to 
environmental changes such as droughts, 
floods, and climate variability due to their 
diverse cropping systems and tree cover 

Other land uses may be more vulnerable to 
environmental changes as they often rely on 
single crops or livestock and may not have the 
same level of soil protection or water retention 

Cost-effective Expensive 

Agroforestry systems can be more cost-
effective than other land uses due to their ability 
to produce multiple products on the same piece 
of land, reducing the need for additional inputs 
or land purchases 

Other land uses may require more inputs such 
as fertilizer, pesticides, and additional land 
purchases to achieve the same level of 
productivity 

Improved livelihoods Limited livelihood opportunities 

Agroforestry systems can improve livelihoods 
by providing diverse income sources and 
employment opportunities for farmers and rural 
communities 

Other land uses may provide limited livelihood 
opportunities, particularly for small-scale 
farmers, and may contribute to rural poverty 

Table 16.2 Disadvantages of agroforestry over other land uses 

Agroforestry systems Other land use systems 

Time and labor-intensive to set up and 
maintain 

Monoculture management is less labor and time 
intensive 

A long-term investment is required for benefits 
to be realized 

The short-term focus of many farmers and pol-
icy-makers 

Reduced yields in initial years while trees are 
being established 

Lower short-term returns than monoculture 
cropping 

The complexity of management can be daunt-
ing for some farmers 

Simpler land use systems may be easier to 
manage 

Limited market demand for some agroforestry 
products 

Higher market demand for some monoculture 
crops 

Limited access to technical and financial sup-
port for farmers 

More support available for conventional mono-
culture farming 

Can be challenging to integrate into existing 
land tenure systems 

Existing land tenure systems are already well 
adapted by the society
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16.5 Soil-Related Problems 

Soil-related issues such as soil erosion, soil contamination, and soil depletion can 
have significant impacts on agricultural productivity, food security, and the envi-
ronment. Here are some examples of these issues and their management: 

Agriculture is one of the primary activities that depend on soil, and the practices 
associated with agriculture can have significant impacts on soil health. Some of the 
soil problems related to agriculture include the following: 

1. Soil erosion: Soil erosion occurs when soil is removed from the land surface due 
to factors like wind, water, and tillage practices. It can lead to a severe reduction 
in soil fertility and crop productivity. For example, in the United States, the 
erosional loss of topsoil is estimated to result in a reduction of crop yields by 
1.5% per year. 

2. Soil compaction: Soil compaction occurs when the soil becomes densely packed, 
reducing pore space and thereby restricting the movement of air, water, and 
nutrients. It can lead to reduced crop productivity and increased susceptibility 
to drought and flooding (Brouder and Hofman 2019). For example, in India, soil 
compaction has been identified as a major constraint to rice production. 

3. Soil salinization: Soil salinization occurs when the salt content of the soil 
increases, leading to reduced soil fertility and plant growth. Soil salinization 
can occur due to factors such as irrigation with saline water and the use of salt-
based fertilizers. For example, in Egypt, soil salinization is a major problem in the 
Nile Delta region, where the use of irrigation has led to salt accumulation in 
the soil. 

4. Soil acidification: Soil acidification occurs when the soil pH decreases, leading to 
reduced soil fertility and plant growth. Soil acidification can occur due to factors 
such as acid rain, soil leaching, and the use of acidifying fertilizers. For example, 
in Brazil, the use of nitrogen fertilizers has led to soil acidification, which has 
negatively impacted crop productivity. 

5. Soil nutrient depletion: Soil nutrient depletion occurs when the soil becomes 
depleted of essential nutrients such as nitrogen, phosphorus, and potassium, 
leading to reduced crop productivity. Soil nutrient depletion can occur due to 
factors such as intensive agriculture, the use of chemical fertilizers, and soil 
erosion. For example, in China, the overuse of chemical fertilizers has led to 
soil nutrient depletion and decreased crop yields. 

6. Soil pollution: Soil pollution occurs when contaminants such as pesticides, heavy 
metals, and industrial chemicals are introduced into the soil, leading to reduced 
soil fertility and potential health risks for humans and wildlife. Soil pollution can 
occur due to factors such as improper disposal of hazardous waste, use of 
chemical pesticides and fertilizers, and industrial activities. For example, in 
China, the use of pesticides and fertilizers has led to widespread soil pollution, 
particularly in rural areas. 

7. Soil biodiversity loss: Soil biodiversity loss occurs when the diversity of organ-
isms in the soil, such as bacteria, fungi, and earthworms, decreases, leading to



reduced soil fertility and ecosystem functioning. Soil biodiversity loss can occur 
due to factors such as intensive agriculture, land use change, and soil disturbance. 
For example, in Europe, intensive agricultural practices have led to a decline in 
soil biodiversity, which has been linked to reduced soil fertility and crop 
productivity. 

8. Soil degradation: Soil degradation is a general term that refers to the reduction of 
soil quality and productivity due to various factors, such as soil erosion, soil 
compaction, nutrient depletion, and pollution (Fig. 16.1). Soil degradation can 
lead to reduced crop yields, increased soil erosion, and loss of biodiversity. For 
example, in Africa, soil degradation has been identified as a major challenge to 
agricultural development, with an estimated 65% of agricultural land affected by 
degradation. 

9. Desertification: Desertification is a process by which fertile land becomes 
degraded and desert-like due to factors such as soil erosion, nutrient depletion, 
and climate change. Desertification can lead to reduced crop productivity, loss of 
biodiversity, and increased soil erosion. For example, in China, desertification is a 
major problem in the north-western regions, where overgrazing and intensive 
agricultural practices have led to soil degradation and desertification. 
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Fig. 16.1 The entire process of soil degradation 

Management practices such as crop rotation, reduced tillage, improved irrigation, 
agroforestry, soil conservation, and land restoration can help to address these soil 
problems and promote soil health and productivity. For example, in Africa, the 
adoption of agroforestry practices has been shown to improve soil fertility and crop 
yields while also providing additional benefits such as carbon sequestration and



biodiversity conservation. In China, the implementation of land restoration programs 
has been found to reduce desertification and improve soil health. In Pakistan, the 
adoption of improved irrigation practices such as drip irrigation has been shown to 
reduce soil salinization and improve crop yields. In the United States, the adoption of 
reduced tillage practices has been found to reduce soil compaction and improve soil 
health. 

330 S. Sahu and H. Gupta

In conclusion, soil problems related to agriculture are complex and multifaceted, 
and their management requires a holistic approach that takes into account the specific 
causes and impacts of each problem. Addressing these problems can help to ensure 
the sustainability of agriculture and food production while also protecting soil health 
and the environment. 

16.6 Soil-Related Issues: Mitigation Measures 

Here are some mitigation measures for soil-related issues: 

1. Soil erosion control: Soil erosion can be controlled by planting vegetation on bare 
land or steep slopes, using mulch or erosion control blankets, and establishing 
vegetative buffer strips along streams or rivers. Contour farming and terracing 
can also help prevent soil erosion. 

2. Soil conservation: Soil conservation practices include crop rotation, conservation 
tillage, cover cropping, and organic farming. These practices help maintain soil 
health, reduce soil erosion, and improve soil fertility. 

3. Soil remediation: Soil remediation involves removing contaminants from soil and 
restoring the soil’s natural properties. Common methods of soil remediation 
include bioremediation, phytoremediation, and soil washing. 

4. Soil management: Proper soil management practices can help prevent soil deg-
radation and improve soil health. These practices include minimizing soil distur-
bance, avoiding overgrazing, and limiting the use of chemical fertilizers and 
pesticides. 

5. Soil testing: Soil testing can help identify soil nutrient deficiencies and soil pH 
imbalances. This information can be used to develop a fertilizer and nutrient 
management plan that promotes soil health and reduces the risk of soil 
contamination. 

6. Land use planning: Land use planning can help reduce soil-related issues by 
identifying areas suitable for agricultural activities and areas that need to be 
preserved for conservation purposes. This can help prevent soil degradation, 
erosion, and contamination. 

In a broader sense, soil-related issues can have significant impacts on the envi-
ronment, human health, and the economy. Mitigation measures such as soil erosion 
control, soil conservation, soil remediation, soil management, soil testing, and land 
use planning can help preserve soil health and maintain the productivity of the land.



It is essential to adopt these measures to ensure the sustainable use of soil resources 
for future generations. 
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16.7 Contribution of Agroforestry Toward Soil Profile 

16.7.1 Soil Enhancement and Microenvironment Alleviation 
Through Agroforestry 

The diverse implications of agroforestry on ecosystem functions and amenities due 
to the immediate and long-term impacts of trees vary by crop type, temperature, and 
geography. As a “security curtain” against the loss of nutrients from the process of 
nutrient turnover, trees play a significant role in the replenishing of nutrients by 
recapturing and pumping back drained nutrients through deep roots. Agroforestry 
offers an exceptional opportunity to absorb and store carbon in the soil that is lost as 
a result of increased agricultural productivity, intensive farming, and fertilizer 
application (Chatterjee et al. 2018). Agroforestry encourages more efficient utiliza-
tion of assets than single-crop farming due to the different functional and architec-
tural characteristics of the various elements accumulated in a multipurpose canopy. 
The proliferation of trees on farms improves the landscape’s drainage capacity, 
organic matter (OM), readily accessible potassium, accessible phosphorus, soil 
carbon stocks, and lower bulk density (BD). These factors increase the soil’s ability 
to retain water by increasing its water-holding capacity (WHC), which in turn 
progressively releases it to plants like a sponge. 

The incorporation of organic matter helps to reduce bulk soil density and aids in 
the consolidation of soil. In the desert and semi-arid areas, this lower BD of the soil 
improves subterranean recharging, air circulation, water dispersion in the rhizo-
sphere, and soil nutritional quality. The most significant source of essential nutrients 
and biological carbon in agroforestry systems is an overabundance of litter precip-
itated by the withering of leaves and twigs. The efficiency of nutrient use in 
agribusiness is influenced either directly or indirectly by soil organic carbon 
(SOC). The improved accessibility and assimilation of soil with high OM and a 
vibrant deep root structure will improve the efficiency of nitrogen usage. Addition-
ally, mycorrhizae are presumably provided by the increased microbial variety 
brought on by the addition of OM, which releases P and makes it available to plants. 
The total organic carbon comprised of the liable pool and a non-liable pool 
(Fig. 16.2). According to the IPCC report (IPCC 2000), the area presently under 
agroforestry worldwide is 400 million hectares with an expected increase in carbon 
stock by 0.72 Mg C ha/year, with an estimated potential for sequestering 45 Tg C/ 
year by 2040. 

As a result of the nitrogen fixation in the trees, the amount of soil and nitrogen 
recirculating through the decomposing leaf litter is increased, and the long-term 
stability of soil nitrogen is improved by organic matter additions (Montagnini and



Nair 2004). Plants with a reputation for N2 fixation and green farming include 
Gliricidia, Leucaena, and Sesbania. In the context of agroforestry, substantial 
nutrient collection by tree roots is seen as a supplementary nutrient input because 
such nutrients would be otherwise drained out from the crop at depths where crop 
roots are absent. In agroforestry, phosphorus is frequently a crucial nutrient. More 
effective utilization of nutrients might be achieved by combining organic and 
inorganic sources of phosphorus. Due to the extremely low levels of accessible 
phosphorus in the subsoil, it is anticipated that the deep capture of P will be 
insignificant. Though many agroforestry systems do store P in their biomass and 
recycle it into the soil through litter breakdown, this process does not count as an 
external input. However, some of the soil’s less accessible inorganic forms of 
phosphorus may be changed into accessible organic forms through cycling. The 
addition of both leguminous and non-leguminous species, such as durian and 
rambutan, to cocoa-based agroforestry has had an advantageous effect on the 
soil’s nutritional qualities (Wartenberg et al. 2020). According to a study by Riyadh 
et al. 2018 in Bangladesh, the soils of various crops about jackfruit-based agrofor-
estry had lower soil temperatures (3.37–9.25%), higher soil moisture (10–20%), and 
higher total nitrogen (9–19%) levels than in fields that were open for the growing 
season. 
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LABILE 
POOL 

• Labile pool with fast turnover rates ranging from days to decades. 
• Labile pool also known as the active pool, mainly consist of young 

SOM, is present in relatively small quantities and is rapidly impacted 
by even the tiniest change in the environment. 
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• Non-labile pool that persists in soil hundreds to thousands of years. 
• The non-labile pool (passive pool) of SOC is another SOC pool that is 

more stable and recalcitrant. It forms organic-mineral complexes with 
soil minerals and decomposes slowly due to microbial activity. 
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Fig. 16.2 The total organic carbon comprised of the liable pool and non-liable pool 

Shade plantings change the micro-ecosystem underneath coffee plants by mini-
mizing forthcoming radiation, moderating maximum temperatures, reducing the 
temperature intensity, and raising minimum temperatures. Coffee plants are 
protected from extreme heat and radiation by shade trees in coffee gardens, which 
also lessen seasonal changes in the coffee leaf area (Lin 2007). 

16.7.2 Agroforestry to Boost Soil Health and Productivity 

Agroforestry systems play a crucial role in boosting soil health and productivity. 
Through the integration of trees, crops, and livestock, agroforestry enhances various 
aspects of soil health. It is always argued that the presence of woody perennials in 
agroforestry systems affects several bio-physical and bio-chemical processes that



determine the health of soil substrate. The most obvious effects of trees on soil 
include amelioration of erosion primarily through surface litter cover and understory 
vegetation; maintenance or increase of organic matter and diversity through contin-
uous degeneration of roots and decomposition of litter; nitrogen fixation; enhance-
ment of physical properties such as soil structure, porosity, and moisture retention 
due to the extensive root system and the canopy cover; and absorb and recycle 
nutrients in the soil that would otherwise be lost through leaching. The increased 
organic matter content improves soil structure, enhancing its ability to retain water 
and nutrients (Jose 2009). Furthermore, the extensive root systems of trees help to 
break up compacted soil layers, promoting better aeration and root penetration. It 
also facilitates nutrient cycling within the system. Trees, particularly nitrogen-fixing 
species, capture atmospheric nitrogen and convert it into a form that is available to 
plants. This process improves soil fertility and provides a sustainable source of 
nutrients for crops. In addition, the integration of livestock in agroforestry systems 
contributes to nutrient cycling. The manure produced by livestock serves as a 
valuable organic fertilizer that enriches the soil with nutrients, benefiting both 
trees and crops. By improving soil health, agroforestry enhances soil productivity. 
The presence of diverse tree species and associated vegetation provides a range of 
ecosystem services. Trees act as windbreaks, reducing the impact of strong winds on 
crops and preventing soil erosion. Moreover, the complex root systems of trees 
facilitate efficient water uptake, improving water availability for crops and enhanc-
ing drought resistance. The combination of trees, crops, and livestock in agroforestry 
systems creates a diverse and resilient agricultural landscape. This diversity reduces 
the risk of crop failure and pest outbreaks associated with monoculture systems. The 
presence of diverse vegetation attracts beneficial insects and birds, contributing to 
natural pest control and pollination services. Overall, agroforestry boosts soil health 
and productivity through the addition of organic matter, nutrient cycling, improved 
soil structure, and enhanced water retention. The diverse and integrated nature of 
agroforestry systems creates a resilient environment that promotes natural processes, 
reduces reliance on external inputs, and fosters sustainable agricultural practices 
(Young 1997). A schematic depiction illustrating nutrient relationships and the 
benefits of “optimal” agroforestry systems in contrast to typical agricultural and 
forestry systems is displayed in Fig. 16.3. 
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16.7.3 Restoration of Degraded Land 

In India, approximately 120.72 million hectares of land, which accounts for 37 % of 
the total geographical area, is affected by various forms of soil degradation (e.g., 
water erosion, 93 million hectares; wind erosion, 11 million hectares; salt-affected 
soils, 6.74 million hectares; and 16.53 million hectares of open forest area; ICAR 
2010). There are various processes leading to land degradation (Fig. 16.4). Agro-
forestry has played a significant role in recent times in the reclamation of wastelands, 
including desert areas and lands that have undergone degradation due to salinization,



334 S. Sahu and H. Gupta

Fig. 16.3 Schematic representation of nutrient relations and advantages of ideal agroforestry 
systems in comparison with common agriculture and forestry 

Fig. 16.4 The series of events that trigger and perpetuate land deterioration



as well as those affected by ravines, gullies, and other forms of water and wind 
erosion hazards.
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Agroforestry research has demonstrated the potential of numerous salt-tolerant 
trees and shrubs to contribute to the biological improvement and rehabilitation of 
salt-affected lands (CSSRI 2010–2012). The restoration of degraded saline and sodic 
soils through agroforestry can be attributed to changes in various soil parameters. In 
many cases, the presence of trees gradually enhances the soil fertility of degraded 
lands, leading to higher levels of soil organic carbon, total nitrogen, available 
phosphorus, and exchangeable potassium, calcium, and magnesium. Simulta-
neously, there is a reduction in soil salinity and sodicity, indicated by decreases in 
exchangeable sodium, pH, and electrical conductivity, which progressively diminish 
as the trees mature (Dhyani et al. 1994). These combined processes contribute to the 
improvement of productivity in saline and sodic soils by enhancing nutrient avail-
ability and alleviating the negative effects of sodicity. 

Long-term cultivation of tree plantations has been demonstrated to enhance the 
physical, chemical, and biological characteristics of soil in agroforestry systems 
(SAS). The presence of trees decreases the bulk density of SAS, leading to increased 
soil porosity, water retention capacity, field capacity, permeability, and rate of water 
infiltration (Mishra et al. 2004). Evaluations of soil chemical properties in conven-
tional agroforestry systems in the northeastern region have revealed significant 
enhancements within a timeframe of 10–15 years. These improvements encompass 
a notable elevation in soil pH, organic carbon (C) content, exchangeable calcium 
(Ca), magnesium (Mg), potassium (K), and available phosphorus (P) levels, as 
measured using the Bray’s P test. Among various agroforestry practices (AFP), the 
combination of areca nut, jackfruit, black pepper, and Cinnamomum (tejpata) 
exhibited the highest accumulation of organic carbon (2.91%). This was followed 
by the combination of areca nut, betel vine, and assorted trees, which demonstrated 
an organic carbon increase of 1.85%. Conversely, degraded land exhibited a mere 
0.78% rise in organic carbon within the same period. Furthermore, all agroforestry 
interventions resulted in a significant elevation in exchangeable Ca, Mg, K, and Na 
compared to adjacent degraded lands. The presence of exchangeable aluminum (Al), 
a potential cause of soil infertility, was eliminated within 10–15 years of 
implementing agroforestry practices. This elimination of Al was attributed to the 
addition of fresh organic matter, which complexed the exchangeable Al during 
decomposition, possibly forming Al-humate complexes, and the accumulation of 
Ca, Mg, K, and Na cations. Consequently, these processes led to an increase in soil 
pH ranging from 0.6 to 1.7 units under the various AFPs (Singh et al. 1994). The 
research conducted at the National Research Centre for Agroforestry in Jhansi 
(NRCAF) over a span of two decades has successfully developed suitable agrofor-
estry technologies for the restoration of degraded lands in the semi-arid Bundel-
khand region. Extensive afforestation endeavors have been undertaken in the arid 
zones of India, particularly in 11 districts of western Rajasthan, to combat deserti-
fication and wind erosion. These initiatives involve the establishment of shelterbelts 
and windbreaks, as well as the stabilization of dunes. The shelterbelts serve to



mitigate the adverse effects of wind and create a favorable micro-environment for 
crops (NRCAF, 2012) 
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16.7.4 Nutrient Recycling and Intercrop Yield 

Agroforestry plays a crucial role in facilitating efficient nutrient cycling, which in 
turn benefits intercrops. In agroforestry systems, the nitrogen (N) requirement of 
crops can be partially fulfilled through various mechanisms, including the decom-
position rate of organic mulches, biological nitrogen fixation (BNF), and residue 
management. Trees contribute to N inputs in agroforestry systems through BNF and 
deep nutrient capture. The presence of active nodules in the roots of leguminous 
species indicates that BNF can supply significant amounts of N to crops through 
litter decomposition in the soil. Additionally, non-fixing trees such as cassia accu-
mulate more N in their leaves compared to nitrogen-fixing legumes, likely due to 
their larger root volume and nutrient-capturing ability, which can be incorporated 
into the soil as green leaf manure. Tree species, such as Gliricidia, Leucaena, and 
Sesbania, are known for their N2 fixation capacity and their potential for green 
manuring. Deep nutrient capture by tree roots, particularly at depths beyond the 
reach of crop roots, represents an additional source of nutrients in agroforestry 
systems. Without the presence of trees, these nutrients would otherwise be leached 
beyond the crop’s reach. However, when tree litter decomposes, these captured 
nutrients are transferred to the soil, acting as inputs. By incorporating legumes into 
agroforestry systems, the nitrogen self-sufficiency of the system can be achieved. 
Introducing suitable legumes, such as Dolichos lablab, Clitoria ternatea, Atylosia 
scarabaeoides, Macroptilium atropurpureum, and Stylosanthes species, in 
rangelands, pastures, silvipastures, and agroforestry practices holds significant 
importance. In agroforestry systems, even non-leguminous trees like Alnus, Myrica, 
and Casuarina, which form associations with Frankia, are widely recommended due 
to their nitrogen-fixing capabilities. For instance, Casuarina equisetifolia has a 
nitrogen-fixing potential of 50–80 kg N/ha/year, while Alnus nepalensis can fix 
29–117 kg N/ha/year (Sharma and Kapoor 2005). Phosphorus (P) is often a critical 
nutrient in agroforestry. Combining organic and inorganic sources of P can result in 
more efficient nutrient utilization. Deep phosphorus capture is typically negligible 
due to the low concentrations of available phosphorus in the subsoil. While many 
agroforestry systems accumulate P in their biomass and return it to the soil through 
litter decomposition, this cycling does not constitute an external input to the system. 
However, through cycling, some less available inorganic forms of phosphorus in the 
soil can be converted into more readily available organic forms. Furthermore, the 
beneficial interaction with mycorrhizal fungi associated with trees enhances nutrient 
uptake from deeper soil layers, particularly for less mobile nutrients like phosphorus. 
Incorporating tree crops into farming systems promotes improved nutrient cycling 
and availability within the system.



16 Sustainable Agroforestry-Based Approach to Achieve Food Security. . . 337

16.7.5 Impact of Agroforestry on Soil Biota 

The integration of trees with crops has a positive impact on the physical and 
chemical properties of soil, as well as on the soil microbiota. This results in increased 
biological soil fertility, which indirectly promotes plant growth by enhancing nutri-
ent cycling. Soil organisms, particularly microorganisms, play a significant role in 
plant productivity and health. They are involved in a variety of processes, including 
C-transformation, nutrient cycling, and aggregate formation. Nematodes, 
collembola, acari, diplopoda, earthworms, fungi, and various insects are all impor-
tant soil organisms that influence C-transformation and nutrient cycling. Soil engi-
neers, such as ants, termites, and earthworms, play important roles in aggregate 
formation and maintaining the soil structure. Centipedes, ground or rove beetles, 
predatory mites, collembola, and carnivorous nematodes are important for biological 
control. Agroforestry systems have more soil microbes than soil cropping systems, 
and these microbes are more diverse and functional. This is expected to result in 
increased biological soil fertility in these systems. The integration of trees with crops 
can improve soil health by increasing the diversity and activity of soil organisms. 
This, in turn, can improve soil fertility and productivity, which can benefit plant 
growth (Altieri 1999). 

Agroforestry practices contribute to the enrichment of soil biodiversity compared 
to monocropping by providing habitat, microclimate heterogeneity, moisture regu-
lation, and buffering effects, which serve as refugia for various soil organisms 
(Brussaard et al. 2007). The litter and root exudates from trees supply microbial 
communities with essential energy sources like amino acids, sugars, and organic 
acids, among other substances. The presence of trees creates favorable conditions for 
soil microflora to thrive, leading to higher microbial diversity rates in agroforestry 
systems relative to monoculture. The diversity and activity of soil fauna significantly 
influence soil health, with the presence of P. reticulatum, for example, boosting 
microbial activity and nematode diversity. This, in turn, enhances the breakdown of 
soil organic matter, nutrient mineralization, and nutrient enrichment. Agroforestry 
systems, particularly alley cropping with rows of trees integrated into farms, promote 
the abundance of row-associated soil bacteria, thereby contributing to the overall 
diversity and functional diversity. In terms of nitrogen fixation, trees in agroforestry 
systems promote the growth of N-fixing bacteria such as Bradyrhizobium and 
Mesorhizobium. Conversely, the abundance of nitrifying bacteria like Nitrosospira 
and Nitrospira tends to be lower in monoculture tree systems compared to agrofor-
estry systems. The adoption of land use practices like agroforestry, which involve 
consistent deposition of plant residues (such as litter and roots), plays a crucial role 
in ecosystem functioning. It contributes significantly to glomalin production, pro-
tection of soil carbon, and enhanced activity of arbuscular mycorrhizal fungi (AMF). 
Overall, agroforestry systems provide a beneficial environment that supports diverse 
microbial communities, enhances soil functions, and contributes to important eco-
system services through factors such as glomalin production, soil carbon protection, 
and increased AMF activity.
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16.7.6 Food Security: A Major Challenge 

A major challenge to global food security is the need to approximately double food 
production over the next few decades, especially due to rapidly growing demand 
from the developing world (Food and Agriculture Organization of the United 
Nations (FAO), International Fund for Agricultural Development, and World Food 
Programme, 2015). Traditional methods of increasing yields, such as the utilization 
of chemical inputs, genetic advancements, and mechanization, have become cus-
tomary. However, these conventional agricultural practices have also contributed 
significantly to various social and environmental challenges, including the alteration 
of climate patterns, the decline in biodiversity and ecosystem stability, degradation 
of land, water insecurity, and disruption of social systems. Soil degradation affects 
human nutrition and health through its adverse impacts on quantity and quality of 
food production. The decline in crop yield and agronomic production exacerbates 
food insecurity that currently affects 854 million people globally (Lal 2020). 

There is now a widespread consensus that a shift is needed from the current 
narrow focus on yield toward a more “multifunctional” approach in agriculture that 
not only prioritizes but also enhances broader societal and environmental objectives 
within the framework of sustainable intensification (United Nations General Assem-
bly 2015). This international agreement provides a comprehensive and cohesive 
structure for multifunctional agriculture by integrating food security (Sustainable 
Development Goal 2) with environmental, climate, and social goals, emphasizing 
the importance of a multigoal approach. A multigoal approach acknowledges that 
each agricultural option will have varying effects on individual goals, and different 
stakeholders will assign varying degrees of importance to each goal. Food being a 
fundamental need in human life, it is imperative to prioritize achieving sufficient 
yield to meet the SDG of food security within a multigoal agriculture approach. In 
the realm of physical and human geography, agroforestry emerges as one of the most 
multifunctional agricultural systems, involving the simultaneous cultivation of trees 
and crops on the same land. While agroforestry has been practiced for ages and has 
often been studied for its ecological benefits and associations with peasant farmers, 
scientific evidence now demonstrates that the adoption of agroforestry can lead to 
yield increases of up to twofold, depending on the crop type, local conditions, and 
level of expertise. These yield improvements are attributable to the various ecosys-
tem services provided by trees, including enhanced soil nutrient status through 
processes like nitrogen fixation, reduction of crop stress by mitigating temperature 
and rainfall extremes, prevention of soil erosion through root binding, and regulation 
of water supply via hydraulic uplift facilitated by tree roots. Furthermore, agrofor-
estry offers highly sustainable outcomes by maintaining soil fertility and even 
restoring degraded lands (Nair 1993). However, it is important to note that food 
security (SDG2) is not solely dependent on yield (FAO 2008; World Bank 2015). 
Resilience to climate change and shocks, which can give rise to severe food crises, 
represents a critical additional component. Agroforestry enhances crop resilience to 
various anticipated climate change effects, such as drought or higher temperatures,



by improving water infiltration and storage while mitigating evaporation and tem-
perature extremes (Pandey 2007). It also bolsters livelihood resilience since trees 
provide free ecosystem services, reducing dependence on volatile external commod-
ity markets. During poor harvests, trees serve as alternative sources of both income 
and food, such as fruits, fodder, or fuel. Apart from advancing food security, 
agroforestry has the potential to enhance multiple social dimensions of the Sustain-
able Development Goals (SDGs) (Van Noordwijk et al. 2011). It can serve as a 
pathway out of poverty, a significant driver of hunger (World Bank 2015), as the 
combination of increased yield, low costs, and additional tree-based farm products 
can substantially augment net farm income. In agroforestry systems, reduced reli-
ance on external chemical inputs and greater resilience to market fluctuations 
contribute to a sense of control, equity, and dignity in agricultural work. Therefore, 
agroforestry techniques are likely to be widely applicable across a significant 
proportion of global farmland. 
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16.8 Sustainable Agroforestry 

Sustainable agroforestry is an integrated land management approach that combines 
the principles of agriculture and forestry to create a productive and resilient system 
while promoting ecological balance and sustainability. It involves the intentional 
integration of trees, crops, and livestock on the same land, utilizing their interactions 
to maximize benefits and minimize negative impacts. 

16.8.1 Key Features of Sustainable Agroforestry

• Soil Improvement: Agroforestry systems contribute to soil health and fertility. 
Trees help to fix nitrogen, enhance nutrient cycling, and increase organic matter 
content in the soil. Their deep root systems improve soil structure, prevent 
erosion, and enhance water retention capacity.

• Water Management: Agroforestry practices can help regulate water availability 
and reduce water-related risks. Tree canopies intercept rainfall, reducing soil 
erosion and runoff. Their root systems act as natural filters, promoting water 
infiltration and reducing the risk of water pollution.

• Food Security and Nutrition: Sustainable agroforestry systems can enhance food 
security by diversifying food sources and improving nutrition. The inclusion of 
fruit and nut-bearing trees provides additional food options, while diverse crops 
and livestock contribute to a more balanced diet. In Africa, agroforestry has been 
shown to provide a number of benefits to farmers. For instance, it can enhance 
soil fertility in many situations and improve farm household resilience through 
the provision of additional products for sale or home consumption (Mbow et al. 
2014). The agri-horticulture system (paddy + areca catechu) that ensures the
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Fig. 16.5 Agri-horticulture system (paddy + areca catechu) on the foothills of the Velliangiri 
Mountains, adjacent to the Nilgiri Biosphere Reserve, Coimbatore 

state’s food security is shown in Fig. 16.5 at the Isha Foundation’s headquarters, 
Coimbatore.

• Biodiversity and Ecological Balance: Agroforestry systems promote biodiversity 
by incorporating a variety of tree species, crops, and livestock. The diverse plant 
and animal life contributes to ecosystem health, including enhanced soil fertility, 
pest control, and nutrient cycling.

• Conservation of Natural Resources: Agroforestry practices emphasize the con-
servation and efficient use of natural resources. Trees help prevent soil erosion, 
improve water quality by reducing runoff, and enhance water infiltration. Addi-
tionally, they provide shade, reduce evaporation, and improve microclimatic 
conditions.

• Increased Resilience and Productivity: By diversifying the farm landscape, agro-
forestry systems are more resilient to climate variability and extreme weather 
events. Trees act as windbreaks, protect crops and livestock, and provide a source 
of renewable energy. The intercropping of trees and crops can increase overall 
productivity through improved nutrient cycling and enhanced soil fertility.

• Carbon Sequestration and Climate Mitigation: Trees play a vital role in carbon 
sequestration, helping to mitigate climate change. Agroforestry systems contrib-
ute to carbon storage in both above-ground biomass and in the soil. They also 
reduce greenhouse gas emissions associated with conventional agricultural prac-
tices, such as synthetic fertilizer use (Albrecht and Kandji 2000).

• Climate Adaptation: Agroforestry plays a crucial role in climate adaptation by 
providing farmers with resilient systems that can withstand climate change 
impacts. The diverse structure of agroforestry landscapes buffers against extreme 
temperatures, reduces heat stress on crops and livestock, and provides shade and 
shelter.
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Table 16.3 Role of sustainable agroforestry in soil health and food security 

Role of sustainable 
agroforestry 

Soil health 
improvement 

Enriches soil with organic matter 
Improves soil structure and fertil-
ity 
Enhances nutrient availability 
Reduces erosion and compaction 

Diversifies food sources 

Nutrient cycling 
and soil fertility 

Facilitates nutrient cycling 
Fixes nitrogen from the atmo-
sphere 
Provides organic fertilizer through 
livestock manure 

Increased food production to lessen 
the gap between supply and demand 

Diversification of 
food sources 

Provides a variety of food products 
from trees, crops, and livestock 

Reduces dependency on single crops 
or livestock breeds 

Enhanced crop and 
livestock resilience 

Acts as windbreaks, reducing wind 
damage to crops and livestock 
Provides shading, reducing heat 
stress on crops and livestock 

Increases resilience to pests, dis-
eases, and market fluctuations 

Conservation of 
genetic diversity 

Preserves genetic diversity of tree 
species, crops, and livestock 

Enhances resilience of agricultural 
systems and promotes adaptation 

Improved water 
management 

Reduces soil erosion and surface 
runoff 
Enhances water infiltration and 
groundwater recharge 

Promotes better water retention to 
benefit the crops 

Economic and 
social benefits 

Diversifies income sources for 
farmers and rural communities 
Promotes community engagement 
and knowledge sharing 

Provides employment opportunities 
Contributes to rural development

• Economic and Social Benefits: Agroforestry systems offer economic benefits by 
diversifying income streams. Farmers can generate revenue from multiple 
sources, including timber, fruits, nuts, and agricultural products. Additionally, 
agroforestry can provide employment opportunities and contribute to rural 
development.

• Landscape Restoration and Conservation: Agroforestry can contribute to land-
scape restoration efforts, particularly in degraded or deforested areas. Planting 
trees and integrating them with agriculture help restore ecosystem functions, 
enhance wildlife habitat, and reconnect fragmented landscapes (Table 16.3). 

16.9 Conclusion 

Agroforestry is a sustainable land use system that combines the cultivation of crops, 
livestock, and trees in a single integrated system. It has the potential to improve soil 
conditions and mitigate problems such as soil erosion, nutrient depletion, and



climate change. Incorporation of trees into agricultural landscapes, agroforestry 
systems can increase soil organic matter, improve soil structure, and enhance soil 
fertility. Trees can also protect soil from erosion by reducing wind, intercepting 
rainfall and enhancing soil stability. Additionally, trees can sequester carbon from 
the atmosphere, thereby mitigating climate change. Agroforestry has the potential to 
improve soil conditions and mitigate a range of environmental problems. It is a 
promising approach to sustainable agriculture that can benefit farmers, ecosystems, 
and society as a whole. 
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Chapter 17 
Soil, Water, and Biodiversity Conservation 
Through Agroforestry for Crop Production 

R. K. Meena, Tulika Kumari, V. K. Solanki, Vinita Partel, S. L. Singh, 
and Rashmi Sinha 

Abstract Agroforestry is integrated with agriculture crops, perennial trees, and 
livestock or pasture. Agroforestry has the potential for sustainable development 
and increases the overall income of farmers though intervention of trees with 
agriculture crops. Nowadays the population of the world is increasing day by day, 
and total agriculture of land is decreasing; simultaneously demand of food also 
increases; to fulfill the demand of food, farmers are using high quantity of different 
chemical fertilizer, pesticides, insecticides, and herbicides for increasing the yield; it 
results to soil degradation and also affects environmental conditions. Agroforestry is 
a suitable tool to mitigate the soil degradation problems and mitigate climate change. 
Agroforestry is competent to protect natural resources like soil, water, nutrients of 
soil, ecological biodiversity, mainline the temperature and air quality by various 
agroforestry practices under different regions and conditions. It is estimated that the 
requirement of water will be increased up to 19% by 2050 and 5% of productivity is 
decreased due to soil degradation. Agroforestry is able to improve the infiltration 
rate, water-holding capacity of soil, improve the productivity of soil, and increase the 
nutrient status of soil and control of soil erosion. Agroforestry system gives good 
strength to conserve the soil and water. Different agroforestry systems are very 
diverse in nature, cultivating different food crops, fruit crops, and fodder crops and 
integrated with livestock. Due to the diverse nature of agroforestry, it is able to 
provide food security and health for the farmer. It is estimated that 75% foods are 
obtained from 12% of plants and animal that we are cultivating on a large scale. In 
this chapter the main focus is on the role of agroforestry in the conservation of soil, 
water, and environmental and ecological biodiversity and its role on the crop 
production. 
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17.1 Introduction 

Agroforestry is an old traditional farming practice, which is integrated with agricul-
ture crops, trees, and livestock with pasture (Saravanan and Berry 2021). Agrofor-
estry provides multiple benefits that include soil conservation, enhance nutrient 
status of soil, increase soil productivity, enhance biodiversity, increase the water-
holding capacity of soil, improve microclimate, improve water quality, improve the 
nutrient cycle, improve the infiltration rate, increase the groundwater, etc. 
(Razafindratsima et al. 2021). Agroforestry also provides as a platform for sustain-
able way to improve the wetlands and soil and water conservation (Waldron et al. 
2017). Agroforestry has potential to provide long-term agricultural benefits, and it 
provides an alternative for strengthening climate change resilience while contribut-
ing to food security, income, social health, and environmental sustainability. Agro-
forestry practices have capacity to maintain soil fertility in agroforestry systems 
through accumulation of biomass and organic carbon in the form of leaf litter, twigs, 
and dead branches of trees (Hinsinger et al. 2011). Agroforestry is also helpful to 
control soil erosion and reduce the losses of soil from the primary upper surface, and 
it contributes to maintain the soil productivity by improving soil conservation 
practices. Approximately 1.2 billion of the world populations are actively involved 
in agroforestry (Zomer et al. 2016; Garrity 2004). Agroforestry is capable to balance 
between demands, consumption, and natural degradation. 

Different agroforestry practices like alley cropping, windbreak, shelterbelt, home 
garden, protein bank, taungya cultivation, etc. maintain good diversity and secure 
the foods for the human being and manage the nutrient cycle, agriculture sustain-
ability, and environmental ecology. Soil and water are the major input for agricul-
tural production. However, due to the development activity, soil properties are 
affected and start soil degradation. Degradation of soil is a serious problem in present 
time (Gardner 1996). Researcher believes that soil degradation and soil erosion have 
calamitous impact on agricultural production capacity (Scherr and Yadav 1996). It is 
estimated 5% productivity of loss is due to soil degradation (Crosson 1995). This 
chapter acknowledges the role of agroforestry for sustainable development, climate 
change, and mitigation, how agroforestry maintains the soil productivity, and how to 
conserve the ecological biodiversity and determine the effects on crop production. 

17.2 Common Agroforestry Systems Practiced in India 

India is a wide country; and it has 328.7 million hectares total geographical area; out 
of total area, 139.4 million hectares area is reported under the net sown area. 
Climatic conditions of India are differing throughout the country. Due to the



variation in climatic conditions throughout the country, demand of fodder, food, fuel 
wood, and timber varies by region to region. Variation in demand leads to growing 
of different crops, trees, shrubs, and grasses to fulfill the demands under the different 
agroforestry system. Various agroforestry systems practiced in India are as follows 
in Table 17.1. 
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17.3 Need of Soil and Water Conservation 

The world’s population continues to increase, and demand of food and water is 
increasing day by day. It is estimated that the agriculture water consumption is 
increasing by 19% up to the 2050. The need of soil conservation and water 
management is more essential than ever, particularly as all world suffer from climate 
change. There is only one way to conserve the soil and water through decreasing the 
soil hampering from runoff and increase the rate of infiltration. Only agriculture 
crops are not capable to control the runoff rate. Agroforestry system gives good 
strength to soil and is capable to increase the infiltration rate of water into the soil. 
Deep tap root system of trees also improves the groundwater table and quality of 
water confining nutrient and metals which are accumulated on surface of soil and 
also in subsurface of soil. As an outcome, fertility of soil enhanced (Dury 1991). 
Therefore, agroforestry plays an important role to the resolution the problem of 
conserving the soil and water. Plantation of trees on agricultural land and farmland 
can diminish water requirement; it also helps in keeping hold of water for field crop 
and gives insurance to watersheds. 

17.4 Role of Agroforestry for Soil and Water and Crop 
Production 

Soil conservation is understood here generally to control the erosion of soil and 
manage the fertility of soil (Young 1989a, b). Agroforestry practices have a direct 
positive impact on soil fertility improvement and soil erosion control. Agroforestry 
systems are capable to control soil erosion through providing mulching of the upper 
surface of soil by tree canopy and leaf litter; trees also reduce the water erosion of 
soil through creating the barrier runoff and reduce the current of the water. In arid 
region trees are planted in agroforestry system; trees not only control the soil 
erosion; it also helps in water management through reducing the temperature and 
decreasing the rate of transpiration. Silvipastoral agroforestry systems should be 
incorporated when measuring possibility for control of erosion and water manage-
ment in arid region. Legume trees and shrubs are preferred in all agroforestry system 
to fix the atmospheric nitrogen, improve the soil fertility, and improve crop produc-
tivity. Forest tree species have the ability to fix the atmospheric nitrogen; in this



Name of system Description

(continued)
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Table 17.1 Common agroforestry systems practiced in India 

Sr. 
no. 

1. Taungya system Agricultural crops are interplanted with trees in the same area 
for 2–3 years. Agricultural crops are grown up to the closing of 
tree canopy. Taungya system has provided food for the forest 
workers and forage for cattle. This system is classified into 
three categories: (1) village taungya, (2) departmental taungya, 
(3) leased taungya system 

2. Integrated taungya Integrated taungya is similar to taungya system; however here, 
once tree canopies are close, then grazing animals are allowed 
in the place of agricultural crops 

3. Improved fallow in 
shifting cultivation 

Fellow tree species are introduced in degraded land to improve 
the soil health and minimize the soil and soil nutrient losses. 
Keep in mind that fellow species must be legume 

4. Alley cropping In alley cropping system, agriculture crops are growing in alley 
between the rows of trees. Trees preferably legumes are regu-
larly prune to prevent the shade effects on agriculture crop 

5. Trees on farmland Farmers planted trees on their field to get additional income, 
food security, soil improvement, and amelioration of environ-
ment. Trees are planted to protect farm from adverse climatic 
conditions 

6. Scattered trees on farm In this system different legume trees are planted in scattered 
pattern. Scattered trees are planted when crop cultivation on 
land becomes permanent. Trees are planted in a scattered 
pattern so that they do not compete for the light, water, and 
nutrient with the main crop. Planted trees must have deep root 
system, have capacity to fix the atmospheric nitrogen, and 
produce high leaf litter 

7. Boundary line plantation Fast-growing tree species are planted on the boundary of farm 
land, road side, river side, live fences for farm, and control of 
soil erosion 

8. Shelterbelts In shelterbelt trees, shrubs and grasses are planted at the right 
angle to the prevailing wind. Main function of the shelterbelt is 
protection of main crop from the strong wind 

9. Windbreaks In windbreak a strip of trees are planted; generally one or two 
row trees are planted around the food crop. Main function of 
windbreak is protect the food crop from warm and cold wind 
and demarcation of farm boundary 

10. Home garden Home garden is a multilayer farming system. It is practiced in 
high rainfall area in south India in which different trees, food 
crops, medicinal plants, and fruit trees are grown in different 
layers 

11. Multipurpose trees on 
farm land 

Farmers planted few multipurpose tree species in farm with the 
agriculture crop. The trees normally planted there have eco-
nomic importance 

12. Soil conservation hedges Trees and shrubs are planted for the soil conservation purpose 

13. Aqua-forestry In this system some flowering trees (Moringa oleifera, 
Leucaena leucocephala) are planted on the edge of the pond. 
Flowers and pods of the trees are good food for the fish



Name of system Description

contest few examples are Leucaena species which fix the atmospheric nitrogen at the 
rate 400–500 kg/ha, Acacia species which fix the atmospheric nitrogen at the rate 
270 kg/ha and Alnus species which fix the nitrogen at the rate 100–300 kg/ha (Misra 
2011).
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Table 17.1 (continued)

Sr. 
no. 

14. Apisilviculture Apisilviculture system different nectar producing species are 
growing to produce honey 

15. Protein bank Perennial trees are growing for the production of fodder for the 
livestock. These practices mainly follow in dry areas where 
food is scarce in the summer season 

Brown et al. (2018) 

17.4.1 Effect of Agroforestry on Soil Fertility and Soil Health 

In agroforestry systems plant nutrient status improves through decomposition of leaf 
litter, self and artificial pruning of trees, and atmospheric nitrogen fixation. Few 
nutrients are not available to the annual crops; generally they are known as 
unavailable nutrients, because they are out of reach of the rooting zone of agricul-
tural crop; agroforestry trees have capacity to be brought under the system from 
deeper layers to upper layer of soil through deep root system of trees. 

Agroforestry helps to increasing soil organic carbon into above- and below-
ground by adding the leaf litter from trees which is incorporated in agroforestry 
system. Soil organic carbon is the important parameter to assume about soil health. 
Soil properties, viz., physical, chemical, and structural, are affected by the stored soil 
organic matter. Soil organic carbon also affects the biological properties like bulk 
density, water-holding capacity, infiltration rate, aggregate stability, cation exchange 
capacity, and availability of nitrogen. Agroforestry helps to increase the availability 
of plant nutrients. The incidence of competition and facilitation relation is noticed 
when plants are mixed in agroforestry system as functional groups (Jose et al. 
2004a, b). Hence, trees function in agroforestry model as a facilitative well under-
stood by proficient nutrient cycling. Yengwe et al. (2018) reported that the nutrient 
value of Faidherbia albida is incorporated with maize. It is also examined that 
F. albida is able to supply nitrogen 18 kg/ha/year and capable to improve soil 
microbe diversity and population. The microorganisms are measured significantly 
for ecosystem sustainability as well as soil health because microorganisms are 
important for the decomposition of leaf litter, soil organic matter, and nutrient 
recycling, thereby improving the chemical, physical, and biological status of soil, 
which will finally improve the fertility of soil and long-term sustainability. The soil 
microorganisms which includes both primary and secondary decomposers, performs 
nutrient cycling, break the organic matter and the availability of essential nutrients



specially N mineralization. In agroforestry practices micro- and macroorganisms are 
generally found on the top soil surface. Dense network trees’ fine roots are beneficial 
for plentiful mycorrhizal association, which affects the availability of nutrients in a 
positive manner to the participating crops. Density of population and soil fauna 
diversity are good tools to know about the soil condition and rehabilitation of 
ecosystem quality. 
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Health of soil can be also affected by impurity and poisonous martial. Agrofor-
estry has the potential for the remediation of the pollutant site; some trees can be 
utilized for phytoremediation of the polluted area. Kaur et al. (2018) reported the 
tolerance capacity against the cadmium (Cd) of different four trees species, i.e., 
Leucaena leucocephala, Melia azedarach, Dalbergia sissoo, and Eucalyptus 
tereticornis. 

17.4.2 Control of Soil Erosion Through Using Agroforestry 
Practices 

Trees, shrubs, and herbs have been always planted to prevent the soil erosion. There 
are various techniques used to reduce soil erosion, strategies used to direct plant 
growth to slow down soil erosion, and soil stabilization. Direct use means to trees 
incorporated with the annual crop that improves the soil cover, decomposition rate, 
soil organic matter, and carbon content of soil. In the tropic region, agroforestry 
practices are extensively utilized to minimize the soil erosion; various agroforestry 
practices are used in different regions. Suitable agroforestry practices to control soil 
erosion for different regions are given in Table 17.2. 

Grewal et al. (1994) studied the effect of two agroforestry systems, viz. 
(i) Leucaena-based agroforestry system and (ii) Leucaena and napier grass 
(Pennisetum purpureum)-based agroforestry system on degraded land of foot-hill 
ecosystem of the sub-tropical northern India and concluded that agroforestry system 
was a more effective conservation as compared to the traditional system. Grewal 
et al. (1992) studied the different agroforestry systems of Shiwalik region of the 
sub-Himalayas of northern India, viz., agri-silvi-horticulture system (Leucaena + 
lemon + papaya + turmeric) on class I, agri-silvicultural system (cluster beans + 
Leucaena gave) adopted on class II land, and silvipasture system on sandy loam soil 
under class III incorporated with (Eucalyptus tereticornis + bhabar grass) eucalyptus 
in most upper story and bhabar grass in the understorey. Sloping (25-30%) gravelly 
under the land capability class IV were best suited to grow Bhabbar and Acacia 
species. The results show the superiority of agroforestry systems over the conven-
tional agriculture system on all land capability classes and losses of soil and soil 
nutrients approximately removed by bhabar grass. Investigated the sub-humid 
climate region of the western Himalayas and suggested that agroforestry systems 
with Leucaena hedgerows or tree-row barriers of Leucaena or Eucalyptus are a 
viable alternative to the conventional maize-wheat rotation when soil erosion control



Suitable condition Remarks

is the main goal. Agricultural crops and trees must be grown in separate blocks if 
grain production is the main goal in order to provide timber, fuel, and other 
materials. 
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Table 17.2 Common agroforestry practices for control of soil erosion (Young 1989a, b) 

Agroforestry 
practice 

Combinations of 
plantation crop 

Humid region to moist subhumid cli-
matic conditions 

Agricultural plantation crops are 
planted densely with multipurpose 
tree species planted to prevent the 
soil erosion on least moderate 
slopes 

Home garden 
and multistory 
tree gardens 

Home gardens are developed mostly in 
humid and subhumid region 

Home garden have great potential 
to control soil erosion through 
combination of herbs, shrubs, and 
trees with abundant litter 

Alley cropping Followed in humid, subhumid, and 
maybe semi-arid region 

Alley cropping huge potential to 
minimize the soil erosion on gentle 
to moderate slopes 

Shelterbelts and 
windbreaks 

Practices mainly followed in dry, arid, 
and semi-arid region 

Deflect the current of wind and 
reduce the wind velocity and con-
trol the wind erosion, highly effec-
tive for sandy soil 

Silvipasture 
practices 

Followed mainly in arid region and 
semi-arid area, sometime followed in 
subhumid climates 

This system acts as an opportunity 
for pasture improvement by 
including trees and shrubs 

The use of agroforestry techniques prevents soil erosion. Senna siamea mulch 
applied to the upper surface reduces soil loss to just 13% of the usual loss, and alley 
cropping reduces soil loss by 2% in semi-arid Kenya (Kiepe 1996). 

Leucaena leucocephala and maize plots were combined in an agroforestry system 
in Malawi in 1994 by Banda et al. They found that soil loss was 2 tonnes/ha/year, 
which was lower than the usual loss of 80 tonnes/ha/year. Indian Himalayan valley 
with less steep slope (4%), where countercultivation on maize plot was practiced and 
reported to have reduced runoff by 27% and soil loss by 45%. In a similar manner, 
Leucaena hedges and contour tree rows reduced soil loss by 48% and additional 
runoff by 40%, respectively, as compared to maize fields. In regions that weren’t 
planted, soil loss dropped from 39 tonnes/ha/year to 12.5 tonnes (Narain et al. 1998). 
Roose and Ndayizigiye (1997) noticed that the threat of soil erosion is reduced in 
Rwanda by adopting agroforestry models. Angima et al. (2003) studied the tropical 
highland area of Kenya and reported the harshness of soil erosion, loss of soil 2.2 to 
10-tons/ha/year. Soil erosion rate was observed at 100–200 tons/ha/year in the 
Philippines in agricultural filed, similar rate of soil erosion in alley cropping was 
decreased by 51 tons/ha/year (Paningbatan et al. 1995). Sarminah et al. (2018) 
studied the effects of Arachis hypogaea and Falcataria moluccana-based agrofor-
estry system for rehabilitation and soil conservation of degraded land and reported 
that land having slightly steep slope 15–25%, where 90% Falcataria moluccana



survival was recorded and 70–80% ground was covered with the Arachis hypogaea 
and rate of soil erosion was 20.05 ton/ha/year reported, with an erosion hazard index 
of 0.80 (low); the survival percent of Falcataria moluccana was noticed to be 90%, 
ground cover with Arachis hypogaea was 50–60%, and soil erosion was noticed 
45.50 ton/ha/year on steeper ground 25–40% with an erosion hazard index of 3.25 
(moderate) and a low hazard level. 
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17.4.3 Windbreak Use for Erosion Control 

Windbreak is one of the important agroforestry practices which is used for the 
control of soil erosion. It is mainly practiced in the arid and semi-arid region and 
where value of land is very high. The primary objective of windbreak is provide 
shelter for crops and animals. Windbreaks reduce wind direction, the mean wind 
speed, and airflow. As a result of windbreak, aerial environment, plant, and soil 
environmental conditions are changed because of changes to the following processes 
(Fig. 17.1). The design of windbreak is special and must be depending on the local 
climatic condition, spot condition, and objectives (Wright and Stuhr 2002). For the

Fig. 17.1 Mechanisms of a windbreak affecting microclimate and plant productivity (Cleugh 
1998)
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Fig. 17.2 The relationship between protected area and height of windbreak in leeward side (Wright 
and Stuhr 2002) 

Fig. 17.3 Microclimate zone of windbreak in leeward side (H = tree height; Sudmeyer et al. 2007)



purpose of designing, the height of the windbreak must be considered in relation to 
the required wind protection’s required leeward distance (Figs. 17.2 and 17.3).
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An ideal windbreak would consist with two to four row of trees and shrubs; in a 
perfect windbreak, double row of fast-growing tall tree species are planted at central 
core, and next two rows of shrubs and small tree species which have muscular root 
are planted on both sides of the core. However, the form of trees changes throughout 
the growing period. It is essential to plant a number of species with different growth 
rates, form, architecture, shapes, and sizes in several lines. Few species of trees that 
develop quickly must be used to set up the needed impact as earlier possible. 
Suitable trees species for the windbreaks are Andropogon gayanus, Faidherbia 
albida, Acacia nilotica, Acacia holosericea A.Cun., Azadirachta indica, Bauhinia 
rufescens, Acacia senegal, Eucalyptus cladocalyx, Eucalyptus gomphocephala, 
Casuarina spp., Acacia torta, Pinus pinaster, and Anacardium occidentale 
(Sudmeyer and Scott 2002). Legume plant species like Senna siamea, Setaria, 
Leucaena, and Calliandra are utilized as live fence in hilly region of Malawi and 
Rwanda with alley cropping (Banda et al. 1994; Roose and Ndayizigiye 1997; Kiepe 
1996). 

Windbreak density also plays an important role to check wind erosion. Utility of 
windbreak is increasing with increasing density of windbreak and it is decreasing 
with decreasing the density of windbreak. However, high-density windbreaks cause 
more harm than a perfect windbreak because they erode the soil on the windward 
side and destroy the crops on the leeward side. The wind speed is reduced by 20% in 
the leeward and windward side in the protected area of windbreak. The effect of 
windbreak is calculated as expressed as multiple height of windbreak tallest tree in 
the row (Fig. 17.2); theoretically, the practical impacts of windbreaks extend to 
15–20 times of tallest tree height in leeward side and 2–5 times in the windward side. 
However, Sudmeyer and Scott (2002) conducted a research in Australia to assess the 
effect of windbreak on wind speed and microclimate on 450 m thick bay between 
two Pinus pinster over 4 years and reported that the wind speed decreases by 20% 
when direction of wind is perpendicular to the windbreak; it extended 18 times 
height of windbreak, and overall the growing season wind current reductions are 
greater than 20% up to the 3–6 times of height of windbreak. Windbreak affects the 
rate of soil erosion and also affects the composition of species within the windbreak. 
Conducted experiment in southwest Niger, to determine the effects of windbreak on 
soil erosion, and reported that, within 20 m distance strips of the perennial grass 
Andropogon gayanus reduced 6–55% soil flux annually and 2 m height hedges of 
Bauhinia rufescens reduced 47–77% soil flux annually as compared with unpro-
tected plots. Puri et al. (1992) Studies the beneficial effects of Dalbergia sissoo 
shelterbelts and windbreaks in arid and semiarid region of Haryana under the social 
forestry program and reported that windbreak reduces the wind speed 15–45% and 
increases the growth of trees and productivity up to 4 times distance of the tree height 
in leeward side. Plant growth and yield were recorded high in protected area. Thevs 
et al. (2019) also reported the effect of a single row windbreak which is capable to 
reduce the speed by 60% compared to the open field condition.
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17.5 Role of Agroforestry for Water Conservation 
and Crop Production 

Continually rising food demand is accompanied by an increase in global population. 
It is an assumption that the requirement of water for agricultural will increase by 
19% up to 2050. So there are essential needs to improve water management in 
agriculture, especially as we face already the climate change challenges. 

Kort (1988) examined the impact of windbreak on crop and observed that yield of 
crop is higher in protected field by windbreak as compared to crops cultivated in 
open field conditions. Positive changes in yield percentage were observed in dry and 
semidry areas. Wheat yield was increased in the Chuy Valley, Kyrgyzstan, by 28% 
after planted trees as windbreak (Bulychev and Onishenko 1979). In India poplar-
based agroforestry systems were recorded cost-effective compared to monocropping 
cultivation (Dwivedi et al. 2007); extra income from the poplar-based agroforestry is 
the main inspiration to engage in agroforestry (Dwivedi et al. 2007). In an interview 
campaign (Smith et al. 2021) and survey across the United States, it was found out 
that the majority of people and farmers maintain the windbreak for the indirect 
benefits from the windbreak, like protection of crop from the strong wind and control 
of soil erosion, efficiently increasing the yield and quality of production and 
efficiently utilizing the water. 

17.5.1 Agroforestry Can Increase the Water Use Efficiency 

Annual crops can only utilize few amount of available water. In India, sorghum share 
in transpiration at 41% of rainfall, and millet share in transpiration at 6 to 16% of 
annual rainfall in Nigeria; the rest water run off, drain and evaporate. Introducing 
some agroforestry perennial tree species in this agriculture system can capture a large 
amount of rainfall water. Study has shown that 70% annual rainfall water can be used 
by combinations of Grevillea trees with maize annual crop. Trees planted in agro-
forestry field while regularly practicing the pruning of roots and shoots can increase 
the water utilization efficiency and facilitate new economic opportunities. Thevs 
et al. (2021) investigated the effects of single row windbreak with cotton (Gossypium 
hirsutum L.), corn (Zea mays L.), and rice (Oryza sativa L.) on water consumption 
on field condition and reported that windbreak helps in saving the water and 
reducing the consumption of water in irrigated condition. Windbreak trees regulate 
the water utilization of crops, improve the total yields of crop, and provide extra 
profit-making sources. Windbreak also controls the speed of wind, which is the main 
reason beyond to decrease crop water consumption Alemu (2016). Study conducted 
across Australia and New Zeeland to examine the effects of windbreak by Baker 
et al. (2018) reported that windbreak increases the crop yield and reduces the water 
requirement. The total protected area is depending upon the structure and design and 
height of windbreak (Peri and Bloomberg 2002). This explains the sharp decrease in



water use and the lower water requirement during the early stage of tree development 
(up to 5 years) compared to a later time. Crop water consumption is affected by 
windbreak, and water consumption reduced by 6.6% compared with traditional 
cropping system in Northern China (Liu et al. 2018a, b). Baker et al. (2018) reported 
that tree windbreaks increase the yield and minimize the damage from irrigation. 
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17.5.2 Agroforestry Can Help Retain Water and Provide 
Watershed Protection 

Agroforestry can improve crop productivity in several ways: improving soil organic 
matter, infiltration rate, and water storage, improving the physico-chemical proper-
ties of soil and enhancing the soil biological activity, and improving nutrient 
supplies through atmospheric nitrogen fixation and reduced leaching and soil ero-
sion. Agroforestry improves all soil properties that are complementary to retain 
water and increases the soil moisture. Another important function of trees on 
agriculture field is providing shade, helping to maintain soil moisture. Peat land 
soil is managed with the forest plant as combining agricultural crop; because of 
forest plant species and agricultural crops, CO2 absorption can increase, which 
increases the photosynthetic efficiency and production of oxygen. Total biomass 
production also increases due to the increasing photosynthetic efficiency and oxygen 
production. It can be beneficial for maintaining soil organic matter and preventing 
soil erosion. The effectiveness of rehydrating and water-holding capacity is 
improved by organic matter in the soil (Lestari and Mukhlis 2021). Intercropping 
rubber and pineapple (IRP) system makes a microclimate which plays a significant 
role to soil and water conservation. Organic matter in soil also will increase through 
adding leaf litter and its decomposition, which increases the water retention ability of 
water (Lestari and Mukhlis 2021). High densities of hedgerow plantations and plant 
wastes used as mulch helped in increasing infiltration rates and decreasing runoff in 
semi-arid Kenya and mountainous areas of the Philippines (Paningbatan et al. 1995; 
Kiepe 1996). Wu et al. (2019) studied the effect of agroforestry practices in karst 
rocky desertification (KRD) problematic areas and observed that effects of agrofor-
estry practice help in the conservation of soil and water and increase the carbon 
sequestration, and agroforestry practices are also helpful for increasing soil fertility. 

17.6 Biodiversity Conservation Through Agroforestry 
and Crop Production 

Biodiversity means variability in living flora and fauna present in an ecosystem 
(Hamilton 2005; Carnus et al. 2006; Gugerli et al. 2008). Biodiversity is categorized 
as species diversity, genetic diversity, and ecological diversity (Mace et al. 2012;



Convention on Biological Diversity United Nations 1992; Srivastava and Vellend 
2005; Swift et al. 2004). Flora and fauna present in an ecosystem affect each other in 
different manner, such as microorganisms, plants, animals, etc. (Vandermeer and 
Perfecto 1995). They play an important role to support the different ecological 
function to sustain the existence on earth and also provide other ecological services 
which are essential to support the life on earth, i.e., human economies, fauna, water 
quality, qualitative planting material and seeds, pollination, development of soil, 
nutrient management, control of pest and disease in plants and humans, carbon 
sequestration, and regulation of climate change and cultural services (Carnus et al. 
2006; Balvanera et al. 2013; Mace et al. 2012; Mergeay and Santamaria 2012). 
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One of the main factors contributing to the loss of biodiversity is the expansion of 
agricultural land use (Udawatta et al. 2019). Thus, intensified land use for agricul-
tural activities needs the search of new technologies for the biodiversity conservation 
while increasing the agricultural productions. Biodiversity conservation in agricul-
tural field can be maximized by decreasing few management intensity, like applica-
tion of chemical fertilizer, herbicide, insecticide, and pesticide. Another important 
way to conserve the biodiversity is add in natural or semi-natural areas landscapes 
nearby agricultural areas (Gonthier et al. 2014). 

17.6.1 Need of Biodiversity Conservation for the Crop 
Production 

All over the world facing the problem of losses of biodiversity, this is the major issue 
for the worldwide community, and it is very essential to reduce the rate of global 
biodiversity defeat and destruction (Sala et al. 2000a, b; Tilman et al. 2001). At the 
present time, a number of effects are observed in ecosystem function due to the 
losses of the species (Cardinale et al. 2012), such as increase of the population of 
insects due to the losses of some bird species from the ecosystem, and a number of 
ecological services provided by a number of species have economic importance 
(Daily 1997; Perrings et al. 2006). There are a number of potential species present on 
earth which are used for the food purpose. FAO reported that the 75% of food is 
currently obtained from 12% of plants and animal that we are cultivating on a large 
scale. However, they’ve extended a number of varieties of crops, fruits, vegetables, 
and animal. Diversity is very important for the cultivated crops and animals because 
it helps in the development of new improved varieties due to the large gene pool for 
traits like disease and pest resistance. Cultivation of only a few number of varieties 
of different crops makes sure to fulfil the demand of food, and biodiversity becomes 
vulnerable to threats (Vigouroux et al. 2011). Because of cultivating one or two 
varieties of crops continuously in a single field, it dangers the local biodiversity, food 
nutritional value, human livelihood security, and other ecological services, and also 
crops become susceptible to the different diseases and pests (Thrupp 2000; Sistla 
et al. 2016). Conservation of wild relative crop plants is also essential from the



industrial agriculture; it is also important for the point of development of new 
improved varieties of different crops: wild populations are kept the valuable genes. 
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17.6.2 Biodiversity and Climate Change 

Modern agricultural industry is a danger for the biodiversity at global level being one 
of the most important reasons for the climate change due to emissions like poisonous 
chemicals from the chemical fertilizers and other factories of modern agriculture. It 
is estimated that 20% greenhouse gas is released from the agricultural industry 
annually.2 Climate change is the most important serious hazard to biodiversity 
now. Even effects of climate change are seen on remote location area of biodiversity 
where human scarcely touched. Impacts of increasing in temperature already have an 
example on migratory birds. Due to climate change, weather cycle can also 
completely change, and effects are seen on the plant and soil community.3 

17.6.3 How Monocropping Destroys Biodiversity 

Various researchers observed that the single-species cultivation or plantations is 
evidently having a number of negative impact on social and environmental condi-
tions which is not good economic benefit (Alem et al. 2015). Monocropping 
cultivation practiced by farmers provides simplicity and less effort and a regular 
supply of feed to industry, but it is a danger to biodiversity (Jacques and Jessica 
2012). Monocrop cultivation requires large number of chemical in high quantity that 
is responsible for the decrease of the presence of wild species on agriculture field and 
off the agriculture filed. The chemical composition of pesticides, insecticide, and 
herbicides is designed in such manner to remove the pests that can damage or fight 
with main crop crops; however, at the same time, these chemicals are also harmful to 
plants and animals, which is outside the farm fields. Monoculture cultivation is not 
suitable for soil; it is a major cause of soil erosion and degradation (Baltodano 2000; 
Bowyer 2006). Single-species cultivation or plantations are not capable for the 
efficient utilization of available soil nutrient, because all roots are present in same 
surface and uptake same nutrients from same surface, which significantly leads to 
soil degradation and nutrient losses (Liu et al. 2018a, b). Agroforestry systems 
always have shown great floristic and structure diversity as compared to the single 
cropping system; agroforestry system has shown great faunal diversity because 
faunal diversity is always related with floristic diversity (Jose 2012).
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17.6.4 Role of Agroforestry for Biodiversity Conservation 
and Crop Production 

Biodiversity has great importance and a number of benefits and losses and changes at 
the global level at an alarming rate (Pimm et al. 1995; Jose 2012). Population growth 
rate is continuously increasing at the global level; due to the increasing population, 
the consumption rate per capita also increases, and better dietary requirement with 
enhancing income has resulted in overutilization of earth’s ecological diversity. It is 
estimated that total population will reach 9.5 billion up to 2050 if it is not controlled 
timely (Udawatta et al. 2019). Another important factor is climate change which is 
also responsible for the decline of the biodiversity (Pimm and Biodiversity 2008; 
Sala et al. 2000a, b). Due to increasing population demand of food, to fulfill the 
demand of food, agricultural industry and agriculture activity continuously increase 
which are responsible for the decline of biodiversity, and deforestation is also a 
major reason for the losses of ecological and biological diversity and function 
(Steffan-Dewenter et al. 2007; Culman et al. 2010). Continuous cultivation of only 
one or two crops or varieties on the similar agriculture land leads to the loss of 
agriculture biodiversity and affects livelihood, food security, food nutrition, and 
other ecological services (Thrupp 2000; Sistla et al. 2016). Largely modern agricul-
ture is responsible for the decline in agriculture biodiversity and ecosystem biodi-
versity; agricultural lands need better management plans to provide better service to 
biodiversity survival (Kleijn and Sutherland 2003). For example, in the countries of 
Europe, agriculture-related habitats and land support 50% of the population of both 
plants and animals (Kristensen 2003). Therefore, agricultural practices are used for 
the support to improving biodiversity and its conservation. Bring to a focus from the 
traditional agroforestry to more advanced agroforestry systems and approach to 
establish a better connection among agroforestry and biodiversity preservation 
(McNeely and Schroth 2006). Agroforestry received great attention from the last 
two decades for the conservation approaches of biodiversity (McNeely and Schroth 
2006; Buck et al. 2004). Agroforestry has been a recognized measure to conserve 
rich species biodiversity throughout the world (Mendez et al. 2001; Borkhataria et al. 
2012). Agroforestry plays five major roles to conserve the biodiversity (Jose 2012). 
(1) Agroforestry offers habitat for plants and animals that can withstand little 
disturbance. (2) Agroforestry aids in protecting the genetic diversity of threatened 
plant and animal species. (3) A more effective, sustainable alternative to conven-
tional agricultural methods that may be responsible for destroying natural habitats is 
provided by agroforestry, which aids in reducing the rate at which natural habitats 
are being converted. (4) Agroforestry creates pathways between habitat remnants, 
which may increase their dependability and aid in the preservation of species of 
plants and animals that are dependent on particular geographic regions. (5) Agrofor-
estry supports other ecological services such as soil erosion control, groundwater 
recharge, increasing soil nutrient status, maintaining the nutrient cycle, soil health, 
air quality, pollination, pest management, fire retardation, and cultural services such 
as improving aesthetic, recreational, and cultural values to preserve biological and



ecological diversity (Torralba et al. 2016; Schulze et al. 2004; Udawatta et al. 2011). 
Agroforestry system can help to improve the variety of pollinator, which is necessary 
for the production of food. Agroforestry also helps in maintaining the population of 
wild plant diversity (Varah et al. 2013). Pollinator service is valuable for the 
flowering plants and crops. It is estimated that 75% of the world’s key crops and 
90% of blooming plants are pollinated by insects, and animal pollinators impact an 
estimated 35% of food production (Klein et al. 2003). Agroforestry also helps 
conserve the adjoining habitat. Agroforestry can be utilized as a tool in association 
with suitable conservation practices to buffer biodiversity loss because a number of 
agroforestry practices have 50–80% diversity of similar natural habitat diversity; it is 
helpful for the further conservation of biodiversity. It is reported that agroforestry 
helps in biodiversity improvements in both temperate and tropical regions (Huang 
et al. 2002; Noble and Dirzo 1997; Dollinger and Jose 2018). Few findings have 
reported that biological and ecological diversity is higher in agroforestry systems 
compared to that in forests (Steffan-Dewenter et al. 2007; Sistla et al. 2016; Huang 
et al. 2002). Agroforestry systems have a 60% higher diversity of species than 
forests, according to a meta-analysis. Another meta-analysis in Europe noticed an 
overall better impact of agroforestry on biodiversity (Torralba et al. 2016). Sistla 
et al. (2016) studied 17 agroforestry sites, 8 sites adjacent to secondary forest, and 
7 pasture sites in the Pearl Lagoon Basin. They found that agroforestry sites have 
higher surface soil carbon percent, nitrogen content, and pH relative than secondary 
forest. The agroforestry system is found to have high biodiversity and to be very 
beneficial for crop production because species richness, phylogenetic variety, and 
natural resource biodiversity are all quite low in grassland. 
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Transformation from agroforestry to monoculture has reduced biodiversity rich-
ness of agriculture field (Perfecto et al. 1996; Schroth et al. 2004). Despite having 
more biodiversity than nearby agricultural and forest systems, agroforestry systems 
typically contain fewer native species due to extensive management (Noble and 
Dirzo 1997). Recent research has shown a strong positive correlation between 
biodiversity and ecosystem services and has strongly advocated biodiversity protec-
tion to boost ecological services (Rands et al. 2010; Hooper et al. 2005; Gallai et al. 
2009). Humans receive a variety of essential services from biodiversity, including 
direct and indirect advantages and the regulation of environmental processes (Rands 
et al. 2010; Alkemade et al. 2009). Biodiversity contributes to maintain the healthy 
physical and mental health of human (Barton and Pretty 2010). Biodiversity con-
tributes to pest management agriculture and pollination and provides long-term 
flexibility to conflict and climate change (Hooper et al. 2005). Biodiversity contrib-
utes significantly to economic and social growth (Gallai et al. 2009). At the genetic, 
species, and farming system levels, biodiversity provides essential ecological and 
biological services and functions for the generation of agricultural products (Thrupp 
2000). Ecosystem services, food production, animal and plant revenue, as well as 
increased health risks and malnutrition were all seen to be negatively impacted by a 
decline in biodiversity (Leakey et al. 2006). A significant number of researchers 
have found out the positive bound between agroforestry and ecosystem services of 
agroforestry (Jose 2012; Steffan-Dewenter et al. 2007; Perfecto et al. 1996).



Agroforestry is able to improve the land productivity as combinations of trees, crops, 
and pasture animal together. Combination of all components (trees, crops, pasture, 
and animals) could use natural resources more efficiently than monoculture cropping 
pattern or trees (values) (Torralba et al. 2016; Jose et al. 2004a, b). In Kyoto 
Protocol, it is accepted that agroforestry is a measure for carbon sequestration for 
mitigation of the climate change. All these benefits can be directly related with 
diversity of agroforestry systems. 
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17.7 Conclusion 

The utilization of various tree species and other techniques used in agroforestry 
systems might offer alternate ways to improve soil fertility and preserve agricultural 
productivity, with significant real-world implications for the sustainability of agri-
culture. A sustainable ecosystem depends on healthy soil and water as its primary 
resources. Agroforestry, as a sustainable land management practice, has shown 
positive effects on its role in improving soil quality, water management, nutrient 
cycling, efficient utilization of water, improving and maintaining soil microorgan-
isms and their activity, and maintaining soil organic carbon. Conservation and 
protection practices in agroforestry are helpful for crop production, sustainable 
development, and climate change mitigation. 
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Chapter 18 
Breeding of Jatropha For Oil, Phorbol 
and Quantitative Traits for Sustainable 
Yield Under Agroforestry System 

Hausila Prasad Singh , Vinay Rojaria, Noopur Singh, Saroj Chauhan, 
and Om Prakash Raigar 

Abstract Continuous emission of carbon from fossil fuels into the environment 
causes an adverse effect in the form of climate change and global warming. To 
overcome these issues, the world is moving towards zero carbon emission using 
alternative renewable resources of energy such as biodiesel. In this context, different 
biofuel potential plants are screened, and Jatropha curcas has been suggested as a 
promising biofuel crop. But because of toxic nature with low oil percentage in most 
of the Jatropha germplasm, it requires a precise breeding programme to increase oil 
percentage and other desirable features. After rigorous breeding programme, the first 
cultivar Chhatrapati of Jatropha was released, but low seed yield was the major 
drawback. This indicates a more precise breeding programme required for the 
development of high yielding desirable cultivars. In the current scenario, the cultivar 
JPNT 1 is the first commercial non-toxic high yielding Jatropha with 62–64% kernel 
oil. Similarly, cultivar JO S2 was released from the National University of Singapore 
having 45.90% seed oil content. Various researchers from different institutes are 
focusing on breeding of Jatropha for high seed yield, oil content and non-toxicity for 
the development of promising cultivars/hybrids. Therefore, this book chapter has 
critically reviewed on profound information of breeding outcomes for high oil, low 
phorbol, quantitative traits and promising developed and released genotypes yet. 
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18.1 Introduction 

Rising prices, depleting natural resources, increasing environmental pollution and 
global warming are major drawbacks of natural oil. To address these constraints, 
researchers reviewed plant biomass as a source of renewable energy which resulted 
in production of biofuel from damaged foodgrains, sugarcane, algae, etc. India has 
started the National Biofuel Mission in 2003 which aims at cultivation of shrubs and 
trees containing non-edible oil that can be easily cultivated on non-arable land (Das 
2020; Saravanan et al. 2020). Under this mission, five tree-borne oilseeds (TBOs), 
viz. Pongamia pinnata, Azadirachta indica, Simmondsia chinensis, Vernicia fordii 
and Jatropha curcas, have been identified based on their oil content and agronomic 
performance (Dhyani et al. 2015). Amongst TBOs Jatropha curcas has a short 
gestation period (Singh et al. 2013) with high seed oil content determined to be as 
an alternate source of fossil fuel (Banerji et al. 1985). Crop stores a large quantity of 
hydrocarbons, thus prevailing environmental concerns; hence, it can be used as a 
renewable energy resource for the commercial production of biodiesel (Mandpe 
et al. 2005; Ghosh et al. 2007; Alherbawi et al. 2021a). 

Breeding of Jatropha focuses on high kernel yield and kernel oil content which 
was started in Egypt and India in 2005, respectively (Gour 2015; Hegazy 2017). The 
crop is a large shrub that belongs to the family Euphorbiaceae and is native of 
tropical America. It is a monoecious crop with protandrous nature; thus geitonogamy 
and xenogamy favour pollination (Gour 2015). Seed contains 20–40% oil (Samra 
et al. 2014), and the variation in oil content is subjected to allogamous nature of the 
crop (Kaushik et al. 2007). Jatropha oil has the potential to be converted into 
biodiesel/jet fuel substitute or extender by the process of transesterification (Foidl 
et al. 1996; Tapanes et al. 2008; Deng et al. 2010; Alherbawi et al. 2021b). 
Geographical distribution of Jatropha exists into toxic and non-toxic form; toxic 
nature is due to the presence of phorbol-12-myristate-13-acetate (PMA) (Makkar 
et al. 2011; Francis et al. 2013; Salazar-Villa et al. 2020; Alherbawi et al. 2021a). 
The PMA content in non-toxic J. curcas is below 0.1 mg/g in kernel (Makkar et al. 
1998a; Rodrigues et al. 2021). Defatted oilcake obtained from non-toxic varieties 
can be utilized as cattle feed; in addition to this, it also protects human as well as 
animal health from the adverse effect of phorbol in the environment released due to 
incomplete combustion of oil from the vehicles. 

Major constraints for its commercial adoption are the lack of high yielding 
varieties, inconsistent yield over years, presence of toxic phorbol esters and absence 
of key traits for domestication (Achten et al. 2010; Montes and Melchinger 2016; 
Jonas et al. 2021). Several varieties have been acclaimed in the crop (Gour 2015), 
but only a few are utilized commercially due to the presence of high yield and key 
traits of domestication (Achten et al. 2010; Montes and Melchinger 2016; Vargas-
Carpintero et al. 2021). Makkar and Becker (2009) reviewed the potential of 
non-toxic Jatropha for the production of biofuels that could enhance the economic 
viability of Jatropha seed oil-based biodiesel production. This book chapter pro-
vides a single platform to discuss the current conclusive outcome for oil, phorbol and



quantitative traits through breeding from various organizations involved in biofuel 
programmes. 
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18.2 Breeding History 

Naturally, the available genotype is in its wild form; thus breeding is required for 
increasing seed oil content and reducing the toxic level of PMA. Jatropha improve-
ment through breeding has been started with the work of Makkar et al. (1998a, b), 
and evidence from literature indicated that very few breeding efforts have been made 
(Francis et al. 2018, 2019) to improve Jatropha genotypes in the toxic or non-toxic 
background with high oil and stabilized seed yield. High yielding development 
programme for Jatropha has been started since 2005 (Alfredo and Quintero 2017). 
Achten et al. (2010) recommended that domestication of Jatropha to a level requires 
at least 15 years of conventional breeding, but this period was shortened by using 
molecular breeding. Planned use of wide crosses in Jatropha has boosted the 
conventional breeding programme for introgression of desirable traits (Basha and 
Sujatha 2007; Popluechai et al. 2009). Crossing of J. curcas with J. integerrima 
resulted in high seed yield as reported by Maghuly and Laimer (2013). Yue et al. 
(2013) suggested that genetic improvement made through conventional breeding 
provides higher seed yield; however expected seed oil percentage was unanticipated 
(Yue et al. 2013). To overcome this concern, speed breeding is a remedial solution 
that can be achieved through marker-assisted selection and genomic selection. 
Currently, breeders are using combinatorial breeding approach to improve quantita-
tive traits (Peixoto et al. 2021). The major objectives for Jatropha breeding 
programmes are high yield with improved oil content along with development of 
non-toxic plants with resistant to biotic and abiotic stresses (Rao et al. 2008; Mishra 
2009; Maghuly and Laimer 2013; Singh et al. 2021). 

18.3 Breeding for Oil, Phorbol Esters and Quantitative 
Traits 

Maghuly and Laimer (2013)  defined plant breeding as “identifying and selecting 
desirable genetic variations of useful traits for crop improvement”. In the absence of 
desirable variation, plant breeder proceeds towards a complementary mutation tool 
to create genetic variation or to alter the genotype (Jiang et al. 2012). 
Dhakshanamoorthy et al. (2011) achieved mutants which flowered early and had 
increased number of fruits/plant and kernel yield/plant. In order to lower the toxicity 
level in plants, traditional, chemical and biochemical methods have been used 
extensively. In this regard, conventional genetic tools have been utilized to shorten 
breeding cycle, developing better yielding genotypes with greater oil yield in toxic



and non-toxic backgrounds (Fig. 18.1). Large-scale application of molecular 
markers has been used substantially to estimate genetic diversity with the help of 
RAPD markers (Ganesh et al. 2008), RAPD and AFLP markers (Sudheer 
Pamidimarri et al. 2009a, b), RAPD and ISSR markers (Basha and Sujatha 2007) 
and SNP markers (de Souza et al. 2021) for identification of diverse lines, charac-
terization, polymorphism and transferability across Jatropha (Kumar et al. 2011), 
but none of these studies emerged with its practical utilization. 
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Fig. 18.1 Application of various breeding tools for improving existing germplasm in J. curcas for 
high oil, low phorbol and quantitative traits 

18.3.1 Breeding for Oil 

In Indian accession, the oil content has been reported from 28 to 37% with seed 
index variation from 49 to 79 g (Kaushik et al. 2007; Achten et al. 2010). Although 
Jatropha starts bearing fruits after the third month of transplanting, however it 
becomes economically viable only after the third year onwards. On the contrary, 
Rao et al. (2008) reported more than 2 kg of dry seed/plant after the fifth year. In 
2008, Virgin Airlines first demonstrated use of Jatropha oil with 20% blending as jet 
fuel (Alherbawi et al. 2021b). India ranks first among the developing nations to use



partially blended Jatropha biofuel in aviation industries (The Hindu 2018). In order 
to achieve zero carbon emission by 2070, the Indian government has directed to use 
20% blended ethanol in petrol by 2025 (NITI Aayog 2020). After these successful 
attempts, breeders are emphasizing to enhance the oil quality for utilization of 
Jatropha as jet fuel (Alherbawi et al. 2021b). 
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Ewunie et al. (2021) identified variation in seed and kernel oil content at different 
altitudes in Ethiopian genotypes of Jatropha curcas. The outcome of this research 
represented that 35.84% and 64.15% of fruit’s dry weight is contributed by shell and 
seed, respectively, whereas seed index varied from 50.53 to 68.97 g, kernel (% in dry 
seeds) from 49.07 to 66.74% and kernel oil content from 47.10 to 59.32%, respec-
tively, in Ethiopian genotypes. Similarly, Pant et al. (2006) used composite seed 
samples of six trees to estimate seed oil variation in Jatropha plantations at different 
conditions, viz. arable (T1) and non-arable (T2), and at three different altitudes E1, 
E2 and E3 ranging 400–600 m, 600–800 m and 800–1000 m, respectively, at 
Himachal Pradesh, India. G x E interaction was significant for oil yield. The highest 
oil yield was recovered in non-arable (42.34%) in E1 (43.19%) and lowest in arable 
conditions (34.97%) in E3 (30.66%). Thus, it indicated that the variability in kernel 
characteristics and oil yield varied with geographical location. Later, Kaushik et al. 
(2007) described that the variability in oil yield is due to the allogamous nature of the 
crop. The study on variations in the vertical split of matured capsules and kernel oil 
content (Ghatak and Gour 2014) was recorded highest in capsules with four vertical 
splits (52.58%). Singh (2016) described plants with higher number of seeds with low 
seed index indicate the presence of seeds without kernel or kernel with low density, 
thus producing low oil content. 

The oil estimations performed in kernel generate reliable data due to absence of 
shell. The kernel oil yield (%) varied from 47.08 to 58.12% (Ginwal et al. 2004), 
13 to 58.20% (Gohil and Pandya 2009), 35.50 to 51.10% (Rao et al. 2009), 57.40 to 
57.50% (Makkar et al. 2011), 23.44 to 52.58% (Ghatak and Gour 2014), 35.60 to 
66.08% (Francis et al. 2018), 33.80 to 44.20% (Andrianirina et al. 2019), 50.60 to 
60.30% (Salazar-Villa et al. 2020) and 47.10 to 59.32% (Ewunie et al. 2021). 

However, reports on oil content (%) in whole seeds ranged from 33.02 to 39.12% 
(Ginwal et al. 2004), 28 to 38.8% (Kaushik et al. 2007), 29.80 to 37.05% (Rao et al. 
2008), 8.10 to 30.6% (Gohil and Pandya 2009), 27.40 to 35.5% (Shabanimofrad 
et al. 2011), 17.50 to 36.70% (Sunil et al. 2011) and 25.16 to 30.13% (Jonas et al. 
2021). 

18.3.2 Breeding for Phorbol Esters 

The genotypes which carry high level of anti-nutritional and toxic factors are of 
limited use (Devappa et al. 2010; Francis et al. 2013; Alherbawi et al. 2021a). 
Makkar et al. (1998a) collected non-toxic and toxic genotypes from Nicaragua, 
Nigeria and Mexico. Physical, chemical, biological and biochemical methods were 
devised and used to reduce these antinutrient levels, whereas genetic method is the



best suited to utilize non-toxic sources (Abou-Arab et al. 2019; Salazar-Villa et al. 
2020; Zhang et al. 2021). Phorbol content in non-toxic J. curcas does not exceed the 
threshold toxicity level, namely, 0.1 mg/g (Makkar et al. 1998a; Jonas et al. 2021; 
Rodrigues et al. 2021). The variation for phorbol content (Makkar and Becker 1997) 
was studied in 18 provenances from Western and Eastern Africa, Northern and 
Central America and Asia. They identified non-toxic lines from Mexico, whereas the 
level of phorbol varied from 0.87 to 3.32 mg/g of kernel. Identification of non-toxic 
lines in J. curcas from Mexico and a new species J. platyphylla (Makkar et al. 2011) 
with 60% oil in kernel opened a new avenue to transform Jatropha potential in 
non-toxic background. Identification and classification of toxic and non-toxic 
Jatropha have been successfully demonstrated by molecular techniques (Basha 
and Sujatha 2007; Basha et al. 2009; Tanya et al. 2011; King et al. 2013; Trebbi 
et al. 2019; de Souza et al. 2021) which is evident from practical breeding for genetic 
improvement. 
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18.3.3 Breeding for Quantitative Traits 

Interspecific hybridization was resorted to create genetic variability and introgress 
desirable genes (Basha and Sujatha 2009; Sudheer Pamidimarri et al. 2009a, b; 
Senthil et al. 2009) for incorporating yield contributing traits for high kernel yield 
and kernel oil content due to low to moderate genetic variation in Indian collections 
ascertained by molecular diversity analysis (Basha and Sujatha 2007; Sudheer 
Pamidimarri et al. 2009a, b). The derivatives of such hybrids were utilized by 
Singh (2016) in backcross breeding programme to develop population for identifi-
cation and selection with few important traits of domestication. Chromosomal 
locations of various qualitative and quantitative traits are represented below 
(Fig. 18.2). Landmark approach citing a combination of conventional breeding, 
molecular genetics and introgression of pleiotropic QTLs for plant growth and 
kernel yield has been described (Sun et al. 2012; Xia et al. 2018; Arockiasamy 
et al. 2021; dos Santos et al. 2021) for Jatropha improvement. QTL mapping to 
decipher the genetic basis of kernel yield using J. curcas x J. integerrima crosses 
indicated that (1) two diverse parents contribute for favourable alleles, (2) bidirec-
tional nature of transgressive segregants and (3) association of chromosomal regions 
with more than two parameters indicating their complex nature and involvement of 
pleiotropy or linkage. These findings emphasized on use of elite Jatropha varieties 
as recurrent parents to incorporate favourable alleles for growth and kernel yield by 
backcross breeding. 

Through molecular breeding various quantitative trait loci (QTLs) have been 
identified for fatty acid and total oil content (Liu et al. 2011); plant height, number of 
branches, female flowers and fruits (Sun et al. 2012); seed length (Ye et al. 2014); 
plant height, stem diameter, number of branches, seeds/plant, 100 seed weight and 
oil content (King et al. 2015); fruit yield (Xia et al. 2018); and Jatropha mosaic virus 
(Kancharla et al. 2019). Work on linkage and QTL mapping (Liu et al. 2011; Sun



et al. 2012) at TLL and National University of Singapore is among the pioneer 
institutes which led to the development of Jatropha variety JO S2 through mass 
selection (Yi et al. 2014). The transgenic approach also helps in the improvement of 
Jatropha by Agrobacterium tumefaciens infection (Pamidimarri et al. 2009; Li et al. 
2007). Also the achievement was obtained for the biosynthesis of fatty acid (Li et al. 
2008). 
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Fig. 18.2 Chromosomal locations of various qualitative and quantitative traits in Jatropha 

Screening of all available literatures reveals the presence of QTLs for various 
qualitative and quantitative traits from chromosome number 1 to 11, in which QTLs 
for oil content were located on chromosomes 1, 2, 4, 5, 6, 7, 8, 9 and 10; for phorbol 
it was located on chromosomes 3 and 8, while for various quantitative traits, it was 
present on all chromosomes. Yepuri et al. (2022) used 411 SNP markers to identify 
83 QTLs for yields and oil content by using 11 linkage groups. Identification and 
utilization of QTLs are required to develop new cultivar of Jatropha with improved 
agronomic performance for seed and oil content (King et al. 2015). The detailed 
summarized information of QTLs for oil, phorbol and various quantitative traits have 
been represented in Table 18.1 and Fig. 18.2, respectively. 

18.4 Inheritance of Phorbol 

The F1 hybrid developed between toxic and non-toxic plants and their first-
generation backcross could be used to detect inheritance of toxicity (Achten et al. 
2010). Estimation of PMA in seeds and its various parts, viz. shell, kernel, tegmen, 
endosperm and cotyledon, revealed its presence in both endosperm and tegmen 
(more concentrated in tegmen) (He et al. 2011; Kumar et al. 2018). The presence of
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PMA in endosperm during analysis may be due to the non-excision of the complete 
layer of about 26–30 cell thickness of tegmen (Corner 1976). Sujatha et al. (2005) 
reported maternal inheritance of PMA; later it was confirmed by Basha and Sujatha 
(2009) and Kumar et al. (2018). Sujatha et al. (2005) reported the toxic trait with 
monogenic control. Later, King et al. (2013) explained maternally controlled mono-
genic dominant trait of PMA which was later mapped by Trebbi et al. (2019) on  
linkage group 8 using SNP markers. However, based on literature available, now it is 
confirmed that it is controlled by QTLs that were mapped on chromosome numbers 
3 and 8, respectively (Amkul et al. 2017).
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18.5 Status of Released Varieties 

Several cultivars of Jatropha have been released in public and private sectors, but 
only a few cultivated commercially due to the presence of superior yield and other 
agronomic performance. The first released variety of Jatropha was Chhatrapatithat 
which has been released from Sardarkrushinagar Dantiwada Agricultural University 
in 2006 with seed yield ranging from 1000 to 1100 kg/ha with 49.2% seed oil 
content (Gour 2015). Three genotypes, viz. JJH34-6, JJH 9-1 and JJH H1-5 
(non-toxic), have been identified from Jawaharlal Nehru Krishi Vishwa Vidyalaya, 
seed yield ranging from 1500 to 2000 kg/ha (Gour 2015). Seed yield in three 
Mexican varieties, viz. Grand Victoria, Doña Aurelia and Don Rafael, has been 
reported to be 0.9–1.98 tonnes/ha in the fourth year and 1.9–3.6 tonnes/ha in the fifth 
year onwards (López-Guillén et al. 2019). Alfredo and Quintero (2017) developed 
high yielding genotypes that yielded 3.5–4 tonnes seeds/ha. The first high yielding 
variety acclaimed was JO S2 (Yi et al. 2014) from the National University of 
Singapore, developed through mass selection by focusing on traits viz. kernel 
yield, kernel oil yield, fatty acid composition, phosphorus and phorbol content. 
Seed yield of this variety has been reported to be 2.95 tonnes/ha in the first year 
and 4.25 tonnes/ha in the second year. This variety is characterized by early 
flowering, better self-branching, high flowers/bunch, high fruits/bunch and, more 
importantly, better uniformity amongst plants. Don Rafael is being used as pollinator 
for Latin American gynoecious cultivars, viz. Gran Victoria and Doña Aurelia. 

On the other hand, private sectors have also undertaken Jatropha breeding 
programme. The first commercial non-toxic high-yielding Jatropha variety JPNT 
1 has been released from Jatropower company with seed yield 2–2.5 tonnes/ha and 
oil content 40%, respectively. The company also released the world’s first commer-
cial hybrid of Jatropha JPH 1 with a yield of 4 tonnes dry seed/ha and 37% oil 
content. Several other cultivars released by private organizations are JP 1010, JP 
47, JP 40, JP 1003 and JP 1064. Similarly, Jatrosolutions has released cultivars 
Greenfuels, Desertgreen, Ediblenut and Proteinfeed. A brief summary of seed yield 
and oil content in released cultivars has been represented in Fig. 18.3. Promising 
genotypes that emerged through combinatorial breeding may be evaluated to ascer-
tain the value of derived plants as “Value of Varieties” and compared with the data



on quantitative traits focused on varieties/hybrids JO S2, JPNT 1, JP 1010 and JPH 
1 for validation, identification and utilization in future Jatropha breeding 
programmes. Development of high-yielding varieties with clonal propagation pro-
vides identical plants to mother plants that help in quick multiplication of promising 
developed genotypes (Gressel 2008). Recently, Olloqui et al. (2021) have reported 
edible non-toxic variety Sevangel which is a rich source of protein, Ca, Mg, K and 
dietary fiber. 
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Fig. 18.3 A brief summary of seed yield and oil content in released varieties of Jatropha 

18.6 Economic Feasibility 

Jatropha can be grown on marginal fertile soil which are poorly managed, thus 
suitable to grow on wasteland. The crop has a recommended 3 × 3 m spacing under 
normal and 3 × 1.5 m under high density planting; thus an additional income can be 
generated using intercropping with chickpea, vegetables, etc. The crop has low 
gestation period, yet the economic yield is viable after 3–4 years of transplanting. 
The investment capital required for cultivation is substantially low. It could be a 
worrisome situation for the farmers due to differences in the gestation period and 
economic yield, future price, etc. under commercial cultivation. As per literature 
available, the economic feasibility of acclaimed high-yielding variety JO S2 and 
hybrid JPH 1 can be estimated based on dry kernel yield and oil percentage. The 
production of dry seed yield/plant for variety JO S2 and hybrid JPH1 is 4.25 and 
4.00 tonnes/ha along with seed oil content 45.90 and 37%, respectively. Using the



above data, estimated oil yield/ha obtained for variety JO S2 is 1950.75 kg/ha and 
for hybrid JPH 1 is 1480 kg/ha. Thus estimated profits obtained from JO S2 and JPH 
1 are very less while considering price as 1$/lit. 
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Although the initial investment (viz. land preparation, transplanting and irriga-
tion) for Jatropha cultivation is low, still profit generated is very less; thus, it is 
advisable not to promote large-scale commercial cultivation of Jatropha. Net present 
value (NPV) and benefit cost (BC) ratio analysis suggested about economic 
non-feasibility of Jatropha cultivation (Ntaribi and Paul 2019). However, a study 
conducted by Baral et al. (2020) suggested that the economic viability of Jatropha 
could lead to positive signs when the yield exceeds 5 tonnes/ha which might be 
achievable after 2030. Environmental constituents act as the key parameter in the 
selection of location for profit-oriented cultivation (Najafi et al. 2021). On the other 
hand, it might be economically favourable if the cultivation started onto wasteland 
with minimum initial investment and least annual maintenance charges. 

18.7 Conclusion 

Most of the Jatropha breeding programmes are initiated with interspecific hybrid-
ization due to limited variability in indigenous collection of J. curcas. The derived 
crosses between J. curcas × J. integerrima could be repeatedly backcrossed with 
elite lines to combine and develop plants with high kernel yield and high oil yield in 
non-toxic background. Since, inheritance of phorbol is controlled maternally; thus, 
selection of non-toxic female parent is the key step in the breeding programmes of 
non-toxic cultivars/hybrids. As compared to toxic genotypes, non-toxic genotypes 
express high number of kernels/plant, seed index and oil yield. The plant derived 
from combinatorial breeding should be evaluated for qualitative and quantitative 
data with the acclaimed varieties/hybrids for validation, identification, development 
and utilization in future breeding programs. 

Acknowledgements Authors are thankful to all reviewers whose critical comments and sugges-
tions helped to improve the quality of this book chapter. The authors receive no specific funding for 
this work.



Declaration of Competing Interest The authors declare that they have no known competing
interest or personal relationships that could have appeared to influence the work reported in this
book chapter.

CRediT Authorship Contribution Statement Hausila Prasad Singh: conceptualization; data
curation; investigation; methodology; supervision; roles/writing – original draft; writing – review
and editing; validation. Vinay Rojaria: data curation; investigation; formal analysis; writing –
review and editing. Noopur Singh: data curation; methodology; supervision; roles/writing –
original draft; writing – review and editing; validation. Saroj Chauhan: conceptualization; data
curation; methodology; roles/writing – original draft; writing – review and editing. Om Prakash
Raigar: software; formal analysis; visualization.

384 H. P. Singh et al.

References 

Abou-Arab AA, Mahmoud MH, Ahmed DMM, Abu-Salem FM (2019) Comparative study 
between chemical, physical and enzymatic methods for Jatropha curcas kernel meal phorbol 
ester detoxification. Heliyon 5:e01689. https://doi.org/10.1016/j.heliyon.2019.e01689 

Achten WMJ, Nielsen LR, Aerts R, Lengkeek AG, Kjær ED et al (2010) Towards domestication of 
Jatropha curcas. Biofuels 1:91–107. https://doi.org/10.4155/bfs.09.4 

Alfredo ZC, Quintero PV (2017) New clonal varieties of jatropha. In: Tsuchimoto S (ed) The 
jatropha genome. Compedium of plant genomes. Springer, Cham, pp 275–288 

Alherbawi M, AlNouss A, McKay G, Al-Ansari T (2021a) Optimum sustainable utilisation of the 
whole fruit of Jatropha curcas: an energy, water and food nexus approach. Renew Sust Energ 
Rev 137:110605. https://doi.org/10.1016/j.rser.2020.110605 

Alherbawi M, McKay G, Mackey HR, Al-Ansari T (2021b) Jatropha curcas for jet biofuel 
production: current status and future prospects. Renew Sust Energ Rev 135:110396. https:// 
doi.org/10.1016/j.rser.2020.110396 

Amkul K, Laosatit K, Somta P, Shim S, Lee SH, Tanya P, Srinives P (2017) Mapping of QTLs for 
seed phorbol esters, a toxic chemical in Jatropha curcas (L.). Genes 8:205. https://doi.org/10. 
3390/genes8080205 

Andrianirina ZT, Martin M, Dongmeza E, Senger E (2019) Effects of genotype, direct sowing and 
plant spacing on field performance of Jatropha curcas L. Agronomy 9:465. https://doi.org/10. 
3390/agronomy9080465 

Arockiasamy S, Kumpatla J, Hadole S, Yepuri V, Patil M, Shrivastava V et al (2021) Breeding and 
biotechnological efforts in Jatropha curcas L. for sustainable yields. Oil Crop Sci 6:180–191. 
https://doi.org/10.1016/J.OCSCI.2021.10.004 

Banerji R, Chowdhury AR, Misra G, Sudarsanan G, Verma SC, Srivastava GS (1985) Jatropha seed 
oils for energy. Biomass 8:277–282. https://doi.org/10.1016/0144-4565(85)90060-5 

Baral NR, Neupane P, Ale BB, Quiroz-Arita C, Manandhar S, Bradley TH (2020) Stochastic 
economic and environmental footprints of biodiesel production from Jatropha curcas Linnaeus 
in the different federal states of Nepal. Renew Sust Energ Rev 120:109619. https://doi.org/10. 
1016/J.RSER.2019.109619 

Basha SD, Sujatha M (2007) Inter and intra-population variability of Jatropha curcas (L.) charac-
terized by RAPD and ISSR markers and development of population-specific SCAR markers. 
Euphytica 156:375–386. https://doi.org/10.1007/s10681-007-9387-5 

Basha SD, Sujatha M (2009) Genetic analysis of Jatropha species and interspecific hybrids of 
Jatropha curcas using nuclear and organelle specific markers. Euphytica 168:197–214. https:// 
doi.org/10.1007/s10681-009-9900-0 

Basha SD, Francis G, Makkar HPS, Becker K, Sujatha M (2009) A comparative study of 
biochemical traits and molecular markers for assessment of genetic relationships between

https://doi.org/10.1016/j.heliyon.2019.e01689
https://doi.org/10.4155/bfs.09.4
https://doi.org/10.1016/j.rser.2020.110605
https://doi.org/10.1016/j.rser.2020.110396
https://doi.org/10.1016/j.rser.2020.110396
https://doi.org/10.3390/genes8080205
https://doi.org/10.3390/genes8080205
https://doi.org/10.3390/agronomy9080465
https://doi.org/10.3390/agronomy9080465
https://doi.org/10.1016/J.OCSCI.2021.10.004
https://doi.org/10.1016/0144-4565(85)90060-5
https://doi.org/10.1016/J.RSER.2019.109619
https://doi.org/10.1016/J.RSER.2019.109619
https://doi.org/10.1007/s10681-007-9387-5
https://doi.org/10.1007/s10681-009-9900-0
https://doi.org/10.1007/s10681-009-9900-0


Jatropha curcas L. germplasm from different countries. Plant Sci 176:812–823. https://doi.org/ 
10.1016/j.plantsci.2009.03.008 

18 Breeding of Jatropha For Oil, Phorbol and Quantitative Traits. . . 385

Corner EJH (1976) The seeds of dicotyledons. Cambridge University Press, Cambridge 
Das S (2020) The National Policy of biofuels of India - A perspective. Energy Policy 143:111595. 

https://doi.org/10.1016/J.ENPOL.2020.111595 
de Souza CA, dos Santos A, Laviola BG, Teodoro LPR, Teodoro PE, Rodrigues EV (2021) Genetic 

diversity and population structure in Jatropha (Jatropha curcas L.) based on molecular markers. 
Genet Resour Crop Evol 1:1–10. https://doi.org/10.1007/S10722-021-01224-2 

Deng X, Fang Z, Liu YH (2010) Ultrasonic transesterification of Jatropha curcas L. oil to biodiesel 
by a two-step process. Energy Convers Manag 51:2802–2807. https://doi.org/10.1016/J. 
ENCONMAN.2010.06.017 

Devappa RK, Makkar HPS, Becker K (2010) Nutritional, biochemical, and pharmaceutical poten-
tial of proteins and peptides from jatropha: review. J Agric Food Chem 85:6543–6555. https:// 
doi.org/10.1021/jf100003z 

Dhakshanamoorthy D, Selvaraj R, Chidambaram ALA (2011) Induced mutagenesis in Jatropha 
curcas L. using gamma rays and detection of DNA polymorphism through RAPD marker. 
Comptes Rendus Biol 334:24–30. https://doi.org/10.1016/j.crvi.2010.11.004 

Dhyani SK, Devi VS, Handa AK (2015) Tree borne oilseeds for oil and biofuel. Jhansi- India: 
Technical Bulletin 2/2015. ICAR-CAFRI, Jhansi, p 50 

dos Santos A, Rodrigues EV, Laviola BG, Teodoro LPR, Teodoro PE, Bhering LL (2021) 
Increasing selection gain and accuracy of harvest prediction models in Jatropha through 
genome-wide selection. Sci Rep 111:1–9. https://doi.org/10.1038/s41598-021-93022-0 

Ewunie GA, Lekang OI, Morken J, Yigezu ZD (2021) Characterizing the potential and suitability of 
Ethiopian variety Jatropha curcas for biodiesel production: variation in yield and physico-
chemical properties of oil across different growing areas. Energy Rep 7:439–452. https://doi. 
org/10.1016/j.egyr.2021.01.007 

Foidl N, Foidl G, Sanchez M, Hackel S (1996) Jatropha curcas L. as a source for the production of 
biofuel in Nicaragua. Bioresour Technol 58:77–82. https://doi.org/10.1016/S0960-8524(96) 
00111-3 

Francis G, Oliver J, Sujatha M (2013) Non-toxic jatropha plants as a potential multipurpose multi-
use oilseed crop. Ind Crop Prod 42:397–401. https://doi.org/10.1016/j.indcrop.2012.06.015 

Francis G, Oliver J, Mulpuri S (2018) High yielding and trait specific genotypes and genetic 
associations among yield and yield contributing traits in Jatropha curcas L. Agrofor Syst 92: 
1417–1436. https://doi.org/10.1007/s10457-017-0089-2 

Francis G, John O, Piergiorgio S, Mulpuri S (2019) Apomixis as a tool for development of high 
yielding clones and selections in Jatropha curcas L. Genet Resour Crop Evol 67:727–743. 
https://doi.org/10.1007/s10722-019-00851-0 

Ganesh RS, Parthiban KT, Senthil KR, Thiruvengadam V, Paramathma M (2008) Genetic diversity 
among Jatropha species as revealed by RAPD markers. Genet Resour Crop Evol 55:803–809. 
https://doi.org/10.1007/s10722-007-9285-7 

Ghatak J, Gour VK (2014) Oil content variation in different parts and across different species of 
Jatropha. Biosci Trends 7:2926–2927 

Ghosh A, Chaudhary DR, Reddy MP, Rao SN, Chikara J, Pandya JB et al (2007) Prospects for 
jatropha methyl ester (biodiesel) in India. Int J Environ Stud 64:659–674. https://doi.org/10. 
1080/00207230701766499 

Ginwal HS, Rawat PS, Srivastava RL (2004) Seed source variation in growth performance and oil 
yield of Jatropha curcas Linn. in Central India. Silvae Genet 53:186–192. https://doi.org/10. 
1515/sg-2004-0034 

Gohil RH, Pandya JB (2009) Genetic evaluation of Jatropha (Jatropha curcas Linn.) genotypes. J 
Agric Res 47:221–228 

Gour VK (2015) Research and Development Status of Jatropha curcas L. Potential feedstock for 
Biofuels- Analysis & Way Forward. National Workshop on TBOs- Way Ahead. October 15–16, 
p  56

https://doi.org/10.1016/j.plantsci.2009.03.008
https://doi.org/10.1016/j.plantsci.2009.03.008
https://doi.org/10.1016/J.ENPOL.2020.111595
https://doi.org/10.1007/S10722-021-01224-2
https://doi.org/10.1016/J.ENCONMAN.2010.06.017
https://doi.org/10.1016/J.ENCONMAN.2010.06.017
https://doi.org/10.1021/jf100003z
https://doi.org/10.1021/jf100003z
https://doi.org/10.1016/j.crvi.2010.11.004
https://doi.org/10.1038/s41598-021-93022-0
https://doi.org/10.1016/j.egyr.2021.01.007
https://doi.org/10.1016/j.egyr.2021.01.007
https://doi.org/10.1016/S0960-8524(96)00111-3
https://doi.org/10.1016/S0960-8524(96)00111-3
https://doi.org/10.1016/j.indcrop.2012.06.015
https://doi.org/10.1007/s10457-017-0089-2
https://doi.org/10.1007/s10722-019-00851-0
https://doi.org/10.1007/s10722-007-9285-7
https://doi.org/10.1080/00207230701766499
https://doi.org/10.1080/00207230701766499
https://doi.org/10.1515/sg-2004-0034
https://doi.org/10.1515/sg-2004-0034


386 H. P. Singh et al.

Gressel J (2008) Transgenics are imperative for biofuel crops. Plant Sci 174:246–263. https://doi. 
org/10.1016/j.plantsci.2007.11.009 

He W, King AJ, Khan MA, Cuevas JA, Ramiaramanana D, Graham IA (2011) Analysis of seed 
phorbol-ester and curcin content together with genetic diversity in multiple provenances of 
Jatropha curcas L. from Madagascar and Mexico. Plant Physiol Biochem 49:1183–1190. 
https://doi.org/10.1016/j.plaphy.2011.07.006 

Hegazy A (2017) Utilization of wastewater for cultivation of Jatropha in Egypt. In: Tsuchimoto S 
(ed) The Jatropha genome. Springer, Cham, pp 219–257. https://doi.org/10.1007/978-3-319-
49653-5_14 

Jiang Y, Cai Z, Xie W, Long T, Yu H, Zhang Q (2012) Rice functional genomics research: progress 
and implications for crop genetic improvement. Biotechnol Adv 30:1059–1070. https://doi.org/ 
10.1016/j.biotechadv.2011.08.013 

Jonas M, Ketlogetswe C, Gandure J (2021) Quantification of Phorbol-12-myristate 13-acetate in 
Jatropha seed oil and cake at different stages of fruit maturity. Int J Environ Stud 1:1–10. https:// 
doi.org/10.1080/00207233.2021.1893103 

Kancharla N, Jalali S, Narasimham JV, Nair V, Yepuri V et al (2019) De novo sequencing and 
hybrid assembly of the biofuel crop Jatropha curcas L. identification of quantitative trait loci for 
geminivirus resistance. Genes. https://doi.org/10.3390/genes10010069 

Kaushik N, Kumar K, Kumar S, Kaushik RS (2007) Genetic variability and divergence studies in 
seed traits and oil content of Jatropha (Jatropha curcas L.) accessions. Biomass Bioenergy 31: 
497–502. https://doi.org/10.1016/j.biombioe.2007.01.021 

King AJ, Montes LR, Clarke JG, Affleck J, Li Y et al (2013) Linkage mapping in the oilseed crop 
Jatropha curcas L. reveals a locus controlling the biosynthesis of phorbol esters which cause 
seed toxicity. Plant Biotechnol J 11:986–996. https://doi.org/10.1111/pbi.12092 

King AJ, Montes LR, Clarke JG, Itzep J, Perez CAA, Jongschaap REE, Visser RGF, Van Loo EN, 
Graham IA (2015) Identification of QTL markers contributing to plant growth, oil yield and 
fatty acid composition in the oilseed crop Jatropha curcas L. Biotechnol Biofuels 8:1–17. 
https://doi.org/10.1186/s13068-015-0326-8 

Kumar YH, Ranjan A, Asif MH, Mantri S, Sawant SV, Tuli R (2011) EST-derived SSR markers in 
Jatropha curcas L.: development, characterization, polymorphism, and transferability across 
the species/genera. Tree Genet Genomes 7:207–219. https://doi.org/10.1007/s11295-010-
0326-6 

Kumar S, Singh HP, Saha R, Gour VK (2018) Identification of toxic and non-toxic lines in Jatropha. 
Int J Curr Microbiol Appl Sci 7:3167–3177. https://doi.org/10.20546/ijcmas.2018.706.372 

Li M, Li H, Jiang H, Pan X, Wu G (2007) Establishment of an Agrobacterium-mediated cotyledon 
disc transformation method for Jatropha curcas. Plant Cell Tissue Organ Cult 92:173–181. 
https://doi.org/10.1007/s11240-007-9320-6 

Li J, Li MR, Wu PZ, Tian CE, Jiang HW, Wu GJ (2008) Molecular cloning and expression analysis 
of a gene encoding a putative β-ketoacyl-acyl carrier protein (ACP) synthase III (KASIII) from 
Jatropha curcas. Tree Physiol 28:921–927. https://doi.org/10.1093/treephys/28.6.921 

Liu P, Wang CM, Li L, Sun F, Liu P, Yue GH (2011) Mapping QTLs for oil traits and eQTLs for 
oleosin genes in Jatropha. BMC Plant Biol 11:132. https://doi.org/10.1186/1471-2229-11-132 

López-Guillén G, Solís Bonilla JL, Martínez Valencia BB, Herrera Parra E, ZamarripaColmenero A 
(2019) Agronomy of Jatropha curcas in Mexico. In: Mulpuri S, Carels N, Bahadur B (eds) 
Jatropha, challenges for a new energy crop. Springer, Singapore, pp 255–272 

Maghuly F, Laimer M (2013) Jatropha curcas, a biofuel crop: functional genomics for understand-
ing metabolic pathways and genetic improvement. Biotechnol J 8:1172–1182. https://doi.org/ 
10.1002/biot.201300231 

Makkar HPS, Becker K (1997) Potential of J. curcas seed meal as a protein supplement to livestock 
feed; constraints to its utilization and possible strategies to overcome constraints. In: Gübitz 
GM, Mittelbach M, Trabi M (eds.) Biofuels and Industrial Products from Jatropha curcas. DBV 
Graz. pp 190–205

https://doi.org/10.1016/j.plantsci.2007.11.009
https://doi.org/10.1016/j.plantsci.2007.11.009
https://doi.org/10.1016/j.plaphy.2011.07.006
https://doi.org/10.1007/978-3-319-49653-5_14
https://doi.org/10.1007/978-3-319-49653-5_14
https://doi.org/10.1016/j.biotechadv.2011.08.013
https://doi.org/10.1016/j.biotechadv.2011.08.013
https://doi.org/10.1080/00207233.2021.1893103
https://doi.org/10.1080/00207233.2021.1893103
https://doi.org/10.3390/genes10010069
https://doi.org/10.1016/j.biombioe.2007.01.021
https://doi.org/10.1111/pbi.12092
https://doi.org/10.1186/s13068-015-0326-8
https://doi.org/10.1007/s11295-010-0326-6
https://doi.org/10.1007/s11295-010-0326-6
https://doi.org/10.20546/ijcmas.2018.706.372
https://doi.org/10.1007/s11240-007-9320-6
https://doi.org/10.1093/treephys/28.6.921
https://doi.org/10.1186/1471-2229-11-132
https://doi.org/10.1002/biot.201300231
https://doi.org/10.1002/biot.201300231


18 Breeding of Jatropha For Oil, Phorbol and Quantitative Traits. . . 387

Makkar HPS, Becker K (2009) Jatropha curcas, a promising crop for the generation of biodiesel 
and value-added coproducts. Eur J Lipid Sci Technol 111:773–787. https://doi.org/10.1002/ejlt. 
200800244 

Makkar HPS, Aderibigbe AO, Becker K (1998a) Comparative evaluation of non-toxic and toxic 
varieties of Jatropha curcas for chemical composition, digestibility, protein degradability and 
toxic factors. Food Chem 62:207–215. https://doi.org/10.1016/S0308-8146(97)00183-0 

Makkar HPS, Becker K, Schmook B (1998b) Edible provenances of Jatropha curcas from 
Quintana Roo state of Mexico and effect of roasting on antinutrient and toxic factors in seeds. 
Plant Foods Hum Nutr 52:31–36. https://doi.org/10.1023/A:1008054010079 

Makkar HPS, Kumar V, Oyeleye OO, Akinleye AO, Angulo-Escalante MA, Becker K (2011) 
Jatropha platyphylla, a new non-toxic Jatropha species: physical properties and chemical 
constituents including toxic and antinutritional factors of seeds. Food Chem 125:63–71. 
https://doi.org/10.1016/j.foodchem.2010.08.037 

Mandpe S, Kadlaskar S, Degen W, Keppeler S (2005) On road testing of advanced common rail 
diesel vehicles with biodiesel from the Jatropha curcas plant. Soc Auto Eng Inc 26:356–364. 
https://doi.org/10.4271/2005-26-356 

Mishra DK (2009) Selection of candidate plus phenotypes of Jatropha curcas L. using method of 
paired comparisons. Biomass Bioenergy 33:542–545. https://doi.org/10.1016/j.biombioe.2008. 
08.004 

Montes JM, Melchinger AE (2016) Domestication and breeding of Jatropha curcas L. Trends Plant 
Sci 21:1045–1057. https://doi.org/10.1016/j.tplants.2016.08.008 

Najafi F, Sedaghat A, Mostafaeipour A, Issakhov A (2021) Location assessment for producing 
biodiesel fuel from Jatropha Curcas in Iran. Energy 236. https://doi.org/10.1016/j.energy.2021. 
121446 

NITI Aayog (2020) Expert Committee on Roadmap for Ethanol Blending in India; by 2025. pp 
1–85. https://www.niti.gov.in/expert-committee-roadmap-ethanol-blending-india-2025. 
(Accessed 30 Dec 2021) 

Ntaribi T, Paul DI (2019) The economic feasibility of Jatropha cultivation for biodiesel production 
in Rwanda: a case study of Kirehe district. Energy Sustain Dev 50:27–37. https://doi.org/10. 
1016/j.esd.2019.03.001 

Olloqui EJ, Castaneda-Ovando A, Evangelista-Lozano S, Alanis-Garcia E, Ramirez-Moreno E, 
Valadez-Vega C, Anorve-Morga J (2021) Measurement of nutrients and minor components of a 
non-toxic variety of Jatropha curcas. J Food Meas Charact:1–9. https://doi.org/10.1007/ 
s11694-021-01229-6 

Pamidimarri DVNS, Sinha R, Kothari P, Reddy MP (2009) Isolation of novel microsatellites from 
Jatropha curcas L. and their cross-species amplification. Mol Ecol Resour 9:431–433. https:// 
doi.org/10.1111/j.1755-0998.2008.02471.x 

Pant KS, Khosla V, Kumar D, Gairola S (2006) Seed oil content variation in Jatropha curcas Linn. 
in different altitudinal ranges and site conditions in H.P. India. Lyonia 11:31–34 

Peixoto MA, Evangelista JSPC, Coelho IF, Alves RS, Laviola BG, Fonseca e Silva F, de Resende 
MDV, Bhering LL (2021) Multiple-trait model through Bayesian inference applied to Jatropha 
curcas breeding for bioenergy. PLoS One 16:1–11. https://doi.org/10.1371/journal.pone. 
0247775 

Popluechai S, Breviario D, Mulpuri S, Makkar HPS, Raorane M (2009) Narrow genetic and 
apparent phenetic diversity in Jatropha curcas: initial success with generating low phorbol 
ester interspecific hybrids. Nat Prec. https://doi.org/10.1038/npre.2009.2782.1 

Rao GR, Korwar GR, Shanker AK, Ramakrishna YS (2008) Genetic associations, variability and 
diversity in seed characters, growth, reproductive phenology and yield in Jatropha curcas (L.) 
accessions. Trees 22:697–709. https://doi.org/10.1007/s00468-008-0229-4 

Rao MRG, Ramesh S, Rao AM, Gangappa E (2009) Exploratory studies on components of 
variability for economic traits in jatropha (J. curcas L.). Karnataka J Agric Sci 22:967–970 

Rodrigues DA, Demuner AJ, Barbosa LCA, Pereira GAM, Fabris JD et al (2021) Removing 
phorbol esters from the biomass to add extra value to the byproduct from deoiling seeds of

https://doi.org/10.1002/ejlt.200800244
https://doi.org/10.1002/ejlt.200800244
https://doi.org/10.1016/S0308-8146(97)00183-0
https://doi.org/10.1023/A:1008054010079
https://doi.org/10.1016/j.foodchem.2010.08.037
https://doi.org/10.4271/2005-26-356
https://doi.org/10.1016/j.biombioe.2008.08.004
https://doi.org/10.1016/j.biombioe.2008.08.004
https://doi.org/10.1016/j.tplants.2016.08.008
https://doi.org/10.1016/j.energy.2021.121446
https://doi.org/10.1016/j.energy.2021.121446
https://www.niti.gov.in/expert-committee-roadmap-ethanol-blending-india-2025
https://doi.org/10.1016/j.esd.2019.03.001
https://doi.org/10.1016/j.esd.2019.03.001
https://doi.org/10.1007/s11694-021-01229-6
https://doi.org/10.1007/s11694-021-01229-6
https://doi.org/10.1111/j.1755-0998.2008.02471.x
https://doi.org/10.1111/j.1755-0998.2008.02471.x
https://doi.org/10.1371/journal.pone.0247775
https://doi.org/10.1371/journal.pone.0247775
https://doi.org/10.1038/npre.2009.2782.1
https://doi.org/10.1007/s00468-008-0229-4


Jatropha curcas in the biodiesel industry. Biomass Convers Biorefinery:1–13. https://doi.org/ 
10.1007/s13399-020-01188-w 

388 H. P. Singh et al.

Salazar-Villa E, Alcaraz-Melendez L, Leon-Felix J, Heredia JB, Soto-Landeros F, Angulo-
Escalante MA (2020) Morphological variability and oil content of Jatropha platyphylla Müll. 
Arg. germplasm as determined using multivariate analysis. Sci Hortic 261:108968. https://doi. 
org/10.1016/j.scienta.2019.108968 

Samra S, Samocha Y, Eisikowitch D, Vaknin Y (2014) Can ants equal honeybees as effective 
pollinators of the energy crop Jatropha curcas L. under Mediterranean conditions? GCB 
Bioenergy 6:756–767. https://doi.org/10.1111/gcbb.12105 

Saravanan AP, Pugazhendhi A, Mathimani T (2020) A comprehensive assessment of biofuel 
policies in the BRICS nations: implementation, blending target and gaps. Fuel 272:117635. 
https://doi.org/10.1016/J.FUEL.2020.117635 

Senthil KR, Parthiban KT, Govinda RM (2009) Molecular characterization of Jatropha genetic 
resources through inter-simple sequence repeat (ISSR) markers. Mol Biol Rep 36:1951–1956. 
https://doi.org/10.1007/s11033-008-9404-3 

Shabanimofrad M, Rafii YM, Said Saad M, Edaroyati MWP, Biabanikhanehkahdani A, Latif M 
(2011) Diversity of physic nut (Jatropha curcas) in Malaysia: application of DIVA-geographic 
information system and cluster analysis. Aust J Crop Sci 5:361–368 

Singh HP (2016) Identification of non toxic lines in new crosses and backcross population of 
Jatropha curcas L. Ph.D. thesis, Jawaharlal Nehru Krishi Vishwa Vidyalaya, Jabalpur. https:// 
krishikosh.egranth.ac.in/handle/1/5810002528 

Singh B, Singh K, Shukla G, Goel VL, Pathre UV, Rahi TS, Tuli R (2013) The field performance of 
some accessions of Jatropha curcas L. (Biodiesel Plant) on degraded sodic land in North India. 
Int J Green Energy 10:1026–1040. https://doi.org/10.1080/15435075.2012.738336 

Singh HP, Raigar OP, Chahota RK (2021) Estimation of genetic diversity and its exploitation in 
plant breeding. Bot Rev. https://doi.org/10.1007/s12229-021-09274-y 

Sudheer Pamidimarri DVN, Pandya N, Reddy MP, Radhakrishnan T (2009a) Comparative study of 
interspecific genetic divergence and phylogenic analysis of genus Jatropha by RAPD 
and AFLP: genetic divergence and phylogenic analysis of genus Jatropha. Mol Biol Rep 36: 
901–907. https://doi.org/10.1007/s11033-008-9261-0 

Sudheer Pamidimarri DVN, Singh S, Mastan SG, Patel J, Reddy MP (2009b) Molecular charac-
terization and identification of markers for toxic and non-toxic varieties of Jatropha curcas 
L. using RAPD, AFLP and SSR markers. Mol Biol Rep 36:1357–1364. https://doi.org/10.1007/ 
s11033-008-9320-6 

Sujatha M, Makkar HPS, Becker K (2005) Shoot bud proliferation from axillary nodes and leaf 
sections of non-toxic Jatropha curcas L. Plant Growth Regul 47:83–90. https://doi.org/10.1007/ 
s10725-005-0859-0 

Sun F, Liu P, Ye J, Lo LC, Cao S, Li L, Yue GH, Wang CM (2012) An approach for jatropha 
improvement using pleiotropic QTLs regulating plant growth and seed yield. Biotechnol 
Biofuels 5:1–10. https://doi.org/10.1186/1754-6834-5-42 

Sunil N, Sujatha M, Kumar V, Vanaja M, Basha SD, Varaprasad KS (2011) Correlating the 
phenotypic and molecular diversity in Jatropha curcas L. Biomass Bioenergy 35:1085–1096. 
https://doi.org/10.1016/j.biombioe.2010.11.030 

Tanya P, Dachapak S, Tar MM, Srinives P (2011) New microsatellite markers classifying nontoxic 
and toxic Jatropha curcas. J Genet 92:76–78. https://doi.org/10.1007/s12041-011-0093-7 

Tapanes NCO, Gomes ADA, de Mesquita CJW, Ceva Antunes OA (2008) Transesterification of 
Jatropha curcas oil glycerides: theoretical and experimental studies of biodiesel reaction. Fuel 
87:2286–2295. https://doi.org/10.1016/J.FUEL.2007.12.006 

The Hindu (2018). https://www.thehindu.com/business/Industry/spicejet-operates-indias-first-
biojet-fuel-flight/article24790919.ece 

Trebbi D, Ravi S, Broccanello C, Chiodi C, Francis G, Oliver J, Mulpuri S, Srinivasan S, Stevanato 
P (2019) Identification and validation of SNP markers linked to seed toxicity in Jatropha curcas 
L. Sci Rep 9:10220. https://doi.org/10.1038/s41598-019-46698-4

https://doi.org/10.1007/s13399-020-01188-w
https://doi.org/10.1007/s13399-020-01188-w
https://doi.org/10.1016/j.scienta.2019.108968
https://doi.org/10.1016/j.scienta.2019.108968
https://doi.org/10.1111/gcbb.12105
https://doi.org/10.1016/J.FUEL.2020.117635
https://doi.org/10.1007/s11033-008-9404-3
https://krishikosh.egranth.ac.in/handle/1/5810002528
https://krishikosh.egranth.ac.in/handle/1/5810002528
https://doi.org/10.1080/15435075.2012.738336
https://doi.org/10.1007/s12229-021-09274-y
https://doi.org/10.1007/s11033-008-9261-0
https://doi.org/10.1007/s11033-008-9320-6
https://doi.org/10.1007/s11033-008-9320-6
https://doi.org/10.1007/s10725-005-0859-0
https://doi.org/10.1007/s10725-005-0859-0
https://doi.org/10.1186/1754-6834-5-42
https://doi.org/10.1016/j.biombioe.2010.11.030
https://doi.org/10.1007/s12041-011-0093-7
https://doi.org/10.1016/J.FUEL.2007.12.006
https://www.thehindu.com/business/Industry/spicejet-operates-indias-first-biojet-fuel-flight/article24790919.ece
https://www.thehindu.com/business/Industry/spicejet-operates-indias-first-biojet-fuel-flight/article24790919.ece
https://doi.org/10.1038/s41598-019-46698-4


18 Breeding of Jatropha For Oil, Phorbol and Quantitative Traits. . . 389

Vargas-Carpintero R, Hilger T, Mossinger J, Souza RF, Barroso AJC, Tiede K, Lewandowski I 
(2021) Acrocomia spp.: neglected crop, ballyhooed multipurpose palm or fit for the 
bioeconomy? A review. Agron Sustain Dev 416:1–35. https://doi.org/10.1007/S13593-021-
00729-5 

Xia Z, Zhang S, Wen M, Lu C, Sun Y, Zou M, Wang W (2018) Construction of an ultrahigh-density 
genetic linkage map for Jatropha curcas L. and identification of QTL for fruit yield. Biotechnol 
Biofuels 11:1–10. https://doi.org/10.1186/S13068-017-1004-9 

Ye J, Liu P, Zhu C, Qu J, Wang X, Sun Y, Sun F, Jiang Y, Yue G, Wang C (2014) Identification of 
candidate genes JcARF19 and JcIAA9 associated with seed size traits in Jatropha. Funct Integr 
Genomics 14:757–766. https://doi.org/10.1007/s10142-014-0400-5 

Yepuri V, Jalali S, Mudunuri V, Pothakani S, Kancharla N, Arockiasamy S (2022) Genotyping by 
sequencing-based linkage map construction and identification of quantitative trait loci for yield-
related traits and oil content in Jatropha (Jatropha curcas L.). Mol Biol Rep. https://doi.org/10. 
1007/S11033-022-07264-W 

Yi C, Reddy C, Varghese K, Ngoc T, Bui TNH, Zhang S, Kallath M, Kunjachen B, 
Ramachandran S, Hong Y (2014) A new Jatropha curcas variety (JO S2) with improved seed 
productivity. Sustainability 6:4355–4368. https://doi.org/10.3390/su6074355 

Yue GH, Sun F, Liu P (2013) Status of molecular breeding for improving Jatropha curcas and 
biodiesel. Renew Sust Energ Rev 26:332–343. https://doi.org/10.1016/j.rser.2013.05.055 

Zhang Z, Chang Y, Tang H, Zhao H, Chen X, Tian G, Liu G, Cai J, Jia G (2021) Bio-detoxification 
of Jatropha curcas L. cake by a soil-borne Mucor circinelloides strain using a zebrafish survival 
model and solid-state fermentation. J Appl Microbiol 130:852–864. https://doi.org/10.1111/ 
jam.14825

https://doi.org/10.1007/S13593-021-00729-5
https://doi.org/10.1007/S13593-021-00729-5
https://doi.org/10.1186/S13068-017-1004-9
https://doi.org/10.1007/s10142-014-0400-5
https://doi.org/10.1007/S11033-022-07264-W
https://doi.org/10.1007/S11033-022-07264-W
https://doi.org/10.3390/su6074355
https://doi.org/10.1016/j.rser.2013.05.055
https://doi.org/10.1111/jam.14825
https://doi.org/10.1111/jam.14825


Part IV 
Socio-Economic Impact of Agro-Forestry 

System



Chapter 19 
Breeding Potentials of Wild Forest Rattans 
Palms to Ensure Food Security 
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Sanjukta Samurailatpam Sharma, Th. Bhaigyabati, Yendrembam K. Devi, 
Akoijam Ranjita Devi, B. Lalramhlimi, Vandana Mutum, 
Ningombam Swapana, Athokpam Kalpana, and J. Vanitha 

Abstract Nontimber forest products (NTFPs) are often regarded to be a “Silver 
bullet.” Attention on vital conservation and sustainable development of these assets 
are highly appreciated to boost the indigenous livelihoods by many researchers. And 
as such, rattan canes have been recognized as one of the world’s most valuable 
NTFPs. Apart from commercial cane-ware products, rattan resources are yet to be 
explored in terms of their food value, therapeutic, medicinal properties and most 
pivotal is its breeding aspects of traits, therefore, research aiming at crop
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improvement program through conventional and nonconventional approaches like 
tissue culture for mass propagation, application of various breeding methods for 
further plant traits selection, bio-fortification for new food and medicinal plants 
through selective breeding and systematic molecular investigation of the genomic 
information of potential wild rattan resources will provide a foothold for further 
studies and investigations of its food and biochemical composition. This chapter 
sketches the recent findings of rattans palms on morphological and taxonomical 
aspects, economical importance, pollination behavior, medicinal and food values, 
practices of agriculture, and nontimber forest foods management under an outline of 
breeding approaches which can be useful in future traits improvement program in 
rattans for food security and mass commercialization.
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Keywords Nontimber forest products · Conventional and nonconventional rattans 
breeding · Food values and medicinal properties 

19.1 Introduction 

Rattans are an important group of nontimber forest products which are often 
described as “green gold” because of their versatility and multitude of uses. The 
word “Rattan” is originated from the Malay word “rotan” because of its unusual 
climbing nature. Rattan palms are prevalent exclusively confined to moist evergreen 
forest of African (Ariane et al. 2017), South Asian region, and southern part of 
China, the Malay Archipelago, Australia, and the western Pacific. However, South-
east Asian region has the highest diversity of rattan genera and species (Hong 
et al. 2002). 

Being an ecological and economical asset of tropical and subtropical rainforests, 
rattans are a component of forest under-storey in tropical and subtropical forest 
ecosystems. Each species has its own ecological and altitudinal preferences and may 
occur from sea level to 2000 m above sea level. In order to reach sunlight, they climb 
up on other plants with recurved hooks, an organs specially adapted. They are found 
to grow in broad range of soil types. Several species have been found in gap 
vegetation, swamps, and seasonally inundated forest or on dry ridge tops (Sunder-
land and Dransfield 2002). Several rattan species (Calamus, Daemonorops, 
Eremospatha, Korthalsia, and Laccosperma) have evolved morphological transfor-
mation providing sites for ant’s nesting (Sunderland and Dransfield 2002; Chan et al. 
2012). Sunderland (2004) also reported the association between ants and rattans in 
the forest of tropical Africa. 

Economically, rattans are a potential source for commercial utilization and trade 
(Singh et al. 2004). Stalks without the sheath of rattans can be considered as “Cane” 
and is used in wide range of productions, either as whole, round-form or in split 
forms in cottage industries. They are also utilized by local communities for various 
purposes such as basketry, mats and containers and thus, providing a significant way 
of livelihood for several local people (Sunderland and Dransfield 2002; Renuka 
2007a, b).
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Importance of NTFPS for the local forest dwellers and being a vital component of 
under-storey in tropical and subtropical for forest ecosystems are well recognized by 
the scientific communities for decades of years. Such considerations are thus resulted 
in recommenced research program for NTFPs into a viable approach for the conser-
vation and commercial cultivation adopting the modern breeding tools and 
agroforest management (Belcher 2002). 

And as such, rattan canes have been recognized as one of the world’s most 
valuable NTFPs (Ros-Tonen 2000). In fact, rattan canes is a high valued export 
earner, only second to timber in the world ranking of primary forest product exports 
(Nuruzzaman 2001). The prominent suppliers of rattan in the world market are 
Indonesia (Van Valkenburg 2002), Myanmar and Vietnam (Meijaard et al. 2014) 
with Indonesia itself exporting 80% of the world’s demand of rattans in 2008 
(Hirschberger 2011). In terms of profitability, large cane enterprises profit more 
than the small and medium cane enterprises (Alamgir et al. 2006). Due to multiple 
usages, evidences of unscientific hunting of rattan from the wild forest of Asian and 
Malaysian where most of the rattans exploited are from the wild stocks (Dransfield 
et al. 2002a, b). In fact, about 90% of commercial products in global markets are the 
main sources of forest’s extraction (Hunter and Lou 2000). 

Rattans also form a part of traditional medicines and therapeutic potential for the 
treatment of common ailments like stomach disorder and intestinal worms in 
Bangladesh. Indigenous people of Bangladesh used the various parts of rattans 
like roots, shoot tips and young leaves are consumed as vegetables (Renuka 2001). 
Despite their ecological, commercial, and medicinal importance, knowledge regard-
ing diversity, taxonomy, economic, medicinal, and breeding of rattan resource is still 
in infancy and poorly known. In order to distinguished rattan species of commercial 
importance and breeding strategies from others, it is important to have essential 
taxonomic and genetic diversity knowledge. This will also help in understanding 
conservation, sustainable management and breeding objectives as well as in the 
development of rattan resource. Meanwhile, studies conducted so far on medicinal 
properties and food values of rattans also reveal that investigations have been done 
only on few rattan species. Other rattan species remain unexplored. It is very 
probable that the unexplored rattan resources may also possess phytochemical 
constituents which may show medicinal properties. Traditional knowledge 
documented so far has also revealed that certain species of rattans do possess 
medicinal value and have been used by the local people traditionally for curing 
various ailments. Among which the claims of antihyperglycemic activity of the plant 
is intriguing. However, these claims need scientific validation. In this paper, we 
highlighted the recent findings on morphological and taxonomical aspects, econom-
ical importance, pollination behavior, medicinal and food values, practices of agri-
culture and nontimber forest foods management under an envelope of breeding 
approaches which can be useful in future crops improvement program in rattans.
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19.2 Distribution of Rattans 

Globally, there are 17 genera and about 650 species of rattans namely, Eugeissona 
Griff., Calamu, Eleiodoxa, Eremospatha, Korthalsi, Laccosperma, Lepidocaryum, 
Mauritia, Mauritiella, Metroxylon, Myrialepis, Oncocalamus, Pigafetta, 
Plectocomia, Plectocomiopsis, Raphia, and Salacca (Baker and Dransfield 2016). 
Out of the 17 genera, the genus Calamus is predominantly an Asian genus. It is the 
largest genus comprising of 520 species (Baker and Dransfield 2016; Uhl and 
Dransfield 1988). The highest concentration of rattan species are considered to be 
found in tropical regions of Asia particularly in the Borneo, Malay Peninsula, and 
Sumatra. High concentration of rattan species are also confined to secondary centers 
of diversity of Indochina and New Guinea (Sreekumar and Henderson 2014). The 
three endemic genuses of African rattans are Laccosperma, Eremospatha, and 
Oncocalamus and the genus Calamus. The remaining rattan genera are mostly 
distributed in Southeast Asian countries spreading further eastwards and northwards 
(Sunderland and Dransfield 2002). 

Under 4 genera viz. Calamus, Laccosperma, Eremospatha and Oncocalamus, 
Sunderland (2012) reported 22 species of rattans from African regions. South-East 
Asia accounts for the largest rattan diversity in the world. The rattans of this region 
are reported and studied by various researchers. According to Dransfield (1979), 
there are 104 species comprises of 8 genera of rattans namely; Korthalsia, 
Plectocomia, Plectocomiopsis, Myrialepis, Calospatha, Daemonorops, Calamus, 
and Ceratolobus with descriptions and anatomical drawings of each species from 
Peninsular Malaysia, 23 species and 1 variety from Sarawak (Dransfield 1992), 
82 species which include 8 species and 2 varieties that are endemic in Sabah 
(Dransfield 1984). Reported 57 species under 6 genera, namely, Calamus, 
Ceratolobus, Daemonorops, Korthalsia, Plectocomia, and Plectocomiopsis from 
East Kalimantan, Indonesia. Khou (2008) reported 23species belonging to 6 genera 
from Cambodia consisting of Calamus, Korthalsia, Daemonorops, Plectocomia, 
Plectocomiopsis, and Myrialepsis. Henderson and Dung (2014) reported 6 genera of 
rattans from Vietnam which consists of genus Daemonorops, Calamus, 
Plectocomia, Plectocomiopsis, Myrialepsis, and Korthalsia. Tesoro (2007) reported 
64 species belonging to 4 genera of rattans viz. Calamus, Daemonorops, Korthalsia, 
and Plectocomia from the Philippines. In Thailand, 83 species of rattans belonging 
to 7 genera viz. Calamus, Ceratobolus, Daemonorops, Korthalsia, Plectocomia, 
Plectocomiopsis, and Myrialepsis reported by Vongkaluang (2007). Xu et al. (2000) 
reported three genera of rattans which included 40 species and 21 varieties namely 
Calamus, Daemonorops, and Plectocomia from China. Six genera viz. Calamus, 
Plectocomia, Plectocomiopsis, Myrialepsis, Korthalsia, and Daemonorops and 
31 species are reported from Myanmar (Renuka 2007a, b). 

The rattans of Indian subcontinent are not excluded from research. Several 
authors reported on the diversity and distribution of rattans from different parts of 
the Indian subcontinent. Alam (1990) reported 6 Calamus species and 
1 Daemonorops species from Bangladesh including a key based on vegetative



characters, a key to genera, and their descriptions. Paudel and Chowdhary (2005) 
reported two genera viz. Calamus and Plectocomia and 7 species of rattans from 
Nepal. The rattans of Sri Lanka are studied by De Zoysa and Vivekanandan (1991) 
and reported 7 species of rattans under two genera, Calamus and Daemonorops. In  
our country India, according to Uma Shaanker et al. 2004, rattans are represented by 
5genera viz. Calamus, Daemonorops, Korthalsia, Plectocomia, and Salacca with 
61 species. To date, contribution of Beccari (1911) is still accepted and remains fresh 
as the standard for rattans of Asia. He described 164 Calamus species and 
77 Daemonorops in his series of volumes “Systematic enumeration of the species 
Calamus and Daemonorops.” 
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19.3 Morphological Studies of Rattans 

The subfamily Calamoideae possesses the most morphologically diverse of the six 
subfamilies which is being recognized best among the family of Arecaceae. Uhl and 
Dransfield (1988) recognize 2 tribes and 22 genera within the subfamily. Evolution-
ary strategies such as selection and massive genetic drift, and phenotypic variation 
have led to morphological differences (Abdelkrim et al. 2005; Serebryanaya and 
Shipunov 2009). The parts of a rattan can be divided into two groups: the vegetative 
part which includes roots, stems, sheaths, leaves, climbing organs, and spines and 
the reproductive parts which includes inflorescence, flowers, and fruits. The vege-
tative parts are very useful to identify rattan at the genus level, and could be a useful 
index to identify at extend of species level, while the reproductive parts are often 
required for species identification. 

Since, morphological markers are cheap and fast, they are routinely carried out 
for the identification of genetic diversity of plants. Characterization based on 
morphological data plays an important role in the analysis of genetic resources for 
proper understanding and utilization of diverse genepool among taxa and their 
characters. For morphological characterization, commonly employed traits include 
plant organs exhibiting phenotypic variability such as leaves, flowers and stems. 
Although, environmental conditions influence morphological markers because of 
which true genetic differences or similarities may not be represented through 
observations; the concept of plant morphological studies still forms an integral 
part in molecular genetic analysis, evolutionary biology and plant systematic studies 
(Sattler and Rutishauser 1997a, b). 

The phenetic or morphometric study which is used to express a correlation of 
overall similarities and relationships among taxa, can also be extended to give 
phylogenetic or diagnostic systems and can be applied to many other fields of 
endeavor (Sneath and Sokal 1973). It involves the application of multivariate 
techniques in systematics. Recently, phenetic taxonomy is also defined as 
taxometrics (Rogers 1963a, b) or multivariate morphometrics (Blackith and 
Reyment 1971). In applied research, the adoption of recognized multivariate statis-
tical algorithms, in particular, Cluster analysis and Principle Component Analysis



(PCA) are significant strategy for the classification of germplasm and analyzing 
genetic relationships. 
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Each individual under investigation are simultaneously analyzed by these statis-
tical algorithms. Such measurement methods are widely used in the genetic diversity 
analysis (Mohammadi and Prasanna 2003). Also, similarities between variables can 
be uncovered using PCA. In other words, independent impact of a particular 
character to the total variance can be measured using PCA. In spite of the indication, 
the greater the coefficients, the greater will they be discriminated between the 
accessions (genotypes). Cluster analysis on the other hand, is concerned with 
classifying previously unclassified materials. Cluster analysis measures the distance 
between any two genotypes on the basis of character or trait value. This way, cluster 
analysis classifies the whole population panel, whereas PCA identifies which vari-
able or trait is responsible for classifying the population into cluster. The character 
that contributes maximum variation is usually considered for selection. The use of 
PCA for morphological characterization enables us to identify minimum descriptors 
that effectively account for the majority of the diversity saving time and effort for 
future characterization efforts. For measuring plant genetic diversity, PCA is the 
simplest among the formal, standardized and repeatable methods (Hoogendijk and 
Williams 2002). 

Considering the vital tools mentioned above in rattans science, multivariate 
analysis approach has been used for characterizing germplasm of rattans. The 
study conducted by Sarmah et al. (2007a, b) uses morphological markers to evaluate 
genetic relationships among different rattan genera and identifies 24 sets of morpho-
logical descriptors for characterizing rattan germplasm which are listed here; plant 
height (m), plant girth (with leaf sheath) (cm), nature of stem, stem type, stem 
diameter (cm), leaf length (Petiole base to apex) (m), leaf sheath texture, leaf sheath 
auricle, leaf sheath spines, leaflet pairs on rachis, leaflet pattern, leaflet length (cm), 
leaflet breadth (cm), leaflet area (cm2 ), leaflet shape, leaflet color, leaflet lamina, 
rachis claws, petiole spine length (cm), spine shape, spine clusters, fruit color, fruit 
length (cm), and fruit diameter (cm). 

According to the Cladistic systematics, classification and ranking of organisms 
are based exclusively on the “recency of common descent.” Recognition of species 
membership in taxa is done by the joint possession of derived (“apomorphous”) 
characters. Branching points simultaneously giving grouping and ranking (Mayr 
1974). The relationships between taxa are represented by a cladogram. 

Baker et al. (1999) conducted a study on subfamily Calamoideae using morphol-
ogy and cladistic analysis to draw phylogenetic relationship between 22 genera of 
the subfamily Calamoideae. The study was based on 66 morphological characters on 
31 taxa on Calamoideae and related subfamilies. The study revealed that the 
subfamily Calamoideae is monophyletic and the tribes Calameae and Lepidocaryeae 
and the subtribe Plectocomiinae are monophyletic as well. However, the subtribes 
Metroxylinae and Calaminae were found to be nonmonophyletic. The study also 
revealed the inadequacies of using morphometric analysis for establishing phyloge-
netic relationship and suggests alternative approach such as analysis of DNA data for 
reliable estimate of calamoid phylogeny.
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19.3.1 Molecular Diversity Study of Calamoid Palms 

Knowing the science of genetic diversity of a region may help in the creation of 
strategies which are effective in their preservation and future usages. For developing 
optimum strategies for the conservation of plant species an understanding of the 
patterns of genetic variation within and among populations of the plant species is 
needed. For the development of a strategy which is scientifically efficient, 
encompassing and resource effective for gene pool conservation, knowledge of the 
pattern of genetic diversity is necessary. Since the richness of genetic diversity in the 
population to be preserved will allow the rise of new evolutionary genetic combi-
nations, and thus characterization of rattan genetic diversity is important. This 
genetic diversity in turn will present greater ability for evolution and adaptation to 
changes in environmental conditions. For genetic improvement and preservation 
genetic diversity is an important characteristic. Further, rattans being dioecious in 
nature and as such identification of sex of the plant is difficult at a very young age. 
This poses a problem in plant improvement breeding. Therefore, characterization 
based on molecular markers of rattan (Fagen et al. 2004) species may contribute to 
explaining genetic diversity and sex determination of rattan plants. Further, it may 
also help in planning effective management strategies and conservation (Singh et al. 
2004) for future utilization of rattan resources. 

For investigating genetic variation (Geleta and Bryngelsson 2009a, b; Li et al. 
2011; Patel et al. 2015), clonal diversity and population genetic structure (Ramesha 
et al. 2007, Sikdar et al. 2010, Li et al. 2011, Jaisankar et al. 2020), and phylogenetic 
analysis (Ray et al. 2010; Haider et al. 2012; Priya et al. 2016), ISSR markers (Inter 
Simple Sequence Repeat) are one of the most useful molecular markers. ISSR 
markers have also been adopted for the evaluation of genetic diversity within rattans 
(Ramesha et al. 2007, Ambida et al. 2012, Asra et al. 2014, Jaisankar et al. 2020) as  
well as in sex determination in Calamus tenius (Sarmah and Sarma 2011) and 
Calamus guruba (Sinha et al. 2017a, b). RAPD markers have also been used to 
study genetic diversity among rattan genotypes (Sreekumar and Renuka 2006, 
Jaisankar et al. 2020), to provide technological basis for future molecular studies 
in rattan and the related species (Li et al. 2004), sex determination in Calamus 
simplicifolius (Yang et al. 2005). 

19.3.2 Taxonomic and Phylogenetic Studies 
of Calamoid Palms 

Rattans belong to the subfamily Calamoideae which was previously known as 
“Lepidocaryoideae” whose stems are harvested for the production of cane furniture 
and many other products. The subfamily Calamoideae was established by Griffith 
(1844) in his “Palms of British India.” It belongs to the family Arecaceae (Palmeae) 
and is one of the most species rich and heterogeneous plants showing much variation



in their habits and natural habitats, with 17 genera and two tribes, of which the genus 
Calamus is the largest genus comprising of 520 species (Baker and Dransfield 2016). 
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Rattans are taxonomically one of the most difficult groups and identification of 
rattans in the field is very difficult, sometimes even for a taxonomist. They flower 
annually and hence mostly these plants are seen in the vegetative condition, which 
makes the problem of identification more complicated since inflorescence plays a 
crucial role in identification to the species level. An incorrect identification and 
naming may lead to confusion and also contribute to misleading information 
(Renuka 2000). 

Earlier, the studies on calamoid palms were restricted to specific countries and 
regions. Books monographs and field guides which are based primarily on vegeta-
tive and reproductive morphological characters such as plant habit, stem nature, leaf 
morphology, spine characters, inflorescence type and fruit shape were produced 
from different regions of the world (Griffith 1844; Hooker 1879; (Beccari 1908, 
1911, 1918; Blatter 1926; Dransfield and Uhl 1986; Basu 1992; Renuka 1992; 
Renuka and Vijayakumaran 1994a, b; Thomas and Haridasan 1997; Fisher and 
Dransfield 1977; Khou 2008). A sound knowledge of rattan taxonomy is needed 
for the development of rattans and such taxonomic information provides a chance to 
solve problems regarding identification of rattans in the field which is the first step in 
any development and conservation-related activities. 

The first classification of the family Arecaceae was conducted by Moore Jr 
(1973). Moore’s classification recognized five major lines of evolution in 15 groups. 
This classification was based on precise interpretations of morpho-anatomical spe-
cialization. However, due to lack of sufficient information to construct a formal 
hierarchy the major groups had no taxonomic status. Following Moore’s preliminary 
work; Uhl and Dransfield (1988) formulated a new system based on the 15 major 
groups of palms defined by Moore. In this new system of classification, rattans were 
placed in the subfamily II; “Calamoideae” consisting of 22 genera (Calamus, 
Calospatha, Ceratobolus, Calaminae, Daemonorops, Eleidoxa, Eremospatha, 
Eugeissona, Korthalsi, Laccosperma, Lepidocaryum, Metroxylon, Myrialepsis, 
Mauritia, Mauritiella, Oncocalamus, Pigafetta, Pogonotium, Plectocomiopsis, 
Plectocomia, Retispatha, Raphia, and Salacca) which are divided into 8 subtribes 
(Ancistrophyllinae, Eugeissoninae, Metroxylinae, Oncocalaminae, Plectocomiinae, 
Pigafettinae, and Raphiinae) and 2 tribes (Lepidocaryeae and Calameae). They 
described members of the Calamoideae as bearing scales which represent one of 
the several derived characters that members of the subfamily have in common and 
having a unique gynoecium consisting of three lateral connate carpels with open 
ventral sutures which are unique to the subfamily Calamoideae and distinguished 
them from other subfamilies of the palm family Arecaceae. The two tribes were 
separated on the basis of leaf structures. Lepidocaryeae possess palmate leaf-type 
while the tribe Calameae has pinnate leaf. 

The taxonomic classification of rattans underwent some changes with the advance 
of molecular taxonomy. Several researchers started resorting to molecular data for 
plant systematics studies. Molecular markers such as, DNA sequences from nuclear 
ribosomal ITS region and the rps16 intron of chloroplast has been used to determine



the phylogenetic relationship among different genera of rattans (Baker et al. 2000a), 
5S nrDNA Spacer Sequence was used to investigate phylogenetic relationships 
among the rattan palm genera Calamus, Ceratolobus, Calospatha, Daemonorops, 
Pogonotium, and Retispatha (Baker et al. 2000b), nuclear and plastid DNA markers 
were used to resolve generic relationships between subtribe Ancistrophyllinae of 
African rattans (Faye et al. 2016). Systemic and phylogenetic research has been 
revolutionized by molecular data. And such data are now extensively used in 
systematic laboratories (Pleijel et al. 2008). The application of molecular markers 
for phylogenetic methods gave an impetus to the understanding of evolutionary 
trends in plants. Phylogenetic reconstructions also aid in the discovery of greater 
plant diversity and assists biologists in choosing areas or species to prioritize in their 
conservation efforts, identifying scientific importance of the plants including their 
economic value to humans and creating floras, monographs and inventories (Cam-
eron 2010). 
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When morphological data for subfamily Calamoideae was analyzed, it failed to 
produce a well-supported phylogeny (Baker et al. 1999). And since there is a broad 
spectrum of morphological diversity that is encompassed by the subfamily, relation-
ships within the Calamoideae are not easy to deduce (Baker et al. 2000a; b; c; d). 
Previous phylogenetic analyses by various researchers in palm family (Arecaceae) 
revealed that the subfamily Calamoideae is monophyletic (Asmussen 2000; Baker 
et al. 1999). Baker et al. (2000a) had carried out phylogenetic analysis of subfamily 
Calamoideae. The analysis was based on data of nrDNA ITS and cpDNA rps16 
Intron sequence. The analysis found that the subfamily Calamoideae is monophy-
letic and the tribe Calameae is paraphyletic with Lepidocaryeae nested within it. The 
result also shows three major clades: the African rattan clade consisting of the 
common African rattan genera, namely, Eremospatha, Laccosperma, and 
Oncocalamus; the Lepidocaryeae-Raphia clade, which comprise of the fan-leaved 
New World tribe Lepidocaryeae and also the African genus Raphia; and the Asian 
clade which encompasses all Asian genera except Eugeissona. The Eugeissona’s 
position was found to be ambiguous and could not be resolved inside in none of the 
three major clades. The genus Calamus was also found to be paraphyletic. 

The nonmonophyly of genus Calamus was also reported by Baker et al. (1999), 
Baker et al. (2000a) and Baker et al. (2000b). This led to a process in the reduction of 
genera of Calaminae. Since, the goal of phylogenetic systematics is to identify and 
discard the nonmonophyletic taxa. First, the genus Calospatha was sank into 
Calamus (Baker and Dransfield 2008); followed by sinking of genus Retispatha 
into Calamus (Henderson and Floda 2015) and finally the genera Ceratolobus, 
Daemonorops, and Pogonotium were sank into Calamus (Baker 2015). The genus 
Calamus was thus, expanded to include Ceratolobus, Daemonorops, Pogonotium, 
and Retispatha. Anatomical evidence supports the re-delimitation of the 
Calamusgenus (Tomlinson et al. 2011). Changes were also made in the classification 
of tribes and subtribes within the family Calamoideae. Subtribes Raphiinae, 
Korthalsiinae, and Salaccinae were added into the new classification system and 
the subtribe Oncocalaminae was subsumed with subtribe Ancistrophyllinae which 
comprises mainly of African rattans. This led to taxonomic classification of rattans



into 3 tribes (previously 2) (Eugeissoneae, Calameae, and Lepidocaryeae), 9 sub-
tribes (previously 8) (Ancistrophyllinae, Metroxylinae, Calaminae, Plectocomiinae, 
Pigafettinae, Raphiinae, Raphiinae, Korthalsiinae, and Salaccinae) at the 
suprageneric level and at the genus level, into 17 genera (previously 22) (Calamus, 
Eugeissona, Eremospatha, Eleiodoxa, Korthalsia, Laccosperma, Lepidocaryum, 
Mauritia, Mauritiella, Myrialepis, Metroxylon, Oncocalamus, Pigafetta, 
Plectocomia,, Plectocomiopsis, Raphia, and Salacca) (Baker and Dransfield 
2016). Not much research on calamoid phylogenetics has been published after 
Genera Palmarum - the Evolution and Classification by Dransfield et al. (Dransfield 
et al. 2008a, b), although several studies may be currently in progress. This also 
implies that modification in the systematics of calamoid palms cannot be ruled out in 
the future. 
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19.4 Economic Valuation of Rattans 

Rattans are an important component of the forest which is well known for their 
utility since time immemorial. The rattan stem without sheath, known as “Canes,” 
always applauded of highly valuable forest assets in the world. For utility purposes, 
canes’ position is only next to timber and possibly equal to bamboos (Basu 1992). In 
the rural economy, canes play a major role for their daily breads by engaging large 
number of people who resides in far flung places by extracting the canes from the 
forests and again processing them for using it all in the small-scale and cottage 
industries. These urban people are being engaged in the manufacture of cane 
products like baskets, mats, furniture, tables, etc. 

Either in terms of utilization or their market importance, potential economic value 
of NTFPs is often underestimated or unknown. To asses and quantify the value of the 
canes products is therefore a challenge. And also the transformation of the usage of 
many of these canes products to be socially and ecologically viable for subsistence 
and development is another challenge (Saulei and Aruga 1994). Indonesia accounts 
for the largest export of rattan canes in the global trade while China is the most 
important canes importing country. Global imports of rattan canes amounts to 
62,000 tonnes while the value of import amounts to US$59.6 million in 2008 
(Hirschberger 2011). According to the finding of INBAR (2014), bamboo and 
rattans trades mostly occur within and between Asia and Europe. The most important 
source of bamboo and rattan products is Asia. And the important importing markets 
are Europe, Asia, and North America. According to the UN Comtrade database, the 
international export of bamboo and rattan products in 2017 was estimated to be USD 
1.7 billion (INBAR 2017). 

On the other hand, although rattans are a potential economic resource, reports on 
the rapid decline of rattan resources, particularly commercially important species 
and large diameter species are being reported. Decline of rattan resources is attrib-
uted to natural constraint such as vanishing of forest which led to reducing habitats 
which are suitable for rattan plants and also overutilization (Sastry 2002; Sunderland



2001a, b; Dransfield 2002a, b). Extinction of the commercial species and no 
plantation to secure rattan supply causes lack of sufficient supply in both quality 
and quantity. Moreover, since most rattan producing countries do not have rattan 
resources inventories and even if they have the inventories they are generally not up 
to date or simply approximate estimations. As the true volume and rate of growth of 
rattan resources are not known, the allowable annual cut cannot be determined in 
terms of sustainability but by the demand current in the rattan industry. This results 
in the overexploitation of commercially important rattan (Hirschberger 2011). 
Therefore, preparing an inventory of the rattans in terms of demand and supply 
chain, volume extracted by locals and estimating the income derived from rattan 
gathering and rattan industry becomes crucial. 
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19.5 Medicinal Properties of Rattans 

Ethnobotanical studies conducted so far have confirmed the used of rattan plants in 
traditional medicine by the indigenous people around the world. Apart from being 
one of the most important NTFPs usually used by local people for various handi-
crafts works. Reports on other traditional uses of these plants indicate that the shoots, 
fruits, and leaves are consumed as a delicacy (Renuka 2001; Sarmah 2010a, b) and 
as such encourage scientific validation for its consumption as functional food 
(Thakur and Sheth 2015). According to Wangyal 2012 and Borah et al. 2013) this 
plant is traditionally known to have several therapeutic potential against stomach 
disorder, intestinal worms, healing nausea. In the traditional Chinese medicines, red 
resin obtained from the immature fruit of Daemonorops draco was used for wound 
healing and also believed to possess hemostatic, antiseptic, antibacterial, antiviral 
properties, and it was also valued as medicine in Europe due to its astringent 
property, externally used for wound healing and internally used to alleviate internal 
traumas, chest pains, postpartum bleeding and menstrual irregularities (Baja-Lapis 
2009). Therapeutic potential and medicinal uses (health tonic) of various species of 
Calamus was also reported (Islam et al. 2015; Sunderland and Dransfield 2002; Jin 
2005). It has been reported that Calamus tenius is use as herbal medicine in treating 
Diabetes mellitus (Mitali and Palash 2013) by the local communities of Assam (Tag 
et al. 2012). 

Calamus sp. is reported to possess antibacterial activity, antiseptic and 
antidiabetic properties and in ayurvedic preparations for treating fever, piles, dys-
pepsia, antihyperglycemic activity, etc. (Thakur and Sheth 2015; Sarkar et al. 2018; 
Salusu et al. 2021). Palmitic acid, iso-eugenol, calamine, calamol, etc. which were 
present in Calamus oil were extracted from the roots and is used in perfumery and 
flavoring of liquors (Anon 1992). Huangcan et al. (1991) conducted an analysis to 
evaluate the nutrient content of rattan shoots of two commercial species, viz., 
Daemonarops marga-ritae Hance and Calamus simplicifolius Wei and found that 
rattan shoots contain a lot of protein, fat, carbohydrate, eight kinds of amino acids 
and various nutrient elements and vitamins, which are essential nutrient substance



for human being and concluded that the shoots can be exploited as a valuable 
vegetable with low sugar and high protein. 
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19.5.1 Rattan as a Source of Food 

Apart from its various uses say furniture and other canes items, some species of 
rattan are also edible. Traditionally, edible shoots of rattans are considered as 
nontimber forest products. In South-East Asian countries, tender shoots are con-
sumed either as raw or as vegetable. In Philippines (Durst et al. 1994a, b), France, 
United States, Lao PDR (People’s Democratic Republic) and Thailand young shoot 
of various species of rattan are also consumed which has considerably rich amount of 
starch (Manohara 2013). Several shoots bearing rattan have been adopted as crop 
plants in Thailand and Lao PDR (Laos). Calamus tenuis Roxb., is one of the major 
species planted in Laos (Dransfield et al. 2002a, b). Report on nutritional profile says 
that rattans are rich in proteins, carbohydrates, minerals and fiber content. As a result 
of which, in various countries across South-East Asia rattan preferred to be the most 
popular dietary supplement for rural populace (Manohara 2013). According to 
Saikia and Khan 2011 shoots of rattans have therapeutic potential against stomach 
disorder and intestinal worms. 

In India, particularly in Assam, Calamus tenuis Roxb. shoots are consumed either 
by frying, roasting or boiling. Delicious shoots curry are made in combination with 
other food items fish, meat, red ant eggs, elephant apple, mustard flakes in a form of 
traditional style by wrapping with edible leaves and with black gram pulses. March 
to May has highest consumption of the shoot when compared to other months of the 
year (Thakur and Sheth 2015). Low socio-economic group and people living in 
villages near forest, those who are unemployed or unskilled worker, consumed 
Calamus tenuis Roxb. shoots as a mouth-watering food items rather than therapeutic 
purpose. This lesser known plant, Calamus tenuis Roxb., still remains as a forest 
crop which is meagerly available in the market even though they confined as 
traditional delicacy of the region (Thakur and Sheth 2015). In Manipur, rattan fruit 
are used as obligatory fruit items during the important religious festival 
“Cheiraoba.” Despites all these, still therapeutic potentials of rattans is known by 
few people in this region (Durst et al. 1994a, b). 

There is a species called, Calamus rotang which possesses an edible fruits. 
Matured fruits are roundish, similar in size with hazelnut and covered with small, 
shining scales, laid like shingles, one upon the other. The kernel is surrounded by 
subacid pulp which can be sucked out and eaten. The fruit is pickled with salt and 
eaten at tea-time. In other types of species, a gelatinous pulp which is either sweet or 
sour, surrounds the seeds. This pulp is usually eaten raw and the taste is similar to 
citrus. Renuka 2001 and Sarma, 2010 mentioned its traditional uses as desirable food 
item. Thakur and Sheth 2015 encourage consumption of rattans as functional food 
with proper scientific investigation on nutritional values.
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19.6 Breeding Strategies and Improvement in Rattan 

Rattans are mostly collected from the forest. This increases in unhindered rattan 
harvesting results in overexploitations of natural resources and forest biodiversity. 
This in turn makes it important to develop commercial rattan cultivations strategy 
which is based on scientific breeding approach. Adoption of eco-friendly and 
sustainable commercial practices will help in overcoming lost natural resources 
due to overexploitation. 

To satisfy the growing market for good canes varieties, economical rattan species 
should possessed commercially acceptable agronomical and yield attribute traits. 

Identification of dominant strains, selection then further development of quality 
seed orchards of indigenous and exotic species, so that improved commercial rattan 
species can be produced. According to Zhao et al. (2017), as there has been much 
less systematic development to dates, improvement this plant using genetics tools 
has become a vital option for yields and yield attributes. It is obvious that any rattan 
improvement plan should take into account the fact that selection has to be done 
based on stability in diverge agro climatic zones and plant’s end use. However, most 
species are able to grown at different climatic zones and adapt to different soil 
conditions. On the contrary, monsoonal rattans may enjoy some advantages as they 
can thrived water rich climate and a wide adaptability to areas with similar climatic 
characteristics both in the northern and southern hemisphere (Shim 1995). 

19.6.1 Breeding Objectives of Rattan Species Consist 
of the Following Traits 

Production of suckers: Sucker production increases with clump dimension in clus-
tering rattans species: Traits like long stolons and rhizomes which are found in 
C. trachycoleus should be selected to facilitate production of new stems. Species 
having the single stemmed that exhibits growth of poly-suckers traits should be 
avoided because the dominant growth is hampered, resulting in reduction of quality 
and weakened the growth of canes. 

Rate of Growth: Microclimatic and nutrient factor affects the growth rate. How-
ever, in environments where the factors are similar, growth rate depends both on 
production rate of internodes and its length. 

Internodes length: Of all the species, the intermodal length varies; C. subinermis, 
C. manan, and C. trachycoleus are 31 cm, 22 cm, and 22 cm, respectively. This trait 
is one of the most important morphological parameter for the selection of rattan 
species both for the cane production and for the purposes of manufacturing furniture 
products. 

Differences in nodal diameter: Better quality will have possessed more in fewer 
differences in nodal diameter, so uniformity of the cane formation will be determined 
based on the changes in the nodal diameter.
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Diameter of cane: Climatic factors and species determined the diameter of canes. 
Skin’s color and blemish: Selection of species and treatment method determines 

color and blemish of skin. 
Inflorescence: The inflorescence present in the rattan species results in the 

reduction of the internode length in the immediate distance. This also affects the 
shape of the cane. Generally, late flowering canes or even those ones that do not 
flower annually are preferred. 

Fruits: This horticultural trait of importance is lesser known and neglected most 
and should concentrate on food value and yield attributes based on: improve pulp 
size, large fruit size, small size seeds, and number of fruit per cluster, higher juice 
content, higher TSS, and nutritional value of the fruits. 

Possible strategies for rattans breeding program are mentioned below: 
First, for the short term methods, indigenous plants can be selected and grown 

immediately having traits of good quality seeds stock selected from the diverse 
species, then the high viable seeds and good germination can be chosen from them as 
high quality seed stocks for commercial plantations. However, this may result in a 
heterogeneous population. Second, for a long term strategy for obtaining optimum 
results, recurrent selection of quality seeds through provenance trials methods by 
selection wide range of collection of seeds, sites selection, growing of seeds, 
replication system on different soil, and climatic condition for the measurement of 
traits selection and interpretation of best rattans plants. 

Some issues in preserving the vigor seeds for a lengthy period of season and it is 
very difficult to reproduced seed which is selected from the aged-old stock for the 
uniform fruit bearing. Besides, immediate bearing of seed and prediction of vigor 
plants in a very quick glance is a difficult job for breeder, agronomist, and horticul-
turist, as rattans take normally 7–10 years to reach its maturity stage. Other alterna-
tive to being adopting seedling from seeds is vegetative propagation, however, it is 
tedious expensive and difficult to carry out on a large scale, due to inadequate 
production. 

Correct species identification, their tools are being mentioned above, has been 
prioritized in recent research because: First, it is an effective approach to transmit 
information and predict the traits of rattan. Second, it helps to finding the best 
methods for conservation and development also needs assessment and inventory. 

Third, it makes the identifications of the genetic variation in the species and 
suitable sites easier. Although few extrinsic parameters influence the exploration 
extraction rates and natural re-establishment of rattans species, whichever itself is 
determined by environmental circumstances, and have a practical results on adopting 
bona fide in-situ methods and feasible use of the genetic resource for immense 
economic well-being. 

There is a shortage of fundamental knowledge regarding the taxonomy, phylog-
eny, genetic variation, and geographic variation of rattan species. The information 
that is now known is dispersed throughout numerous publications. These hindered or 
delayed the systematic improvement programs for breeding rattan plants. Rattan is 
propagated through seed, but due to their spiny nature and the absence of flowers and 
fruits most of the year, it made difficult for crossing and hybridization. Most rattans



and bamboos can produce seeds, which allows for selfing and makes selfed lines 
valuable. According to Zhao et al. (2017), evaluation studies using some plantation 
species of unimproved wild-type germplasm produced significant progress, and 
these trials are relevant to rattan species. For a rigorously managed, well-designed, 
and sufficient scale evaluation, the initial survey, determination of target regions for 
sampling, as well as the proper sample processes play a crucial role. Additional data 
on cytology, pollination, fruit growth, and other ecological and biological processes 
must be gathered throughout evaluation trials. Through evaluation, it is possible to 
identify superior genotypes that will serve as the foundation for systematic improve-
ment programs involving crossing and selection. Although difficult, crossing oper-
ations are possible in rattan. It yields twice as much oil annually as the finest 
commercial material, according to an evaluation trial of oil palm utilizing germplasm 
obtained in Nigeria in the 1970s. 
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Each population in an assessment trial should be characterized by a number of 
naturally occurring progenies who share the same maternal parent; as a result, half-
sibs will be assumed for each population. The progeny produced through a trial of 
controlled pair-wise crossing allowed to estimates the heritability of quantitative 
characters of interest which may response to selection, like any other cross-
pollinating species. In their separate reviews of bamboo and rattan, Banik (1997) 
and Shim (1995), respectively, reported species hybridization. Natural hybrids, in 
the case of rattan, are unknown. Shim recognizes the challenges associated with 
using species hybrids in a seed-propagated crop until standardized vegetative prop-
agation techniques are available. The multiplication rate through seed is likely to 
raise sufficient material for commercial uses, but it should be more helpful when it 
accomplishes this by clonal means. Germplasm exploration and evaluation are taken 
into account as a component of a long-term plan for crop improvement. It is intended 
to increase a crop’s genetic diversity in terms of the genes controlling polygenic 
traits and to supply the primary gene sources (pest and disease resistance) and other 
desired features that are not present in commercial cultivars. These significant genes 
could be introgressed from unimproved germplasm to cultivated variety through the 
recurrent backcross method. 

With the advance of molecular markers and genome sequencing technologies, it 
will enhance the genetic improvement of rattan. Teulat et al. (2000) identified six 
coconut microsatellite markers and used for cross-amplification in four genera 
(Korthalsia, Zalacca, Daemonorops, and Calamus) of rattan by Rao et al. (2007). 
Sreekumar and Renuka (2006) reported DNA analysis of C. thwaitesii population at 
Goa (India) shown the high genetic diversity. With the studies of molecular markers, 
Lyngdoh et al. (2005) identified four diversity hot spot sites at north-eastern 
Himalayas (India) for conserving C. flagellum. Baker et al. (1999) successfully 
classified the palm genus Phoenix using nuclear 5S nontranscribed spacer region 
and this study inspired the rattan researchers to use this region of DNA for classi-
fication and relationship analysis of Calamus and five related genera (Baker et al. 
2000b). From this study of the 5S nrDNA data, Baker et al. (2000b) found that the 
genus Calamus belongs to paraphyletic group with four major lineages. DNA 
barcoding and molecular phylogeny could provide insight understanding of



systematics taxa. The slow rate of evolution of palm DNA restricts the use of plastid 
as well as nuclear gene regions in molecular systematics of palms. With the 
introduction of low copy nuclear regions have gained to use plastid as well as 
nuclear gene regions in molecular systematics of palms (Kurian et al. 2017). 
Molecular phylogeny together with biogeography could contributes broaden insight 
about the distribution pattern of extant species as well as their origin of ancestral 
area. With the advance of super barcodes along with whole genome sequencing 
could provide promising platform to strengthen the classification of palms species, in 
the near future. 
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Sex of dioeciously palm genera was usually studies from floral characteristics 
however; it does not provide convenient throughout the year due to seasonal 
flowering and fruiting in rattan. Development of gender specific markers would 
enhance to screening rattan plants at the early seedling stage. Yang et al. (2005) 
generated a male specific RAPD molecular marker nearly 500 bp length for deter-
mination of sex on C. simplicifolius. Similarly, Sarmah and Sarma (2011) reported 
ISSR4_600 is a putative sex-linked marker for C. tenuis. The introduction of high-
throughput techniques like genotyping-by-sequencing (GBS) and restriction site 
associated DNA sequencing (RAD-Seq) can accelerate the early sexing procedures 
in rattans. 

Zhao et al. (2017) analyzed in-depth transcriptomic sequencing on Daemonorops 
jenkinsiana to characterize the cirrus development at different developmental stages. 
They assembled 404,875 transcripts and 61,569 high-quality unigenes were identi-
fied, of which nearly 76.16% were annotated and classified by seven authorized 
databases. Additionally, 14,693 microsatellites markers of transcriptome-based were 
identified. Out of it, 168 designed SSR primer pairs, 153 were validated and 16 pairs 
were used for the polymorphic analysis of 25 rattan accessions. Zhao et al. (2018a, b) 
developed two chromosome-level genome assemblies of C. simplicifolius and 
D. jenkinsiana using Illumina, Pacific Biosciences, and Hi-C sequencing data and 
their study shown that four Arecaceae plants clustered together while the divergence 
time between C. simplicifolius and D. jenkinsiana was approximately 19.3 million 
years ago. It provides a fundamental resource for functional genomics that would 
enhance germplasm utilization for breeding and also act as reference genomes for 
comparative studies between and among different species. 

19.6.2 Pollination in Rattan 

Both wind and insect pollinate rattan flower. Rattan, Calamus inflorescence mor-
phology is thought to be anemophily. Considering the fact that the adaptable flower 
arrangment can provide an easy pathway for wind to carry over the pollen. Though 
wind pollination is not a main pollination in Rattan. In Lee and Jong (1995) and his 
coworker have provided the information on wind pollinated rattan Calamus species 
which only 88% of the pollen can be dispersed in 3.5 m Lee and Jong (1995).
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Basically, rattan flowers which are entomophily emitted various scents that 
attracted the pollinating agents. Rattans palms are spiny dioecious plants that flower 
once a year and also pollinated by different insect species and so considered as 
entomophilous flower. In the insect-plant mutualistic relationship, insect gets the nec-
tar and introduced pollen as rewards for the pollination service. Ants help rattan palm 
with seed harvesting and dissemination (Berg 1975) as well as serving as a good 
pollinator (Peakall and Beattie 1991; Liu et al. 2019). Ants although seem to 
pollinate certain type of rattan species where the flowers are unisexual. For flowers 
which are spatially separated they hardly transfer pollen as reported by Renuka 
(1998). Other pollinating agents are stingless bees (Trigona) and paper wasps 
(Vespidae) pollinate Ceratolobus castaneus. Kidyoo and McKey (2012) also 
found two Trigona bee species which are good pollinators of C. castaneus flowers, 
visiting both male and female flowers. The unisexual inflorescence of the 
Ceratolobus is enclosed, allowing the pollinator to enter only for short time from 
the apical split. According to Dransfield (1979) Ceratolobus produces a musty odor 
that attracts small staphylinid and some other small beetle for the pollination. 

In other rattan species Daemonorops lewissiana is pollinated by ants that crawl in 
female and male flower, however D. didymophylla (Kiew and Muid 1989) likely to 
visit by Trigona melina to male but not the female flowers. Similarly, in 1979, 
Dransfield had also reported many Hymenopterans such as Trigona species, honey 
bees visiting the male flowers of Plectocomia sp. and other Coleopteran beetles have 
visited attracting its musty odor emitting from the inflorescences. Calamus inflores-
cences produces sour odor which is attracted by several wasps and flies (Dransfield 
1979a, b, c). Lee et al. (1995) was also reported several nocturnal insects are active 
pollinators belonging to pyralid, noctuid, and moths. 

19.7 Agroforestry Management 

Rattan plants are propagated through seed, wildings, suckers, rhizomes, or by 
cuttings. But stem cutting method of propagation are not used in North Eastern 
Indian canes species as they do not branch out aerially. As rattans are spiny climbing 
palms, they must be interplanted with trees to give them support and shade during 
the seedling stage of the rattans. The yield and quality of rattan are also influenced by 
the supporting trees as reported by Weidelt, 1990. 

Rattan plants prefer areas with abundant and well-distributed rainfall, where the 
soil is fine clay and rich in humus Campbell et al. (2017). Goswami et al. (2000) 
reported that rattans prefer strong to medium acidic to dark colored loamy soil with 
moderate water holding capacity by analyzing the rattan growing soils of Arunachal 
Pradesh. The spacing for the plantation of rattan depends on their species as different 
species of rattan plant have different growth habit as for clump forming species, 5 m 
and more spacing are require while single stemmed species require 2–5 m spacing. 

Rattan plants have a great potential as agroforestry crop. Other forest tree and fruit 
trees required 25–35 years for one rotation but rattan plants need 6–7 years for



bearing of fruits and 11–15 years for the first pole to be harvested. As rattan plants 
need support trees for their proper growth, other forest tree and fruit and plantation 
trees can be served as the support tree so integration of rattan plant in a community 
forest or any tree farm can add to productivity of land as well as protection and 
conservation of watershed areas while waiting for the harvest of rattan. Not only this, 
as rattan plant need at least approximately 3–4 years to develop the climbing organs 
(flagellum or cirrus) so during the early years for the establishment of the rattan 
plantation we can go for the cultivation of arable crop between the rows of the rattan 
plants or rattan plants can be planted along the boundaries and stream margins of a 
newly established agroforestry system. As for example- the indigenous rice-rattan 
swidden agroforestry which is called as the qaiya-aneya system practice in south-
west China in which the farmers interplants the rattan seeds in open new swidden 
field for upland rice, particularly near remaining stumps. After harvesting rice for 
several time, the land are left as fallow for the rattan canes which can be harvested 
after 7–10 years (Xu et al. 2000). 
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If rattan plants are integrated in an agroforestry system then there is a scope for 
getting a perennial source of income to the farmers. As during the early stage of 
establishment farmer can get income from the fruit tree or other plantation crop like 
coconut, arecanut palm, jack, custard apple which are used as support for the rattan 
plant and also from the arable crop growth between the rows of the rattan plants. 

19.8 Climate Change—Rattan 

Human civilization has a negative impact on climate change. It is severely affecting 
agricultural production in terms of yield loss, decreasing natural resources, and 
increasing pests and diseases. To increase agricultural production, support elevated 
carbon (C) sink, and combat climate change, the agroforestry system provides a 
potential method. As India is rich in biodiversity, agroforestry can provide climate-
resilient agriculture. Agroforestry consists of multispecies that can produce micro-
climate and conserve soil properties. Soil is a plant growth medium developed from 
the combined effect of climate and living matter, it can change over a period of time. 
Soil is an important source of cultivation that determines growth; provides water and 
nutrients for plants. Large-scale adaption of agroforestry can create additional 
national carbon sinks for CO2, increase the use of renewable energy and increase 
soil fertility (Kay et al. 2019). Societies are responsible for the effects of climate 
change (Billi et al. 2019). It can be reduced by the sustainable management of forests 
and reducing dependence on fossil fuels. 

Rattan forest provides replacements for higher carbon emission material for 
products made from plastics and steel. It is an important land use system. Rattan 
trees are having solid stems with a group of spiny (formed from modified leaf tips or 
inflorescences) climbing palms or canes. The canes of rattans are harvested for their 
solidity, durability, lightweight, flexibility, and strong nature (Meijaard et al. 2014). 
More products we can get from rattan like baskets, handicraft items, furniture, and



important raw material in the cottage industry (Sun and Liu 2022). In Asian 
countries like India, China, and Malaysia it is an important traditional agroforestry 
system. Rattan agroforestry includes heritage values of traditional ecological knowl-
edge. For the climate-smart agriculture with bamboo and Rattan agroforest system, it 
is a powerful tool to maintain the stability of the slop, and protect soil from erosion 
and degraded lands can be restored. Due to climate change, the ecosystem is severely 
affected and it can affect traditional livelihood activities. Both rattan and bamboo can 
provide benefits in socio-economic and environmental dimensions to rural people to 
cope with potential “climate shocks.” As it grows easily in difficult climatic condi-
tions, it can be recommended as the most suitable strategy to work on under extreme 
climatic events. 
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19.9 Future Perspectives 

Apart from commercial cane-ware products, rattan resources are yet to be explored 
in terms of their food value, therapeutic, medicinal properties and most pivotal is its 
breeding aspects of traits, therefore, research aiming at crop improvement program 
through conventional and nonconventional approaches like tissue culture for mass 
propagation, application of various breeding methods for further traits selection, 
molecular approaches to design new varieties and documentation of bioactive 
potential as well as its potential against the new-normal diseases along with their 
systematic molecular investigation of the genomic information of potential rattan 
resources will provide a foothold for further studies and investigations of its bio-
chemical composition. This may also open a new gateway to various possibilities of 
discovery and may boost towards the current scientific field of improving human 
health care system and food security. 

Breeding technologies have been utilized to improve the quality and quantity 
characters of rattan. Despite, the knowledge of genetic structure underlying the 
important characters of rattan have not been known clearly. This critically hindrance 
the overall understanding of its molecular biology for scientific research, actual 
production and in-depth study of comparative genome analyses between and 
among related species. Development of chromosome-level reference genomes in 
rattan made feasible for comparative genome analyses and other downstream appli-
cations viz., the development of biomarkers, the identification of functional genes, 
and molecular design breeding. Similarly, genomic, transcriptomic, and 
metabolomic analyses of rattan traits will facilitate through the development of 
high-quality genome assemblies of rattan. These investigations lay a framework 
for future research on the employment of these genes to improve rattan quality and 
diversity within rattan germplasm.
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Chapter 20 
An Insight into Prevalent Agroforestry 
Land Use Systems of North Western 
Himalayan Region, India: Challenges 
and Future Prospects 

Harish Sharma, K. S. Pant, Rohit Bishist, Prem Prakash, 
and Krishan Lal Gautam 

Abstract The north-western Himalayan region of India is comprised of Jammu & 
Kashmir, Ladakh Himachal Pradesh and Uttarakhand, covering about 10% geo-
graphical area of the country. The region is ecologically as well as biologically rich 
in diversity and source of livelihood to large no. of people constituting 89.90%, 
69.40%, 72.62% and 61.33% of rural people in Himachal Pradesh, Uttarakhand, 
J&K and Ladakh, respectively. India has just 2% of the world land resources yet it 
supports about 18% of the human population and 12% of the livestock population 
throughout world. Exploitive resource use due to fast growing human and livestock 
population coupled with natural and anthropogenic disturbances cause degradation 
of the land and bio-resources thereby affecting the fragile ecosystem. Changing 
climatic conditions and the increasing land-use conflicts call for the development of 
such sustainable land use systems that reconcile the production from the agriculture 
along with the provision of multiple ecosystem services, including climate change 
mitigation. Estimates suggest that about 30% of the emission reductions and carbon 
sequestration can be contributed by the sustainable land use interventions to meet the 
target set by Paris agreement. Agroforestry is practiced traditionally in north-western 
Himalayan region as is evident from the various multipurpose tree species deliber-
ately retained by farmers on their farmland. The various traditional land uses are the 
outcome of the topographical features, socio-economic conditions, cultural and 
aesthetic values in the region. Besides providing multiple benefits, such as food, 
fodder, fuelwood, fibre etc., agroforestry systems act as a cushion against the several
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ecological hazards associated with the developmental activities and helps in conser-
vation of resources in a sustainable manner. Various traditional agroforestry prac-
tices reported in the north-western Himalayan region are agrisilviculture, 
agrihorticulture, agrisilvihorticulture, agrihortisilviculture, hortisilviculture, 
silvopastoral, pastoralsilviculture, agrisilvopastoral, pastoralsilvihorticulture etc. 
varying in structural and functional composition as per the needs and preferences 
of the farmers well adapted to the ecological conditions. This article is an overview 
of the various agroforestry practices prevalent, their compositional variation, 
bio-economic productivity and carbon stock potential in north-western Indian Hima-
layan region.
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20.1 Introduction 

Himalaya forms the northern boundary of the India and is geographically vast 
ranging from Nanga Parbat in the west to Namcha Barwa in the east, having complex 
and diverse ecosystems (Rawat and Vishvakarma, 2011; Kumar et al., 2018a, b). 
Indian Himalayan region, covering about 12% of the geographical area of the 
country (ISFR, 2013), is inhabited by about 51 million people practicing hill 
agriculture in fragile and diverse ecosystems. Owing to richness in biological as 
well as socio-cultural diversity, the region has been identified as one of the 34 bio-
logical hotspots (Tiwari et al., 2017). Western Himalayan region, constituting 10% 
of Indian geographical area (ISFR, 2013), comprised of J&K and Ladakh, Himachal 
Pradesh and Uttarakhand is agro-biodiversity rich region with large number of 
species under cultivation (Singh, 2009). With variation in site factors such as 
altitude, slope, temperature, humidity, rainfall, edaphic factors and distance from 
snowline or plains, have led to the diversified farming landscapes. In Himalayan 
states of the country, indigenous agroforestry systems form an integral part of the 
communities and planting trees on farms helps farmers to satisfy their multifarious 
needs, which leads to an increase in tree cover and thereby reducing the burden on 
existing forests (Phondani et al., 2020). Further, agroforestry being an integrated 
farming system plays a key role in sustaining the fragile ecosystems of the region 
(Kaler et al., 2017) and investment risk of farmers’ because they diversify their crop 
and income source, which reduces economic and social risks (Lefroy, 2009). The 
knowledge of agroforestry has been continuously used as a way to tackle problems 
of rural livelihood in India traditionally. The area under agroforestry during next four 
decades is expected to increase to 53 million ha from 25.32 million ha presently; 
therefore, agroforestry land use will be having substantial contribution in meeting 
the societal requirements through increase in production and provision of environ-
mental benefits as well (Dhyani et al., 2013). In India, agroforestry practices are 
mostly traditional and practiced in a variety of ways (Solanki, 1998; Sharma, 1996) 
subjected to multiple factors like demographic, socio-economic, cultural factors, as 
well as farmers’ experiences. Agroforestry systems in India have a lot of component



diversification both structurally and functionally, which mainly depends upon the 
temperature, topography, elevation, aspect, edaphic properties and rainfall pattern 
(Combe, 1982; Nair and Dagar, 1991; Tiwari, 1995). Several agroforestry systems, 
their floristic diversity, biological productivity, carbon sequestration potential, ame-
lioration of soil physico-chemical properties etc. in north-western Himalayan region 
have been delineated by Toky et al., 1989; Khosla and Toky (1996); Thakur et al. 
(2004). Various traditional agroforestry practices reported in the north-western 
Himalayan region are agrisilviculture, agrihorticulture, agrisilvihorticulture, 
agrihortisilviculture, hortisilviculture, silvopastoral, pastoralsilviculture, 
agrisilvopastoral, pastoralsilvihorticulture etc. with structural and functional com-
position varying in accordance with day-to-day needs and preferences of the farmers 
well suited with ecological conditions. This article gives an overview of the various 
agroforestry practices prevalent, their compositional variation, bio-economic pro-
ductivity and carbon stock potential in north-western Indian Himalayan region. 
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20.2 Agroforestry Systems in the North-Western 
Himalayas 

Agroforestry in tropical, sub-tropical and temperate region is being practiced tradi-
tionally (Kumar et al., 2018a, b). Agroforestry, incorporating tree, crop and livestock 
component, is a multidisciplinary land use system satisfying productive as well as 
protective objectives (Singh et al., 2015). In Indian Himalayan region also, agrofor-
estry has been recognized as the productive land use; however, regional causes of 
adoption, factors causing changes in traditional practices and socio-economic devel-
opment associated with agroforestry need to be studied thoroughly. Agroforestry 
helps in satisfying the diverse and multifarious needs of the humans along with 
providing economic benefits as well as environmental services in the form of carbon 
sequestration, watershed protection and climate change mitigation and adaptation. 
Tree-based systems affect local economy by economic stabilization, product diver-
sification, food and fuel security, improvement of natural environment (Dar et al., 
2018). With dramatic changes in the altitudinal ranges in the western Himalayan 
region, vegetation pattern also changes (Tewari et al., 2017) and so is the compo-
sition of the agroforestry systems. Over the years, farmers have accustomed several 
multipurpose tree species on their farmlands which have evolved into extant agro-
forestry practices. The traditional tree-based systems prevalent in the western Hima-
layan region are generally location specific regarding relevance, performance and 
adoption (Dar et al., 2018) and depends mainly on the topography, altitude, climate, 
edaphic factors etc. Traditionally prevalent as well as adopted agroforestry systems 
in any area provides much needed information for the extension and further 
improvement in the systems as it is time tested regarding its potential and possible 
constraints under specific conditions prevailing in the area. The major agroforestry 
systems in the Indian north western Himalayan region have been summarized in the 
Table 20.1. Major agroforestry systems practiced in the region comprised of
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agrisilviculture, agrisilvihorticulture, agrihorticulture, agrihortisilviculture, 
hortiagriculture, hortisilviculture, hortisilvopastoral, hortiagrisilviculture, 
silvopastoral, pastoralsilviculture, hortipastoral, agrisilvipastoral and 
silvihorticulture, as reported in literature. In J&K, important tree species are Populus 
spp., Salix spp., Ulmus wallichiana, Ailanthus altissima, Morus alba, Aesculus 
indica etc. while, in Ladakh region Populus spp., Ulmus wallichiana, Salix spp., 
Juniperus spp. are major tree species. In Himachal Pradesh and Uttarakhand, most of 
the tree species prevalent are similar such as Grewia spp., Celtis australis, Quercus 
leucotrichophora, Toona ciliata, Cedrus deodara, Morus spp., Melia spp. etc. Being 
in hilly terrain, local people depend on the forests for several day-to-day needs. 
Mountain farming systems are generally characterized by presence of livestock 
component which provide milk, meat, manure and draught power (Nautiyal et al., 
2018) in the areas where farm mechanization is having limited scopes. The basic 
requirement for livestock rearing is fodder availability which is generally fulfilled 
from fodder grown in community land, forest land and crop residues. India is having 
about 11% of the world livestock population that is supported on the land area 
constituting about 2% globally (Roy et al., 2019) creating challenges for fulfilment 
of the fodder requirement. The issues of fodder availability need to be addressed as 
feed constitutes about 70% cost of milk production alone, which, in turn is respon-
sible for the 20–60% lower productivity of livestock in Indian conditions. According 
to report (ICAR-IGFRI, 2021) there is 49.17% shortage of fodder in Jammu and 
Kashmir, 40–45% in Ladakh (Tewari et al., 2016) and about 33% in Himachal 
Pradesh (NITI Aayog, 2018). Through adoption of alternate land use systems such 
as silvopastoral, hortipasture etc. it is possible to increase the productivity of the land 
along with fulfilment of the fodder requirement, reduction of grazing pressure as 
well as positive environmental implications (Roy et al., 2019). Further, with wide 
altitudinal variations in the Himalaya region, the climatic conditions also vary 
significantly with some regions being covered under snow during winters. Under 
such conditions, fuelwood serves as an important source of energy for which people 
mostly depend on the forest resources (Kumar et al., 2020). Studies reported that 
93% of the population in Himachal Pradesh uses fuelwood as the source of energy 
(Parikh, 2011; TERI, 2015) out of which 94% of the fuelwood users depends on the 
forests for this. Fuelwood consumption per capita per day (in kg) in Jammu and 
Kashmir varies from 0.05–5.50, in Himachal Pradesh varies from 0.91–5.13 kg, 
while, in Uttarakhand varies from 1.13–8.75 (Kumar et al., 2020) showing the 
dependence of the inhabitants on the fuelwood. Govt. initiatives such as Pradhan 
Mantri Ujjwala Yojana are helpful in meeting the objectives of the clean energy and 
simultaneously integrated farming practices are also having key role in meeting the 
demand of fuelwood to certain extent and also to reduce the pressure as well as 
exploitive utilization of the natural resources. The annual availability of the fuel-
wood (in million tones) from the tree outside forests (TOF) in J & K including 
Ladakh, Himachal Pradesh and Uttarakhand is 0.365, 0.290 and 0.297 respectively, 
in comparison to 0.02 million tones, 50 tones and 0.05 million tones fuelwood 
available from forests in the respective UTs/ states (Dar and Ahmad 2016). Further, 
availability of the fuelwood on the farmland will also facilitate the utilization of the
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cow dung as organic manure in the farm instead of burning it as energy source. In 
addition to the fodder and fuelwood requirement farmers are also dependent on the 
natural resources for their timber and small wood needs which generally results into 
exploitation of the resources when the need turns into greed. Agroforestry not only 
provides ecological services but also economic benefits as 65% of the timber 
requirement in the country is met from TOF (GoI, 2016). In the current scenario 
when there are lack of data for demand as well as supply of tree-based products and 
natural forests are closed for the protection and conservation purpose, there is greater 
scope for the promotion of the agroforestry practices (Parthiban et al., 2021). 
Further, a dedicated agroforestry policy facilitating the selection of suitable species 
for the specific region, provision of providing quality planting material, permissive 
felling and transit regulations as well as marketing facilities may encourage the mass 
towards adoption of scientific agroforestry interventions.
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20.3 Biomass Production of Agroforestry Systems 

Photosynthesis is the process involved in the manufacturing of the food by the 
primary producers through transformation of the light energy in chemical energy and 
the product formed is either used or is stored. The energy is stored in the plants in the 
form of biomass and is having great importance to other individuals present on other 
tropic levels as well as humans as the stored energy can be harvested to be used as 
food, fuel, fibre and several other uses (Roberts et al., 1985). Plant biomass is the 
weight of the biological material contained in aboveground and belowground 
portion of plant and is generally expressed as plant dry matter dried to constant 
weight. Biomass served as the primary source of the fuel anciently since humanity 
became familiar with fire (Fekete, 2013). In the current scenario, fossil fuels have 
become common source of energy but still biomass energy is an important and 
preferable source of energy for the poor people that may due to its cheapness and 
easy availability from the forest area. Global concern towards the woody biomass is 
increasing due to increased fossil fuel prices, emissions resulting from burning of 
fossil fuels as well as threat resulting from catastrophic wildfires (Proto et al., 2014). 
Agroforestry practices having deliberate incorporation of the woody perennials into 
the land use therefore has immense potential for the production as well as storage of 
biomass. Biomass production of trees in agroforestry is generally estimated on the 
basis of region specific allometric equations developed for specific tree species. 
Biomass production of agroforestry systems depends on several factors such as 
physiography, structural and functional composition, age and density of trees, 
specific management practices, environmental, socio-economic, interaction of com-
ponents affecting efficiency of resource use etc. (Goswami et al., 2014; Rajput et al., 
2017; Chisanga et al., 2018; Singh et al., 2020; Panwar et al., 2022). The biological 
production potential of the prevalent agroforestry practices in the north western 
Himalayas based on literature review has been summarized in Table 20.2. A lot of 
work regarding the biomass production potential of the agroforestry systems has



428 H. Sharma et al.

T
ab

le
 2
0.
2 

B
io
m
as
s 
pr
od

uc
tio

n 
po

te
nt
ia
l 
of
 a
gr
of
or
es
tr
y 
sy
st
em

s 
in
 n
or
th
-w

es
te
rn
 H

im
al
ay
an
 r
eg
io
n 

S
ta
te
/U
ni
on

 
T
er
ri
to
ry
 

A
gr
of
or
es
tr
y 

sy
st
em

s 
A
bo

ve
gr
ou

nd
 

bi
om

as
s 
(M

g/
ha
) 

B
el
ow

gr
ou

nd
 

bi
om

as
s 
(M

g/
ha
) 

T
ot
al
 b
io
m
as
s 

(M
g/
ha
)

R
ef
er
en
ce
s 

J&
K

A
gr
is
ilv

ic
ul
tu
re

6.
70
–1

59
.4
1

1.
58
–7

1.
55

15
.9
4–
20

2.
59

 
A
jit
 e
t a
l. 
(2
01

7)
; 
P
an
w
ar
 e
t 
al
. (
20

22
) 

A
gr
ih
or
tic
ul
tu
re

15
.7
9–

13
7.
56

2.
40
–3

4.
39

18
.1
9–
17

1.
95

 
Z
ah
no

or
 e
t a
l. 
(2
02

1)
; 
P
an
w
ar
 e
t 
al
. (
20

22
) 

S
ilv

op
as
to
ra
l

34
.4
9–

53
.2
0

9.
01
–3

4.
42

43
.5
1–
13

6.
42

 
P
an
w
ar
 e
t 
al
. (
20

22
) 

L
ad
ak
h

A
gr
is
ilv

ic
ul
tu
re

17
.1
1

6.
03

23
.1
4

N
am

gi
al
 (
20

18
) 

A
gr
ih
or
tis
ilv

ic
ul
tu
re
 

19
.1
1

8.
05

27
.1
6

N
am

gi
al
, (
20

18
) 

A
gr
ih
or
tic
ul
tu
re

16
.1
5

6.
97

23
.1
2

N
am

gi
al
, (
20

18
) 

S
ilv

op
as
to
ra
l

16
.9
1

9.
51

26
.4
3

N
am

gi
al
, (
20

18
) 

H
or
tis
ilv

op
as
to
ra
l

19
.9
5

10
.9
3

30
.8
8

N
am

gi
al
, (
20

18
) 

H
im

ac
ha
l 

P
ra
de
sh
 

A
gr
is
ilv

ic
ul
tu
re

6.
70
–1

59
.4
1

1.
58
–7

1.
55

13
.4
7–
20

2.
59

 
G
os
w
am

i 
et
 a
l. 
(2
01

4)
; S

in
gh

 e
t 
al
. (
20

15
);
 G
up

ta
 e
t a
l. 

(2
01

7)
; 
P
an
w
ar
 e
t 
al
. (
20

22
) 

A
gr
ih
or
tic
ul
tu
re

9.
58
–1

37
.5
6

2.
40
–3

4.
39

12
.2
9–
17

1.
95

 
G
os
w
am

i 
et
 a
l. 
(2
01

4)
; S

in
gh

 e
t 
al
. (
20

15
);
 G
up

ta
 e
t a
l. 

(2
01

7)
; 
R
aj
pu

t 
et
 a
l. 
(2
01

7)
; 
C
hi
sa
ng

a 
et
 a
l. 
( 2
01

8)
; 

S
in
gh

 e
t 
al
. (
20

20
);
 P
an
w
ar
 e
t 
al
. (
20

22
) 

A
gr
is
ilv

ih
or
tic
ul
tu
re
 

15
.1
5–

67
.9
7

4.
30
–2

0.
20

16
.3
1–
88

.1
7

G
os
w
am

i 
et
 a
l. 
(2
01

4)
; G

up
ta
 e
t a
l. 
(2
01

7)
; 
T
ha
ku

r,
 

(2
02

0)
 

A
gr
ih
or
tis
ilv

ic
ul
tu
re
 

13
.2
6–

85
.4
9

3.
38
–2

3.
08

18
.4
0–
10

8.
60

 
G
os
w
am

i 
et
 a
l. 
(2
01

4)
; B

am
m
an
ah
al
li,
 (
20

16
);
 G

up
ta
 

et
 a
l. 
( 2
01

7)
; C

hi
sa
ng

a 
et
 a
l. 
(2
01

8)
; 
T
ha
ku

r,
 (
20

20
);
 

Ja
nj
u,
 (
20

21
);
 S
ha
rm

a 
et
 a
l. 
(2
02

1)
 

H
or
tia
gr
ic
ul
tu
re

14
.1
7–

26
.4
2

3.
99
–7

.1
0

19
.2
6–
33

.2
6

Ja
nj
u,
 (
20

21
);
 S
in
gh

 e
t 
al
. (
20

20
) 

S
ilv

op
as
to
ra
l

4.
58
–1

62
.8
0

1.
33
–3

5.
70

5.
92
–1

98
.2
0

G
os
w
am

i 
et
 a
l. 
(2
01

4)
; S

in
gh

 e
t 
al
. (
20

15
);
 G
up

ta
 e
t a
l. 

(2
01

7)
; 
R
aj
pu

t 
et
 a
l. 
(2
01

7)
; 
C
hi
sa
ng

a 
et
 a
l. 
(2
01

8)
; 

S
in
gh

 e
t 
al
. (
20

19
);
 S
ha
rm

a 
et
 a
l. 
(2
02

1)
; P

an
w
ar
 e
t a
l. 

(2
02

2)
 

H
or
tip

as
to
ra
l

11
.2
4–

24
.9
7

3.
23
–6

.3
3

14
.4
7–
3 1
.3
0

T
ha
ku

r,
 (
20

20
);
 S
in
gh

 e
t a
l. 
(2
02

0)
; 
Ja
nj
u,
 (
20

21
)



P
as
to
ra
ls
ilv

ic
ul
tu
re

3.
77
–1

0.
58

0.
59
–3

.2
7

5.
13
–1

3.
85

B
am

m
an
ah
al
li,

(
);
S
in
gh

et
al
.(

);
T
ha
ku

r,
(

);
Ja
nj
u,

(
)

20
21

20
20

20
19

20
16

–
–

U
tta
ra
kh

an
d 

A
gr
is
ilv

ic
ul
tu
re

6.
7–
15

9.
41

1.
58
–7

1.
55

0.
52
–2

02
.5
9

N
ew

aj
 e
t a
l. 
(2
01

6)
; V

ik
ra
nt
 e
t 
al
. (
20

18
);
 K
um

ar
 e
t 
al
. 

(2
02

1a
, b

);
 P
an
w
ar
 e
t 
al
. (
20

22
) 

S
ilv

op
as
tu
re

34
.4
9–

53
.2
0

9.
01
–3

4.
42

43
.5
1–
13

6.
42

 
P
an
w
ar
 e
t 
al
. (
20

22
) 

A
gr
ih
or
tic
ul
tu
re

15
.7
9–

13
7.
56

2.
40
–3

4.
39

0.
33
–1

71
.9
5

Y
ad
av
 e
t 
al
. (
20

16
);
 Y

ad
av
 e
t 
al
. (
20

17
);
 V
ik
ra
nt
 e
t 
al
. 

(2
01

8)
; 
A
dh

ik
ar
i e
t 
al
. (
20

19
);
 P
an
w
ar
 e
t 
al
. (
20

22
) 

A
gr
ih
or
tis
ilv

ic
ul
tu
re

0.
13
–1

.3
7

V
ik
ra
nt
 e
t 
al
. (
20

18
)

20 An Insight into Prevalent Agroforestry Land Use Systems of North. . . 429



been carried out in the states of Himachal Pradesh and Uttarakhand, while in union 
territories of Jammu & Kashmir and Ladakh, work has been carried out regarding the 
identification of the agroforestry, which needs to be further elaborated to assess the 
productivity of the prevalent systems. From Table 20.2, it can be seen that the total 
biomass production potential of agrisilviculture is highest (202.59 Mg/ha) among 
prevalent systems in Jammu and Kashmir. Also, lowest total biomass production 
(15.94 Mg/ha) is also reported in agrisilviculture system in the region. The prepon-
derance of fast growing tree species such as Populus spp., Salix spp., Robinia 
pseudoacacia etc. may be the reason for more accumulation of the biomass as 
contributed by perennial component, while varying tree densities retained as per 
farming practices may affect the overall productivity of the system. Aboveground 
and belowground biomass is also more in agrisilviculture system with overall range 
varying between 6.70–159.41 Mg/ha and 1.58–71.55 Mg/ha, respectively. In 
Ladakh, hortisilvopastoral resulted in maximum aboveground, belowground and 
total biomass viz., 19.95 Mg/ha, 10.93 Mg/ha and 30.88 Mg/ha, respectively 
attributed to the diverse components, more tree density and specific practices 
adopted for the management of the system. In Himachal Pradesh, aboveground 
biomass is reported maximum under silvopastoral system (162.80 Mg/ha), while 
belowground biomass (71.55 Mg/ha) under agrisilviculture. Dominance of forest 
trees in silvopastoral system may be the factor for the higher aboveground biomass 
as contributed through tree component, however, management practices in 
agrisilviculture system as well as withdrawal of nutrition by components from 
different zones in the soil may have resulted in better belowground biomass 
in agrisilviculture system. In total biomass production is highest (202.59 Mg/ha) in 
agrisilviculture that may be due to higher tree density as well as differences in 
management practices. In Uttarakhand also, agrisilviculture system is reported most 
productive among all the systems with aboveground biomass production potential to 
a tune of 159.41 Mg/ha, belowground production potential of 71.55 Mg/ha with total 
biomass production to the tune of 202.59 Mg/ha. Tree density along with the type of 
species incorporated plays significant role in influencing the productivity of the 
system.
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20.4 Carbon Stock Potential of Agroforestry Land Uses 

Currently, climate change is among one of the most important topic of discussion 
world over that bring up unique challenges directly or indirectly. Concentration of 
the GHGs (greenhouse gases) in the atmosphere shows the equilibrium between the 
source (natural and anthropogenic activities) and sink (biosphere and ocean). The 
concentration of CO2 in earth’s atmosphere is 413.20 ± 0.2 ppm, methane 
1889 ± 2 ppb and nitrous oxide 333.20 ± 0.1 ppb that is 149%, 262% and 123% 
above the pre-industrial level, respectively, and considered main cause behind this 
global warming (WMO, 2021). It is believed that through alternate cultivation 
practices of the agricultural and forest crops this increase in the concentration of



the CO2 can be checked and can be partially mitigated through biomass production 
(Jose and Bardhan, 2012). International concern about the changing climatic condi-
tions resulted in the Kyoto protocol in 1997 and ever since this protocol, agroforestry 
has been highlighted as a sustainable strategy for the mitigation of the increasing 
concentration of CO2 throughout the world. Agroforestry being the deliberate 
incorporation of woody perennial on the farmland helps in storage of higher amount 
of biomass carbon through carbon sequestration as compared to monocropping and 
thus plays an important role in mitigation as well as adaptation of climate change. In 
addition to the carbon stored in the form of biomass aboveground, agroforestry also 
helps in the storage of considerable amount of carbon belowground. However, for 
the adoption of agroforestry in the carbon sequestration, projects under the schemes 
such as clean development mechanism exact information of the carbon stored 
aboveground, belowground and in soil are needed. Carbon stock potential of the 
agroforestry practices in the north western Himalayan region has been collected from 
literature of the area and highlighted through Table 20.3. In J&K, highest (71.78 Mg 
C/ha) vegetation carbon stock is reported under agrisilviculture having the carbon 
range 32.61–71.78 Mg C/ha, while soil carbon stock range is reported equal to 
25.99–58.07 Mg C/ha. Range of carbon stored is more for vegetation in 
agrisilviculture and agrihorticulture land use systems, while silvopastoral system 
has more carbon stored in soil as that of vegetation which may be due to more litter 
addition along with root decay material in the soil as contributed by fine roots of the 
grasses (Goswami et al., 2014). In Ladakh region, maximum vegetation carbon 
(44.59 Mg C/ha) is reported to have stored under silvopastoral system that may be 
due to more tree density, while, soil carbon is reported to have stored more 
(64.34 Mg C/ha) under agrihorticulture system that may be due to management 
practices adopted for agriculture as well as horticulture components as both the 
components hold economic values. In Himachal Pradesh, maximum total carbon 
(109.93 Mg C/ha) is reported to have stored under silvopastoral land use ascribed to 
continuous carbon accumulation by the perennial component which is present in 
more number under silvopastoral system and is the major cause for the higher 
vegetation carbon (71.61 Mg C/ha) stored in silvopastoral land use system. 
Agrisilvihorticulture system is reported to have stored maximum soil carbon 
(56.70 Mg C/ha) which is quite identical to the soil carbon stored under 
agrihorticulture, agrihortisilviculture, silvopastoral and agrisilviculture system. 
Diverse composition of the land use system may be responsible for the more soil 
carbon as facilitated by the more addition of litter as well as better decomposition. In 
Uttarakhand also, silvopastoral system was reported to have stored more vegetation 
carbon to a tune of 51.14 Mg C/ha, while soil carbon was more (64.34 Mg C/ha) in 
agrihorticulture system. Overall, maximum carbon storage (79.92 Mg C/ha) is found 
under agrihorticulture system attributed to more biomass stored by the fruit tree 
component as compare to sole cropping. The biomass production is subjected to the 
composition of the system as affected by the factors of the locality (Yadav et al., 
2017; Adhikari et al. 2019).
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State/Union
Territory

Agroforestry
systems (Mg C/ha) References
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Table 20.3 Carbon storage (vegetation + soil) in agroforestry systems of north-western Himalayas 

Vegetation 
carbon 

Soil 
carbon 
(Mg C/ 
ha) 

Total 
carbon 
(Mg C/ 
ha) 

J&K Agrisilviculture 32.61– 
71.78 

25.99– 
58.07 

97.77 Ajit et al. (2017); 
Panwar et al. (2022) 

Agrihorticulture 29.61 64.34 – Zahnoor et al. (2021); 
Panwar et al. (2022) 

Silvopastoral 44.59 47.63 – Panwar et al. (2022) 

Ladakh Agrisilviculture 11.57– 
32.61 

11.78– 
58.07 

– Namgial, (2018); 
Panwar et al. (2022) 

Agrihortisilviculture 13.58 11.71 – Namgial, (2018) 

Agrihorticulture 11.56– 
29.61 

10.65– 
64.34 

– Namgial, (2018); 
Panwar et al. (2022) 

Silvopastoral 13.21– 
44.59 

11.34– 
47.63 

– Namgial, (2018); 
Panwar et al. (2022) 

Hortisilvopastoral 15.44 11.63 – Namgial, (2018) 

Himachal 
Pradesh 

Agrisilviculture 8.44–52.95 9.37– 
51.19 

35.11– 
87.99 

Singh et al. (2015); 
Bammanahalli, (2016); 
Gupta et al. (2017); 
Singh et al. (2019); 
Panwar et al. (2022) 

Agrihorticulture 8.64–51.65 17.05– 
55.64 

36.58– 
96.67 

Singh et al. (2015); 
Bammanahalli, (2016); 
Gupta et al. (2017); 
Rajput et al. (2017); 
Singh et al. (2019); 
Panwar et al. (2022) 

Agrisilvihorticulture 11.17– 
44.08 

19.80– 
56.70 

49.97– 
100.78 

Bammanahalli, (2016); 
Gupta et al. (2017) 

Agrihortisilviculture 12.10– 
46.65 

12.40– 
54.06 

32.12– 
100.71 

Bammanahalli, (2016); 
Gupta et al. (2017); 
Singh et al. (2019) 

Silvopastoral 15.34– 
71.61 

17.96– 
53.12 

46.13– 
109.93 

Gupta et al. (2017); 
Rajput et al. (2017); 
Singh et al. (2019) 

Pastoralsilviculture 1.19–4.94 20.18– 
32.62 

29.72– 
38.32 

Bammanahalli, (2016) 

Uttarakhand Agrisilviculture 7.00–38.84 10.35– 
15.50 

18.39– 
25.17 

Newaj et al. (2016); 
Bhattacharjya et al. 
(2017); Kumar et al. 
(2021a, b); Panwar 
et al. (2022) 

Silvopasture 42.34– 
51.14 

40.69– 
49.75 

– Kumar et al. (2021a, b); 
Panwar et al. (2022) 

Agrihorticulture 21.93– 
44.14 

35.78– 
64.34 

79.92 Yadav et al. (2017); 
Vikrant et al. (2018); 
Adhikari et al. (2019); 
Rathore et al. (2020); 
Panwar et al. (2022)
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20.5 Socio-Economic Impact of Agroforestry Systems 

The combined measure of the social and economic position with respect to others in 
the society represents the socio-economic condition of the society. It is having 
general influence on the resource accessibility, societal livelihood pattern, food 
security etc. (Roy et al., 2013) and greatly influences the farm-based enterprises by 
affecting the organization, management, production and marketing of the enterprise. 
The understanding of socio-economic factors holds great importance in farming 
systems and helps in formulating the policies for the well-being of the society as 
ignorance of socio-economic aspects results in the suffering of the various develop-
mental programs (Sood et al., 2008). Agroforestry and socio-economic consider-
ations act as two phases of the same coin as improved socio-economy affects the 
integration of trees on the farm land on one hand, while, adoption of the agroforestry 
helps in improvement of the socio-economy of the farming families. Agroforestry is 
having vast potential for the improvement of the society as can be realized through 
its benefits to the vulnerable sections mainly marginal and small farmers, women and 
children (Murthy et al., 2016). Throughout the country various studies confirm the 
positive impact of the agroforestry land use on farmer socio-economic in terms of 
women welfare, upliftment of the marginal sections, food security, improved finan-
cial resilience, reduced crop failure, regular employment and income, increased land 
productivity, annual and periodic economic benefits from multiple outputs. Gener-
ation of more than 5.76 million mandays per year from agroforestry if implemented 
on an area of 75,500 ha in Indian Himalayan region shows the employment potential 
of this sustainable land use in the region and as an option for rural development in the 
challenging terrains of the Himalayas (Arunachalam et al., 2020). Agroforestry in 
the Himalayan region plays an important role owing to the topographical factors 
which on interacting with different socio-economic parameters get modified in 
various location-specific systems. Although much of the research has been carried 
out on the identification, productivity, carbon sequestration potential, yet there is 
dearth of research work highlighting the impact of adoption these systems on the 
socio-economic condition of the farmers. This poses constraint in framing the 
suitable policies for the betterment of the farming community but on the other 
hand offers a scope that can be addressed in the future research projects. 

20.6 Challenges Associated with Farming Communities 
in North-Western Himalayas 

India has become the most populous country surpassing China, and agriculture is the 
important sector providing employment to about half of the population; however, the 
share of agriculture towards GDP has declined since independence to about 17.8% 
(Sharma and Raina, 2021). Western Himalayan region is generally characterized by 
the variations in topography, edaphic factors, climate and land use practices. Being



hilly and mountainous terrain, the ecosystems in the north western Himalayan region 
are fragile with respect to topography, geological hazards, land degradation, land use 
and land cover, biodiversity etc. (Saha and Kumar, 2019). Several anthropogenic 
activities including deforestation, indiscriminate and over utilization of resources, 
faulty agricultural practices etc. along with challenging and unstable terrain has 
resulted in soil erosion, depletion of land resources, lower productivity etc. Keeping 
in mind the vulnerability of the bio-physical characteristics of Himalayan region 
necessary actions are required in order to maintain the sustainability of the ecosys-
tem. Sustainable land use practices as well as their management can help in acting as 
sink to the carbon along with providing livelihood opportunities to the rural popu-
lation and help in reducing the vulnerability of the natural resources towards 
changing climatic conditions. Agroforestry can help in the stabilization of the fragile 
landscapes through the addition of litter, binding of soil by extensive root network 
thereby preventing the soil erosion, provision of multiple products improving the 
socio-economic conditions, preventing the pressure on natural resources such as 
forests, pastures etc. Although agroforestry seems the most suitable land use facil-
itating the fulfilment of the needs in a conservative way but the limited land resource 
seems hindering its true potential. The average land holding size in the western 
Himalayan region has declined for all the categories and has come down to about 
1 ha on an average. The condition is even worse by the continuous fragmentation of 
this limited asset making farming non-viable from food as well as income point of 
view. Land fragmentation is one of the major causes for the reduced agricultural 
productivity in the Himalayan region (Shukla et al., 2018). As hill farming is mainly 
done manually and is dependent on draught animal, the land fragmentation leads to 
increase of input costs involved in agriculture thus turning the asset into liability. 
Farmers having limited land area have less scope of incorporating trees on the 
farmland as over agricultural component. But, diversified farming can help getting 
better benefits along with natural security towards total crop failure. In addition to 
the fragility of the ecosystems in the north western Himalayas, presence of cold 
desert region also make the region susceptible to vagaries of climate and livelihood 
more difficult. Cold desert in the western Himalayas exists in Leh and Kargil districts 
of Ladakh, Lahul & Spiti as well as some pockets of Chamba district and some areas 
in Janvi valley of Uttarkashi district (Tewari and Kapoor, 2013). Herbaceous plants 
of annual and perennial nature along with few bushes dominate the vegetation of the 
cold desert region which is generally xerophytic or mesophytic in nature. The area 
under cultivation in the cold desert region is very less which is generally flatter 
portion of valleys, but, with increase in population people are cultivating sloppy area 
also which has resulted in ecosystem degradation. Integrated land use as well as 
management techniques are necessary for the ecological restoration of the area 
which includes management of pastures, plantations, livestock component in har-
monic association. Agroforestry seems the answer to all the problems concerned 
which along with the fulfilment of the basic need of the agricultural crop helps in the 
provision of the fodder, fuelwood, fruit, fibre, timber etc.
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20.7 Future Perspective

• Strengthening of the research and extension activities towards the land use 
systems having better potential from ecological as well as economical point of 
view such as horticulture-based and pasture-based systems.

• Development of the fodder tree-based systems for checking the fodder scarcity, 
enhancing carbon stock potential of the land use and facilitating the rearing of the 
livestock.

• Holistic approach towards the estimation of biological productivity and carbon 
sequestration potential of location specific agroforestry systems so that degraded 
and wastelands can be reclaimed with the system having high production 
potentials.

• Tree breeding techniques for the exploitation of the quality planting material for 
mass propagation, distribution of planting material to the farmers and the socio-
economic development of the society.

• Tree-based farming systems should be popularized among farmers residing in 
fragile areas based on suitable models developed and tested regarding their 
feasibility in terms of checking natural hazards as well as act as a source of 
livelihood.

• As choice of tree components for incorporation in farming systems is limited in 
cold desert region and generally includes Salix spp. and Populus spp. So, research 
needs to be focused on the genetic improvement of the species and development 
of superior clones having better productivity and adoptability by the people. 
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Chapter 21 
Assessment of Impact of Land Uses on Soil 
Carbon Stock and Quality 

I. A. Jimoh and J. Aliyu 

Abstract Deforestation due to urbanization depletes soil quality and increases 
greenhouse gas emission into the atmosphere leading to climate change. Hence, 
agroforestry in terms of plantation is an appropriate system for mitigating atmo-
spheric gasses and increasing soil quality. Forest ecology is estimated to store about 
70% of above and below organic carbon. This study aimed to assess the impact of 
land uses on soil carbon stock and quality in an ecosystem. Among all the land uses, 
natural forest have high porosity, exchangeable bases, organic carbon, total nitrogen, 
carbon stock, micronutrients, and soil quality than other land uses. Mixed plantation 
was reported to have low bulk density than other monoculture plantation, such as 
teak, gmelina, eucalyptus, and acacia and were attributed to high quantity of litter 
falls under mixed plantation as compared to low litter fall under monoculture 
plantation sites. Mixed plantations were significantly higher in organic carbon, litter 
fall, and exchangeable bases and soil quality than soils under monoculture planta-
tions. Soil under teak, eucalyptus, and acacia were characterized with low moisture 
content, high bulk density, low organic carbon, and potassium content. The low 
organic carbon in teak was attributed to the high rate of mineralization of litter. Teak 
was reported to have higher litter fall and faster rate litter decomposition than 
eucalyptus, thus contributing higher nitrogen and phosphorus to soil. Teak contrib-
utes higher extractable Fe and Cu relative to other forest trees. Gmelina was reported 
to contribute higher organic carbon to soil than teak, while acacia have the lower 
nitrogen than other tree species. Higher bulk density and low nutrient reserve, which 
result to poor quality predominates under elephant grass and farmland, were ascribed 
to continuous disturbance leading to low organic carbon in the land uses. Sustainable 
land use management is required to increase soil carbon stock and quality for 
sustainability. 
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21.1 Introduction 

Soil organic carbon content and sequestration is influenced by the nature and type of 
land use of an area (Albaladejo et al. 2013). Vegetation influences soil properties 
through addition, removal, transformation, and redistribution of matter through a 
series of processes, which brings about biocycling of mineral elements and a change 
in the environment (Shukla 2009). The decomposition of leaf litter releases humic 
and fulvic acids, which play an important role in biocycling of metals and transfor-
mation of clay minerals in the soil system (Samndi 2012). Changes in land use and 
management of agroecosystems have the potential to release a considerable amount 
of soil organic carbon (SOC) stored in the soil or lead to increased carbon seques-
tration, thereby reducing atmospheric carbon dioxide (CO2) concentration (Lal 
2005); making the soil a source or sink for greenhouse gasses. Soil organic carbon 
(SOC) is sensitive to changes in land use and a change from natural or semi-natural 
forested ecosystems to other land uses, often leads to significant changes in SOC 
stock (Wilson et al. 2008). The conversion of forest land use to permanent farmland 
due to urbanization can reduce carbon stock by an average of 20% over a period 
leading to climate change (Powers et al. 2011). Carbon sequestration refers to the 
removal of carbon from the atmosphere through photosynthesis, dissolution, and 
storage in the soil as organic matter (OM) or secondary carbonates (Lal 2005). 
Through this process, carbon storage in soil is enhanced and its loss minimized, 
thereby reducing the chance of global warming by the reduction of atmospheric 
concentration of CO2. There are five carbon pools; these include: oceanic pool which 
is the largest; followed by geologic, pedologic (soil), biotic, and atmospheric pool 
(Lal 2005). Among all these pools, the pedological pool is the pool that can easily be 
used to sequester carbon through recommended management practices (Lal 2005). 
Soil organic carbon is one of the major determinants and indicators of soil fertility, 
quality, and productivity in an ecosystem (Reeves 1997). 

Soil quality is the ability of a soil to function within ecosystem boundaries in 
order to sustain biological productivity (plant and animal), maintain environmental 
quality (air and water), and support/promote plant and animal health. As a result, soil 
quality has a significant impact on health and productivity of a specific ecosystem as 
well as the environment that surrounds it (Doran and Parkin 1994). Bouma and 
Mc-Bratney (2013) listed soil functions to include biomass production, climate 
regulation, heritage, hydrologic storage, and pollution control. Land use changes 
have direct relationship with soil organic carbon, soil carbon sequestration, and soil 
quality. Severe depletion of vegetal cover degrades the soil organic carbon pool, soil 
quality, reduces biomass productivity, adversely impacts water quality, and also 
increases climate change severity (Lal 2005). The protection of soil quality under 
intensive land use system and fast economic development is becoming a major



challenge for sustainable resource use in many developing countries of the world 
(Karlen et al. 1997). 
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To adequately maintained soil quality, basic assessment of soil health/quality is 
necessary to evaluate the degradation status and changing trends resulting from 
different land use and land cover (Odunze et al. 2017). Nigeria is currently under-
going a wide range of changes in its land use because of human activities (anthro-
pogenic); bush burning, shifting cultivation, fuelwood harvesting, urbanization, 
industrial, and infrastructural development (Odunze 2017). Forest land use types 
influence carbon fluxes in an ecosystem through litter quality, biomass deposition, 
and turnover rates. Forest reserves were gazetted for the purpose of biodiversity 
conservation in Nigeria. These forest reserves were established for the purpose of 
increasing productivity, conserving biodiversity, and arresting desertification in 
northern savannahs of Nigeria (Nwadialor 2001). Anthropogenic factors such as 
continuous cultivation, bush burning, deforestation, and urbanization have been 
militating against realization of this objective. Forests, grasslands, and shrublands 
have been reported to be high in soil carbon due to high litter input and controlled 
soil temperature. With increase in man’s activities, such as land conversion, soil 
carbon has significantly reduced; this was attributable to low litter deposition, high 
mineralization rates due to exposure to surface temperature, and intensive erosion 
(Cao et al. 2013). Studies investigating the effect of land use land cover change on 
soil carbon in Afaka forest show that thick forest decrease from 4.1% in 1986 to 
3.8% in 2018, while light forest and built up generally increases from 11.8% and 
4.8% from 1986 to 22.0% and 15.9% in 2018, respectively. The decrease in thick 
forest and increase in light forest and built up were clear evidence of forest degra-
dation due to anthropogenic and natural factors. 

Further, information on the effects of land use on soil quality and carbon 
sequestration are limited. For sustainable forest management and to keep up to 
date with changes in the forest reserve, there is need to compile land use effects on 
soil quality and carbon stock as it impacts the ecosystem. By accelerating the 
breakdown of organic matter, decreasing replenishment through litter input, and 
accelerating soil erosion, deforestation depletes soil organic matter and soil nutrient 
stores, leading to soil deterioration (Odunze 2015). Degradation throws the equilib-
rium off, which causes harm to the soil, water, and flora. Food security will be 
threatened since such degraded soils won’t be able to sustain the growth of plants 
that can absorb CO2 to slow down climate change (global warming). There is a need 
for intensive review of the relationship between forest land uses and soil quality for 
appropriate recommendations to be made for sustainable forest management. This 
will reduce the rate of soil and forest degradation and the amount of carbon released 
into the atmosphere to address climate change. This study intends to fill the gap in 
knowledge as a measure for a sustainably managed soil under forest condition. The 
ability of soil to sustain ecosystem services and to operate better and be maintained is 
largely dependent on increasing and preserving soil (Soil Carbon Initiative 2011). 
This can be accomplished by using carbon-sequestering agricultural land manage-
ment techniques (Minasny et al. 2012; Odunze et al. 2017). There is need to 
understand which land use will sequester carbon and enhanced soil quality for



sustainable development; hence, carbon stock accretion under some forest trees was 
reviewed. This will aid policy decisions on tree species to be used for afforestation 
and reforestation programs. 
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21.2 Effects of Forest Land Use on Soil Physical Properties 

The addition of organic materials through litter fall and remains of vegetal materials 
into the soil control processes in the soil system. Vegetation cover favors the 
maintenance of good soil structure regardless of texture. Plant root systems and 
organic matter accumulation exert fundamental control over the creation and stabi-
lization of soil structure (Russell, 1971 in Samndi 2012). Vegetation cover helps to 
reduce the rate of runoff, favor infiltration, as well as help in binding particles 
together, thus supporting soil aggregation (Lawal et al. 2009). 

21.2.1 Effects of Forest Land Use on Particle Size 
Distribution 

The most stable physical property of soil is soil texture, which also influences other 
soil properties like soil structure, consistency, moisture regime, infiltration rate, 
runoff rate, erodibility, workability, permeability, root penetrability, and soil fertility 
(Landon 1991). Soil texture has previously been described as a nearly permanent 
property of the soils that rarely changes with land use, vegetation, age and manage-
ment, or conservation (Ahukaemere et al. 2016). According to an investigation of 
effect of forest trees on particle size distribution conducted by Mohd et al. (2018), it 
is indicated that soils under teak, eucalyptus, and acacia had the same sandy loam 
texture while soils under mixed plantation had clay loam texture. Studies by 
Egbuchua and Bosah (2011) observed that soils under teak plantation in four 
different locations were loam sand in texture. Ahukaemere et al. (2016) noted similar 
loamy sand texture of soils under 7- and 23-year-old vegetation. Kadeba and 
Adeuayi (1985) in their study of soils in Nimbia forest reported no evidence of 
textural changes because of afforestation with pine. Contrarily, Samndi and Jibrin 
(2012) observed a change of texture from very gravelly clay loam under younger 
teak plantation to gravelly clay texture under older Teck plantation and attributed it 
to soil aging under older plantations. Jaiyeoba (1995) observed a significant coars-
ening of texture under eucalyptus and mango plantation compared to a natural 
vegetation. Bargali et al. (1993) in their study on the effect of replacing natural 
vegetation with eucalyptus species reported a decrease in the proportion of fine soil 
particles especially at the early stage of eucalyptus development which was attrib-
uted to the open canopy of eucalyptus which favors erosive influence of water 
penetrating faster than natural forest with closed canopy. Generally, the influence



of vegetation on texture is most evident within the profile; that is, between the 
surface and subsoils. Soils under plantation are dominated by high infiltration than 
runoff when compared to farmland or open land use. This supports argilluviation as 
water moves downward into the profile and thus easily influences soil texture, 
impacting clayey texture in the subsoils relative to surface soils (Samndi and Jibrin 
2012). Jimoh (2021) in study observed that eucalyptus and mixed plantation were 
significantly higher in sand content than soils under teak, natural forest, and gmelina 
plantation and sand amount decreases with soil depth. 
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21.2.2 Effects of Forest Land Use on Bulk Density 

Bulk density (BD) is an important factor that determines soil quality and ecosystem 
functions (Munishi 2012). Variation in land uses had been reported to influence soil 
bulk density. Mongia and Bandyopadhyay (1994) observed that replacing virgin 
forest in Andaman with plantation species like Pine dalbergiodes, Tectona grandis, 
and Eucalyptus guineensis plantations led to rapid deterioration in soil physical 
characteristic particularly bulk density of soil surface increased to a range of 1.28 to 
1.49 M/g3 compared to bulk density of 1.05 M/g3 in the virgin forest. Mohd et al. 
(2018) also noted that bulk density of soils under mixed plantation were significantly 
lower BD (1.29 M/g3 ) compared to the soils under teak (1.37 M/g3 ), eucalyptus 
(1.50 M/g3 ), and acacia plantation (1.42 M/g3 ). The mixed plantation was charac-
terized with low bulk density and was ascribed to the soil’s high organic carbon 
content which raises the soil’s overall quality. The high BD values in monocultural 
plantation was attributed to low amount of litter falls, that adds less amount of 
organic carbon into the soil system. Odunze et al. (2019) also observed a signifi-
cantly high BD on cultivated land than forested soils in northern Nigeria. Similar 
research conducted by Are et al. (2018) also observed significantly higher BD under 
elephant grass and cultivated land than soils under secondary forest and Leucaena 
plantation in southwestern Nigeria. Higher BD was attributed to higher silt content in 
cultivated areas which causes crusting/surface sealing, trampling of livestock during 
grazing, continuous cultivation, and intensive mechanization that have resulted in 
the higher bulk density (Odunze et al. 2012; Are et al. 2018). Generally, low BD 
value favors root growth and development while high BD value inhibits root 
development. 

21.2.3 Effects of Forest Land Use on Soil Porosity 

Soils of Nigeria savanna vary in porosity due to land use, soil type, and management 
practices. Bargali et al. (1993) reported soils under natural vegetation have a higher 
porosity than soils under eucalyptus because of the open canopy of eucalyptus which 
supports direct raindrop impact blocking pore space. Loss of fine soil particle under



eucalyptus was also attributed to soil compaction which leads to a reduction in 
available pore space for microbial activities and lower soil moisture retention 
capacity. Available pore space influences the rate of microbial decomposition and 
mineralization (Elliot et al., 1980 in Bargali et al. 1993). 
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21.2.4 Effects of Forest Land Use on Soil Moisture Content 

Differences in forest land use types influenced soil moisture content. Mohd et al. 
(2018) noted that soils under mixed plantation had significantly higher moisture 
content than soils under eucalyptus and teak, while soils under acacia recorded the 
least moisture content. They attributed it to high litter layer on the surface and clay 
loam texture of the soil which helps to retain moisture and protects it from evapo-
ration. Further, Srivastava (1993) estimated that the eucalyptus species had higher 
water-holding capacity than a nearby open area even after three consecutive drought 
years. Haghnazari et al. (2015) reported that the differences in soil moisture content 
was due to variation in particle size distribution, organic matter content, and soil 
type. Soils with higher organic carbon, clay content, and rainfall amount will have 
high moisture content. Imadojemu et al. (2018) observed that high moisture contents 
in soils of Ekpoma, southern Nigeria attributed it to higher organic carbon due to 
dense vegetation of the ecology. 

21.3 Effects of Forest Land Use on Soil Chemical Properties 

There are number of variables, including nutrient uptake, leachates from tree bark, 
leaves and roots, and organic acids from decomposing organic matter affect how 
land uses impact soil chemical properties. According to Kodama and Schnitzer 
(1976), decomposing litters produces water soluble chemicals that are crucial to 
the cycling of metals, weathering, and alteration of clay minerals in the soil. Humic 
and fulvic acids produced from litter decomposition are classified as naturally 
occurring poly electrolytes capable of transforming soil minerals (Samndi 2012). 
The humic acid favors humification and acid leaching. Compounds that leave the 
soil through solution are Ca, Mg, and K, and are referred as leaching losses. 

21.3.1 Effects of Forest Land Use on Soil Reaction (Soil pH) 

Soil pH is a function of the types of land use in an area because of differences in 
inherent base content of their litter (William 1979). The decomposition of litter from 
vegetation produces organic compounds which decrease soil pH in the ecosystem 
(Killham 1994). Different forest land uses release varying types of organic acid



because of their chemistry. Organic acids produced from the decomposition of forest 
litter play an important role in soil acidity. Mohd et al. (2018) observed that soils 
under mixed plantation had the lowest pH value and were significantly lower than 
soil under teak and acacia plantation because of the large litter deposited by different 
tree species when compared to the other sites. Soils under eucalyptus trees were also 
reported to be low in pH and statistically like mixed plantation. Eucalyptus is an 
invasive species which process acids to its surrounding to inhibit the survival of 
other plants species. According to Haan (1977), decrease in soil pH under eucalyptus 
was ascribed to accumulation and slow decomposition of litters that produces acids 
in the forest soil. Richard (1995) in Samndi (2006) compared soil pH under pines 
and gmelina and reported that pH decreased significantly beneath pines and 
increased significantly beneath gmelina arborea. The author further stressed that 
the increase beneath gmelina was possible probably due to gmelina having high 
affinity for extractable Ca. This confirms the report of Salifu and Meyer (1998) who 
also stated a significant positive correlation between soil Ca and pH under teak 
plantation which they attributed to ability of teak plantation to function as cation 
pump. Samndi and Jibrin (2012) noted an increase in soil pH with plantation age 
under teak. 
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Samndi and Jibrin (2012) attributed a slight increase in pH with plantation age 
under teak. They also reported a decrease in pH in the subsurface soil which was 
ascribed to reduction in organic carbon, basic elements uptake, and leaching of 
nutrients. Similarly, Lawal et al. (2014) noted higher pH in soil associated with teak 
plantation and surface soil pH were higher than subsoils pH. Offiong et al. (2009) 
asserted that variations in biomass returned to the soil, both in terms of quantity and 
quality, influence soil reactivity. Punyisa et al. (2012) also reported lower pH under 
perennial crops than annual crops in oxisols of Thailand and attributed it to higher 
organic matter content of the soils under perennial crops. Jimoh (2021) reported 
significantly higher soil pH under eucalyptus and farmland than other forest land 
use, and surface soils were higher in soil pH than subsoils and were attributed to 
higher organic carbon in surface soils. 

21.3.2 Effects of Forest Land Use on Exchangeable Bases 

Exchangeable calcium (Ca), potassium (k), magnesium (Mg), and sodium 
(Na) constitute the exchangeable bases. According to Ohta (1990), exchangeable 
K and Mg are intensively used by soil microorganism and plantations for growth and 
development. These nutrients are then gradually released into the soil as the trees 
mature, thus increasing these exchangeable cations in the soil. Okoro et al. (2000) 
noted that the content of Ca varied with plantation species and decrease with depth, 
while Mg did differ with both plantation species and soil depth. These nutrient 
concentrations also varied with plantation age as observed by Braise et al. (1995) 
who stated that exchangeable Ca and Mg concentrations decrease linearly with 
plantation age. Tan (1980) in Samndi (2006) observed that humic and fulvic acids



from organic matter decomposition are capable of mobilizing dissolve K from 
potassium feldspar, biotite, and muscovite. Mohd et al. (2018) also ascribed 
exchangeable potassium variation with plantation type. They reported that soils 
under mixed plantation were significantly higher in potassium than soils under 
eucalyptus, teak, and acacia. Similarly, Okoro et al. (2000) studied soil properties 
under 28-year-old plantations of teak, Terminalia, Nauclea, gmelina, and natural 
forest in southern Nigeria and opined that natural forest recorded the highest 
exchangeable Ca, Mg, and Na, while soil under Nauclea diderrichii recorded the 
highest K content indicating species preference for K. Adeboye et al. (2011) in their 
research observed that soils under plantations (teak, gmelina, and Cashew) had 
significantly higher exchangeable bases (Ca, Mg, and K) compared to arable soils. 
Similarly, Odunze et al. (2019) noted significantly higher (Ca, Mg, and K) under 
forested soils than cultivated land. Higher amounts of nutrients in forested soils were 
ascribed to less leaching losses and recycling of nutrients by plantation deep roots to 
the surface. Bush burning of litter under plantations was attributed to causing liming 
effect of ashes which increases the exchangeable bases under the vegetation 
(Nounamo et al. 2002). 
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21.3.3 Effects of Forest Land Use on Cation Exchange 
Capacity 

The ability of soil to bind, hold, and exchange cations against leaching is determined 
by the cation exchange capacity (CEC), which is affected by the type of land use 
(Olorunfemi et al. 2016). Forested land use differs in the amount of litter and organic 
matter supply. Soil organic carbon and clay are the two major determinants of soil 
CEC (Raji 2011). Punyisa et al. (2012) observed significant higher CEC values in 
perennial crops over annual crops in Thai Oxisols. Samndi and Jibrin (2012) 
reported that soil CEC varies with plantation ages. They submitted that soils under 
older plantations recorded lowest CEC as compared to soils under younger planta-
tions. Ashesh and Ramarkrishnan (1987) noted that low organic matter content was 
found under the older stand of tree, could be attributed to the fact that dry matter 
production in such older trees is mostly directed to the boles with very little 
allocation to the leaves. Additionally, they discovered reduced surface soil effective 
cation exchange capacity (ECEC) beneath the older plantation, which is an indica-
tion of older trees’ utilize higher cations. Similar findings were made by Braise et al. 
(1995), who found that the effective cation exchange capacity (ECEC) of the forest 
floor of boreal species in northwest Quebec declined linearly with stand age. Lawal 
et al. (2014) also showed an increase in ECEC with soil depth, which they attributed 
to the eluviation of exchangeable bases to the subsoil in teak plantation. According 
to Ahukaemere et al. (2016), ECEC over older vegetation decreased with soil depth, 
whereas ECEC increased over younger vegetation. The ability of the older plantation 
to recycle nutrients back to the soil surface may be responsible for the observed drop



in ECEC with depth under older vegetation, while leaching under younger vegeta-
tion may be the cause of the observed increase in ECEC with depth. 
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21.3.4 Effects of Forest Land Use on Exchangeable Acidity 

The age of a tree plantation, the forms of land use, the parent material of the soil, and 
fertilizer applied all affect soil acidity (Alekseeva et al. 2011; Abe et al. 2006). Most 
of the aluminum (Al) absorbed by tea plants, which is known to be a typical 
accumulator, accumulates in the leaves. It has been suggested that soil acidification 
in tea plantations is caused by the biogeochemical cycling of Al in tea litter. 
According to Okoro et al. (2000), the exchangeable acidity of soil under Terminalia 
had the highest value exchangeable acidity while soils under teak had the least value. 
Samndi and Jibrin (2012) reported that plantation age influences exchangeable 
acidity where soils under older plantation were higher in acidity than soils under 
younger plantation. The trees spices in older plantations are characterized by high 
nitrogen usage, which depleted the soil’s exchangeable bases, was attributed for their 
higher acidity. The above observation was corroborated by the findings of Braise 
et al. (1995); they observed that exchangeable acidity increased linearly with 
plantation age. Egbuchua and Bosah (2011); Ahukaemere et al. (2016) reported 
high exchangeable acidity values in soils of humid forest than those reported by 
Samndi and Jibrin (2012) in soils of savanna forest. The higher acidity value in soils 
of humid forest was attributed to higher rainfall of the environment which is 
associated with high leaching effects. 

21.3.5 Effects of Forest Land Use on Base Saturation 
Percentage 

Varying tree species and plantation ages had a significant influence on soil base 
saturation percentage (BSP). Samndi and Jibrin (2012) reported that BSP was 
generally low to medium in soils of northern guinea savanna, and soils under 
younger plantations had higher BSP values than soils under older plantations. 
Further, they also noted a decrease in BSP with soil depth reflecting organic carbon 
distribution. This contradicts the findings of Ahukaemere et al. (2016) who observed 
that older plantation had higher BSP than the younger plantation and attributed it 
higher organic carbon. Lawal et al. (2014) also reported high BSP under teak 
plantation in the southern guinea savanna zone as compared to values reported by 
Samndi and Jibrin (2012) in northern guinea savanna.
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21.3.6 Effects of Forest Land Use on Soil Organic Carbon 

The amount of organic material contributed to the soil by various land uses influ-
ences the qualities of the soil. The organic materials are characterized by a different 
chemical composition which in turn influences the soil processes and characteristics 
differently. Samndi (2006) noted that organic carbon content in soils varies with 
vegetation or tree types. They observed that organic carbon under pine with grass 
was between 15% and 19% lower under pine only. Okoro et al. (2000) also reported 
natural vegetation had higher soil organic carbon than soils under Terminalia, 
Nauclea, and gmelina with teak recording the least amount, which they attributed 
to the slower rate of mineralization of litter fall under teak. They also reported that 
organic carbon was significantly different with soil depth over the entire plantation. 
Similarly, Alekseeva et al. (2011) observed higher organic carbon on soils under tea 
plantation relative to natural vegetation and a significant decrease in SOC with depth 
under the two land uses in eastern China. Similarly, Rezaei et al. (2012) observed 
same in their study in soils under tea plantations in Iran. Ahukaemere et al. (2016) 
noted that soils under 23 years vegetation had higher organic carbon contents than 
soils under 7 years plantation, which was attributed to higher litter accumulations 
and lesser rate of mineralization. Mohd et al. (2018) corroborated the contribution of 
varying tree species to different rates of soil carbon. They observed that soils under 
mixed plantation had significantly higher organic carbon than soils under teak, 
eucalyptus, and acacia trees and attributed it to massive amounts of litter falling 
into the ground, decomposition, and mineralization of these litters to organic carbon 
in the soil. A study conducted by Singh et al. (1993) observed that teak has a higher 
yearly leaf litter fall than eucalyptus and degrade more quickly. Jimoh (2021) also 
observed high organic carbon under eucalyptus and mixed plantation than other land 
uses (mixed plantation, gmelina, teak, and cultivated land), and surface soils were 
higher in carbon than subsoils in savanna region of Nigeria. Studies on variation in 
soil carbon content in relation to land uses are show in Fig. 21.1. 

21.3.7 Effects of Forest Land Use on Soil Total Nitrogen 

Forest land use types and ages have different effects on soil quality and character-
istics through exudate release, plant component decomposition, and rooting activi-
ties (Quideau et al. 2001). The quantity of organic matter and the rate of 
decomposition affect how much nitrogen is present in the soil at any given time. 
According to Mohd et al. (2018), organic matter is the main source of nitrogen in 
forest stands. They also noted a significant positive association between organic 
matter and total nitrogen, which highlights how significant organic matter is as a 
source of nitrogen. The humus layers of the forest floor and the surface horizon 
contain most of the total nitrogen in forest soils. Nitrogen mineralization in soils 
differs with land use and leaf quality. Species with high foliar concentrations of



nitrogen and recycling of accumulated nutrient contribute to higher soil nitrogen 
content (Richard, 1995 in Samndi 2006). Other possible reasons for higher N content 
under trees are large nitrogen uptake by roots from the soil and thus concentrating it 
below the trees through litter falls as hypothesized by Browaldh (1995). Okoro et al. 
(2000) in their study on effects of monoculture plantation on soil of the tropic 
observed that natural forest had significantly higher total nitrogen while teak 
recorded the least value. Punyisa et al. (2012) also reported significantly higher 
total nitrogen on perennial crops than annual crops. According to Mohd et al. (2018), 
mixed plantations had the highest levels of total nitrogen, followed by teak planta-
tions, while eucalyptus and acacia plantations had the lowest levels. Contrary to 
Prescott (1995) who observed that the mixed plantations had higher nitrogen level in 
the soil and attributed it to rapid rate of litter decomposition. Rezaei et al. (2012) 
noted that soils under natural forests have higher nitrogen contents than soils under 
tea plantations. Samndi and Jibrin (2012) and Ahukaemere et al. (2016) observed a 
reduction in total nitrogen with increase in tree age, and they attributed it to 
synergistic interaction between the trees effective nitrate absorption and an increased 
nitrogen mineralization. 
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Fig. 21.1 Variation in soil carbon content with land uses 

21.3.8 Effects of Forest Land Use on Available Phosphorus 

Forest land use influences the distribution of phosphorus, as Richard (1995) in 
Samndi (2006) reported that species with high foliar nutrient concentration and 
recycling property accumulate more nutrients beneath them, thus increasing soil 
nutrient content. The content and distribution pattern of soil phosphorus strongly



depends upon the biological activity of the soil as well as its chemical behavior in 
each condition. According to Nwoboshi (1970), 80%–90% of the teak annual 
minerals uptake is immobilized, which over time depletes the soil’s nutritional 
levels. Mohd et al. (2018) reported higher available phosphorus under the mixed 
plantation site followed by teak, while eucalyptus and acacia plantation recorded 
least value. In Venezuela and Nigeria, respectively, Marquez et al. (1993) and 
Samndi and Jibrin (2012) investigated the impact of teak chronosequence on soil 
characteristics. They observed a considerable decrease in the amount of soil phos-
phorus with plantation age. Aluko and Fagbernro (2001) noted that trees depend on 
phosphorus for biomass synthesis, and that teak immobilizes phosphorus, which 
causes teak to deplete soil available phosphorus with age plantations and may be 
responsible for their greater nutrient utilization. Rezaei et al. (2012) observed higher 
phosphorus value under forest soils than Tea plantations. Pande and Sharma (1993) 
reported that teak and sal saved more nutrients than pine and eucalyptus plantation. 
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21.3.9 Effects of Forest Land Use on Soil Carbon to Nitrogen 
Ratio (C/N) 

The soil C/N ratio is an index of soil quality and is frequently interpreted as a 
measure of the soil’s ability to mineralize nitrogen. Low soil C/N ratio will speed up 
the process of microbial decomposition of organic matter and nitrogen, which is not 
favorable for carbon sequestration. Conversely, high soil C/N ratio can slow down 
the decomposition of organic matter and organic nitrogen by restricting the activities 
of soil microbes. Lower C/N ratios are a sign of rapid organic N mineralization and 
high levels of humification (Bai et al. 2005). High soil C/N ratios may hinder 
decomposition from occurring (Aerts 1997). 

Lorenzo and Welington (2018) in their research on the impacts of eucalyptus and 
Pinus forest management on soil organic carbon in Brazilian forested savanna found 
that the C/N ratios at the forest floor and surface soil were greater in eucalyptus and 
Pinus stands than in natural forests. Increased C/N ratio, especially in tropical soils 
where biotic factors have great effect on decomposition, is frequently associated 
with decreased SOC quality and may have an impact on nitrogen cycling and fertility 
(Aerts 1997). 

21.4 Effects of Forest Land Use on Carbon Sequestration 
and Stock 

Soil carbon sequestration involves the conversion of atmospheric carbon dioxide 
into plant materials through photosynthesis, and the release of organic carbon into 
soil organic carbon pools because of their death, decay, and decomposition (Powlson



et al. 2011). When proper management practices are employed, soil organic matter 
plays a significant role in the global carbon cycle by functioning as a sink for 
atmospheric CO2 (Paustian et al. 2000). Depending on how the land is used and 
managed, higher SOC resulted from soils under natural forest, gmelina/teak planta-
tion, and managed artificial grassland at the 0–30 cm depth, with values of 9510.9, 
8987.8, and 7906.6 gC/m2 , respectively, while soils under conventionally tilled and 
continuous cropped had lower SOC stocks of 1978.5 and 2768.7 gC/m2 in 0–30 cm 
depth, respectively. Thus, a 45-year-old gmelina forest had a soil carbon storage of 
8987 gC/m2 , whereas areas of this forest that were constantly cleared and farmed for 
15 years had a carbon stock that was 75% lower (1978 gC/m2 ). Different manage-
ment practices affect SOC content if the soil and according to Johnston et al. (2009), 
the conversion of acropland to grasslands or forests tends to increase soil carbon 
stocks and vice versa. Jimoh (2021) observed that the carbon stock of soils that were 
continually farmed and conventionally tilled were 25% lower than the carbon stock 
of soils under conservation tillage. Anikwe (2010) observed that the conversion of 
forests to croplands in southeast Nigeria resulted in a 50%–75% loss of the region’s 
soil carbon pool. Land removal and ongoing agriculture have been blamed for these 
decreases in SOC, and this was corroborated by the findings of Bationo et al. (2007). 
Other factors that affect the amounts and rates of carbon sequestration include the 
climate (temperature and rainfall), soil texture, bulk density, clay mineralogy, soil 
depth, and agricultural practices. In addition, Onweremadu et al. (2011) reported 
significantly higher SOC stock under fallow soils followed by soils under pineapple 
plantation, while soils under cassava plantation recorded the least SOC stock. These 
variations have also been influenced by tillage and soil management practices (Denef 
et al. 2004). In a study conducted by Mbah and Idike (2011) on soils under natural 
forest, gmelina forest, alley crop farming, and sewage sludge dumpsite land uses in 
southern Nigeria demonstrate higher amount of carbon stored in natural forests. 
They observed that natural forests contained more soil carbon stock than alley 
cropping, sewage sludge dumps, and gmelina forests by 27%, 37%, and 62%, 
respectively. Furthermore, Odunze et al. (2019) claimed that the carbon stock in 
the Afaka forest was much higher than that of the nearby cultivated area because of 
the accumulation and decomposition of forest biomass. According to Odunze et al. 
(2017), the low carbon stock found under farmed land were caused by a rapid rate of 
organic matter mineralization brought on by agricultural operations and the high 
diurnal temperature of the savanna environment. According to Are et al. (2018), soils 
in southwest Nigeria have significantly greater soil carbon stocks under elephant 
grass, Leucaene, and guinea grass than soils under cultivated land and secondary 
forest. This was due to the annual contribution of substantial amounts of biomass to 
the soil system. Additionally, Jimoh (2021) observed that soils in mixed plantations 
had the highest carbon stock levels (1846.6 t C) while soils under gmelina plantation 
recorded the least (1080.3 t C/ha) among the six land system in northern Nigeria. 
Studies on variation in soil carbon stock in relation to land uses are shown in 
Fig. 21.2.
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21.5 Effects of Forest Land Use on Soil Micronutrients 

Macronutrients as compared to micronutrients are nutrients that plants need in 
considerably lesser amounts. According to Tisdale et al. (2003), micronutrients 
form stable complexes with soil organic matter-components and are more readily 
available to plants in their organically bound forms than in their inorganic forms in 
the pools, insoluble inorganic precipitates, and those held in primary minerals. Tree 
species vary with respect to micronutrient cycling and accumulation. Some species 
accumulate large amounts of micronutrients in their litter while other species 
accumulate very little. Gideon et al. (2016) reported that soils under Cacao plantation 
accumulate significantly higher Cu content and least amount of Fe. Contrarily to 
secondary forest where significantly higher Fe and least amount of Cu were accu-
mulated, soils under gmelina plantation accumulated significantly higher Fe than 
soils under cocoa plantation. Further, Albert (2016) reported significantly higher Mn 
concentration on soils under eucalyptus compared to soils under natural forest. The 
higher Mn recorded under eucalyptus was ascribed to the strongly acidic nature and 
reduction in soil pH under eucalyptus. The mean concentration of Zn was signifi-
cantly higher under natural forest than in eucalyptus. This confirms the reports of 
Tererai et al. (2014) who also reports the significantly higher amount of Zn in 
eucalyptus spices than soils in natural forest. In terms of Fe, soils under eucalyptus 
were higher than natural forest, though significantly similar. Similarly, the concen-
tration of copper in natural forest was higher than in eucalyptus plantation. Similarly, 
Tererai et al. (2014) reported that the soil accessible Cu was lower in the severely 
invaded site with Eucalyptus spp. compared to the uninvaded site in the Berg 
watershed in South Africa, but that the difference between them was not statistically 
significant. Geetha (2008) also reported that soils under teak had significantly higher



Fe and Cu content, while Zn and Mn were not significant when compared to soils 
under natural forest and eucalyptus. Soils under natural forests were also higher in all 
the micronutrients than eucalyptus except extractable Fe which was higher in 
eucalyptus than natural forest. Generally, all extractable micronutrients were higher 
in younger teak than older teak. Replanted plantations were reported to have poorer 
micronutrient availability than coppiced eucalyptus plantations. Age-related 
declines in Zn and Mn availability were seen in eucalyptus plantings (Sangha and 
Jalota 2005). Under eucalyptus and teak plantations, Jimoh (2021) found a strong 
and adverse association between organic carbon and extractable iron which 
according to Stevenson (1991) attributed it to complexation with soil organic carbon, 
especially when the metal–organic complex has a low solubility. 
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21.6 Effects of Forestland Use on Soil Quality 

Understanding the functionality of soil under various land uses and management 
approaches regarding aggrading, maintaining, or degrading soil is largely dependent 
on soil quality (Karlen et al. 2003). The measurement of the soil quality is crucial in 
developing an early warning system for negative effects from changing the kind of 
land use since soil quality differs with different land uses. In a study conducted by 
Demessie et al. (2011) on Ethiopia’s natural forest, coniferous forest, and eucalyptus 
plantation, they observed a significantly difference regarding soil quality index 
(SQIs). They noted that low SQIs under eucalyptus were due to rapid growth, 
capacity to absorb nutrients from the soil quickly, frequent harvesting and transpor-
tation of woods from the eucalyptus plantation. They also observed that Coniferous 
species were harvested during a longer rotation cycle, which may have allowed for a 
relative increase in soil quality through nutrient recycling via root absorption from 
the subsurface and by litter fall and the decomposition on the soil’s surface. 
Demessie et al. (2011) observed that the quality of soil under undisturbed forest 
and those under longer rotation were significantly higher than those under previously 
cultivated land. Odunze et al. (2019) showed that the best quality soils were found 
under forest-covered lower slope terrain (SQ1), followed by farmed middle slope 
and forest land use type (SQ2). The quality of cultivated upper slope soils for use in 
crop production was ranked least (SQ6), primarily because of higher bulk density 
that could cause soil compaction and lower organic carbon as a result of continuous 
cultivation. Cultivated lower slope and cultivated land use types soils were ranked 
SQ5 and SQ6, respectively.
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21.7 Conclusion 

Forest land use influences soil properties through innumerable processes, which 
brings about biocycling of mineral elements within the soil. Loss of fine soil particles 
occurred more under eucalyptus was also attributed to soil compaction which leads 
to a reduction in soil quality. Higher BD predominates under elephant grass and 
cultivates land than soils under secondary forest and Leucaena plantation. Similarly, 
soils under natural vegetation have a higher porosity than soils under eucalyptus 
because of the open canopy of eucalyptus which supports direct raindrop impact 
blocking pore space. Soils under mixed plantation had the lowest pH value and were 
significantly lower than teak and acacia plantation because of the large litter when 
compared to the other sites. Also soils under mixed plantation had higher organic 
carbon than soils under teak, eucalyptus, and acacia trees. Low total nitrogen while 
teak forest was due to rapid decomposition of its litter while mixed plantation had the 
highest amount. High nitrogen in mixed plantation was due to higher plant litter 
production. Soils under natural forest, has the highest SOC stock than gmelina/teak 
plantation and managed artificial grassland. Soil under eucalyptus had the highest 
concentration of micronutrient relative to other forest land use types. 
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Chapter 22 
Litter Fall Decomposition and Its Effects 
on Nutrient Accretion to Soil Under 
Agroforestry Systems 

Sudip Sarkar and Trisha Sinha 

Abstract Litter fall is an essential component of the nutrient cycle in agroforestry 
systems, which is directly relevant to nutrient accretion and restoration, soil organic 
matter buildup, biodiversity stability, and other ecological functions. In agroforestry, 
the production of litter fall and the rate of its decomposition are key determining 
variables for soil nutrient accumulation. Litter deposition plays a key role in the 
interaction between plants and soil because it aids in incorporating nutrients and 
carbon from plants into the soil. According to the morphological characteristics of 
the vegetation, such as tree size, species variety, and density, litter generation pro-
vides essential information about the performance of the soil system and is related to 
soil nutrient dynamics. Therefore, for sustainable soil management, a better under-
standing of the crucial processes in the nutrient cycle is essential. This chapter 
discussed the role of plant litter in agroforestry systems with the aim of evaluating 
the significance of plant litter in agroforestry systems for soil nutrient availability. 
Then, the major factors that affect tree litter production and decomposition were 
recognized. Further, the potential of plant litter to enhance the accumulation of soil 
nutrients in agroforestry systems is discussed. 

Keywords Agroforestry · Litter fall · Nutrient cycle · Decomposition 

22.1 Introduction 

Litter fall plays a vital role for nutrient retrieve in soil system. Agroforestry system is 
well known for its large litter fall producing capability. Tree leaves can comprise up 
to 80% of surface litter fall in agroforestry systems, remaining includes of young 
twigs and stems (Kotowska et al. 2016). The loss of litter mass through decompo-
sition is the total of carbon dioxide (CO2) emission and release of plant nutrients.
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Litter decomposition goes through many processes, particularly heterotrophic use of 
organic compounds in litter. Surface water leaching and the actions of soil living 
organisms not directly responsible for CO2 emission to the atmosphere, although 
they accelerate litter decaying. The CO2 released throughout the process of microbial 
decomposition can up to 25% of total soil surface CO2 release also called as soil 
respiration. In agroforestry system, soil nitrogen (N), phosphorus (P), and calcium 
(Ca) produced from tree litter fall through decomposition are available for uptake of 
crops. This chapter summarizes the role of litter fall in nutrient accretion process in 
agroforestry systems.
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22.2 Litter 

In the ecological perspective, the term “litter” has two different meanings: (i) the 
layer of plant materials available on surface soil and (ii) residues (leaves, twigs, 
stems, etc.) separated from a plant. A layer of litter is different from the mineral layer 
as the former comprises of dead plant materials. It is hard to identify the accurate 
starting point of litter decomposition that is separated from a living plant 
(Cornelissen et al. 2017). A dead stem of a tree may have led to partial decaying 
before it falls on the soil. Similarly, sometimes whole tree may die and decompose 
entirely before it falls to ground. A significant amount of litter that falls on the forest 
floor has a major impact on the dynamics of the forest ecosystem (Chandra and 
Bhardwaj 2015). 

22.3 Decomposition of Litter 

The role of litter fall decomposition is very important in the nutrient balance of an 
agroforestry system, where vegetation is highly subjected by plant nutrient recycling 
from plant litter fall (Nonghuloo et al. 2020). The decomposition of litter fall goes 
through breakdown of organic matter (OM) and released as CO2 in the atmosphere 
via. Faunal respiration. Plant nutrients pass through physical, chemical, and biolog-
ical pathways during the formation of complex compounds to simple forms. The rate 
of litter fall decomposition is crucial to buildup of carbon and nutrient stocks in any 
ecosystem. Slow decomposition promotes higher accumulation of OM and nutrients 
in soil, while a high rate of decomposition accelerates the uptake of plant nutrients, 
as the availability of nutrients is increased. Climatic factors, including precipitation, 
temperature, and seasonal changes, may affect the presence of soil organisms those 
considerably influence decomposition rate. The type of litter directly affects the 
presence and actions of soil living organisms throughout the decomposition process 
(Wagg et al. 2014). Litter decomposition has direct impact on soil health which is 
critical for plant nutrient availability, as listed in Table 22.1.
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Table 22.1 Direct effect of litter decomposition on soil health 

Effect Mechanism 

Reduction in excess tempera-
ture of soil 

Litter capture light which decreases soil temperature (Udawatta 
et al. 2021). 

Reduction in evapotranspira-
tion from the soil 

Forms a blockade to moisture diffusion and reduce temperature 
(Liu et al. 2015). 

Reduce water requirement Litter fall hold a significant portion of precipitation (Zagyvai-
Kiss et al. 2019). 

Increase of CO2 in soil Litter fall increase microbial decomposition, which adds more 
CO2 in soil (Hsieh et al. 2016). 

22.4 Major Factors Affecting Litter Fall Decomposition 

The process of litter fall decomposition comprises of two concurrent steps: first, the 
mineralization as well as humification of organic compounds through the activities 
of soil microbes, and second, the carbon and nitrogen of organic compounds are 
slowly mineralized (Yan et al. 2018). These processes largely depend on factors such 
as moisture, temperature, contents of litter fall, and soil living organisms (García-
Palacios et al. 2016). The physio-chemical status of ecosystem, litter fall content, and 
microbial population are the three major factors leading litter fall decomposition 
(Yue et al. 2018). Temperature is regarded as one of the most vital factors influenc-
ing all the biological processes involving the litter fall degradation. Thus, the rate of 
litter fall decomposition can effect by a slight chance of temperature. It is well known 
that the rise of soil microbial actions is parallel with temperature increase up to a 
certain limit in a specific environment. Along with climate, the role of chemical 
composition of litter fall in decomposition was reported by some studies. The freshly 
detached litters from plants are a readily accessible content for soil living fauna. The 
quality of litter fall has direct influence on the decomposition, as decomposition rate 
usually decreases during the decaying process due to the elimination of readily 
available carbon and the accumulated nutrients. According to Liu et al. (2010), 
different forms of leaf litter have influence on the rate of decomposition and soil-
dwelling microorganisms. The major factors that effect on litter decomposition are 
drawn in Fig. 22.1. 

22.5 Role of Trees and Litter Quality 

In the agroforestry system, plant parts fall on the ground as organic deposits called 
litter, which makes a major share of OM in the soils (Bargali et al. 2018). Litter fall 
comprises several groups of organic compounds. Among these organic compound 
groups, there are four most important soluble classes present in litter: sugars, 
glycerides, phenolics, and hydrocarbons. The soluble sugars are hard to metabolize, 
which include mostly mono and oligosaccharides. The composition of these organic



compounds depends on their origin of plant species as well as part (leaf, bark, and 
stem). The quality of litter fall is determined by the presence of nutrients and cell 
wall contents that affect the degradation rate and nutrient release. The primary 
nutrients consider for evaluating quality of liter are nitrogen, phosphorous, and 
potassium. Lignin, cellulose, and hemicelluloses are major constituents of cell wall 
influence decaying of litter. Lignin constitutes for around 20%–45% of the total litter 
production, but can exceeds 60% or below 5% depending on type and growth stage 
of plants in the system (Le Floch et al. 2015). Lignins are more flexible molecules 
than cellulose and their structure varies with the kind of plants. Deciduous plants 
have irregular shares of guaiacyl and syringyl lignin, whereas conifers species 
commonly have guaiacyl lignin. Cellulose and hemicellulose are two other impor-
tant carbohydrates present in litter in terms of amount. Celluloses are polymers of 
sugars comprising about 10%–50% of the total litter volume which largely differ and 
depends on litter origin. Hemicelluloses quantities also vary in litter to litter related 
to plant species (Schäfer et al. 2019). Variations in the litter properties, such as leaf 
hardiness, lignin, cellulose, nitrogen contents, and the C/N ratio, are the main causes 
of differences in decaying rate. Out of all these characters, lignin and nitrogen 
concentration of litter fall are the most considerable factors responsible for decom-
position. Along with the quantity of nitrogen and lignin, the lignin/nitrogen ration is 
another important deciding factor of decaying rate. The low C/N ratio and high 
lignin contents slower the decaying rate, whereas high nitrogen, phosphorous, and 
potassium concentration accelerates decomposition. Through the evaluation of the 
relationship between litter volume and decomposition, litter characters can be used 
to predict the decomposition rate of specific plant species and can be helpful in 
developing biogeochemical models. The degradation of coniferous tree leaves are 
slower than deciduous tree leaves, as the later have broad leaves rich in phosphorus 
and potassium, more cellulose and less lignin presence. The decaying of Simaroubha 
litter fall was quicker over Litchi or Kadamb litter fall; furthermore, leaf litter 
fall disappeared much faster than branches or twigs (Sarkar and Das 2020). Litter 
fall under agroforestry canopy is generally softer and vanishes faster over litter fall
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Fig. 22.1 Major factors influence litter decomposition



exposed to sun. This is mainly due to the environment developed under agroforestry 
canopy, which is highly suitable for the activities of decomposers. The seasonal 
variations of litter fall decomposition of same species in a specific location were 
reported (Strickland et al. 2015). Climatic differences can be a foremost factor 
effecting litter fall degradation on a large regional scale. The contents of nutrients 
greatly differ from species to species (Zukswert and Prescott 2017). The litter fall of 
Simaroubha has more contents of N (1.6%) over the leaf litter of Litchi (0.7%). 
Therefore, the type of plants present in agroforestry systems has direct link with the 
nutrient accretion of litter fall (Sarkar and Das 2020).
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22.6 Role of Soil Flora and Fauna 

The number and proportion of soil flora and fauna are recognized to have direct 
effect on the litter breakdown at different stages of degradation. Microbial degrada-
tion of detached plant parts on the agroforestry floor has important influence on soil 
carbon as well as energy pathway in the environment. Some species of microbes are 
foremost decomposer resulting nutrient release in soil. Species diversity of soil fungi 
is lower over the bacteria in agroforestry system, because of fast bacterial growth and 
multiplication. In 1 g of soil, the number of bacterial species can be thousands, while 
the total number of species is higher than four million (Lu et al. 2017). Fungi are the 
principal decomposer with 80% higher potentiality to vanish plant debris compared 
to other microbes (Pausch et al. 2016). Although, fungal activities vary from season 
to season. In addition to fungi, bacteria also contribute significantly to the mineral-
ization of organic matter and make up roughly 27% of the soil’s total microbial 
biomass (Van Leeuwen et al. 2017). Litter degradation by bacteria and fungi is 
generally faster at nutrient-rich environment and could react negatively in response 
to stress conditions. The multiplication of microbes can be stunt by moisture 
scarcity. The rise of temperature makes the role of soil moisture more crucial to 
retain higher microbial activities. Thus, the litter decaying increases with rising of 
temperature as well as moisture. Microbial activities, especially fungi, on the plant 
litter, may start before detached from plants, but the actual decomposition initiates 
only after the litter reaches the ground. Their actions in relation to litter are greatly 
influenced by the features of the litter, the kind of soil, and variations in these 
properties over the period of time. Litter decaying is further affected by the amount 
and nutrient content of the litter input, which mainly depends on species of the 
plants. Apart from these microbes, soil biota are also contents of invertebrates. 
Arthropods stay alive in the litter mass and surface soil, acting as a vital role in the 
ecosystems by helping plant residue decomposition and mineralization of nutrients. 
Soil faunal actions mostly assist to acclimatize the litter and stimulate microbial 
activities. The labile parts of litter may be taken by soil microorganisms, hence it is 
susceptible to fast degradation. The structural labile compounds, such as cellulose 
has goes through fast split by enzymes into sugars, which further readily taken by 
microorganisms. Though other structural compounds, such as lignin is too huge to



pass via cell membranes, thus stay unaffected to cellular enzymes because of their 
rough chemical structure and complex formation. Earthworms have huge ability to 
decompose litter fall, which may be two to three times quicker over soil living small 
invertebrates (Ulyshen 2016). 
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22.7 Decomposition Processes of Polymers in Litter 

22.7.1 Cellulose 

Cellulose is structured in a crystal form in the plant fiber, making it hard to 
breakdown by microbes. Cellulose is degraded by microbes using cellular enzymes. 
At first, it is decomposed to oligomers or monomers of glucose, which further 
involved into the microbial metabolization. Several soil organisms have capability 
of decomposing the more amorphous type of cellulose. The wood decaying fungi 
and white-rot basidiomycete have been used to deteriorate lignocellulosic materials 
(Miyauchi et al. 2020). The enzymes responsible for degradation are different in 
nature as well as have specific characteristics. The glucanases have ability to degrade 
crystal like cellulose. Cellobiose dehydrogenase is present in a range of fungi and 
plays role in lignin and cellulose decomposition. The bacterial decomposition of 
cellulose is generally hydrolytic, though the process is different from fungal decom-
position. In case of bacteria, decomposition takes place by a group of cellulolytic 
enzymes through collective mechanism. The foremost bacterial species those are 
able of use cellulose are Bacillus, Clostridium, Achromobacter, Cytophaga, Pseu-
domonas, Cellulomonas, Cellvibrio, and Sporocytophaga (Mazzoli et al. 2018; 
Chukwuma et al. 2021). The process use by actinomycetes to degrade the cellulose 
is similar to fungi and they can decompose the crystal-like form of cellulose, 
although many bacterial species have the capability to decompose the 
lignocelluloses-like complex compounds. The presence of cellulose can act like a 
best stimulator; however, glucose suppresses the cellulose production. 

22.7.2 Hemicelluloses 

The total assimilation of hemicelluloses ranges from 25% to 30% in wood (Ulyshen 
2016). There are huge structural differences between the hemicelluloses present in 
litters of softwood and hardwood. The hemicelluloses are comprised of both linear 
and branched heteropolymers. Decomposition of hemicelluloses also needs supple-
mentary complex enzyme systems for cellulose hydrolysis. The decaying of these 
molecules needs the collective actions of different hydrolytic enzymes. Important 
bacteria responsible in the use of hemicellulose are Achromobacter, Pseudomonas, 
Bacillus, Vibrio, Streptomyces, and Lactobacillus (Chukwuma et al. 2021).
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22.7.3 Lignin 

The decomposition of lignin differs among the three main groups of decomposers, 
that is, white, soft, and brown-rot fungi. So far, most of the different enzymatic 
processes of lignin decomposition are not well defined, except white-rot fungi 
(Kuuskeri et al. 2016). White-rot fungi can completely mineralize lignin to CO2 

and water, resulting in the faster decomposition of lignin by lignocellulosic complex. 
On the other hand, brown-rot fungi generally degrade the cellulose and hemicellu-
loses compositions in wood, but have the ability to generate lignin decomposition. 
The soft-rot fungi unable to degrade lignin, but they soften wood through break 
down of the cell wall. 

22.8 The Effect of Soil Nutrient on Litter 
Decomposition Rate 

It has been extensively accepted that the influence of soil nutrients status to the litter 
degradation and majority of the findings of soil nutrient accessibility related to litter 
degradation are indirectly studied, such as litter fall generally immobilizes nutrients 
at the time of initial decomposition process, signifying that fresh litter comprises 
inadequate amount of nutrients required for the growth, and development of 
microbes responsible for decomposition (Zhou et al. 2015). Soil nutrient restricting 
litter degradation suggested that the rate of litter decomposition is positively linked 
with its nutrient presence. In comparison to crop land, agroforestry system has faster 
decomposition rate, resulting in easy accumulation of nutrients (particularly nitrogen 
and phosphorous) in initial stages of decomposition. Litter fall decay rate in bare 
land is slow mainly due to nutrient poor soil with high C/N ratio (Werner and 
Homeier 2015). The observation by Zhou et al. (2015) recommended that the loss of 
tree residue and nutrients release were more from agroforestry system over farmland 
when considering on several litter fall features and decomposition rate at several 
sites in southern China. Though, nutrient pattern do limit degradation in some forest 
systems suggested by findings that have mainly evaluated nutrient limitation directly 
by analyzing the results of degrading litter to increase nutrient release. The applica-
tion of fertilizer can enhance litter decomposition or shows no influence on the 
decomposition rate or even reduces decomposition (Tongkaemkaew et al. 2018). 
The application of nitrogen may stimulate the degradation of lignin by accelerating 
the production of ligninolytic enzymes. Nitrogen use is more effective when lignin 
holds a large part of the litter, but, in general, agroforestry system litter predomi-
nantly comprised of leaves, twigs, and young stems which contain more labile 
fractions of litter. In general, an increase of nutrient supply reduces amounts of 
immobilized nitrogen and phosphorous, while increase their release from litter fall. 
To understand the influence of nutrient addition through litter degradation on carbon 
emission is crucial, which also helps for a better understanding of the local carbon



cycle. It is not necessary that addition of nutrients will enhance fast litter decay rate; 
indeed, it can increase the release of nutrients. Therefore, the litter production in an 
ecosystem is positively correlated with nutrient supply and the sustainability of 
nutrient cycles. Recent findings suggested that there is significant influence of 
nutrient use efficiency of forest by the leaf seasonal litter fall dynamics. 
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22.9 Litter Nutrient Release Influenced by Soil Nutrient 

The content of nitrogen, phosphorus, and mineralization of soil nutrients were linked 
with nutrient discharge of litter, though, the magnitude of quality is hard to predict, 
as the nutrients concentration in different ageing leaves varies, nutrient leaching, and 
plant species diversity (Del Giudice and Lindo 2017). The availability of nutrients in 
the soil, especially inadequate amounts of nitrogen and phosphorus has an impact on 
the production of agroforestry litter. There is evidence that nitrogen mineralization 
and litter decomposition are unrelated, despite the fact that nitrogen mineralization 
was influenced by litter deterioration (Zhang et al. 2010). The net nitrogen miner-
alization is considerably linked with the tree litter fall deterioration, as nitrogen 
mineralization may influence the litter composition or decomposer population at the 
period of decomposition. Nitrogen fertilization inspired more degradation of the low 
lignin content litters over the high lignin content litters. Nitrogen addition through 
human activities may raise litter decaying process more in agroforestry systems with 
low-lignin litter over those with high-lignin litter. The chemical properties of upper 
soil are influenced by the nitrogen and phosphorous release pattern. The role of 
fertilization in litter nutrient release is stronger over its influence in degradation. 
Hence, the supply of soil nutrients has direct influence on the quality of litter. 
Though, the influence of the anthropogenic soil nutrient addition to litter decay 
process may stimulate differently in different decomposer groups. A healthy soil 
may generate faster litter decomposition process over a degraded soil. The quantity 
of litter input and its direct association with the soil has more impact of humus 
production over only litter quantity. 

22.10 Litter Decomposition and Nutrient Cycling 

In terrestrial ecosystems, organic matter degradation in soil is a vital process of plant 
nutrient cycling. The soil nutrients of the litter fall are uptake by plants, continuing 
nutrient cycling and providing nutrients to the ecosystem. The total quantity and 
composition of litter fall materials, as well as the chemical and physical condition of 
the surrounding environment, are the main factors that control how organic matter is 
transformed. The type and numbers of decomposers in the soil have influence on the 
decomposition rate and nutrient flows of litter fall. The microbial community, their 
respiration rate, and specific soil chemical properties indicate the conversion



progress that takes place in agroforestry litters. In addition, abiotic factors and 
human actions affect the activities of soil microbial enzymes. The nutrients released 
in the period of litter degradation can be as high as 85% of the total requirement for 
trees (Zeng et al. 2018). The litter degradation is directly linked with microbial 
actions that modify the chemical components of litter and control the dynamics of 
carbon as well as nitrogenin soil. Microorganisms’ activities on plant biomass alter 
the chemical composition of soil organic matter and have an impact on nutrient 
immobilization. Figure 22.2 illustrates the role of litter degradation plays in 
recycling of nutrients under agroforestry system. 
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Fig. 22.2 Nutrient cycling in agroforestry system 

22.10.1 Carbon Cycle 

Microbial biomass consists of less than 3% of the total organic carbon in soils 
(Zhang et al. 2020). The rate of decomposition of humus in an agroforestry system 
is low compared to an agricultural land. Carbon compounds can be broke down by 
the enzymes of microorganisms depending on the composition of litter. The decom-
position of leaf litter in agroforestry soils results in large amounts of dissolved 
organic carbon complexes. Leaching is a major factor in the total carbon losses. 
Under tree cover less carbon is lost by soil erosion. This suggested that the devel-
opment of agroforestry systems may slow down decomposition and increase carbon



storage. Deforestation can increase the amount of carbon and nitrogen in the soil for 
a very short period of time, due to the quick absorption of smaller plant parts into the 
soil facilitating release of the carbon and nutrients in the soil. Table 22.2 presents a 
list of studies on the impact of tree litter fall on nutrient dynamics in an agroforestry 
system. 
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22.10.2 Nitrogen Cycle 

The litter sourced nitrogen consumed by microbes is further mobilized. The miner-
alized nitrogen is back to soil and uptake by plants when microbes die. Only around 
1%–2% of the organic nitrogen present in soil is mineralized throughout the process 
(Salmon et al. 2018). Nitrogen is directly related with the soil organic matter that 
comprises around 5% of the total nitrogen in soil (Clivot et al. 2017). This organic 
nitrogen is unable to uptake by plants; therefore, the microbes decompose the 
organic litter into minor parts through the release of ammonium. The organic 
nitrogen mineralization in forest covered soils is a regular process and is usually 
assisted by microbial actions due to the lesser presence of organic nitrogen. Thus, 
soil nitrogen has limitations to consider as a main nitrogen fraction. Amino acids, 
polyphenols, and other nitrogenous compounds are broken down into smaller 
particles with a lesser surface area accessible for enzyme activities, which is one 
of the main limitations in the decomposition of organic nitrogenous compounds. In 
addition, the physical absorption of humus by clay particles decreases the active 
classes of the humus proteins those are inaccessible to microbial proteases. Also, the 
majority of the soil organic matter located in the soil pores is too small to be 
obtainable for microorganisms and the arrangement of humic substances are so 
irregular that there is lesser chance to meet the particular bonds by exact enzymes 
(Tripathi et al. 2010). 

22.10.3 Phosphorous 

Phosphorus is second most regulating nutrient after nitrogen. The concentration of 
phosphorous in litter rises throughout the decomposition process. Though, initially 
the concentration is reduced because of leaching. Litter fall degradation delivers very 
low amount of orthophosphate to the plants. Organic acids produced by microbial 
decomposition of plant litter fall may assemble locally to increase concentrations 
that can ultimately raise the availability of phosphates to plants. The mineralization 
of organic phosphorus is an important phenomenon of phosphorous retrieval 
(Bünemann 2015).
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22.10.4 Potassium 

The potassium that comes from plant litter generally not accumulates in surface 
horizons. Though, the quality and quantity of litter decompose may influence its 
availability to plants over the effect of the left over organic matter on the cation 
exchange capability of the soil. Potassium and magnesium are vital nutrients for 
larger vegetation including crops and trees, though, they hardly negatively affect 
microbial activities and are rapidly released from decompose litter. The existence of 
tree roots in agroforestry system on the ground reduce leaching losses of plant 
nutrients through the direct uptake of nutrients. Microorganisms positively affect 
the nutrient cycling efficiency and other mechanisms in ecosystem. Among the soil 
living microbes, fungi and bacteria have comparatively higher contribution in the 
release of nutrients including potassium (Rawat et al. 2016). The microbial popula-
tion, their respiratory activities, metabolic activities, and soil composites determine 
the transformation of forest litters under particular soils. 

22.11 Carbon/Nitrogen Ratio of the Plant Litter and Its 
Decomposition 

The decomposition of leaf litter can be estimated from the carbon/nitrogen (C/N) 
ratio. Leaves contain high nutrients are usually decomposed faster than leaves poor 
in nutrients. The decomposition rate of litter is higher in plants with low C/N ratios 
and lignin contents. The C/N ratio and nitrogen concentration are very strongly 
linked with litter decomposition. It is also regarded that the C/P ratio and phospho-
rous concentration are good forecasters of litter degradation rates (Chen et al. 2016). 
In addition, the lignin content and the lignin/N ratios in litter are also fair indicators 
of litter decaying rate and nutrient discharge. Although, all these indicators and their 
influences on litter decomposition and nutrient release contingent with soil proper-
ties and plant species. 

22.12 Biological Nitrogen Fixation 

Leguminous trees under agroforestry systems improve soil by adding nitrogen 
through biological fixation. Trees, for example, Acacia species have been found to 
have ability to fix annually 250 kg of nitrogen per hectare. This nitrogen helps 
symbiotically to the crop growth as well as improves the fertility status of soil. The 
quantity of nitrogen supplied by the legumes trees uptake up by the first crop is found 
pretty less and major share is remain in the soil signifying advantage of long-term 
supply of nitrogen over short-term. Various tree parts such as, leaf, branch, wood, 
and bark have diverse decay rates which support to allocate the nutrient release over



Common name Botanical name Family

time. Some of the major nitrogen fixing tree species are listed in Table 22.3. 
Biologically, fixation of nitrogen may occur through either symbiotic or 
nonsymbiotic mechanisms. The symbiotic fixation of nitrogen takes place by the 
association of nitrogen fixing microbes and tree roots. There are several legume 
species involved in symbiosis with rhizobium bacteria, though the association of 
nonleguminous bacteria species like actinomycetes are also important. 
Nonsymbiotic nitrogen fixation is influenced by free-living soil microbes and 
plays a considerable aspect in agroforestry ecosystems, which have comparatively 
lower chance to get nitrogen from outside systems (Soumare et al. 2020). Some of 
the important nitrogen fixing trees suitable for agroforestry are listed in Table 22.3. 
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Table 22.3 Important nitrogen fixing tree species 

Nitrogen fixed (kg N/ha/ 
year) 

Whistling pine, Shea Casurina equisetifolia Casuarinaceae 60–110 

Black wattle Acacia mearnsii Mimosoideae 200 

Coral tree, Poro Erythrina 
poeppigiana 

Pipil[onaceae 60 

Wild tamarind, 
Subabul 

Leucaena 
leucocephala 

Mimosoideae 100–500 

Ice cream bean, Inga Inga jincicuil Mimosoideae 34–50 

Maxican lalic Gliricidia sepium Fabaceae 13 

Indian alder Alnusnepalensis Betulaceae – 

Source: Misra (2011) 

22.13 Summary 

The accretion of plant nutrient release through litter fall decomposition is important 
for the sustainability of ecosystems, as it is one of the main ways to recover nutrients. 
The nutrient accretion and degradation rate of litter are in equilibrium with the 
nutrient absorption in an ecosystem, which differ based on the kind of ecosystems. 
The discharge of plant nutrients via litter fall degradation is a very complex process 
that includes several biotic and abiotic factors. Though, there is limited information 
regarding the role of different factors on litter decay and nutrient release in agrofor-
estry systems. Moreover, it is hard to identify the correct rate of litter decomposition, 
since it is subjective to a number of totally dissimilar factors. There is yet to develop 
a method to evaluate the rate of litter fall decomposition that includes all the factors. 
This will also help to define the nutrient release pattern of litter fall in a specific 
agroforestry system. Besides, it is important to understand litter fall decomposition 
and nutrient release pattern in the perspective of rising human impacts on biochem-
ical cycles. This chapter discusses on a range of factors that influence the litter 
decomposition and nutrient release patterns with respect to agroforestry system. It



extends our understanding on degradation as well as nutrient release of litter fall 
under in agroforestry system based on the past studies. 
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Chapter 23 
Agroforestry: A Key Technique 
for Achieving the Sustainable Development 
Goals 

Sumanta Bhattacharya 

Abstract Climate change is the most important issue of the twenty-first century, 
and it’s being discussed in every country. The growth of heat waves, changes in 
rainfall patterns, the rise of sea levels, desertification, land degradation, drought and 
floods have all been caused by climate change. Agriculture accounts for 30% of the 
total greenhouse gas emissions in the world today. As a result of climate change, 
food shortages and water shortages will become more common. The food problem is 
a direct result of deforestation and the overuse of natural resources. Agroforestry has 
emerged as a key component in addressing both the food issue and climate change in 
the modern world. In the tropical regions of Brazil, Kenya and Indonesia, farmers are 
paid to grow trees as part of agroforestry programmes. Farming based on agrofor-
estry can provide food security while simultaneously providing a healthy diet. 
Practicing agroforestry will help recharge groundwater, avoid soil erosion and 
degradation and lessen the impact of natural disasters. It will reduce poverty, provide 
food security, produce money and empower tribal communities and rural 
populations. There is a growing demand for Ayurvedic medicine in India as the 
country attempts to enhance its forest cover from 23% to 33% through the use of 
kitchen gardens and agroforestry. This would help the country’s commerce industry. 
Given its location, India’s agricultural potential is greatly enhanced by agroforestry. 
With the majority of its population concentrated in rural areas, India is predomi-
nantly an agrarian society, and modern technology plays a crucial role in ensuring 
food security. In contrast, agroforestry can fill in the gaps where modern technology 
has not yet reached the agriculture sector. Ecological balance and proper biodiversity 
can also be achieved through agroforestry. There are around 300 million rural 
Indians who are completely reliant on forests and other natural resources for their 
food, clothing and shelter, and agroforestry cultivation in Jharkhand has given tribal 
communities the power to self-sufficiency. Rural inhabitants in the Indian subcon-
tinent will benefit greatly from community-based farming with agroforestry, which 
will help reduce rural–urban migration and improve the socioeconomic and food 
security of the people in rural areas and sustainable use of Land. 
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23.1 Introduction 

Agriculture is the earth’s most destructive activity and has had the worst effects on 
the ecosystem. Deforestation for agriculture was the initial cause of environmental 
degradation, and as population grew and there was a greater need for food, we began 
to employ various chemicals to hasten the production of food. The green revolution, 
which concentrated on growing wheat and rice and benefited just a select states, 
including Punjab, Haryana and Uttar Pradesh because of their superior irrigation 
systems and land quality, is an example of this following the Independent. India 
depends on the monsoons for agriculture since it produces crops that need a lot of 
water. Our lack of high-quality seeds and excessive use of chemical fertilisers render 
the land unsuited for further development. Seventy per cent of the water is required 
for irrigation. We barely have any ground water left due to deforestation since trees 
could naturally recharge ground water, but this is no longer viable as a result of 
deforestation. The process of climate change and environmental deterioration has 
caused significant issues for the rural and tribal community. In tribal areas, 
depending on the location, Jhum cultivation is practised, which involves growing 
multiple crops simultaneously in the same field. However, climate change has made 
this impossible to continue with. Prolonged droughts and floods are adding to the 
problem as changing rainfall patterns and water logging ruin the quality of the land. 
Increased food security is accompanied with India’s biggest water catastrophe. In 
order to increase food production, the government of India has implemented new 
laws and programmes such as soil health cards, technologies for reporting temper-
ature and rainfall, the use of drones in the agriculture sector and new machineries and 
cultivation methods. However, the lack of land reforms since independence and the 
unequal distribution of resources, which have worsened poverty in the area and a 
spike in farmer suicide, are the where technology can be used, yet farmers still use 
traditional farming techniques because of the country’s rapid development. There are 
small- and medium-sized farms; farmers have extremely small holdings. In fact, 
agriculture is responsible for 30% of the increase in greenhouse gases and is also to 
blame for increasing river pollution since its waste water, which contains significant 
amounts of chemical fertilisers, directly enters rivers and affects the marine life there. 
The globe is returning to the traditional kind of agriculture known as agroforestry, 
which is environmentally sustainable, may address the dual issues of a food and 
water shortage and can also increase biodiversity. When agroforestry was used 
earlier, issues like climate change and environmental damage did not exist. Rising 
of the food crisis across the world has been presented in Fig. 23.1.
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Fig. 23.1 Rising food crisis across the world (Source: Food security Information Network) 

23.2 Agroforestry 

We need a climate-smart agriculture system that will combat climate change, save 
the environment, particularly the forest, fisheries and cropland (World Bank 2021). 
Currently, 75% of the world’s population lives in rural areas and depends on 
agriculture and the forest for their livelihood, which has led to widespread defores-
tation and resource exploitation. By 2050, our food production needs to expand by 
70% in order to keep up with the population growth. In order to implement a smart 
agriculture system, productivity must be increased, carbon emissions must be 
reduced and drought, pests and disease vulnerability must be lessened (World 
Bank 2021). Agroforestry can be defined as growing trees along with the crops 
which will promote soil health, plant nutrient, crop productivity, tackle climate 
change, maintain ecological balance and provide animal feed and reduce the use 
of water for cultivation (Vi Agroforestry n.d.). Agroforestry boosts soil fertility, 
moisture content and biodiversity, enabling diversified food production and higher 
yields. With the help of the trees, which also reduce carbon dioxide, agroforestry 
boosts output while reducing the effects of climate change. The trees give the soil 
moisture as well as shade, food for the animals, compost and other benefits. A tree 
used in agroforestry produces more water than it uses. Recreating a natural environ-
ment is made easier by agroforestry. Larger harvests, a more favourable environment 
and enhanced resistance to the effects of climate change are the outcomes. Agrofor-
estry contribution towards sustainability has been presented in Fig. 23.2.
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Fig. 23.2 Agroforestry contribution towards sustainability 

Especially in the East African region, small farmers are suffering due to climate 
change, where Vi Agroforestry is providing them with emission profit, contributing 
to reduce carbon emission. Trees are suffering as firewood and kept throughout the 
year, different kinds of crops and fruits are grown parallelly and certain trees also 
have medicinal leaves. Agroforestry can also resolve the problem of water crisis 
through natural recharge of ground water and prevent soil erosion and natural 
disasters as trees can control cyclones and floods. Eliminating poverty and increas-
ing the economic activities, trees will provide timber and building materials, reduce 
pollution from the atmosphere and provide purify air. The whole process is based on 
Sustainable Land management, with land taken away for development purpose, 
Agroforestry does the twin work for land management and growing crops, rooftop 
farming and vertical farming are a product of food insecurity and land management 
and rise in climate change. South Africa was the first region to start with 
Agroforestry. 

Across the world today, agroforestry has become an important component of 
cultivating crops, with the change in demand and supply and rapid deforestation, 
agroforestry is a hope to maintain ecosystem and establish sustainable agriculture 
practice and sustainable rural development. In India, there is a National Agroforestry



policy (World Agroforestry 2014). In India, agroforestry is currently implemented 
on 13.5 million hectares, although there is much more potential. Already, about half 
of the country’s fuel wood and approximately 65% of its timber originate from trees 
cultivated on farms (Fig. 23.3). It is providing employment to a number of people in 
the rural region, till now 450 new people have got jobs for the production of Timber. 
300 million people depend on forest for their living in rural region. 
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Fig. 23.3 Degraded land across the world (Source: Bonn Challenge) 

Agroforestry and sustainable management practices. 
Agroforestry can improve the conditions of the tribal community whose land has 

been taken away for mining and development purpose. Tribal community have been 
practising agroforestry since ages, there are highly depend on trees for their nutrition 
and food security where Jhum cultivation is also a kind of agroforestry. Kitchen 
garden/nutrient gardens mostly practised by rural women are a part of agroforestry. 
Nutrition literacy is an important part of agroforestry. Agroforestry can lead to 
nutrition security. 

Agroforestry is an important component of sustainable management practises 
since it involves integrating trees, crops and livestock in a way that is advantageous 
to all three. This is what makes agroforestry so significant. To build environmentally 
friendly landscapes, one must draw inspiration from the most successful aspects of 
agricultural and forestry practises.
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A great range of plant and animal life can be found within agroforestry systems, 
and it is important to preserve this diversity. The practise of planting trees in 
agriculturally managed ecosystems is known as agroforestry. This is done with the 
intention of preserving biodiversity. 

Agroforestry systems use trees because they mitigate the effects of wind and 
water, reduce the amount of runoff and maintain the soil’s moisture level, all of 
which contribute to the preservation and improvement of the soil. They contribute to 
the fertility of the soil in a variety of additional ways, including the fixation of 
nitrogen, the cycling of nutrients and the deposition of organic matter. 

Through the process of photosynthesis, trees grown in agroforestry systems 
absorb carbon dioxide from the atmosphere, thereby mitigating the consequences 
of climate change. The capture of carbon through agroforestry has the potential to be 
an effective strategy for offsetting the emissions of greenhouse gases produced in 
other places. 

Techniques used in agroforestry are beneficial for water management because 
they reduce the amount of water that is lost to evaporation, increase the amount of 
water that is replenishing the ground and control the rate at which water runoff 
occurs. Tree canopies act as natural shields, mitigating the effects of heavy precip-
itation and protecting water quality by preventing soil erosion. This is accomplished 
by lowering the amount of sunlight that is able to pass through. 

Agroforestry provides economic benefits and resilience by allowing farmers to 
make money from a larger variety of sources, such as the growing of food crops, 
lumber, fruits, nuts and medicinal plants. This broadens the farmers’ earning poten-
tial and increases their financial security. This diversification enhances resistance to 
the volatility of both the climate and the economy. 

Improved food security, nutrition and nutritional diversity are all outcomes of 
agroforestry systems’ commitment to growing a wide range of crops, particularly 
heirloom varieties, as their primary focus. They provide an alternative to monocul-
ture that is a way of farming that is more robust and sustainable. 

A higher standard of living, increased income and reduced costs of living are all 
possible outcomes for rural communities who use agroforestry practises. The 
utilisation of trees can enhance the economic stability of farmers because trees 
give a variety of products that can be marketed and bought and sold. 

The establishment of an agroforestry system can provide a number of positive 
environmental effects, including the production of shade and windbreaks, as well as 
the regulation of local microclimates. Both crop plants and cattle stand to benefit 
from these services, which in turn increase the overall productivity and health of the 
agro-ecosystem. 

A sustainable land-use practise known as agroforestry is one that, in addition to 
boosting agricultural production and improving local ecosystems, also helps to 
fortify communities. As a result, it is a beneficial instrument for ecologically 
conscious management as it contributes to striking a balance between agricultural 
production and environmental protection. 

The practise of agroforestry, often known as the ‘win-win’ strategy, is a type of 
land management that enables for several uses to be carried out on the same parcel of



land. Agriculture has the potential to profit from this land use by generating food and 
fuel, safeguarding the environment and biodiversity, adapting to or minimising the 
effects of climate change and conserving the environment. Even though it may 
appear that implementing this method would call for a significant adjustment to 
the management philosophy that is now in place, all that is actually required to make 
it a reality is an increase in the number of trees that are present within the field, either 
on their own or as part of a certain structural arrangement. The practise of agrofor-
estry, often known as the ‘win-win’ strategy, is a type of land management that 
enables for several uses to be carried out on the same parcel of land. Agriculture has 
the potential to profit from this land use by generating food and fuel, safeguarding 
the environment and biodiversity, adapting to or minimising the effects of climate 
change and conserving the environment. It may sound like a system that would 
require a significant adjustment to the way management is carried out, but all that is 
required to put it into action is the planting of additional trees in the field. These trees 
can be planted on their own or as part of a structure such as a shelter belt or buffer 
strip. One illustration of this would be a shelter belt, often known as a buffer strip. 
Agroforestry is a form of agriculture that is becoming increasingly common in 
developing countries, particularly in drier and more arid locations. If the predictions 
about climate change turn out to be accurate, then British farmers will need to make 
modifications to their practises in order to keep up with the projected temperature 
shifts and, at the same time, reduce the environmental damage that their practises 
may cause. Agroforestry may provide an alternative management strategy for 
agricultural businesses, which would be beneficial in terms of satisfying their 
objectives of lowering their impact on the environment and increasing their potential 
output (Stiles 2017). 
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23.3 Agroforestry Role in Water Management 

By enhancing local water cycles, agroforestry can give farms more control over and 
access to freshwater. Both the local and global water cycles depend heavily on trees. 
Through incorporating, it is possible to address water needs and enhance food 
production systems by planting trees on agricultural land without having a harmful 
effect on downstream or nearby water users. Climate change and irresponsible land 
use have consequences. 

Agriculture and industry are becoming more of a worldwide problem and a lot of 
individuals lack access to both food and water insecurity. Around the world, 
agriculture makes about 70% of freshwater is a factor numerous additional environ-
mental difficulties and consequently, one of the most crucial aspects of modern water 
and environmental problems (Agroforestry network 2020). 

Smallholder farmers are already prevalent throughout much of the world 
witnessing variations in the patterns of rainfall. This decreased capacity to forecast 
precipitation and accessibility to both farm productivity and public health are 
impacted by water.
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Climate change requires action to guarantee that everyone has access to sustain-
able water and sanitation services alteration adaption. Agroforestry provides 
methods that contribute to greater water security, as well as climate change adapta-
tion and mitigation. Improved fallows, an agroforestry technique, are one instance. 
Trees have the capacity to increase soil moisture and enrich the soil where they are 
planted in rotation with cultivated crops while reducing climate change through 
carbon in the soils sequestration (Agroforestry network 2020). 

By increasing infiltration, decreasing runoff and erosion and boosting water 
availability and quality, agroforestry is an essential component of effective water 
management. 

By decreasing the effects of wind and water, agroforestry systems aid in soil 
erosion control. Rainfall is absorbed by the tree canopy, slowing the rate at which 
water runs off the land. Soil erosion is reduced and aggregate development is 
encouraged because tree roots bind and stabilise the soil. Sedimentation in water 
bodies can be avoided and aquatic ecosystems can continue to thrive with the help of 
erosion control measures like these. 

Trees in agroforestry systems improve water infiltration into the soil and increase 
water retention. By breaking up the soil and forming channels, a tree’s roots can 
increase groundwater recharge while decreasing runoff from the surface. Water 
penetration rates and storage capacity can be greatly improved by incorporating 
deep-rooted trees into agroforestry systems, such as some agroforestry alley 
cropping or clavipectoral systems. 

Controlling the Flow of Water Agroforestry systems control the flow of water, 
which is especially useful during times of extreme precipitation. The canopy of trees 
acts as a sponge, soaking up and dispersing raindrops before they can cause rapid 
runoff and destructive flash floods. Agroforestry methods reduce soil erosion, shield 
vital infrastructure and encourage economical water usage because of their ability to 
control the flow of water. 

Trees in agroforestry systems have a significant impact on local climate by 
moderating wind and water circulation. They block the sun; thus, less water is lost 
through the soil’s surface and evaporation. The tree canopy also mitigates temper-
ature swings, protecting crops from damage caused by high temperatures and 
decreasing the need for supplemental irrigation. These favourable local weather 
conditions improve water utilisation efficiency and help conserve water in the larger 
context. 

Reduced runoff from agricultural land into water bodies is one way in which 
agroforestry systems can improve water quality. Agroforestry systems have tree 
buffer zones that operate as filters, preventing sediment, fertilisers and agrochemi-
cals from entering groundwater supplies. Trees’ root systems help absorb and store 
nutrients, lowering the likelihood that these substances would seep into nearby water 
sources and contaminate them. 

Agroforestry can be used for river and stream bank restoration, also known as 
riparian zone restoration. Restoring and stabilising riparian habitats through tree 
planting helps reduce bank erosion, lowers nutrient runoff and keeps water



temperatures down. Improved water quality, protected aquatic habitats and a thriving 
watershed are all benefits of well-maintained riparian areas. 
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Agroforestry systems with deep-rooted trees can tap into groundwater and act as a 
buffer against water scarcity by soaking up extra moisture during dry spells. Certain 
tree species are more resistant to drought because their thick roots can reach water 
resources farther underground. Therefore, during times of water scarcity, agrofor-
estry systems help keep water available for crops, livestock and other agricultural 
activities. 

With its combination of forestry and agriculture, agroforestry provides an 
all-encompassing strategy for water conservation. Agroforestry systems encourage 
efficient and sustainable use of water resources in agricultural landscapes by decreas-
ing soil erosion, increasing water infiltration and retention, controlling water flow, 
bettering water quality and adding to water availability. 

23.4 Agroforestry and Food Security 

Agroforestry system also contributes to increased photosynthetic efficiency of tree 
species. Enhanced soil fertility and structure have a growing impact on crop pro-
ductivity. Less soil erosion loss and improved closed-loop nutrient- and organic-
cycle management improving the microclimate for the development of agricultural 
crops. Forest-influenced soils have been shown to produce higher agricultural yields 
compared to non-forested soils. The Taungya people of Uttar Pradesh’s Tarai region 
are known for their exceptional agricultural yields using just organic methods and no 
fertiliser. It has been observed that agro forestry in Haryana and western Uttar 
Pradesh results in grain and wood yields that are almost 20% higher than those 
obtained from conventional farming methods. The total output of fodder is greater 
when fodder grasses are cultivated with fodder trees, according to experiments done 
at IGFRI, Jhansi. Food, animal feed and fuel production all rise when Leucaena 
leucocephala is grown alongside conventional crops and forage grasses in an 
intercropping arrangement. 

Agroforestry-grown nitrogen-fixing trees have a fixing capacity of 50–100 kg N/ 
ha/year. It has been shown that a tree and farm crop production system is more 
productive in Punjab, Haryana, Uttar Pradesh, Gujarat and some areas of the 
southern states. Fuel, fodder and small timber are all claimed to be produced and 
worth far more on degraded fields than the coarse grains typically grown there. One 
of the most exciting aspects of agroforestry is the role that nitrogen-fixing trees play. 
As the leaf litter decomposes, humus is formed, nutrients are released and the soil’s 
varied qualities are enhanced; in addition, less fertiliser is required (Prasad n.d.). 

When it comes to marginal land, it is most cost-effective to grow trees and fodder 
crops (including fodder trees). Evidence gathered from Rajasthan’s hot, dry and 
semi-arid regions suggests that the state’s marginal lands are not suitable for the 
production of healthy, abundant crops. Under Haryana, planting trees like Eucalyp-
tus in agroforestry has been proven to be more profitable than pure agriculture. Other



types of trees including Prosopis, Albizia, Zizyphus and Acacia can also be grown in 
a silvopasture system. In the Tarai region of Uttar Pradesh, Populus deltoides 
doubles farm profits. 
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Bamboo-based agroforestry can enhance the productivity. It also produces a lot of 
oxygen and emits more carbon than the tropical and sub-tropical trees (Solomon 
et al. 2021), making the air clean and balance ecosystem. Practiced in Kerala in 
India, Nepal and many other developing countries, bamboo-based agriculture can 
contribute to economic development and employment. In the tropical regions, 
agroforestry is very common. 

In Kenya, only 20% of the land is suitable for growing crops due to soil erosion 
and lack of rain; due to this, farmers are adopting dryland programme to make their 
land green and grow crops through agroforestry. Crops like mango, orange, neem 
and many more are grown in the shades (Nijagi 2021). Many crops especially 
plantation crops like coffee grow under the shades of trees. Agroforestry provides 
animal feed which also contributes to the production of better quality milk. Pineap-
ple agroforestry systems (PAFS), which are prevalent in the Indian Eastern 
Himalayas and other parts of Asia and are typically grown in conjunction with 
multipurpose trees, can be a sustainable alternative to Jhum cultivation for the North 
East of India. This practise is traditionally carried out by the ethnic ‘Hmar’ tribe in 
southern Assam. In southern Assam, the ethnic ‘Hmar’ tribe has been growing 
pineapple for millennia. They currently use the native PAFS for, both for domestic 
use and to improve economic benefits. They have developed a distinctive agrofor-
estry system by applying indigenous knowledge (PID Delhi 2021). An assortment of 
commercially significant trees, including Albizia procera, Parkia timoriana and 
Aquilaria malaccensis, as well as fruit trees, including mango, papaya, guava, 
lemon and litchi and with pineapple, caters to both year-round home use and year-
round selling. The trees in the higher canopy control light, boost biomass inputs and 
broaden the range of farms, which improves soil fertility and plant nutrition. The 
farmers’ preferred native fruit trees are preserved thanks to tree-related management 
techniques. Rubber plants are being introduced by farmers in the older pineapple 
agroforestry plantations. Today, modern technology and new approaches are used in 
the agricultural sector to produce crops like through vertical farming, hydroponics, 
artificial intelligence and machine learning, whereas developing and undeveloped 
countries are more into agroforestry as digitalisation has not reached it. Agroforestry 
can protect and preserve natural resources. It is time that the agriculture sector also 
reduces its carbon emission. There is a long history of agroforestry on the Indian 
subcontinent. Raising, caring for and loving trees are deeply ingrained in the 
socioreligious fabric of the people of the subcontinent, trees are heavily integrated 
into the region’s agriculture and livestock production systems (Singh 1987). 

The kherji (Prosopis cineraria) and agricultural-crop combination in the hot, arid 
region meets needs for fodder, small timber and food, while the multi-tier tree-crop 
combinations in the homegardens of the damp lowlands suit financial and domestic 
necessities. An good example of a modern but conventional agroforestry system is 
the combination of Alnus nepalensis and Amomum subulatum found in the humid 
sub-temperate regions of Nepal, Bhutan and Sikkim state in India. Other typical



instances of widespread agroforestry methods include the purposeful growth of trees 
on field bunds, their irregular distribution in agricultural fields and the intentional 
preservation of shade trees in tea and coffee plantations. Similar to this, it is 
customary to cultivate crops for 2–3 years in newly planted orchards and woods 
before interplanting shade-tolerant plants like turmeric and ginger. 

23 Agroforestry: A Key Technique for Achieving the Sustainable Development Goals 489

The greatest number of people can benefit from agroforestry, it is good for the 
environment, and it does not require the application of modern technology. In order 
to handle the food crisis, achieve nutrition security and put an end to poverty, hunger 
and health crises, farmers need to acquire training, and traditional wisdom needs to 
be put into practise. Several Indian states, including Gujarat, Jharkhand and Maha-
rashtra, have been implementing agroforestry practises as part of their efforts to 
become more sustainable. Native American groups and tribes have practised this 
way of life for a very long time. 

A large percentage of the goals for sustainable development are significantly 
reliant on agroforestry. These goals include eliminating hunger and poverty as well 
as ensuring that everyone has access to clean drinking water and sanitary facilities. 
The Sustainable Development Goals 2, 3, 6, 13 and 15 all address issues related to 
climate change and life on land. 

23.5 Agroforestry Role in Forest Restoration and Climate 
Resilience 

Agroforestry is the outcome of agricultural practises being integrated with tree 
planting and management, and it has a substantial impact on the process of forest 
restoration as well as the climate resilience of the area. 

Reforestation is possible through the application of agroforestry practises, which 
can be applied to reforest damaged or entirely removed areas. A form of farming 
known as agroforestry involves planting trees in agricultural areas in order to 
re-establish forest cover, boost biodiversity and help ecosystems recover from 
damage. The inclusion of tree species that are native to an area is beneficial to 
agroforestry systems since it aids in the regeneration of the local flora and fauna. 

Agroforestry has the potential to be an efficient solution for projects involving 
reforestation as well as regeneration. Incorporating trees into agricultural holdings 
allows farmers to make a direct contribution to tree-planting initiatives by increasing 
the tree density and expanding the amount of land covered in forest. Due to the fact 
that it enables them to cultivate both trees and food crops at the same time, farmers 
and landowners can realise financial benefits from practising agroforestry. Because 
they are helpful in storing carbon, agroforestry systems are an important part of the 
fight against climate change. Agroforestry methods, in which trees are utilised to 
combat climate change by absorbing greenhouse gases from the air and storing their 
own carbon, are gaining in popularity. These methods may be found in more and 
more agricultural settings. The practise of agroforestry has the potential to be a more



successful method of carbon sequestration due to the fact that it combines the 
benefits that are associated with farming and forestry. 
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Fig. 23.4 Agroforestry role in forest restoration and climate resilience 

Agroforestry strengthens agricultural systems, making them more resistant to the 
effects of climate change. The presence of trees in agricultural settings protects crops 
from the sun and provides shelter from storms, which together make an agroforestry 
system more resistant to the effects of natural disasters. The tree canopy acts as a 
windbreak and casts shade on the ground below, both of which contribute to more 
moderate temperatures and humidity levels. Farmers that practise agroforestry have 
a more diverse range of income and food sources, which puts them in a better 
position to withstand the effects of shifting climates. 

Because of the method in which they are integrated into landscapes, agroforestry 
systems can be of assistance in the management of water resources. Having trees in 
the area can help with water management, as well as the prevention of erosion and 
the infiltration of water. Their root systems contribute to the reduction of runoff and 
the improvement of water retention, which is a benefit to the environment. By 
boosting groundwater levels and retaining surface water during wetter times, agro-
forestry systems can help lessen the chance of flooding and drought. 

Agroforestry systems are able to supply multiple ecological services, which in 
turn increases the resilience of the landscape (Fig. 23.4). These services include, but 
are not limited to, the protection of soil, the purification of water, the facilitation of 
pollination, the improvement of habitat for wildlife and the encouragement of 
beneficial insects. The capacity of ecosystems to function and recover after distur-
bances is improved by the practise of agroforestry, which contributes to the fortifi-
cation of ecosystems. Agroforestry is essential to the process of forest regeneration 
as well as climate resilience since it combines the benefits of farming with those of 
trees and the ecosystem services they provide. It presents a holistic perspective of the 
ecosystem and provides long-term plans for the management of land in the context 
of climate change. 

Agriculture is the main source of revenue and economic growth in rural areas of 
low-income countries. However, land pressure and climate change are detrimental to



agricultural systems in emerging countries, posing a threat to food production. While 
intensive agricultural methods have been successful in many parts of the world, their 
promotion has led to a decrease in agricultural output due to degraded soil. Negative 
feedbacks on climate, food security and on-farm income at local scale result from the 
numerous environmental implications of agricultural intensification and food pro-
duction, including negative effects on soil and biodiversity (Mbow et al. 2014). 
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23.6 Agroforestry and Environment Governance 

The two areas of study are intricately intertwined, and law plays an essential part in 
ensuring the effective use and regulation of agroforestry practises to maximise their 
potential benefits. 

The practises that are known as agroforestry are governed by a set of laws and 
regulations. In these agreements, the rights and obligations of agroforestry stake-
holders including communities, landowners and farmers are laid out in detail. 
Farmers are one type of agroforestry stakeholder. Legal requirements must be met 
for ‘sustainable land use’, ‘forest conservation’, ‘biodiversity protection’ and ‘tree 
incorporation into agricultural systems’, among other ‘green’ initiatives. 

A stable ownership structure of land is necessary for the widespread implemen-
tation of agroforestry practises. If farmers and communities are granted the right to 
own land and put it to use for agroforestry purposes, then only then can agroforestry 
be considered a lawful practise. Clear land tenure arrangements, which also encour-
age sustainable land management, encourage long-term investments in agroforestry 
by providing stability for land ownership. 

It is standard procedure to carry out what is known as an environmental impact 
assessment (EIA) before to beginning any kind of agroforestry endeavour on a 
significant scale. EIAs examine the potential environmental, social and financial 
ramifications of a project in order to guarantee that it will not have a negative impact 
on the environment, that it will be fair to the community and that it will be profitable. 

The management of agroforestry systems, which are crucial for the protection of 
forests and biodiversity, is significantly impacted by the laws that are in place. They 
are responsible for the establishment of reserve zones, the establishment of rules for 
the responsible management of forests and the control of the extraction of timber and 
other forest items. Legal frameworks provide assistance for agroforestry practises 
that protect genetic resources and species that are in danger of extinction. 

Certification Programmes and Occupational Standards By making the use of 
sustainable agroforestry practises mandatory, laws and regulations have the potential 
to increase their use and spread their benefits. By getting the appropriate certifica-
tions, such as those for organic farming or sustainable forest management, agrofor-
estry systems can be proven to meet environmental and social requirements through 
the process of certification verification. Compliance with such criteria may result in 
gaining access to markets, conducting land management in a more responsible 
manner and receiving incentives to practise sustainability.
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Participation from Stakeholders and Involvement of Stakeholders The participa-
tion of stakeholders and other interested parties in the decision-making processes of 
agroforestry and environmental governance can be enhanced through laws. It is 
possible for legal frameworks to require the input of the general public, the engage-
ment of local people and the acknowledgement of indigenous and traditional 
knowledge. 

Hearing from a diverse group of people is necessary to ensure that the laws 
governing agroforestry are effective, fair and in tune with the realities of the local 
environment. 

Because laws provide methods to ensure that norms are obeyed, agroforestry 
regulations are considered to be enforceable. They spell out the repercussions for 
disobedience, explain the functions of oversight bodies and offer routes for resolving 
issues that develop as a result of the practises used in agroforestry. The stringent 
enforcement of environmental standards for agroforestry practises helps to promote 
both a clean and safe environment as well as responsible land management. 

The legal framework that is provided by legislation in agroforestry and environ-
mental governance is extremely helpful in promoting sustainable practises, ensuring 
the protection of biodiversity, ensuring the security of land tenure and providing 
opportunities for stakeholder participation. It is possible to strike a balance between 
the requirements of agricultural productivity and those of environmental protection 
through the lawful implementation of agroforestry systems, which requires the 
establishment of explicit standards and laws. 

In order to slow the rate at which biodiversity is being lost and to make 
sustainable landscape management possible, it is crucial to incorporate protection 
of natural resources within agricultural practises. Convention for Biological Diver-
sity (CBD) advocates for sustainable agriculture supporting biodiversity and eco-
system functions like connectivity and habitat stability, but governments have 
instead prioritised expanding the protected area network (Zinngrebe et al. 2020). 
Changes in environmental governance, which includes all policies and institutions 
affecting the state of the environment, have profound effects on tree planting and 
management on farms across the developing world. Multiple facets are undergoing 
shifts at once. Decentralised multistakeholder committees and local user groups are 
gradually replacing national forestry agencies as the formal power holders in the 
field. The use of incentives and market forces to supplement regulatory frameworks 
is gaining traction in the field of environmental management. Companies are 
increasingly providing environmental goods and services, such as water, energy 
and lumber, and protecting biodiversity and watersheds. International agreements 
and the initiatives of powerful international organisations are increasingly 
prioritising integrated approaches to ecosystem and landscape management that 
incorporate local inhabitants as vital partners (Swallow et al. n.d.). 

Importers of tropical timber and timber products have been under increasing 
pressure from the world’s largest markets in recent years to provide evidence that 
their goods come from legal or sustainable sources. There are a number of laws 
around the world that demand proof of timber’s legitimacy, including the Japan 
Clean Wood Act, the EU Timber Regulation, Australia’s Illegal Logging Prohibition



Act and the United States’ Lacey Act. In order to better enforce forest laws, tropical 
timber-producing countries can now access resources made available by a resolution 
made by the International Tropical Timber Council in November 2001 (ITTO n.d.). 
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23.7 Role of Agroforestry to Eradicate Poverty and Food 
Crisis 

By fostering long-term and diverse income sources for rural people, agroforestry has 
the potential to significantly contribute to the fight against poverty. 

Farmers have the potential to increase their income through the use of agrofor-
estry techniques. Farmers can increase their revenue diversity by growing and selling 
lumber, fruits, nuts, medicinal plants and other non-timber forest products by 
incorporating trees into their agricultural systems. When compared to conventional 
monoculture crops, agroforestry has the potential to yield higher-value goods, which 
in turn can lead to higher revenue and more financial security. 

Agroforestry can improve rural populations’ access to markets and their ability to 
participate in value chains. Farmers that use tree products in their operations can 
meet the demands of consumers who want to buy items made in a sustainable 
manner. Tree-based goods can have their market worth increased through value 
addition, processing and marketing thanks to agroforestry systems. 

Agroforestry helps with food security and better nutrition since it increases the 
variety of crops grown. A variety of healthy foods can be produced in an agrofor-
estry system because food crops are typically grown alongside trees. Increasing 
dietary diversity and decreasing reliance on a stable climate can both be achieved 
through the cultivation of a wide variety of crop and tree species. 

Land Management: Agroforestry encourages sustainable land management prac-
tises that boost soil fertility, conserve water and strengthen ecosystems. Agroforestry 
is the practise of incorporating trees into agricultural systems to promote soil health, 
reduce the risk of soil erosion and increase water penetration. These methods 
improve farmers’ incomes by increasing agricultural output while decreasing the 
likelihood of crop failures. 

When compared to monoculture agriculture, agroforestry systems are more able 
to withstand the effects of climate change. Agroforestry uses trees to protect crops 
from the effects of extreme weather by providing shade, windbreaks and microcli-
mate regulation. Farmers’ vulnerability to climate-related hazards is mitigated by the 
diversification of revenue sources afforded by agroforestry, which makes them less 
reliant on a single crop and more able to adjust to shifting climatic conditions. 

Employment and Rural Development: Agroforestry generates jobs in rural 
regions through on-farm and value-added processes. Communities can benefit 
from the creation of new jobs that result from the planting, maintenance, harvesting 
and sale of tree products. Infrastructure upgrades, increased awareness of sustainable



land management methods and increased community agency and capability are just 
few of the ways that agroforestry projects benefit rural advancement. 
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Agroforestry helps farmers weather market swings and price swings by spreading 
their revenue among multiple crops instead than relying on a single cash crop. 
Farmers may expand their market reach and respond to shifting customer prefer-
ences by using tree-based products. This resistance to market shocks aids in 
protecting rural areas from economic downturns and poverty. 

In general, agroforestry is a sustainable and diverse method of farming that can 
boost income, increase food security, facilitate management of natural resources and 
make farms more resistant to climate change. Agroforestry helps improve the 
economic and social conditions of rural areas by tackling numerous causes of 
poverty. 

The governments that control and manage over 77% of the world’s forests do not 
respect the rights of indigenous peoples and local populations to the land. The locals 
who depend on the forests for survival do not get the benefits they should since 
government goals do not always line up with community needs. The natives in 
Africa, for instance, do not benefit from the booming forestry and ecotourism 
sectors. The agricultural practise of agroforestry, in which trees and bushes are 
grown in and around crop and pastureland, can help solve this issue. In order to 
avoid the ownership issue and ensure that earnings stay in the community, agrofor-
estry builds on agricultural land currently owned by communities to establish new 
woods that are not controlled by the government. Although agroforestry systems are 
on a smaller scale than traditional forests, they still provide many of the same 
benefits, including increased biodiversity, diversified production and restored soil 
fertility. 

Agroforestry is useful for more than only the environment. Increased food 
resources and security, enhanced nutrition and higher earnings for farmers are just 
a few of the ways in which agroforestry can help alleviate worldwide poverty 
(Quallen 2021). 

It is not a coincidence that in some regions of the world natural woods and 
poverty can be found in close proximity to one another. This is the case for a number 
of reasons. The natural woods are where humans developed, and even after millennia 
of settlement, the people who live there have maintained a mainly primitive lifestyle. 
Many of the people moving from rural areas into wooded areas in quest of extra 
farmland are economically disadvantaged, as are the areas that they are moving into. 
For people who are on the socioeconomic periphery of society, for example, work 
opportunities in forests are often available because of the unequal distribution of land 
in lowlands. Throughout history, persons on the run from oppression, conflict and 
war have historically been able to find safety in forests. Agroforestry contribution to 
reducing poverty has been presented in Fig. 23.5. 

There are two ways in which forests can help reduce global poverty. First, they 
play a crucial role as a safety net, allowing rural residents to either avoid or lessen 
their exposure to poverty. Second, there is unrealised potential for woods to help 
some rural residents escape poverty.
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Fig. 23.5 Agroforestry contribution to reducing poverty 

Many politicians and planners are unaware of these features because the scientific 
community has not done a good job of explaining the safety net functions of forests. 

One explanation for this is that the poorest households’ use of woods, whether for 
sustenance or commerce in local markets, is rarely reflected in national statistics. 
Some elements of timber resources actually hinder their capacity to aid marginalised 
people, while the lion’s share of timber riches flows to better-off sectors of society. 
Despite these challenges, if decision-makers realise and act on the promise of forests, 
they can expand their contribution to poverty alleviation (Sunderlin et al. 2004). 

23.8 Agroforestry and the Tribal Community 

In addition to improving food security and fostering cultural and ecological resil-
ience, agroforestry can also provide stable income for tribal people by preserving 
indigenous knowledge and practises. 

Livelihood and Income Creation: Agroforestry allows indigenous groups to make 
a living by growing and selling tree-based goods. Agroforestry systems combine tree 
planting with crop and livestock husbandry to generate revenue from a wide variety 
of tree-based and other products. As a result, tribal communities may become more 
economically secure and less dependent on any one source of revenue. 

Protecting Indigenous Knowledge: Agroforestry methods are congruent with 
indigenous ways of knowing and using land. Tribal communities can keep their 
indigenous knowledge alive and well by combining traditional methods with con-
temporary agroforestry practises. This encompasses familiarity with native plant 
species, agroecological approaches, seed varieties and growing techniques. The 
restoration of cultural traditions and the sharing of information between generations 
are two important functions that agroforestry can play in this regard. 

Improved nutrition and greater food security are two benefits of agroforestry for 
indigenous peoples. Agroforestry methods improve food availability and nutritional 
variety by combining crop cultivation with tree planting. Preserving local food 
culture and addressing food sovereignty issues are both aided by the incorporation



of indigenous food crops and traditional variations. Additionally, a more secure food 
supply can be maintained through the use of agroforestry systems, which increase 
resilience to the effects of climate change. 
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Fig. 23.6 Impact of 
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Restoration of degraded land and protection of biodiversity are two ways in 
which agroforestry increases ecological resilience in a landscape. Agroforestry pro-
tects native plant and animal species, especially those of cultural and medical value 
to indigenous peoples, by combining varied tree species and establishing 
agroecosystems. Landscape connectivity is improved with the use of agroforestry 
systems, which help to keep wildlife corridors in good condition. 

Tribal communities’ cultural identity and resilience can be bolstered by adopting 
agroforestry practises. The spiritual and cultural relevance of traditional agroforestry 
systems reflects the intrinsic bond between indigenous peoples and their environ-
ments (Fig. 23.6). Agroforestry allows indigenous groups to strengthen their cultural 
norms, traditional ways of life and relationships to the land. Agroforestry can aid in 
protecting the rights to and ownership of land for indigenous populations. For 
agroforestry to be practised in a sustainable manner, it is crucial that indigenous 
territories and community land rights be recognised and legally protected. Agrofor-
estry can help reduce poverty and promote social justice by giving indigenous tribes 
more say over their property. Participation, decision-making and community 
empowerment are all bolstered by agroforestry in indigenous societies. Local lead-
ership may be developed, social cohesiveness can be strengthened, and resources 
can be reclaimed when tribal communities engage in the planning, implementation 
and management of agroforestry systems. Through such participation, the tribal 
people’ unique requirements, values and goals can be taken into account while 
developing agroforestry practices.



23 Agroforestry: A Key Technique for Achieving the Sustainable Development Goals 497

When applied with respect for tribal people’ cultural and ecological values, 
agroforestry has the potential to safeguard indigenous knowledge, provide food 
security, foster social cohesion and fortify ecosystems. It promotes the health and 
prosperity of indigenous communities by taking an open and collaborative approach 
that values their unique knowledge, experience and goals. 

23.9 Agroforestry and Urban Development 

Agroforestry is an approach that should be given more consideration in urban 
planning because of its potential to assist in the development of more sustainable 
and resilient urban communities. 

It is possible to include agroforestry as a component of green infrastructure in the 
design of urban landscapes. Planting trees in cities and making use of techniques 
from the field of agroforestry help to mitigate the heat island effect, purify the air and 
provide healthier environments in which people may live. Trees that provide shade 
not only contribute to the aesthetic appeal of a city but also assist reduce the amount 
of money that is spent on air conditioning. Agroforestry in urban areas can contribute 
to both food security and self-sufficiency in food production. Community gardens, 
rooftop gardens and edible landscapes are all examples of urban agroforestry 
systems that are capable of producing a variety of fruit, vegetables, herbs and 
other edible plants. This not only lessens the toll that transportation of food takes 
on the environment, but it also makes it easier for individuals to get their hands on 
fresh produce grown in their own communities. 

The practises of agroforestry can be helpful for managing stormwater in an urban 
setting. Tree canopies serve as a natural barrier against precipitation, thereby low-
ering the volume of stormwater flow as well as the rate at which it moves. Tree roots 
have the ability to remove impurities from the water and improve its quality, in 
addition to increasing the amount of water that they can absorb. With the assistance 
of agroforestry systems, capturing and utilising the rainfall that falls in urban areas is 
made much simpler. 

The provision of habitat and food for urban wildlife, such as birds, insects and 
small animals, is one of the many ways in which urban agroforestry is beneficial. 
This contributes to the protection of biodiversity. Agroforestry encourages urban 
biodiversity by re-establishing ecological balance in cities through the use of a range 
of tree species and the development of urban green spaces. This is accomplished by 
the use of agroforestry practises such as tree planting and the creation of urban green 
spaces. 

Initiatives to promote urban agroforestry’s use have the potential to strengthen 
community relations and encourage more people to participate in civic life. When 
local residents, community organisations and schools are involved in agroforestry 
activities from the very beginning, opportunities for education, the development of 
skills and the strengthening of community bonds are established. Urban reforestation



efforts can instil a sense of pride in one’s town as well as a sense of success for 
having contributed to the betterment of that community. 
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Both the ability to better regulate the local microclimate and the ability to keep 
cities cooler in the summer are factors that contribute to the city’s ability to withstand 
the effects of climate change. As natural air conditioners, the trees that are part of 
agroforestry systems help to reduce the amount of artificial cooling that is required 
and also contribute to the mitigation of the effects of urban heat islands. Urban 
agroforestry is an important weapon in the fight against climate change since it may 
help reduce emissions of greenhouse gases and also contribute to the sequestration of 
carbon dioxide. 

In places that are currently underserved, urban agroforestry has the ability to both 
boost employment rates and encourage the growth of local businesses. Orchards, 
nurseries and businesses that add value to tree products can all benefit from this, as 
can other local businesses. One of the additional benefits of urban agroforestry 
programmes is the creation of jobs in ancillary businesses such as landscaping, 
urban forestry and environmental education. 

By introducing agroforestry into urban development, improvements can be made 
to a city’s environmental quality, food security, biodiversity and climate resilience, 
all of which are potential benefits of the practise. Urban agroforestry initiatives not 
only improve the health of the community, but also the social cohesion and eco-
nomic prospects of the area. The consequence of these projects is an urban environ-
ment that is more habitable and sustainable. 

There is growing recognition of the potential contributions of non-traditional 
forms of GI, such as wastelands and informal green spaces, to CUM and to urban 
social-ecological systems in general, and this has led to a renewed focus on the role 
that multifunctional green infrastructure (GI) can play in promoting circular urban 
metabolism (CUM), reducing the ecological footprint of cities and providing a wide 
range of services, including biodiversity conservation. Home and communal gardens 
as well as urban farms are examples of productive urban spaces that might be 
thought of as an alternative, multipurpose type of GI. These areas can infiltrate 
stormwater, reduce the effects of urban heat islands, preserve biodiversity, sequester 
carbon, help form soil and recycle urban wastes (Taylor and Lovell 2021). Role of 
agroforestry in urban development has been presented Fig. 23.7. 

23.10 Agroforestry Impact on Economic Sector 

By incorporating trees with crops and cattle, agroforestry systems provide numerous 
avenues for generating money. Timber, fruits, nuts, medicinal plants, non-timber 
forest products and animal products are only some of the ways in which farmers 
might make a living. Farmers’ financial security is increased as income risks 
associated with mono-cropping are mitigated through diversification. Soil fertility, 
nitrogen cycling and water availability can all be increased through agroforestry, 
leading to greater agricultural output. By enhancing soil structure, nutrient retention



and moisture conservation, trees in agroforestry systems boost crop growth and 
yield. Productivity growth can boost agricultural outputs and, by extension, the 
economy. 
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Fig. 23.7 Role of agroforestry in urban development 

Products from agroforestry can be refined to increase their market value, opening 
the door for home grown enterprises and regional innovators. Agroforestry goods 
can benefit from a boost in value and marketability through processing operations 
like timber milling, fruit processing and herbal medicine manufacture. This helps the 
economy expand in rural areas by producing jobs and money. Agroforestry systems, 
from planting and management to processing and selling, all generate employment 
opportunities along the value chain. Farmers, workers, technicians and processors 
are all essential members of the agroforestry community. Job creation and reduction 
in rural unemployment can result from the installation and upkeep of agroforestry 
systems. By combining tree farming with agricultural practises, agroforestry helps 
spread awareness of the importance of responsible forest management. With this 
method, lumber and other forest products will be around for generations to come. By 
ensuring a steady stream of forest resources and supporting companies that rely on 
them, sustainable forest management creates economic benefits. 

Agroforestry systems can be financially rewarding thanks to carbon credits and 
payments for ecosystem services. Agroforestry’s trees help slow global warming by



soaking up carbon dioxide from the air. Carbon offset programmes and compensa-
tion for ecosystem services including watershed protection, biodiversity conserva-
tion and carbon sequestration are options for farmers and landowners. 
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Fig. 23.8 Agroforestry contribution to the economic sector 

The tourism and recreation industries can benefit from agroforestry landscapes 
due to their potential aesthetic and recreational value. Agroforestry systems, such 
those that facilitate agroecotourism or farm stays, let sightseers learn about and enjoy 
the region’s rural culture and way of life, as well as its abundant flora and fauna. 
Having multiple avenues of financial support helps the rural economy thrive. 

Farmers benefit from increased resilience to market swings and price instability 
thanks to agroforestry systems. Farmers can reduce their reliance on any one 
commodity or market by offering a wider variety of goods and services. Income 
fluctuations caused by market fluctuations are reduced, and income stability is 
increased, thanks to this strategy of diversification. Agroforestry has the potential 
to considerably contribute to the economic sector due to its ability to generate several 
streams of income, undergo value-added processing, generate new employment 
opportunities and promote sustainable forest management (Fig. 23.8). In addition 
to helping farmers make a living, it boosts local economies, encourages entrepre-
neurship and improves residents’ standard of living.
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23.11 Conclusion 

Ending the food crisis, addressing hunger and achieving a healthy nutrition level can 
be done through sustainable agriculture and smart agricultural systems. Agroforestry 
holds great promise for addressing many issues in agriculture, health and climate 
change. The primary cause of problems in the globe is the exploitation of natural 
resources. The causes of the global food crisis may range, but environmental 
deterioration is one of the main ones. In order to stop food waste and produce 
enough food to meet demand, rural areas must be electrified. Community-based 
farming and kitchen gardens are assisting in the fight against malnutrition. Around 
60 million children worldwide suffer from undernourishment, and 850 million 
people are experiencing a food crisis. New agricultural techniques for growing 
crops, such as vertical farming, a type of urban farming, nanotechnology, biotech-
nology and hydroponics, are now possible thanks to modern technology. However, 
these techniques are more common in underdeveloped and developing nations, 
where agroforestry is more prevalent. Agroforestry is a natural strategy that can 
restore ecological balance, maintain natural resources and increase biodiversity. 
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Abstract Agroforestry systems (AFS) are land-use systems that integrate trees with 
crops and/or livestock production. AFS provides multiple ecosystem services 
(ES) that are crucial for the sustainability of human societies and ecosystems. The 
promotion of AFS requires a multi-dimensional approach that addresses the social, 
economic, and environmental dimensions of sustainable development. AFS has been 
recognized as an important ES provider due to its capacity to enhance biodiversity, 
soil conservation, carbon sequestration, and water regulation. This book chapter 
aims to summarize the current state of knowledge on the ES provided by AFS. 
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24.1 Introduction 

Agroforestry systems, which integrate trees with crops and/or livestock on the same 
land, have been recognized as a sustainable land-use practice that can provide a 
range of ecosystem services. Ecosystem services are the benefits that humans obtain 
from nature, such as food, timber, water regulation, climate regulation, and biodi-
versity conservation. Agroforestry systems have the potential to provide multiple 
ecosystem services, including improving soil fertility, reducing erosion, and enhanc-
ing biodiversity, mitigating climate change, and providing livelihoods for rural 
communities. Recent studies have highlighted the important role that agroforestry 
systems can play in providing ecosystem services. For example, a study by Hübner 
et al. (2021) found that agroforestry systems can significantly increase carbon 
sequestration compared to conventional agriculture, which can help mitigate climate 
change. Lelamo (2021) demonstrated that agroforestry systems can improve soil 
fertility and increase crop productivity, which can enhance food security and rural 
livelihoods. Muthee et al. (2022) explored the potential of agroforestry systems in 
providing ecosystem services in sub-Saharan Africa. The study found that agrofor-
estry systems could enhance soil carbon sequestration and nutrient cycling, reduce 
soil erosion and increase water availability, leading to increased crop yields and 
improved livelihoods for farmers. Santiago-Freijanes et al. (2021) investigated the 
role of agroforestry in promoting biodiversity conservation and ecological connec-
tivity in European agricultural landscapes. The study found that agroforestry systems 
can act as biodiversity hotspots, providing habitat and food for a wide range of 
species, and enhancing ecological connectivity by facilitating the movement of 
organisms across fragmented landscapes. Despite these benefits, the potential of 
agroforestry systems to provide ecosystem services is not yet fully understood, and 
there is a need for a comprehensive review of the current knowledge in this field. In 
this review paper, we aim to explore the role of agroforestry systems in providing 
ecosystem services, focusing on the current state of knowledge and identifying key 
research gaps. Overall, this review paper will contribute to a better understanding of 
the potential of agroforestry systems to provide ecosystem services, and will provide 
insights into how to design and manage these systems to maximize their benefits for 
both humans and the environment. It is timely and important to revisit the potential 
of agroforestry systems in providing ecosystem services in light of the growing 
challenges of climate change and food security (Patel et al. 2020). 

24.2 Agroforestry Contribution to Ecosystem Services 

Agroforestry has been shown to contribute to a range of ecosystem services, 
including soil conservation, water quality improvement, carbon sequestration, bio-
diversity conservation, and climate change mitigation. A global meta-analysis by 
Donatti et al. (2022) found that agroforestry systems had higher levels of soil organic 
carbon, soil fertility, and biodiversity than conventional agriculture. The study also



found that agroforestry systems could reduce soil erosion and improve water quality. 
Panwar et al. (2022) examined the potential of agroforestry systems in India to 
provide multiple ecosystem services. The study found that agroforestry systems 
could enhance soil fertility, increase biodiversity, and provide carbon sequestration 
and climate change mitigation benefits. The study also highlighted the potential for 
agroforestry to improve the livelihoods of small-scale farmers in India. Pradhan et al. 
(2021) investigated the potential of agroforestry in the Brahmaputra River Basin in 
India to provide ecosystem services. The study found that agroforestry systems 
could enhance soil fertility, reduce soil erosion, and provide habitat for biodiversity. 
The study also highlighted the importance of incorporating local knowledge and 
practices in the design and implementation of agroforestry systems (Fig. 24.1). 
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Fig. 24.1 Agroforestry systems promoting diverse tree–crop interactions, nutrient cycling, and 
biodiversity conservation, resulting in enhanced ecosystem services 

24.3 Classification of Ecosystem Services 

Ecosystem services can be broadly classified into four categories: provisioning, 
regulating, cultural, and supporting services. Obiang Ndong et al. (2020) proposed 
a new framework for classifying ecosystem services based on their beneficiaries and 
the underlying ecological processes that support them. The study identified six 
beneficiary groups: humans, non-human species, ecosystems, the atmosphere, the 
hydrosphere, and the lithosphere. The study also identified six ecological processes 
that support ecosystem services: primary productivity, nutrient cycling, water 
cycling, climate regulation, disturbance regulation, and habitat provision. Pereira 
et al. (2018) developed a global classification of ecosystem services based on a 
comprehensive review of existing literature. The study identified 18 categories of 
ecosystem services, including food provision, water regulation, soil formation,



climate regulation, and cultural and spiritual values. Braat and De Groot (2012) 
proposed a classification of ecosystem services based on the Millennium Ecosystem 
Assessment (MEA) framework. The study identified four categories of ecosystem 
services: provisioning services (e.g., food, water, and fiber), regulating services (e.g., 
climate regulation, water purification, and pollination), cultural services (e.g., rec-
reational opportunities and spiritual values), and supporting services (e.g., nutrient 
cycling and soil formation). 
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24.3.1 Provisioning Ecosystem Services 

Provisioning ecosystem services are those that provide direct benefits to humans, 
such as food, water, and raw materials. Balvanera et al. (2020) examined the 
contributions of different types of ecosystems (e.g., forests, grasslands, wetlands) 
to provisioning ecosystem services globally. The study found that forests and 
grasslands were the most important ecosystems for food provision, while wetlands 
were important for water provision. The study also highlighted the need for inte-
grated landscape management approaches to balance trade-offs between different 
provisioning services. Borelli et al. (2020) assessed the sustainability of provisioning 
ecosystem services in the context of global food systems. The study found that 
current food systems were unsustainable due to their negative impacts on ecosystem 
health and biodiversity. The study proposed a set of interventions to promote more 
sustainable food systems, including reducing food waste and increasing agroecolog-
ical practices. Zhang et al. (2021) examined the potential of traditional agroforestry 
systems in China to provide multiple provisioning ecosystem services. The study 
found that agroforestry systems had high levels of food and fuel production, as well 
as soil fertility and biodiversity conservation benefits. The study also highlighted the 
need for policy support and investment to promote the adoption of agroforestry 
practices in China (Fig. 24.2). 

24.3.1.1 Food and Medicinal Value 

Food and medicinal products are important examples of provisioning ecosystem 
services. A study by Maestre et al. (2020) examined the contributions of different 
types of ecosystems to food provision in drylands worldwide. The study found that 
natural ecosystems (e.g., shrublands, grasslands) were more important for food 
provision than agricultural systems in drylands. The study also highlighted the 
importance of maintaining the diversity of natural ecosystems for sustainable food 
production. Langemeyer and Connolly (2020) assessed the contributions of different 
ecosystem types to medicinal plant provisioning in Europe. The study found that 
forests were the most important ecosystem type for medicinal plant provisioning, 
followed by grasslands and wetlands. The study also highlighted the need for 
integrated conservation and management approaches to ensure the continued provi-
sion of medicinal plant resources. Gonçalves et al. (2021) examined the potential of



traditional agroforestry systems in Brazil to provide food and medicinal plant 
resources. The study found that agroforestry systems had high levels of food and 
medicinal plant production, as well as soil fertility and biodiversity conservation 
benefits. The study also emphasized the importance of local knowledge and tradi-
tional practices in the management of agroforestry systems (Fig. 24.2). 
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Fig. 24.2 Ecosystem services provided by agroforestry systems. Agroforestry systems can provide 
multiple ecosystem services, including soil conservation, carbon sequestration, biodiversity con-
servation, water regulation, and provision of food, fodder, fuel, and other products. These ecosys-
tem services are linked and can have synergistic effects, contributing to the resilience and 
sustainability of agroecosystems. The type and magnitude of ecosystem services provided by 
agroforestry systems depend on factors such as the agroforestry design, species selection, manage-
ment practices, and landscape context 

24.3.1.2 Fuel Wood Production 

Kim et al. (2021) examined the contributions of different types of ecosystems to fuel 
wood provisioning in South Korea. The study found that forests were the most 
important ecosystem type for fuel wood production, followed by agroforestry and 
grasslands. The study also highlighted the need for sustainable management prac-
tices to ensure the continued provision of fuel wood resources. Singh et al. (2021) 
assessed the potential of traditional agroforestry systems in India to provide fuel 
wood resources. The study found that agroforestry systems had high levels of fuel 
wood production, as well as soil fertility and biodiversity conservation benefits. The 
study also emphasized the importance of local knowledge and traditional practices in 
the management of agroforestry systems for fuel wood provision. Schaafsma and 
Bartkowski (2021) examined the impacts of fuel wood extraction on ecosystem 
services in Tanzania. The study found that fuel wood extraction had negative 
impacts on forest carbon stocks and biodiversity, but positive impacts on the 
provision of fuel wood resources. The study highlighted the need for integrated 
management approaches to balance trade-offs between different ecosystem services. 
Nandi and Sarkar (2021) examined the potential of non-timber forest products,



including fuel wood, to contribute to the livelihoods of forest-dependent communi-
ties in India. The study found that non-timber forest products, including fuel wood, 
were important sources of income and livelihoods for these communities. The study 
also highlighted the need for sustainable management practices to ensure the con-
tinued provision of these resources. Saeed et al. (2022) assessed the sustainability of 
fuel wood provisioning. The study found that the demand for fuel wood exceeded 
the sustainable supply in the village, leading to negative impacts on local forests and 
ecosystems. The study proposed a set of interventions to promote sustainable fuel 
wood use, including the adoption of improved cook stoves and the promotion of 
agroforestry practices. Roy et al. (2022) examined the contributions of different 
types of forests to fuel wood provision in India. The study found that natural forests, 
particularly broadleaved forests, were the most important sources of fuel wood in 
India. The study also highlighted the need for sustainable forest management 
practices to ensure the continued provision of fuel wood resources (Fig. 24.2). 
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24.3.1.3 Fodder and Feed 

Singh et al. (2022) assessed the contributions of different types of ecosystems to 
fodder production in India. The study found that grasslands and croplands were the 
most important sources of fodder in India. The study also highlighted the importance 
of maintaining the diversity of these ecosystems for sustainable fodder production. 
Tittonell (2021) assessed the global contributions of grasslands to livestock feed 
production. The study found that grasslands were the most important source of feed 
for ruminant livestock worldwide. The study also highlighted the need for sustain-
able management practices to ensure the continued provision of grassland resources 
for livestock feed production. Jnawali et al. (2021) assessed the contributions of 
different types of grasslands to livestock feed provision in Nepal. The study found 
that natural grasslands were the most important sources of livestock feed in the 
country, providing more than half of the total feed requirements. The study also 
highlighted the need for sustainability. Raj et al. (2020) examined the role of 
agroforestry systems in providing feed resources for livestock in India. The study 
found that agroforestry systems, particularly those with leguminous trees, provided 
high-quality fodder for livestock and supported the livelihoods of smallholder 
farmers. The study also highlighted the potential of agroforestry systems to contrib-
ute to climate change mitigation and adaptation. Manjunatha et al. (2022) assessed 
the contribution of natural grasslands to livestock feed provision in the Indian state 
of Gujarat. The study found that natural grasslands were the most important source 
of livestock feed in the state, providing more than 80% of the total feed require-
ments. The study also highlighted the need for sustainable management practices to 
ensure the continued provision of grassland resources. Fahad et al. (2022) examined 
the potential of agroforestry systems to provide feed for livestock in India. The study 
found that agroforestry systems had high levels of feed production, as well as soil 
fertility and biodiversity conservation benefits. The study also emphasized the 
importance of promoting agroforestry systems for sustainable livestock production 
(Fig. 24.2).
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24.3.2 Supporting Ecosystem Services 

Supporting ecosystem services are those services that are necessary for the func-
tioning of other ecosystem services. Kass (2020) assessed the global distribution of 
soil biodiversity and its role in supporting ecosystem services. The study found that 
soil biodiversity is critical for maintaining soil health and productivity, and that its 
loss could have significant impacts on the provision of ecosystem services. The 
study highlighted the need for soil conservation and sustainable land management 
practices (Fig. 24.2). González et al. (2020) assessed the contributions of pollinators 
to crop production in Mexico. The study found that pollinators play a crucial role in 
supporting crop production and enhancing crop quality. The study also highlighted 
the need for pollinator conservation and sustainable land management practices to 
ensure continued pollination services. Liu et al. (2020) assessed the role of wetlands 
in supporting water purification services in China. The study found that wetlands are 
critical for removing pollutants from water and maintaining water quality. The study 
also highlighted the need for wetland conservation and restoration to ensure the 
continued provision of water purification services (Fig. 24.2) (Tessema and Nayak 
2022). 

24.3.2.1 Biodiversity Conservation 

Biodiversity conservation is a crucial supporting ecosystem service that plays a vital 
role in maintaining the productivity and sustainability of ecosystems. In India, 
biodiversity conservation is crucial for the maintenance of many traditional farming 
practices, which are dependent on a diversity of plant and animal species (GOI 
2021). Studies have shown that the loss of biodiversity can have significant negative 
impacts on agriculture, human health, and the environment (Majhi et al. 2022; Nayar 
and Sastry 2020). Globally, biodiversity conservation has been shown to have 
significant benefits for the environment and human well-being. A study by Kass 
(2020) found that the loss of biodiversity is a global crisis that threatens human well-
being and that biodiversity conservation is essential for achieving sustainable devel-
opment goals. The Convention on Biological Diversity (CBD), an international 
treaty signed by over 190 countries, recognizes the critical role of biodiversity 
conservation in sustainable development. India is a signatory to the CBD and has 
taken significant steps to conserve its biodiversity. The country has established 
protected areas, such as national parks and wildlife sanctuaries, and implemented 
policies and programs to promote sustainable use and conservation of biodiversity 
(CBD 2021). Jing et al. (2021) assessed the role of biodiversity in supporting 
ecosystem multi-functionality at a global scale. The study found that biodiversity 
loss could have significant impacts on the provision of multiple ecosystem services, 
including nutrient cycling, pollination, and water regulation. The study highlighted 
the need for conservation efforts to maintain biodiversity and support ecosystem 
services. Pradhan et al. (2020) assessed the role of plant diversity in supporting 
ecosystem services in the Indian Himalayas. The study found that plant diversity is



critical for supporting multiple ecosystem services, including carbon sequestration, 
soil health, and water regulation. The study highlighted the need for conservation 
efforts to maintain plant diversity and support ecosystem services in the region. 
Wang et al. (2021a, b) assessed the global decline of marine biodiversity and its 
impacts on supporting ecosystem services. The study found that the loss of marine 
biodiversity could have significant impacts on the provision of ecosystem services, 
including fisheries, coastal protection, and carbon sequestration. The study 
highlighted the need for conservation efforts to maintain marine biodiversity and 
support ecosystem services. Newbold et al. (2020) assessed the contributions of 
biodiversity to ecosystem services in terrestrial ecosystems worldwide. The study 
found that biodiversity plays a key role in supporting many ecosystem services, 
including carbon storage, soil fertility, and pest regulation. The study also 
highlighted the need for biodiversity conservation to maintain the provision of 
these services. Mohan et al. (2021) assessed the contributions of biodiversity to 
ecosystem services in the Western Ghats region of India. The study found that 
biodiversity plays a critical role in supporting many ecosystem services, including 
water regulation, pollination, and soil fertility. The study also highlighted the need 
for biodiversity conservation to ensure the continued provision of these services. 
Gustafsson et al. (2020) assessed the economic benefits of biodiversity conservation 
in European forests. The study found that conserving biodiversity in forest ecosys-
tems can have significant economic benefits, including increased timber production, 
improved carbon sequestration, and enhanced recreational opportunities. The study 
highlighted the need for policies that promote biodiversity conservation and sustain-
able forest management practices (Fig. 24.2). 
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24.3.2.2 Pollination 

Pollination is a critical supporting ecosystem service that is essential for the repro-
duction of many plant species and the production of many crops. In recent years, 
there has been growing concern about the decline of pollinators and its potential 
impacts on ecosystem services and food security. Pollinators play a crucial role in 
supporting crop production and enhancing crop quality. González et al. (2020) found 
that pollinators contribute to crop production in Mexico, highlighting the need for 
pollinator conservation and sustainable land management practices. Pollinators play 
a critical role in maintaining plant biodiversity. Oliveira et al. (2020) found that 
pollinators are essential for the reproduction of many plant species and that their loss 
could have significant impacts on biodiversity. The decline of pollinators could have 
significant economic impacts on agriculture. Porto et al. (2020) assessed the eco-
nomic value of pollination services worldwide and found that they contribute 
significantly to global agricultural production. The conservation of pollinators 
requires coordinated efforts at the global, national, and local levels. IPBES (2019) 
assessed the status of pollinators worldwide and highlighted the need for policies and 
interventions to address the drivers of pollinator decline. Singh et al. (2021) assessed 
the role of native bees in crop pollination in India. The study found that native bees



contribute significantly to crop pollination, particularly for crops such as mango, 
watermelon, and pumpkin. The study also highlighted the need for conservation of 
native bee habitats and the promotion of pollinator-friendly agricultural practices to 
ensure continued pollination services. Khalifa et al. (2021) assessed the contribu-
tions of honeybees to crop pollination and honey production in India. The study 
found that honeybees play a critical role in both crop pollination and honey produc-
tion, and that their decline could have significant impacts on both agricultural 
productivity and the livelihoods of beekeepers. The study highlighted the need for 
pollinator conservation and sustainable beekeeping practices to ensure continued 
pollination services and honey production. Junqueira et al. (2022) assessed the 
contributions of wild bees to crop pollination in the United States. The study 
found that wild bees contribute significantly to crop pollination, particularly for 
crops such as blueberries, almonds, and cherries. The study also highlighted the need 
for pollinator-friendly agricultural practices and the conservation of wild bee habitats 
to ensure continued pollination services. Globally, pollination has been shown to be 
essential for the production of many food crops, including fruits, vegetables, and 
nuts. A study by Garibaldi et al. (2022) found that pollinators contribute to the 
production of 75% of global food crops, including many essential crops such as 
coffee, cocoa, and almonds. The study also highlighted the significant economic 
benefits of pollination, estimating that pollination services contribute approximately 
$235–577 billion annually to the global economy. However, pollinators face numer-
ous threats, including habitat loss, pesticide use, and climate change. In India, studies 
have shown that the loss of habitat and pesticide use have had significant negative 
impacts on pollinator populations. A study by Mishra et al. (2019) found that 
pollinator diversity and abundance have declined in agricultural landscapes in 
India due to habitat loss and pesticide use (Fig. 24.2). 
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24.3.2.3 Biomass Production and Soil Fertility Improvement 

Biomass production also plays a critical role in soil fertility improvement, with the 
incorporation of crop residues and other organic materials into the soil contributing 
to improved soil health and increased crop yields. A study by Gautam et al. (2021) 
found that the use of biomass-based organic fertilizers significantly increased soil 
fertility and crop yields in maize and wheat fields in Nepal. In India, studies have 
shown that agroforestry systems that integrate trees with crops can significantly 
increase biomass production, improve soil fertility, and provide multiple benefits 
such as food security, carbon sequestration, and biodiversity conservation. A study 
by Gupta et al. (2019) found that the integration of trees with crops in agroforestry 
systems can increase soil organic carbon by up to 60% and improve soil fertility by 
increasing nutrient availability and water retention. Globally, biomass production 
and soil fertility improvement have been shown to be essential for sustainable 
agriculture and food security. A study by Antar et al. (2021) found that improving 
soil fertility through the use of organic matter can increase crop yields, reduce 
greenhouse gas emissions, and enhance food security. Biomass production and



soil fertility improvement are crucial for sustaining agricultural productivity and 
reducing greenhouse gas emissions. A study by Lal (2020) estimated that sustainable 
land management practices, such as conservation agriculture and agroforestry, can 
sequester up to 3 gigatons of carbon per year and increase soil carbon by up to 1.5 
gigatons per year, while also providing multiple benefits such as improved soil 
fertility, reduced erosion, and increased biodiversity. However, biomass production 
and soil fertility improvement face numerous challenges, including land degrada-
tion, deforestation, and climate change. In India, studies have shown that land 
degradation and soil erosion are significant challenges in many agricultural land-
scapes, leading to reduced biomass production and soil fertility. A study by Ghosh 
et al. (2020) found that soil erosion in the Brahmaputra basin in Northeast India has 
resulted in significant losses of soil organic carbon and soil nutrients, leading to 
reduced agricultural productivity. Biomass production is essential for the provision 
of fuel wood, which is a primary source of energy for many rural households. Studies 
have shown that sustainable biomass production can help to reduce pressure on 
forests and improve the livelihoods of rural communities (Sengupta 2022). Soil 
fertility improvement is also crucial for the production of many food crops and the 
maintenance of soil health. In India, studies have shown that soil fertility is declining 
due to factors such as intensive agriculture, soil erosion, and chemical fertilizers. 
Sustainable land management practices, such as agroforestry and cover cropping, 
have been shown to improve soil fertility and increase crop yields (Singh et al. 
2023a). Sustainable biomass production and soil fertility improvement have been 
shown to have significant benefits for the environment and human well-being. 
Schröter et al. (2020) found that sustainable land management practices, including 
agroforestry and cover cropping, can increase soil fertility and improve the provision 
of ecosystem services such as food production and carbon sequestration (Fig. 24.2). 
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24.3.3 Regulating Services 

Regulating services are those that help to maintain the balance and functioning of 
ecosystems, providing benefits such as water purification, climate regulation, and 
erosion control (Wang et al. 2021a, b). In India, regulating ecosystem services are 
particularly important due to the country’s high population density and dependence 
on natural resources. For example, the regulation of water flow and quality is 
essential for agriculture and human consumption, and the regulation of air quality 
is necessary for human health (Garland et al. 2021) Studies have shown that the loss 
of regulating ecosystem services can have significant negative impacts on human 
well-being and the environment. In India, deforestation, land-use changes, and water 
pollution have contributed to the loss of regulating ecosystem services, leading to 
negative consequences such as water scarcity, increased air pollution, and soil 
erosion (Singh and Bhatnagar 2018). Therefore, it is critical to prioritize the conser-
vation and restoration of regulating ecosystem services. Globally, research has 
highlighted the importance of regulating ecosystem services in mitigating climate



change. For example, forests act as carbon sinks, absorbing and storing carbon 
dioxide from the atmosphere, and wetlands play a vital role in storing carbon and 
regulating greenhouse gas emissions. However, these ecosystems are under threat 
from activities such as deforestation, land-use changes, and urbanization, highlight-
ing the need for conservation and restoration efforts (Gomes et al. 2020) (Fig. 24.2). 
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24.3.3.1 Erosion Control and Soil Conservation 

Erosion control and soil conservation are particularly important in India, where soil 
erosion and land degradation are significant problems due to population growth, 
unsustainable land-use practices, and climate change (Anantha et al. 2021). Studies 
have shown that erosion control and soil conservation regulating ecosystem services 
play a crucial role in maintaining soil fertility and preventing soil erosion, which can 
lead to nutrient depletion and loss of agricultural productivity. For example, research 
in India has shown that the use of conservation agriculture techniques such as 
minimum tillage, mulching, and cover cropping can significantly reduce soil erosion 
and improve soil fertility (Jat et al. 2021). Globally, erosion control and soil 
conservation regulating ecosystem services are crucial for maintaining healthy 
ecosystems and preventing soil degradation, which can have significant negative 
impacts on food security, water quality, and biodiversity. For example, research has 
shown that soil erosion can lead to increased sedimentation in rivers and streams, 
which can negatively impact aquatic ecosystems and reduce water quality (Xiao 
et al. 2021). Furthermore, erosion control and soil conservation regulating ecosystem 
services can provide economic benefits, such as increased agricultural productivity 
and improved water quality. For example, research in India has shown that the use of 
soil conservation practices can lead to increased crop yields and improved soil 
quality, leading to increased incomes for farmers (Hossain et al. 2020) (Fig. 24.2). 

24.3.3.2 Mitigating Desertification 

Desertification is a significant environmental problem worldwide, affecting more 
than two billion people in over 100 countries. Desertification leads to the loss of soil 
productivity, reduced biodiversity, and social and economic hardship for affected 
communities (Sharafatmandrad and KhosraviMashizi 2021). Regulating ecosystem 
services play important role in mitigating desertification. For example, soil conser-
vation practices such as conservation tillage, terracing, and cover cropping can 
reduce soil erosion and improve soil health, leading to increased agricultural pro-
ductivity and reduced vulnerability to desertification (He et al. 2022). Research has 
also shown that restoring vegetation cover through afforestation and reforestation 
can help to mitigate desertification. Vegetation cover can help to regulate water 
cycles, increase soil moisture retention, and reduce soil erosion (de Araujo et al. 
2021). Additionally, restored vegetation can provide habitat for biodiversity and 
ecosystem services such as pollination and pest control. In addition to soil



conservation and vegetation restoration, water management is also critical in miti-
gating desertification. Regulating ecosystem services such as water retention, infil-
tration, and storage can help to maintain soil moisture and reduce the risk of soil 
degradation. For example, rainwater harvesting and storage systems can help to 
retain water for agricultural use during dry periods, reducing the reliance on ground-
water resources and reducing the risk of desertification (Yu et al. 2021) (Fig. 24.2). 
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24.3.3.3 Carbon Sequestration 

It is the process by which carbon dioxide (CO2) is removed from the atmosphere and 
stored in carbon sinks, such as forests, soil, and oceans. It is a crucial ecosystem 
service provided by natural systems that helps mitigate the negative impacts of 
climate change. One recent study explored the potential of natural climate solutions, 
such as reforestation and forest management, to increase carbon sequestration and 
mitigate climate change. The study found that natural climate solutions could 
provide up to one-third of the emissions reductions needed to keep global warming 
below 2C, while also providing additional benefits, such as biodiversity conservation 
and sustainable development (Drever et al. 2021). A study was conducted to evaluate 
the effectiveness of soil carbon sequestration as a climate mitigation strategy. The 
study found that increasing soil carbon storage by 1 ton per hectare per year could 
reduce atmospheric CO2 concentrations by up to 10 parts per million by 2100, which 
would significantly contribute to achieving the goals of the Paris Agreement (Smith 
et al. 2020). A study published in the journal Environmental Research Letters 
assessed the carbon sequestration potential of mangrove forests in the Mekong 
Delta region of Vietnam. The study found that mangrove forests in the region 
could sequester up to 1.5 million tons of carbon per year, which would provide 
significant benefits for climate change mitigation and adaptation, as well as local 
communities that depend on the ecosystem services provided by mangroves (Hauser 
et al. 2020). Ribeiro et al. (2021) highlight the importance of carbon sequestration as 
an ecosystem service in the miombo woodlands region of Zimbabwe. The study 
evaluated the carbon sequestration potential of different land-use systems, including 
natural forests, degraded forests, grasslands, and croplands. The results showed that 
natural forests had the highest carbon sequestration potential, followed by degraded 
forests and grasslands. Croplands, on the other hand, had the lowest carbon seques-
tration potential. Masson-Delmotte et al. (2022) highlighted the need to increase 
carbon sequestration in all ecosystems, including forests, grasslands, and wetlands, 
to limit global warming to 1.5C. The report also emphasized the importance of 
sustainable land management practices to enhance the capacity of ecosystems to 
store carbon. Macreadie et al. (2021) assessed the potential of blue carbon ecosys-
tems, such as mangroves, seagrasses, and saltmarshes, to mitigate climate change 
through carbon sequestration. The review highlighted the significant carbon seques-
tration potential of blue carbon ecosystems, with estimates suggesting that they 
could store up to 25 billion tons of carbon dioxide equivalents by 2050 (Fig. 24.2).
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24.3.3.4 Control of Weeds, Insect Pest, and Diseases 

Weeds are one of the most significant threats to crop production worldwide. Agro-
forestry systems provide a natural and sustainable approach to weed management. 
The shade from the trees in agroforestry systems reduces weed growth by reducing 
the amount of sunlight that reaches the ground, thus reducing weed seed germination 
and growth (Harms et al. 2020). In addition, tree roots can compete with weeds for 
nutrients, further reducing weed growth (Singh et al. 2017; Satapathy et al. 2020; 
Bhoi et al. 2022a, b; Mahanta et al. 2022; Prabhulinga et al. 2022; Samal et al. 2023a, 
b). Fahad et al. (2022) in Tanzania investigated the effect of agroforestry systems on 
the control of weeds in maize production. The study found that maize grown in 
agroforestry systems had lower weed density and biomass compared to maize grown 
in monoculture systems. This was attributed to the shade provided by the trees, 
which reduced the amount of light reaching the ground and thus suppressed weed 
growth. Agroforestry systems can provide disease control by creating a diverse and 
resilient agroecosystem. A diverse agroecosystem with a mix of crops and trees 
creates a natural barrier against diseases by reducing the spread of pathogens 
(LibertAmico et al. 2020). Additionally, some tree species in agroforestry systems 
have been found to have antifungal and antibacterial properties, further reducing the 
spread of plant diseases (Mahanta et al. 2023; Majhi et al. 2023; Singh et al. 2023b). 
Cerda et al. (2020) in Colombia investigated the effect of agroforestry systems on the 
control of coffee leaf rust disease. The study found that coffee plants grown in 
agroforestry systems had lower levels of leaf rust disease compared to coffee plants 
grown in monoculture systems. This was attributed to the presence of shade trees, 
which created a microclimate that was less favorable for the growth and spread of the 
leaf rust disease. Agroforestry systems can provide a natural approach to insect pest 
control by creating habitats for natural enemies of insect pests. Trees in agroforestry 
systems provide habitat and food sources for natural enemies, such as birds and 
insects, which prey on insect pests (Kumar et al. 2016). In addition, some tree 
species in agroforestry systems have been found to have insecticidal properties, 
further reducing the damage caused by insect pests (Ugwu 2020). Martínez-Sastre 
et al. (2020) in Spain investigated the effect of agroforestry systems on the control of 
insect pests in apple orchards. The study found that apple trees grown in agroforestry 
systems had lower levels of insect pest infestation compared to apple trees grown in 
monoculture systems. This was attributed to the presence of natural enemies of the 
insect pests, such as birds and insects, which were attracted by the trees in the 
agroforestry system and helped to control the pest populations (Fig. 24.2). 

24.3.4 Cultural Services 

Agroforestry systems provide several ecosystem services, including cultural ser-
vices. Cultural services are the non-material benefits that people derive from



ecosystems, such as aesthetic, spiritual, and recreational values. These services are 
essential for human well-being and are often overlooked in decision-making pro-
cesses (Fig. 24.2). 

1. Aesthetic Values: Agroforestry systems can provide aesthetic values that 
enhance the visual appeal of the landscape. Trees, crops, and livestock can create 
a diverse and vibrant landscape that can be attractive to people. Several studies 
have demonstrated the aesthetic value of agroforestry systems. For example, a 
study in Uganda showed that farmers perceived their agroforestry systems as 
more attractive than monoculture systems. Another study in Costa Rica showed 
that agroforestry systems were perceived as more beautiful than conventional 
agriculture (Leary et al. 2021) (Fig. 24.2). 

2. Spiritual Values: Agroforestry systems can also provide spiritual values, such as 
a connection to nature and cultural heritage. Trees and forests have been associ-
ated with spiritual and cultural beliefs in many cultures worldwide. Several 
studies have documented the spiritual values of agroforestry systems. For exam-
ple, a study in Ethiopia showed that farmers attributed spiritual values to their 
agroforestry systems, including the belief that trees were the dwelling place of 
spirits. Another study in Mexico showed that farmers associated their agrofor-
estry systems with cultural identity and a connection to their ancestors (Sierra-
Huelsz et al. 2020) (Fig. 24.2). 

3. Recreational Values: Agroforestry systems can provide opportunities for recre-
ation activities such as hiking, bird watching, and nature appreciation. The 
presence of trees and other vegetation in these systems provides habitat for 
wildlife, making them attractive for recreation activities. Several studies have 
shown that agroforestry systems can provide recreational opportunities for local 
communities and tourists (Prihayati and Veriasa 2021) (Fig. 24.2). Various 
ecosystem services are depicted in Table 24.1. 
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24.4 Socioeconomic Impact 

1. Increased income: Agroforestry systems can supply farmers with a range of 
products, allowing them to earn more money. Trees, for example, can be 
harvested for lumber, fruits, or nuts, and livestock can graze on understory 
vegetation (Mukhlis et al. 2022). 

2. Enhanced food security: Agroforestry systems can help to increase food security 
by providing farmers with a more consistent source of food. During the 
off-season, trees, for example, can produce fruits and nuts, while cattle can supply 
milk and meat (Aryal et al. 2023; Kadykalo et al. 2021). 

3. Poverty reduction: Agroforestry systems can aid in poverty reduction by provid-
ing farmers with a more sustainable way of living. Trees, for example, can 
provide shade and feed, which can assist to reduce input costs, and agroforestry
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Table 24.1 Represent the various ecosystem services provided by agroforestry system 

SL. 
no. 

Regulating Services 

1 Climate regulation Agroforestry systems can help regulate local and 
regional climates by providing shade, reducing 
wind speed, and increasing humidity. 

Fahad et al. 
(2022) 

2 Pest regulation Agroforestry systems can promote natural pest 
control by providing habitat for beneficial insects 
and birds, reducing the need for chemical 
pesticides. 

Monteagudo 
et al. (2023) 

3 Disease regulation Agroforestry systems can reduce the incidence and 
severity of plant diseases by promoting healthy 
soil and diverse crop rotations. 

Sollen-Norrlin 
et al. (2020) 

4 Water regulation Agroforestry systems can improve water manage-
ment by reducing runoff and improving water 
infiltration and storage. 

Zhu et al. 
(2020) 

5 Soil regulation Agroforestry systems can promote healthy soil by 
improving soil structure, increasing soil organic 
matter, and reducing erosion. 

Hartmann 
et al. (2023) 

Cultural services 

6 Aesthetic values Agroforestry systems can provide aesthetic bene-
fits, such as scenic beauty, wildlife viewing, and 
recreational opportunities. 

Smith et al. 
(2021) 

7 Spiritual and reli-
gious values 

Agroforestry systems can have cultural and spiri-
tual significance for communities, including pro-
viding sacred groves and other cultural practices. 

Ormsby and 
Krishnan 
(2022) 

8 Educational and 
scientific values 

Agroforestry systems can provide opportunities 
for education and scientific research, such as 
studying agroforestry practices and their impacts 
on ecosystems and livelihoods. 

Akter et al. 
(2022) 

9 Cultural heritage 
values 

Agroforestry systems can be an important part of 
cultural heritage, such as traditional agroforestry 
systems and associated knowledge and practices. 

Santoro 
(2023) 

10 Social and commu-
nity values 

Agroforestry systems can provide social and 
community benefits, such as strengthening local 
networks and supporting traditional livelihoods. 

Meinhold and 
Darr (2021) 

Supporting services 

11 Soil formation Agroforestry systems can support soil formation 
and maintenance by promoting nutrient cycling, 
organic matter accumulation, and soil structure. 

Fahad et al. 
(2022) 

12 Nutrient cycling Agroforestry systems can enhance nutrient cycling 
by utilizing multiple plant species with comple-
mentary nutrient needs and reducing nutrient 
losses through soil erosion and leaching. 

Sileshi et al. 
(2020) 

13 Primary production Agroforestry systems can support primary pro-
duction by diversifying crop and tree species, 
reducing crop failure risks, and increasing crop 
and tree yields. 

Bertsch-
Hörmann 
(2021)
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Table 24.1 (continued)

SL. 
no. 

14 Habitat provision Agroforestry systems can provide habitat for a 
range of plant and animal species, supporting 
biodiversity and ecosystem health. 

Egwumah 
et al. (2022) 

15 Genetic resources Agroforestry systems can contribute to the con-
servation and management of genetic resources, 
including crop and tree species with cultural, 
medicinal, and other values. 

Suwardi and 
Navia (2023) 

Provisioning services 

16 Food production Agroforestry systems can produce a range of food 
products, including fruits, nuts, vegetables, and 
livestock, providing diversified and sustainable 
sources of nutrition. 

Damerau et al. 
(2020) 

17 Timber and 
non-timber forest 
products 

Agroforestry systems can provide timber and 
non-timber forest products, such as fuel wood, 
medicinal plants, and ornamental plants, 
supporting livelihoods and local economies. 

Gurung et al. 
(2021) 

18 Water resources Agroforestry systems can contribute to water 
resource management by reducing erosion, 
increasing infiltration and water retention, and 
improving water quality. 

Zhu et al. 
(2020) 

19 Fiber and fodder 
production 

Agroforestry systems can produce fiber and fodder 
products, such as cotton, bamboo, and forage 
crops, supporting diverse and sustainable 
livelihoods. 

Santoro et al. 
(2020) 

20 Fuel wood 
production 

Agroforestry systems can provide fuel wood for 
household and commercial use, reducing pressure 
on natural forests and supporting sustainable 
energy sources. 

Khadka et al. 
(2021) 

systems can help to save soil and water, lowering the chance of crop failure 
(Castle et al. 2022). 

4. Environmental quality enhancement: Environmental quality can be improved by 
using agroforestry systems to provide habitat for wildlife, reduce erosion, and 
conserve water. This can result in a variety of advantages, including enhanced air 
quality, less floods, and increased resilience to climate change (Akter et al. 2022). 

5. Increased social cohesiveness: Agroforestry systems can provide a gathering area 
for individuals, which can aid in social cohesion. This can result in a variety of 
advantages, including improved education, lower crime, and a stronger sense of 
community (Quandt et al. 2023).
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24.5 Challenges Associated with Ecosystem Service 

1. Market access: One of the main challenges associated with ecosystem services 
in agroforestry systems is market access. Farmers may not have access to markets 
that are willing to pay for ecosystem services, which can limit their economic 
benefits from agroforestry systems. 

2. Land tenure: Another challenge is land tenure, which can limit the adoption of 
agroforestry systems. Farmers may be reluctant to invest in agroforestry systems 
if they do not have secure land tenure, as they may not be able to benefit from the 
long-term ecosystem services provided by these systems (Geressu et al. 2020). 

3. Institutional barriers: Institutional barriers such as policies, regulations, and 
governance can also limit the adoption and implementation of agroforestry 
systems. These barriers can limit the ability of farmers to access financing, 
technical assistance, and other resources needed to establish and maintain agro-
forestry systems (Sheppard et al. 2020). 

24.6 Opportunities and Ecosystem Service 

1. Payment for ecosystem services: Payment for ecosystem services (PES) 
schemes provide opportunities for farmers to earn income from the ecosystem 
services provided by agroforestry systems. PES schemes can provide financial 
incentives for farmers to invest in and maintain these systems (Garrett 
et al. 2021). 

2. Sustainable development goals: Agroforestry systems can contribute to several 
sustainable development goals (SDGs), including poverty reduction, food secu-
rity, climate action, and biodiversity conservation. This provides opportunities for 
policymakers and stakeholders to support the adoption and scaling up of agro-
forestry systems (Piemontese et al. 2021). 

3. Climate change mitigation and adaptation: Agroforestry systems can contrib-
ute to climate change mitigation and adaptation by sequestering carbon, reducing 
greenhouse gas emissions, and increasing resilience to climate change impacts. 
This provides opportunities for farmers to contribute to global efforts to address 
climate change (Sharifi 2021). 

24.7 Future Prospects 

1. Scaling up: There is a growing interest in scaling up agroforestry systems to meet 
the challenges of food security, climate change, and environmental degradation. 
Scaling up agroforestry systems can provide a range of ecosystem services, 
including increased carbon sequestration, enhanced biodiversity, and improved 
soil fertility. This can contribute to the achievement of several sustainable
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development goals, including poverty reduction, food security, and climate action 
(Jurado et al. 2022). 

2. Technological innovations: Technological innovations such as remote sensing, 
geographic information systems (GIS), and precision agriculture can enhance the 
effectiveness and efficiency of agroforestry systems. For example, remote sensing 
can be used to monitor vegetation cover, while GIS can be used to map ecosystem 
services at different spatial scales. Precision agriculture can improve crop yields 
and reduce inputs, leading to more sustainable and profitable agroforestry sys-
tems (Plieninger et al. 2020). 

3. Policy support: Policymakers can play a critical role in supporting the adoption 
and scaling up of agroforestry systems. Policies that incentivize the adoption of 
agroforestry systems, such as subsidies or tax breaks, can increase the economic 
benefits for farmers. Policies that regulate land-use change and deforestation can 
also support the protection and restoration of forests and other ecosystems 
(Plieninger et al. 2020). 

4. Partnerships: Partnerships among governments, civil society, and the private 
sector can enhance the adoption and scaling up of agroforestry systems. Partner-
ships can leverage the expertise and resources of different actors to support the 
development of sustainable and profitable agroforestry systems. For example, 
partnerships can support the development of value chains that link farmers to 
markets for agroforestry products and services (Awazi 2022). 

24.8 Conclusion 

Agroforestry systems offer a wide range of ecosystem services that can benefit both 
the environment and farmers. These services include carbon sequestration, biodi-
versity conservation, soil fertility improvement, and more. However, there are 
challenges and opportunities associated with these services, such as the need for 
scaling up, technological innovations, policy support, and partnerships. By 
addressing these challenges and leveraging these opportunities, we can create 
more sustainable and profitable agroforestry systems that contribute to sustainable 
development and climate change mitigation and adaptation. The future prospects for 
ecosystem services in agroforestry systems are promising, and there is growing 
interest in adopting and scaling up these systems to meet the challenges of food 
security, climate change, and environmental degradation. 
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Abstract Soil degradation is a major environmental issue affecting agricultural 
productivity, food security, and ecosystem services. Agroforestry, a land-use system 
that integrates trees, crops, and/or livestock in a single management unit, has been 
recognized as a promising approach for restoring degraded soils. Agroforestry 
systems provide multiple benefits, including improved soil fertility, increased bio-
diversity, enhanced ecosystem services, and diversified livelihoods. Agroforestry 
has been used for restoring degraded mining soils in India, waterlogged soils in 
Bangladesh, and degraded grasslands in China. Despite the potential of agroforestry 
intervention for restoring degraded soils, several challenges need to be addressed. 
These include management complexity, market access, land tenure, and policy 
issues, as discussed in previous sections. Addressing these challenges will require 
a concerted effort by stakeholders from different sectors, including farmers, 
researchers, policymakers, and civil society. The current book chapter provides an 
overview of the potential of agroforestry intervention for restoring degraded soils 
and highlights recent research on this topic. 
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25.1 Introduction 

Population growth is a major global concern, as it affects various aspects of human 
life, including food security, housing, education, and health. The world population 
has been growing steadily over the past few decades, and this trend is expected to 
continue in the near future. According to the United Nations (UN 2021), the global 
population reached 7.9 billion in 2021 and is projected to reach 9.7 billion by 2050. 
India, which is currently the second-most populous country in the world, is projected 
to surpass China as the most populous country by 2027. Population growth is a 
significant driver of soil degradation, as it leads to increased demand for food, fiber, 
and fuel. This demand often leads to the conversion of natural habitats, deforestation, 
and intensification of agriculture, which can cause soil degradation. According to a 
recent report by the Food and Agriculture Organization of the United Nations 
(FAO), population growth and the resulting increase in demand for food and other 
resources have led to significant soil degradation worldwide. The report estimates 
that about 33% of the world’s soils are degraded, and this figure is projected to 
increase to 90% by 2050 if current trends continue (FAO 2020). Degraded soil is soil 
that has lost its ability to support plant growth or ecosystem functions due to human 
activities such as intensive agriculture, deforestation, mining, and urbanization. 
Degraded soil is a major environmental problem that affects food security, biodi-
versity, and ecosystem services. According to a recent report by the Food and 
Agriculture Organization (FAO) of the United Nations (FAO 2020), about 
one-third of the world’s soils are degraded, and the problem is getting worse. The 
report estimates that degraded soil could cost the global economy up to $40 billion 
annually in lost ecosystem services and crop productivity (Singh et al. 2023a, b, c). 
Under such circumstances, agroforestry intervention is the only way to sustain the 
degraded soil in long-term basis. Agroforestry is a sustainable land-use system that 
combines the benefits of trees and agriculture. It has the potential to restore degraded 
soils and enhance soil productivity. Agroforestry systems provide multiple benefits, 
such as improved soil quality, increased biodiversity, and higher crop yields. 
According to a recent study published in the journal Land Use Policy, agroforestry 
can be an effective way to restore degraded soils. The study examined the impact of 
agroforestry on soil quality in the Brazilian Cerrado, a region that has been severely 
degraded by agriculture and grazing. The study found that agroforestry significantly 
improved soil quality compared to conventional agricultural practices. Agroforestry 
increased soil organic carbon, nitrogen, and phosphorus content, which improved 
soil fertility and increased crop productivity. The study also found that agroforestry 
increased soil water-holding capacity and reduced soil erosion, which helped to 
conserve soil moisture and reduce soil loss (Menezes et al. 2021). The current book 
chapter provides an overview of the potential of agroforestry intervention for 
restoring degraded soils, viz., salt-affected soil, acid soil, waterlogged soil, mine 
spoils, etc., their mechanism, and their pros and cons are discussed with recent area 
of research in this topic.
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25.2 Agroforestry and their Relation in Degrade Soil 
Rehabilitation 

Agroforestry is a land-use system that combines trees and agriculture in a way that is 
mutually beneficial. This system can play a crucial role in the rehabilitation of 
degraded soils by improving soil quality and enhancing ecosystem services. Agro-
forestry practices can help to prevent soil erosion, increase soil organic matter 
content, and improve nutrient cycling. According to a recent study, agroforestry 
can be an effective way to rehabilitate degraded soils. The study evaluated the impact 
of agroforestry on soil quality in a degraded landscape in northern Ethiopia. The 
study found that agroforestry increased soil organic matter content, reduced soil 
erosion, and improved nutrient cycling compared to conventional farming practices 
(Tadesse et al. 2021). Similarly, another study examined the effect of agroforestry on 
degraded soil in Indonesia. The study found that agroforestry practices significantly 
improved soil fertility, reduced soil erosion, and increased crop yields compared to 
monoculture systems. These studies demonstrate the potential of agroforestry in 
rehabilitating degraded soils and improving agricultural productivity while enhanc-
ing ecosystem services (Nurwijayanto et al. 2020). In Ethiopia, a study found that 
integrating trees into agricultural landscapes through agroforestry practices 
improved soil fertility, reduced soil erosion, and increased crop yields. The study 
reported significant increases in soil organic matter, nitrogen, and phosphorus in 
agroforestry systems compared to conventional agriculture (Sahle et al. 2022). In the 
Philippines, a study found that agroforestry interventions improved soil quality, 
reduced erosion, and increased soil water-holding capacity. The study reported 
that agroforestry systems had higher levels of soil organic matter, nitrogen, and 
phosphorus than conventional agriculture, which improved soil fertility and crop 
productivity (Ota et al. 2020). 

25.3 Mechanism of Degrade Soil Restoration Through 
Agroforestry Intervention 

Agroforestry interventions can restore degraded soils through several mechanisms, 
including: 

1. Improving soil organic matter: Agroforestry systems can increase soil organic 
matter through the deposition of leaves, branches, and roots of trees and other 
vegetation. This improves soil fertility, structure, and water-holding capacity, 
which can increase crop yields (Nyirenda and Balaka 2021). 

2. Enhancing soil structure: Agroforestry systems can improve soil structure by 
reducing soil compaction and increasing soil aggregation, which enhances water 
infiltration and reduces soil erosion. Trees also help to stabilize soil structure by 
providing physical support to the soil (Yusnaini et al. 2021).



3. Reducing soil erosion: Trees in agroforestry systems can reduce soil erosion by 
intercepting rainwater, slowing down surface runoff, and reducing the velocity of 
water flow. Trees also help to anchor the soil and reduce the risk of landslides 
(Gholamahmadi et al. 2023). 

4. Increasing soil fertility: Agroforestry systems can increase soil fertility through 
the cycling of nutrients between trees and crops. Trees can fix atmospheric 
nitrogen, which can be transferred to the soil through leaf litter and root exudates. 
Trees also absorb nutrients from deeper soil layers and redistribute them to the 
upper soil layers, which benefits crops (Sileshi et al. 2020). 

5. Increasing water availability: Trees in agroforestry systems can increase water 
availability by reducing evapotranspiration and increasing soil water storage. 
Trees can also act as windbreaks and reduce water loss due to wind erosion 
(Gusli et al. 2020) (Fig. 25.1). 
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A study conducted in Ethiopia found that agroforestry systems increased soil 
organic matter, improved soil structure and water-holding capacity, and reduced soil 
erosion. The study also reported that agroforestry systems had higher crop yields 
than conventional agricultural systems (Fentahun and Gashaw 2014). A study found 
that agroforestry interventions improved soil structure and reduced soil erosion. The 
study reported that agroforestry systems had higher levels of soil organic matter and 
total nitrogen than monoculture agriculture, which improved soil quality and 
increased crop productivity (Gebrewahid and Meressa 2020). A study conducted 
in Brazil found that agroforestry systems increased water infiltration and reduced soil 
compaction. The study also reported that agroforestry systems had higher levels of 
soil organic matter and nitrogen, which improved soil fertility and increased crop 
yields (Matos et al. 2022). A study conducted in the state of Gujarat found that 
agroforestry interventions had a positive impact on soil quality and crop productiv-
ity. The study reported that agroforestry systems had higher levels of soil organic 
carbon, total nitrogen, and available phosphorus than conventional agricultural 
systems. The study also found that agroforestry systems had higher crop yields 
and better soil moisture retention (Patel et al. 2020). In the state of Tamil Nadu, a 
study found that agroforestry interventions improved soil fertility and reduced soil 
erosion. The study reported that agroforestry systems had higher levels of soil 
organic carbon, nitrogen, and phosphorus than conventional agricultural systems. 
The study also found that agroforestry systems had lower soil erosion rates and 
higher crop yields (Sikka et al. 2014). A study conducted in the state of Jharkhand 
found that agroforestry interventions increased soil organic matter and improved soil 
fertility. The study reported that agroforestry systems had higher levels of soil 
organic carbon, total nitrogen, and available phosphorus than monoculture agricul-
ture. The study also found that agroforestry systems had higher crop yields and better 
soil moisture retention (Sahoo and Wani 2019) (Fig. 25.2).
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Fig. 25.1 Agroforestry-based climate-resilient soil improvement strategies (ACIS) framework. 
The ACIS framework is a holistic approach to soil restoration and climate resilience, combining 
soil restoration techniques with appropriate agroforestry systems, tree and crop species selection, 
and regular maintenance and monitoring. The framework aims to improve soil health and fertility, 
increase agricultural productivity, and enhance resilience to climate change. The ACIS framework 
can be adapted to different agroecological contexts and project goals 

25.4 Agroforestry Intervention for Saline Soil Restoration 

Saline soils are a major problem in many parts of India, particularly in the arid and 
semiarid regions. Agroforestry interventions have been used to restore saline soils in 
some of these regions. A study conducted in the Kachchh district of Gujarat found 
that agroforestry interventions significantly improved soil quality and reduced soil 
salinity. The study reported that the agroforestry system had higher levels of soil 
organic carbon, total nitrogen, available phosphorus, and microbial biomass than the



control (no intervention) and traditional agriculture systems. The study also found 
that the agroforestry system significantly reduced soil salinity and increased crop 
yields (Singh 2022). The agroforestry intervention in this study involved planting 
drought-tolerant tree species (Prosopis juliflora and Acacia tortilis) in rows with 
crop cultivation in the interspaces between the rows. This study demonstrates that 
agroforestry interventions can effectively restore saline soils in India, leading to 
improved soil quality and increased crop productivity. A study conducted found that 
agroforestry systems can improve soil quality and crop productivity in saline soils. 
The study reported that agroforestry systems had higher levels of soil organic 
carbon, total nitrogen, and available phosphorus than conventional agricultural 
systems. The study also found that agroforestry systems had higher crop yields 
and better soil moisture retention in saline soils (Jinger et al. 2023). In the state of 
Rajasthan, a study found that agroforestry interventions can improve soil quality and 
reduce salinity levels in saline soils. The study reported that agroforestry systems 
had higher levels of soil organic matter, total nitrogen, and available phosphorus 
than monoculture agriculture. The study also found that agroforestry systems had 
lower salinity levels and higher crop yields (Kumar and Kunhamu 2021). A study 
conducted in the state of Haryana found that agroforestry interventions can reduce 
soil salinity and improve crop productivity in saline soils. The study reported that 
agroforestry systems had higher levels of soil organic carbon, total nitrogen, and
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Fig. 25.2 This figure represents the diverse combination of trees, shrubs, and crops are strategically 
planted to enhance soil fertility and structure. The deep-rooted trees provide stability and prevent 
erosion, while their fallen leaves and organic matter enrich the soil’s nutrient content. The 
intercropped crops benefit from the shade and protection provided by the tree canopy, reducing 
water loss and improving overall productivity. This integrated agroforestry approach offers sus-
tainable solutions for rehabilitating degraded soils, promoting biodiversity, and supporting local 
livelihoods



available phosphorus than conventional agricultural systems. The study also found 
that agroforestry systems had higher crop yields and lower soil salinity levels 
(Kombra et al. 2022). In Iran, a study found that agroforestry interventions can 
reduce soil salinity and improve crop productivity in saline soils. The study reported 
that agroforestry systems had higher levels of soil organic matter, total nitrogen, and 
available phosphorus than monoculture agriculture. The study also found that 
agroforestry systems had higher crop yields and lower soil salinity levels (Kyrgiakos 
et al. 2023). A study conducted in the United States found that agroforestry inter-
ventions can improve soil quality and reduce salinity levels in saline soils. The study 
reported that agroforestry systems had higher levels of soil organic carbon, total 
nitrogen, and available phosphorus than conventional agricultural systems. The 
study also found that agroforestry systems had lower salinity levels and higher 
crop yields (Bishaw et al. 2022). The selection of appropriate plant species is critical 
for the success of agroforestry interventions in saline soil restoration. A study 
conducted in India evaluated the performance of different agroforestry systems in 
saline soils and found that the combination of trees (Casuarina equisetifolia) and 
crops (maize and pigeon pea) was the most effective in terms of reducing soil salinity 
and improving crop productivity. The study also found that the tree species Euca-
lyptus tereticornis was not suitable for saline soil restoration due to its high water 
consumption (Dev et al. 2020). A study conducted in Pakistan evaluated the 
performance of different tree species in saline soils and found that the tree species 
Prosopis juliflora and Acacia nilotica were the most effective in terms of reducing 
soil salinity and improving soil quality. The study also found that the tree species 
Dalbergia sissoo and Acacia modesta were not suitable for saline soil restoration due 
to their poor survival rates (Kumar et al. 2022a, b). A study conducted in Iran 
evaluated the performance of different agroforestry systems in saline soils and found 
that the combination of trees (Ailanthus altissima and Robinia pseudoacacia) and 
crops (barley and clover) was the most effective in terms of reducing soil salinity and 
improving crop productivity. The study also found that the tree species Paulownia 
tomentosa was not suitable for saline soil restoration due to its high water consump-
tion (Aghajani 2019) (Fig. 25.1).
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25.5 Agroforestry Intervention for Acidic Soil Restoration 

One recent study that investigated the effectiveness of agroforestry in restoring acid 
soil was conducted by Härkönen et al. (2023). The study was carried out in 
Indonesia, where acid soil is a major problem for agricultural production. The 
researchers evaluated the soil quality and plant growth in a mixed agroforestry 
system that included teak and rubber trees along with vegetable crops. The results 
showed that the agroforestry system significantly improved soil quality by increas-
ing soil organic matter, total nitrogen, and available phosphorus. The pH levels also 
increased, indicating a reduction in soil acidity. In addition, the agroforestry system 
significantly increased crop yield and plant biomass, suggesting that it can improve



the productivity of acid soils. Agroforestry interventions can be effective in restoring 
acid soils by improving soil quality and increasing soil pH. One study conducted by 
Sari et al. (2020) in Indonesia found that agroforestry systems incorporating 
nitrogen-fixing trees, such as Acacia mangium, improved soil pH and increased 
soil organic carbon content. Another study conducted by Wang et al. (2023) in China 
showed that intercropping with fruit trees, such as apple and pear, improved soil pH 
and reduced soil acidity compared to conventional monoculture systems. Addition-
ally, a review by Nair et al. (2021a, b) highlighted the potential of agroforestry to 
restore degraded soils and increase soil fertility, particularly in acid soils. The review 
identified various agroforestry practices, such as alley cropping, silvopasture, and 
taungya, that can improve soil quality and increase soil pH in acid soils. Agroforestry 
interventions can be effective in restoring acid soils in India. One such intervention is 
the incorporation of leguminous trees and shrubs into agricultural systems. Legu-
minous plants can fix atmospheric nitrogen and improve soil fertility, leading to 
increased crop yields and improved soil health. Some examples of leguminous trees 
and shrubs used in agroforestry systems in India include Leucaena leucocephala, 
Acacia auriculiformis, and Sesbania sesban. A recent study by Kanwal and 
Vishvakarma (2022) examined the effects of agroforestry systems on soil properties 
and crop yields in acid soils in India. The study found that agroforestry systems led 
to improvements in soil fertility, with increases in soil organic carbon, total nitrogen, 
available phosphorus, and exchangeable potassium. The study also found that 
agroforestry systems led to increased crop yields, with improvements in the yield 
of crops such as rice, wheat, and maize. Agroforestry systems that incorporate 
leguminous trees, such as Acacia auriculiformis, Sesbania spp., and Leucaena 
leucocephala, have been shown to improve soil fertility and decrease soil acidity 
(Sileshi et al. 2020). A recent study conducted in India investigated the effect of 
agroforestry on soil quality in acid soils. The study found that agroforestry systems 
significantly increased soil organic carbon, total nitrogen, available phosphorus, and 
exchangeable potassium compared to traditional farming practices (Rathore et al. 
2021). Another study conducted in Kerala, India, evaluated the impact of agrofor-
estry on soil pH and nutrient availability. The study found that agroforestry systems 
that included trees such as Erythrina variegata, Albizia lebbeck, and Acacia 
auriculiformis improved soil pH and increased the availability of nutrients such as 
nitrogen, phosphorus, and potassium (Hasan et al. 2022). Chatterjee et al. (2022) 
evaluated the impact of agroforestry interventions on soil properties in acid soils of 
Northeast India. The study found that agroforestry interventions, including the 
planting of nitrogen-fixing trees and shrubs, significantly improved soil fertility 
and reduced soil acidity compared to traditional farming practices. Additionally, 
the study found that agroforestry interventions had positive effects on crop yields, 
with significant increases in maize, soybean, and rice yields. One study conducted in 
Brazil investigated the impact of agroforestry on the restoration of acid soils. The 
researchers found that agroforestry systems, which combined different tree species 
with crops and/or pasture, significantly increased soil organic matter content, soil 
pH, and nutrient availability, compared to conventional monoculture systems 
(Carvalho et al. 2023). Another study conducted in Indonesia showed that
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agroforestry practices, such as intercropping with leguminous trees and cover crops, 
improved soil pH and reduced soil acidity in acid soils. The researchers also found 
that agroforestry increased crop productivity, and enhanced soil microbial activity, 
which further improved soil health (Alam et al. 2022) (Fig. 25.1). 
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25.6 Agroforestry Intervention for Waterlogged Soil 
Restoration 

Agroforestry is an effective approach for restoring degraded and waterlogged soil. A 
recent study conducted in India by Dagar et al. (2022) investigated the effectiveness 
of agroforestry in restoring waterlogged soils in the Indo-Gangetic Plain. The study 
found that agroforestry systems that integrated trees with crops and livestock 
significantly improved soil quality, reduced waterlogging, and enhanced crop yields. 
The authors concluded that agroforestry can be a viable option for restoring 
degraded and waterlogged soils in the region. Another recent study by Malobane 
(2020) in also highlighted the potential of agroforestry for improving waterlogged 
soils. The study showed that integrating trees into cropland reduced soil compaction 
and increased soil water-holding capacity, resulting in higher crop yields and 
reduced nitrate leaching. The authors concluded that agroforestry can be an effective 
strategy for mitigating the negative impacts of waterlogging on soil health and crop 
production. Islam et al. (2022) investigated the effects of agroforestry on water-
logged soils in the wetlands of the Meghna River Basin in Bangladesh. The study 
found that agroforestry interventions, such as the planting of tree species like Acacia 
auriculiformis and Melia azedarach, significantly improved soil physical properties, 
including soil moisture, bulk density, and porosity. These improvements led to 
increased crop yields and reduced soil erosion in the study area. Agroforestry 
interventions can be effective in restoring waterlogged soil by enhancing drainage, 
improving soil structure, and increasing organic matter content. One such interven-
tion is the cultivation of vetiver grass (Chrysopogon zizanioides), a perennial grass 
with a deep and extensive root system that can break up compacted soil and enhance 
water infiltration. A recent study by Malunguja et al. (2022) in India investigated the 
impact of vetiver grass on soil physicochemical properties and crop productivity in a 
waterlogged soil. The study found that after 2 years of cultivation, vetiver grass 
significantly improved soil properties such as bulk density, porosity, and organic 
matter content. Additionally, the study found that the cultivation of vetiver grass 
increased crop productivity, especially for rice and wheat crops, by improving soil 
moisture and nutrient availability. Intervention through planting with suitable tree 
species that can tolerate waterlogged conditions, such as Populus deltoides, Euca-
lyptus tereticornis, and Dalbergia sissoo. These species have been found to improve 
soil physical properties, increase soil organic carbon content, and enhance soil 
microbial activity, leading to improved soil fertility and crop productivity. A recent 
study conducted in India evaluated the impact of agroforestry interventions on



waterlogged soil restoration in the Ganga-Yamuna Doab region. The study found 
that planting Populus deltoides in waterlogged soil resulted in a significant improve-
ment in soil physical properties, such as bulk density, porosity, and aggregate 
stability, as well as an increase in soil organic carbon content and soil microbial 
biomass. The authors concluded that agroforestry interventions can be an effective 
and sustainable approach for waterlogged soil restoration in the region (Patel et al. 
2020). Gao et al. (2022) study in the Yangtze River Delta region of China, where 
waterlogging is a common problem in agricultural lands. The researchers compared 
the effects of three different agroforestry systems (alley cropping, mixed-species 
planting, and monoculture) with a control treatment (bare fallow) on soil physical 
properties and biomass production. They found that all three agroforestry systems 
improved soil physical properties (including soil porosity, bulk density, and water-
holding capacity) compared to the control treatment. The mixed-species planting 
system was the most effective at improving soil physical properties and also resulted 
in the highest biomass production (Fig. 25.1). 

538 V. Vyas et al.

25.7 Agroforestry Intervention for Mining Soil Restoration 

Mining activities can have a significant impact on soil health, often leading to 
degradation and loss of soil productivity. Agroforestry can be an effective interven-
tion for restoring degraded mining soils. A recent study by Grez (2020) investigated 
the potential of agroforestry for restoring soil quality in mining-affected areas of 
Mexico. The study found that agroforestry systems with native tree species were 
effective in improving soil quality parameters such as organic matter, nitrogen, and 
soil structure. The study also found that agroforestry systems enhanced biodiversity, 
provided ecosystem services, and increased carbon sequestration in the restored 
mining soils. The authors concluded that agroforestry can be a sustainable approach 
for restoring mining-affected soils and improving the livelihoods of local commu-
nities. The article by Guan et al. (2021) provides a comprehensive review of the 
potential of agroforestry for restoring mining soils in China. The authors argue that 
agroforestry can provide a range of benefits for mine land restoration, including soil 
improvement, erosion control, biodiversity conservation, and economic benefits for 
local communities. The article also highlights the challenges of implementing 
agroforestry in mining landscapes, including land tenure issues, market access, 
and the need for appropriate policy and institutional frameworks. The authors 
suggest that successful implementation of agroforestry for mine land restoration 
requires a multidisciplinary approach involving researchers, policymakers, and local 
communities. Sengupta (2020) studied the impact of different agroforestry systems 
on the restoration of mining soil in the coal mining regions of Jharkhand, India. They 
found that agroforestry systems improved soil quality and plant growth compared to 
conventional agricultural practices. The study also found that agroforestry systems 
increased the soil carbon content and improved soil structure, which resulted in 
better water retention and reduced erosion. The authors concluded that agroforestry



can be an effective approach for restoring degraded mining soils in India. The study 
by Jha et al. (2020) assessed the potential of agroforestry for restoring mined-out 
areas in India. The authors found that agroforestry can be a cost-effective and 
sustainable approach for restoring degraded mining lands. They recommend a 
combination of tree species, crops, and livestock to improve soil fertility, biodiver-
sity, and ecosystem services in the restored areas. The study also highlighted the 
need for policy support and community participation to promote the adoption of 
agroforestry for mining soil restoration. Bhardwaj et al. (2023) evaluated the use of 
agroforestry for restoring mine soil in Singrauli district of Madhya Pradesh, India. 
The study found that agroforestry significantly improved soil properties such as pH, 
organic carbon, available nitrogen, phosphorus, and potassium compared to the 
degraded mine soil. The study also found that agroforestry increased plant biomass 
and diversity and provided additional benefits such as fuel wood, fodder, and fruits 
(Fig. 25.1). Reclamation of affected soil through agroforestry intervention has been 
presented in Table 25.1. 
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25.8 Advantages of Agroforestry Intervention for Degraded 
Soil Restoration 

1. Improves soil health: Agroforestry systems promote the accumulation of 
organic matter in the soil, which improves soil structure, water retention, and 
nutrient cycling. This leads to better plant growth and increased soil fertility. A 
recent study by Berry and Shukla (2021) found that agroforestry systems 
improved soil quality and increased crop yields compared to conventional agri-
cultural systems. 

2. Provides ecosystem services: Agroforestry systems provide multiple ecosystem 
services such as biodiversity conservation, carbon sequestration, and erosion 
control. Trees in agroforestry systems also provide shade and shelter to crops 
and livestock, which can improve their health and productivity. A recent study by 
Hübner et al. (2021) found that agroforestry systems can significantly increase 
biodiversity and carbon sequestration compared to conventional agricultural 
systems. 

3. Enhances livelihoods: Agroforestry systems can provide a range of products, 
such as timber, fruits, and nontimber forest products, which can generate addi-
tional income for farmers. Additionally, agroforestry systems can provide more 
stable and diversified sources of food and income compared to monoculture 
systems. A recent study by Awazi (2022) found that agroforestry systems can 
improve food security and income for smallholder farmers.
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Table 25.1 Reclamation of affected soil through agroforestry intervention 

SL. 
no. 

Agroforestry 
system 

Acid soil restoration 

1 Alley 
Cropping 

Leucaena 
leucocephala 

Maize, 
Beans 

Increases soil nitrogen 
levels, improves soil 
structure, and reduces soil 
acidity. 

Amadu et al. 
(2021) 

2 Taungya 
Farming 

Gmelina 
arborea 

Cassava, 
Yam 

Increases soil organic 
matter and nutrient avail-
ability, improves soil 
water retention, and 
reduces soil acidity. 

Nair et al. 
(2021a, b) 

3 Silvopasture Acacia 
mangium 

Guinea 
grass 

Improves soil physical 
properties, increases soil 
organic matter, and 
reduces soil acidity. 

Dibala et al. 
(2021) 

4 Homegardens Gliricidia 
sepium 

Coffee, 
Banana 

Increases soil carbon and 
nitrogen levels, improves 
soil fertility and structure, 
and reduces soil acidity. 

Fahad et al. 
(2022) 

5 Agroforestry 
Parklands 

Faidherbia 
albida 

Millet, 
Sorghum 

Increases soil nitrogen 
levels, improves soil 
water retention, and 
reduces soil acidity. 

Stephen 
et al. (2020) 

Saline soil restoration 

6 Agroforestry 
in Coastal 
Saline Soil 

Acacia 
nilotica 

Rice, 
Wheat 

Improves soil structure, 
reduces soil salinity and 
sodicity, and increases 
soil nutrient availability. 

Syed et al. 
(2021) 

7 Salt-Affected 
Land 
Agroforestry 

Prosopis 
juliflora 

Barley, 
Millet 

Reduces soil salinity and 
improves soil water-
holding capacity, nutrient 
availability, and overall 
plant growth. 

Tomar et al. 
(2021) 

8 Agroforestry 
for Saline 
Soil 
Reclamation 

Casuarina 
equisetifolia 

Maize, 
Soybean 

Improves soil physical 
and chemical properties, 
enhances soil water 
retention, and increases 
soil organic matter. 

Ondrasek 
et al. (2022) 

9 Alley 
Cropping in 
Saline Soils 

Eucalyptus 
tereticornis 

Sorghum, 
Sunflower 

Improves soil structure 
and increases soil nutrient 
availability, leading to 
increased crop yields and 
reduced soil salinity. 

Singh et al. 
(2020) 

10 Silvopastoral 
System on 
Saline Soil 

Populus alba Alfalfa Improves soil quality, 
increases soil water 
retention, and enhances 
plant growth, leading to 

Gupta et al. 
(2020)
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improved forage
production.

(continued)
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Table 25.1 (continued)

SL. 
no. 

Agroforestry 
system Reference 

Waterlogged soil restoration 

11 Agroforestry 
in Water-
logged Soils 

Eucalyptus 
camaldulensis 

Paddy rice Improves soil structure, 
increases soil organic 
matter, and enhances 
nutrient cycling, leading 
to increased crop yields 
and improved soil 
drainage. 

Singh et al. 
(2023a, b, c) 

12 Agroforestry 
for Water-
logged Soils 

Leucaena 
leucocephala 

Maize, 
Mung bean 

Improves soil physical 
and chemical properties, 
enhances soil water 
retention and nutrient 
availability, and increases 
crop yields. 

Kisaka et al. 
(2023) 

13 Agroforestry 
for Reclama-
tion of 
Waterlogged 
Soils 

Melia 
azedarach 

Wheat, 
Mustard 

Improves soil physical 
properties, reduces soil 
salinity, increases soil 
organic matter, and 
enhances crop growth 
and yield. 

Kumar et al. 
(2022a, b) 

14 Agroforestry 
for Water-
logged Land 
Reclamation 

Acacia 
mangium 

Soybean, 
Maize 

Improves soil drainage 
and aeration, increases 
soil organic matter, and 
enhances crop growth 
and yield, leading to 
improved soil fertility. 

Das et al. 
(2020) 

15 Agroforestry 
in Water-
logged Soils 
of Coastal 
Region 

Casuarina 
equisetifolia 

Rice, Mung 
bean 

Improves soil physical 
and chemical properties, 
enhances nutrient avail-
ability, and increases crop 
yields, leading to 
improved livelihoods of 
coastal communities. 

Maji et al. 
(2020) 

Mine spoils restoration 

17 Agroforestry 
for Mine 
Spoils 
Reclamation 

Acacia 
mangium 

Maize, 
Soybean 

Improves soil physical 
and chemical properties, 
enhances nutrient avail-
ability, and increases crop 
yields, leading to 
improved soil fertility 
and ecosystem services. 

Jinger et al. 
(2023) 

18 Agroforestry 
for Mine 
Spoils 
Reclamation 

Eucalyptus 
camaldulensis 

Paddy rice Improves soil structure, 
enhances nutrient 
cycling, and increases 
soil organic matter and 

da Silva 
et al. (2022)
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microbial activity, lead-
ing to improved crop
yields and soil health.
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Table 25.1 (continued)

SL. 
no. 

Agroforestry 
system Reference 

19 Agroforestry 
for Mine 
Spoils 
Reclamation 

Casuarina 
equisetifolia 

Groundnut, 
Mustard 

Improves soil physical 
and chemical properties, 
enhances soil fertility and 
nutrient availability, and 
increases crop yields, 
leading to improved live-
lihoods of mine-affected 
communities. 

Berry and 
Shukla 
(2023) 

20 Agroforestry 
for Mine 
Spoils 
Reclamation 

Melia 
azedarach 

Wheat, 
Mustard 

Improves soil physical 
and chemical properties, 
enhances nutrient avail-
ability, and increases crop 
yields, leading to 
improved soil fertility 
and ecosystem services. 

Samji et al. 
(2023) 

21 Agroforestry 
for Mine 
Spoils 
Reclamation 

Dalbergia 
sissoo 

Groundnut, 
Cowpea 

Improves soil physical 
and chemical properties, 
enhances soil organic 
matter and nutrient avail-
ability, and increases crop 
yields, leading to 
improved livelihoods of 
mine-affected 
communities. 

Jinger et al. 
(2023) 

25.9 Challenges in Adapting Agroforestry Intervention 
for Degraded Soil Restoration 

While agroforestry has many advantages for restoring degraded soils, it also faces 
several challenges. Some of the challenges are: 

1. Management complexity: Agroforestry systems are complex and require careful 
planning, management, and maintenance to ensure their long-term sustainability. 
Farmers need to have the necessary knowledge and skills to manage the multiple 
components of agroforestry systems. A recent study by Jahan et al. (2022) found 
that lack of technical knowledge and training is a major barrier to the adoption of 
agroforestry systems. 

2. Market access: Agroforestry systems often produce a mix of products, including 
trees, crops, and livestock, which can make it difficult for farmers to find markets 
for their products. This can limit the economic benefits of agroforestry systems 
and discourage farmers from adopting them. A recent study by Kassa (2021)
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found that lack of market access is a major challenge for smallholder farmers 
practicing agroforestry. 

3. Land tenure and policy issues: Agroforestry systems require long-term land 
tenure and supportive policies to ensure their sustainability. In many countries, 
unclear land tenure systems and policies that favor monoculture agriculture can 
discourage farmers from adopting agroforestry systems. A recent study by Bettles 
et al. (2021) found that policy and institutional barriers are significant challenges 
to the adoption of agroforestry systems. 

25.10 Socioeconomic Impact 

1. Increased agricultural productivity: Agroforestry procedures such as growing 
trees and bushes alongside crops, can improve soil fertility, improve nutrient 
cycling, and boost water retention capacity. This can result in better agricultural 
productivity, higher crop yields, and improved food security for farmers and local 
people. Higher yields can also contribute to higher income and better living 
conditions (Mukhlis et al. 2022). 

2. Income diversification: Agroforestry systems frequently incorporate the cultiva-
tion of a number of crops and tree species. Farmers can diversify their revenue 
sources, minimizing their reliance on a particular crop and boosting their resil-
ience to market volatility (Aryal et al. 2023). 

3. Increased income: Agroforestry systems can supply farmers with a range of 
products, allowing them to earn more money. Trees, for example, can be 
harvested for lumber, fruits, or nuts, and livestock can graze on understory 
vegetation. A research conducted in Kenya discovered that agroforestry interven-
tions raised household income by 25% on average (Sileshi et al. 2023). 

4. Improved food security: Agroforestry systems can help to increase food security 
by providing farmers with a more consistent source of food. During the 
off-season, trees, for example, can produce fruits and nuts, while cattle can supply 
milk and meat. According to a study conducted in India, agroforestry interven-
tions reduced poverty by an average of 15% (Tega and Bojago 2023). 

5. Poverty reduction: Agroforestry systems can aid in poverty reduction by provid-
ing farmers with a more sustainable way of living. Trees, for example, can 
provide shade and feed, which can assist to reduce input costs, and agroforestry 
systems can help to save soil and water, lowering the chance of crop failure. 
Agroforestry interventions enhanced food security by 10% on average, according 
to a study conducted in Ethiopia (Belay et al. 2023). 

6. Improved environmental quality: Environmental quality can be improved by 
using agroforestry systems to provide habitat for wildlife, reduce erosion, and 
conserve water. According to a Chinese study, agroforestry systems can minimize 
soil erosion by up to 80% (Low et al. 2023). 

7. Improved health results: By providing shade, clean air, and a place to gather, 
agroforestry systems can help to enhance health outcomes. According to a study
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conducted in Mexico, agroforestry systems can lower the frequency of respiratory 
disorders by up to 50% (Lovell et al. 2023). 

25.11 Future Direction 

Restoration of degraded soil through agroforestry intervention holds great promise 
for sustainable agriculture and environmental conservation. Agroforestry provides a 
multifunctional approach to restore soil fertility and biodiversity, improve water 
retention, and mitigate climate change (Singh et al. 2023a, b, c). Agroforestry 
systems also contribute to food security, enhance rural livelihoods, and promote 
sustainable land management practices. The future prospects for agroforestry in 
restoring degraded soil are promising. The adoption of agroforestry practices is 
increasing globally, with growing recognition of their potential to restore degraded 
lands and provide sustainable and resilient agricultural production systems. In 
addition, agroforestry systems are gaining attention for their potential to contribute 
to achieving multiple Sustainable Development Goals (SDGs), including zero hun-
ger, climate action, and biodiversity conservation (Majhi et al. 2022). Further 
research is needed to identify the most effective agroforestry systems for restoring 
degraded soil in different agroecological zones and socioeconomic contexts. The 
integration of traditional and indigenous knowledge with scientific research can lead 
to innovative and context-specific agroforestry systems that restore soil health and 
support sustainable agriculture. There is also a need for policies and programs that 
promote the adoption of agroforestry practices, provide technical assistance and 
financial support, and create enabling environments for scaling up agroforestry 
interventions. 

25.12 Conclusion 

In conclusion, agroforestry has emerged as a promising approach for the restoration 
of degraded soil. Agroforestry systems integrate trees and shrubs with crops and 
livestock to provide multiple benefits, including soil improvement, erosion control, 
water retention, biodiversity conservation, and climate change mitigation. Agrofor-
estry systems also contribute to food security, enhance rural livelihoods, and pro-
mote sustainable land management practices. Recent studies have shown that 
agroforestry can be effective in restoring degraded soil, with improvements in soil 
fertility, erosion control, and crop yields. The future prospects for agroforestry in 
restoring degraded soil are bright, with growing recognition of the potential of 
agroforestry to contribute to achieving multiple Sustainable Development Goals, 
including zero hunger, climate action, and biodiversity conservation. To realize the 
full potential of agroforestry in restoring degraded soil, there is a need for further 
research to identify the most effective agroforestry systems for different



agroecological zones and socioeconomic contexts. Policies and programs that pro-
mote the adoption of agroforestry practices, provide technical assistance and finan-
cial support, and create enabling environments for scaling up agroforestry 
interventions are also essential. Agroforestry has the potential to transform agricul-
ture and contribute to sustainable development by restoring soil health, promoting 
sustainable land management, and enhancing rural livelihoods. With continued 
research, investment, and policy support, agroforestry can play a critical role in 
building a more sustainable and resilient future for our planet and its people. 
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Chapter 26 
Rice–Fish-Based Agroforestry System: 
A Climate Smart Way to Reconcile 
Sustainable Livelihood Options 

Suraj Goswami, B. Venkateshwar Reddy, Simran Yadav, Avantika Adhruj, 
Umakanta Dash, and Arvind Rathore 

Abstract Rice–fish-based agroforestry systems are an innovative approach where 
terrestrial and aquatic ecosystem comined to increasing food production and improv-
ing livelihoods while enhancing soil health and reducing negative environmental 
impacts. In these systems, rice and fish are grown together in the same waterlogged 
fields, allowing them to share nutrients and optimize land use. This approach can 
reduce the need for chemical fertilizers and pesticides while decreasing water usage 
and manual labour. Diversifying crops and incorporating fish, agroecosystems 
become more resilient to changing environmental conditions such as drought or 
flooding. Additionally, the approach can provide farmers with a source of high-
quality protein and additional income through the sale of surplus fish. This holistic 
approach can also lead to improved biodiversity and ecosystem services, as well as 
enhancing the livelihoods of farmers and their communities. Rice-fish-based agro-
forestry systems are directly linked with SDG 1, 2, 3, 6, 12, 13, and 15, making them 
a promising practice to achieve the sustainable development goals. By optimizing 
resource utilization, diversifying crops, and integrating ecological processes, rice– 
fish agroforestry holds promise for achieving sustainable agricultural intensification 
while safeguarding natural resources and livelihoods. 
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26.1 Introduction 

Transformation of global food systems is imperative to address environmental 
degradation and malnutrition. A comprehensive understanding of food systems, 
encompassing production to consumption and their socioeconomic and environmen-
tal outcomes, is crucial. This shift aligns with the Sustainable Development Goals, 
especially Zero Hunger. Moving beyond productivity-focused approaches, the 
emphasis should be on sustainability, equity, and resilience to shape future food 
systems. This paradigm shift is essential to address the complex challenges we face 
(Freed et al. 2020). Agroecological practices can play a vital role in food system 
transformation and enhancing resilience to global change. These practices, guided 
by principles such as leveraging natural processes, local suitability, equity, and 
systems management, offer diverse solutions for sustainable agriculture (Sinclair 
et al. 2019; Freed et al. 2020). 

Rice is one of the world’s most important cereal crops, providing a staple food 
source for millions of people around the world. With sustainable farming practices 
and continued innovation in rice cultivation techniques, rice cultivation can be both 
productive and environmentally responsible. Agroforestry has long been a collective 
term for land-use systems and practices in which woody perennials are deliberately 
integrated with crops and/or animals on the same land-management unit, either in a 
spatial mixture or in temporal sequence (Nair and Garrity 2014). 

Rice-based agroforestry is a sustainable and efficient way of using resources and 
can contribute to food security and rural development. The trees and rice plants 
complement each other, creating a mutually beneficial relationship. The trees pro-
vide shade for the rice, which helps regulate temperature and improve soil moisture, 
leading to increased yields. The roots of the trees also help to prevent soil erosion 
and stabilize the soil structure. Additionally, the leaves and branches of the trees 
provide organic matter, which enriches the soil and provides essential nutrients for 
the growth of the rice. The trees themselves can also provide a source of income for 
farmers through the sale of their products, such as fruit, timber, or nontimber forest 
products. Rice-based agroforestry can also have positive effects on the environment. 
The trees in the fields can help to reduce greenhouse gas emissions, absorb carbon 
dioxide from the atmosphere, and provide habitat for wildlife. This system can also 
help to conserve biodiversity and promote ecosystem health. Furthermore, the 
integration of trees in rice fields can create a more resilient agricultural system, 
reducing the impact of extreme weather events, such as floods and droughts (Coche 
1967; Wilson and Lovell 2016). 

Rice–fish-based agroforestry is a common practice in India, particularly in the 
eastern and north-eastern regions of the country. These areas are characterized by 
ample water resources and a long-standing tradition of rice cultivation, making them 
well-suited for integrating fish farming into agricultural systems. The practice of 
growing fish in rice fields has ancient origins, and over time, farmers in lowlands 
have improved rice–fish integration techniques. The aquatic settings available in rice 
fields are well-utilized for fish farming, generating additional revenue in addition to



rice production. Many rice-growing regions worldwide, including China, 
Bangladesh, Malaysia, Korea, Indonesia, the Philippines, Thailand, and India, use 
the rice–fish technology. Rice–fish farming is one of the many farming systems 
suitable for rice ecologies, and it has a particularly high potential in eastern India due 
to the region’s ecology, resource availability, dietary preferences, and socioeco-
nomic and livelihood conditions of small and marginal farmers (Nayak et al. 2020). 
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According to a study by Nayak et al. (2020), rice–fish-based agroforestry is 
widely practiced in several regions of India, particularly in the eastern states such 
as West Bengal, Odisha, and Bihar. The practice has also gained attention in other 
regions of the country, such as Andhra Pradesh. Rice–fish-based agroforestry is also 
being implemented in other countries in South Asia, such as Bangladesh and Nepal, 
and in other parts of Southeast Asia. The potential of this agroforestry system to 
improve food security and reduce poverty in rural areas has been widely recognized, 
and it is seen as a means of promoting sustainable agriculture and conserving 
biodiversity in states such as Assam. The rice–fish farming method is a traditional 
agricultural practice in the backwaters of Kerala, known locally as “Pokkali” 
(Arunachalam et al. 2014a, b). The Indian government is also promoting rice–fish-
based agroforestry as a means of enhancing food security and promoting sustainable 
agriculture. The government has implemented various programs and initiatives to 
encourage the adoption of this type of agroforestry system, including offering 
training and support to farmers and communities. Overall, the implementation of 
rice–fish-based agroforestry has the potential to improve food security, promote 
sustainable agriculture, and increase the income of small and marginal farmers in 
India. 

26.2 History 

It is believed that simultaneous rice and fish cultivation dates back more than 
2000 years. Chinese archaeologists have discovered ancient clay models of rice 
fields with miniature objects, such as pieces of fish like the common carp. Tombs 
from the historic Han era (206 BC–220 AD) have also contained these artifacts 
(Renkui et al. 1995). Although the original rice–fish systems are thought to have 
developed in nations like India, Thailand, northern Vietnam, and southern China, the 
precise location of their origin is uncertain. The most widely accepted opinion holds 
that the method originated in China due to their advanced aquaculture systems at that 
time. The concept of rice–fish-based agroforestry can be traced back to ancient times 
when farmers in Southeast Asia and other regions began to integrate rice cultivation 
with fish farming. These early systems were based on the idea of using the waste 
produced by the fish to fertilize the rice fields, and of using the water from the fish 
ponds to irrigate the rice. Over time, these systems have evolved and become more 
sophisticated, and today they are widely used as a sustainable and efficient way of 
producing both rice and fish.
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Until the 1980s, the major advantage of rice–fish systems was space optimization 
and the ability to grow additional animal protein with rice as the main staple food, 
requiring little upkeep. However, with an increasing population in many nations, the 
need to maximize available space became more pressing. Starting in the 1980s, the 
system quickly evolved, adding new species such as the Chinese mitten crab, red 
swamp crayfish, and softshell turtles. The incorporation of new theories and tech-
nology caused the industry to boom. In China, for example, the area used for rice 
fields increased from 441,027 hectares (1,089,800 acres) to 853,150 ha (2,108,200 
acres), and productivity rose sharply (Koohafkan and Altieri 2016). 

In recent decades, rice–fish-based agroforestry has gained renewed attention as a 
way of promoting sustainable agriculture and improving food security. As the global 
population continues to grow and the demand for food increases, there is a growing 
recognition of the need for sustainable and efficient agricultural systems that can 
produce multiple crops and livestock. Rice–fish-based agroforestry is seen as one of 
the most promising solutions to these challenges, and it is now being promoted and 
implemented in many countries around the world, including India, China, Indonesia, 
and the Philippines. In the past, rice field fisheries were the most typical method of 
producing both rice and fish together (Coche 1967), and they are most prevalent in 
rainfed and deep-water rice-growing regions (Gregory 1997). For rural communities 
in low- and middle-income nations across Asia, such as Bangladesh (Dey et al. 
2013), Cambodia (Freed et al. 2020), rice field fisheries have been a significant 
source of food and nutrition security as well as livelihoods. These fisheries get 
varying degrees of formal recognition and management support, with Cambodia 
providing the most support. In recent years, rice–fish-based agroforestry has become 
a popular research topic, with scientists and policymakers around the world explor-
ing the benefits and challenges of these systems and working to develop best 
practices for their implementation. As a result of this research, we now have a better 
understanding of the key components of successful rice–fish-based agroforestry 
systems and the role that these systems can play in promoting sustainable agriculture 
and reducing poverty and food insecurity. 

26.3 Distribution in Global Scenario 

The worldwide rice–fish cultivation practices have distinctive agrolandscapes, par-
ticularly in tropical and subtropical Asia. China has a long history of rice–fish 
farming methods, which have also been used in 28 other nations on six different 
continents, including Africa, Asia, Australia, Europe, North America, and South 
America (Huat and Tan 1980; Rongquan 1995; Halwart 1998; Suloma and Ogata 
2006). Japan, Java, Thailand, India, Vietnam, Bangladesh, Indonesia, Philippines, 
Malaysia, Nepal, Korea, etc. (Fig. 26.1) are among the nations that use this system. 
The Philippines, Indonesia, and China all use shallow trenches within their rice 
fields, whereas India, Thailand, Indonesia, and China use pond refuges next to their 
rice fields. Deep-water rice fields are another option (Bangladesh). In many parts of



Asia, fish and rice are grown simultaneously, and rice and fish are grown in a 
rotational pattern. The introduction of an Asian-based Sawah farming system in 
Africa via an ecotechnology approach has opened a new area for diversification of 
the rice-based cropping system, with on-farm rice–fish-culture trials recorded (Ofori 
et al. 2005). It’s vital to remember that each nation may see a different level of 
acceptance and popularity of fish-based agroforestry systems, depending on ele-
ments like climate, resource availability, and cultural practices. In addition, contin-
uous research and technology developments continue to support the growth and 
extension of these systems on a global scale. In general, three types of rice–fish 
farming field designs predominate: shallow trenches within rice fields (in the Phil-
ippines, Indonesia, and China), pond refuges next to rice fields (in Indonesia, India, 
Thailand, and China), and deep-water rice fields (in Bangladesh) (Mohanty et al. 
2008). Carps (found in Indonesia, India, and China), tilapias (found in the Philip-
pines, China, and Thailand), and Puntius gonionotus are the most significant fish 
species found in rice field systems (Thailand). In general, Cypinus caripo and 
Oreochromis niloticus are the two species that are most commonly found in rice 
fields (Mohanty et al. 2008). 
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Fig. 26.1 Distribution of rice–fish system across the world 

26.4 Distribution in India Scenario 

In many regions of eastern India, rice–fish integrated farming has a long history. 
Among them, Zabo farming in Nagaland, Apatani farming in Arunachal Pradesh, 
Bhasabandha or Bheri system in West Bengal’s Sunderbans, and Pokkali system in 
Kerala are prominent examples. The hill is separated into three sections in this 
agricultural practice: the upper section is set aside as a forest area, the middle section 
is used for residential purposes, rainwater collection ponds are built, and the lower 
section of the hill is used for rice and fish production. Later, the rainwater collected is



effectively used for irrigation and as drinking water for animals (Sathoria and Roy 
2022). Assam, Manipur, Tripura, Meghalaya, Sikkim, Karnataka, Goa, Tamil Nadu, 
Andhra Pradesh, Orissa, and Bihar are among the other Indian states that use this 
method, (Rani et al. 2019; Mohanty et al. 2008; Sathoria and Roy 2022) also 
indicated in Fig. 26.2. Although 20 million ha of land in India is ideal for the 
adoption of integrated rice–fish farming, only 0.23 million ha is currently under 
rice–fish culture, according to estimates (Mansharamani et al. 2020). The Indian 
Council of Agriculture Research (ICAR) Cuttack, Odisha, has created models for the 
Indian scenario in consideration of the expanding population, poverty, and for 
sustainable environmental conditions in order to promote integrated rice–fish farm-
ing (Poonam et al. 2019; Nayak et al. 2020). 
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Fig. 26.2 Distribution of rice–fish agroforestry systems across Indian states 

Pond refuge and trench systems of rice–fish farming are primarily used in Eastern 
Indian states, while broad bed-farrows’ systems are common in the Andaman Islands 
(Rani et al. 2019). White fish, such as Danios (Rasbora), Barbs (Puntius), Snakeskin 
Gourami (Trichogaster), and Half noses, are among the most well-known local fish



Country

species (Xenentodon). Dark fish such as Sheatfish (Ompok), Climbing perch 
(Anabas), Catfish (Clarias), Snakehead (Channa), and Spiny eels (Mastacembelus). 
It is also possible to harvest other wild oceanic animals including crabs, shrimp, 
snails, and creepy crawlies (Santhosh 2021). 
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Table 26.1 Potential for rice–fish farming in Asia 

Rice field area (million ha) Rice–fish area (million ha) 

Rainfed Irrigated Total Present Potential 

Bangladesh 9.002 1.227 10.229 n.a. 0.615 

China 2.296 30.902 33.198 0.986 5.000 

India 26.644 14.349 40.993 n.a. 2.000 

Indonesia 3.659 6.230 9.889 0.094 1.570 

Korea 0.111 1.118 1.229 <1 0.127 

Malaysia 0.220 0.427 0.647 n.a. 0.120 

Philippines 1.953 1.473 3.426 1.000 0.181 

Thailand 8.065 1.313 9.378 n.a. 0.254 

Viet Nam 3.415 2.276 5.691 n.a. 0.326 

Total 55.365 59.315 114.680 1.082a 10.193 

48% 52% 100% 1%a 9%a 

Source: Lightfoot et al. 1992 
a Exact figure not available 

According to Lightfoot et al. (1992), the highest rice field area in India is 40.993 
million hectares, followed by China with 33.198 million hectares, and Bangladesh 
with 10.229 million hectares. The potential of rice–fish area ranges from 0.12 to 5.0 
million hectares in Southeastern Asia. Detailed information about the rice field area 
and rice–fish area in Southern Asia is presented in Table 26.1. 

26.5 Benefits of Rice–Fish-Based Agroforestry System 

This type of agroforestry system provides a number of benefits, including:

• Increased food production: By integrating rice cultivation with other agricultural 
activities, this type of agroforestry system can increase food production and help 
to improve food security.

• Improved soil health: Rice-based agroforestry systems can help to improve soil 
health by incorporating the use of organic fertilizers and promoting soil conser-
vation practices.

• Enhanced biodiversity: By integrating a variety of different crops and livestock 
into the rice fields, this type of agroforestry system can help to promote biodi-
versity and conserve natural resources.

• Increased income: Rice-based agroforestry systems can provide a source of 
income for farmers through the sale of a variety of crops and livestock products.



558 S. Goswami et al.

Fig. 26.3 Rice–fish 
agroforestry system toward 
sustainable food production 

Figure 26.3 illustrates the component of rice, fish, and agroforestry and the 
benefits of this system.

• Efficient use of resources: Rice–fish agroforestry systems are designed to make 
efficient use of resources, such as water and nutrients. The waste produced by the 
fish is used as fertilizer for the rice, and the water from the fish ponds is used to 
irrigate the rice fields. This helps to conserve water and reduce the need for 
chemical fertilizers, which can be expensive and can have negative impacts on the 
environment.

• Climate resilience: Rice-based agroforestry systems can help to increase the 
resilience of agricultural systems to the impacts of climate change by promoting
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Table 26.2 Benefits of rice–fish-based agroforestry system: a triangular overview 

Benefits Social Economical Environmental 

Food 
security 

Provides a source of protein and 
income 

Increases income 
from rice and fish 
sales 

Maintains biodiversity 

Livelihood Provides employment opportunities 
and additional income through sur-
plus produce 

Reduces chemi-
cal fertilizer use 

Improve soil fertility 

Good health 
and well-
being 

Improved nutrition and well-being Access to fresh, 
pesticide free 
food 

Reduced exposure to 
harmful chemicals and 
pesticides 

Biodiversity Preservation of traditional knowl-
edge and culture 

Increases diver-
sity of crops and 
fish 

Conservation of native 
and endangered 
species 

Climate 
resilience 

Strengthened community resilience Buffer against 
climate-related 
shocks 

Carbon sequestration 
and mitigation of cli-
mate change 

Fig. 26.4 Integration of rice–fish agroforestry system with Sustainable Development Goals 

the use of sustainable agricultural practices and incorporating a variety of crops 
and livestock into the system. Further benefits are mentioned in Table 26.2. 

26.6 Rice–Fish-Based Agroforestry Systems 
and Sustainable Development Goals 

Rice, the staple food for more than half of the world’s population, plays a vital role in 
achieving the United Nations Sustainable Development Goals (SDGs) (Fig. 26.4). 
The SDGs provide a comprehensive framework for addressing global challenges and 
promoting sustainable development in various sectors, including agriculture, food



security, and environmental conservation. In this context, rice cultivation and its 
associated practices have a significant impact on several SDGs, aiming to eradicate 
hunger, ensure food security, promote sustainable agriculture, combat climate 
change, and protect natural resources. Rice cultivation, processing, and consumption 
intersect with several SDGs, making it an integral component in the pursuit of 
sustainable development (Pathak et al. 2020). 
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SDG 1: No Poverty—Rice cultivation provides livelihood opportunities for 
millions of small-scale farmers, helping to alleviate poverty and improve their 
socioeconomic conditions. By enhancing agricultural productivity and ensuring 
fair market access, rice production contributes to poverty reduction and rural 
development. 

SDG 2: Zero Hunger—Rice is a crucial food source for more than half of the 
world’s population, particularly in Asia, where it serves as a dietary staple. Achiev-
ing food security and promoting sustainable agriculture go hand in hand with 
enhancing rice production, ensuring access to nutritious food, and improving distri-
bution systems. 

SDG 3: Good Health and Well-being—Rice is a valuable source of energy and 
essential nutrients, such as carbohydrates, vitamins, and minerals. Promoting sus-
tainable rice production practices, reducing pesticide use, and ensuring food safety 
contribute to improved nutrition, health, and well-being. 

SDG 6: Clean Water and Sanitation—Rice cultivation relies heavily on water 
resources, making efficient irrigation systems and sustainable water management 
crucial. Promoting water-saving technologies, such as the System of Rice Intensifi-
cation (SRI), helps conserve water, reduce water pollution, and promote sustainable 
agricultural practices. 

SDG 12: Responsible Consumption and Production—Sustainable rice production 
involves minimizing postharvest losses, adopting efficient processing techniques, 
and promoting sustainable farming practices. These efforts help reduce food waste, 
conserve resources, and promote sustainable consumption patterns. 

SDG 13: Climate Action—Rice cultivation is highly susceptible to climate 
change impacts, such as rising temperatures, water scarcity, and extreme weather 
events. Embracing climate-smart agricultural practices, including climate-resilient 
rice varieties, greenhouse gas reduction, and sustainable land management, contrib-
utes to climate mitigation and adaptation. 

SDG 15: Life on Land—Rice cultivation takes place on vast areas of land, and 
sustainable land-management practices are essential for preserving biodiversity, soil 
health, and ecosystem services. Promoting agroforestry, integrated pest manage-
ment, and sustainable land-use practices can help protect ecosystems and foster 
biodiversity conservation. 

In a nutshell, rice production and consumption are closely linked to several 
SDGs, ranging from poverty alleviation and food security to health, water manage-
ment, responsible consumption, climate action, and biodiversity conservation. By 
adopting sustainable practices throughout the rice value chain, we can contribute to a 
more equitable, resilient, and sustainable future in line with the SDGs’ objectives 
(CGIAR Report 2017).
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26.7 Components of Rice–Fish-Based Agroforestry Systems 

26.7.1 Tree Species 

Planting trees on field bunds or the field’s edge makes it simple to raise fish in paddy 
fields. This technique can be adopted in high rainfall regions (Patra 2016). There are 
several tree species that are commonly used in rice–fish agroforestry systems, and 
the choice of species will depend on the specific goals and constraints of the system. 

26.7.2 Fish Species 

Fish introduction may aid in raising the production of the paddy. The movement of 
the fish may result in increased soil oxygen levels, soil nutrients, and organic matter. 
In addition, by feeding on planktons, aquatic insects, and organic wastes, the fish 
lowers the competition for nutrients and energy with rice (Tangjang and Nair 2015). 

Common carp (Cyprinus carpio), Chinese carp (Ctenopharyngodon idella, 
Hypophthalmicthys molitrix, Puntius javanicus, and Oreochromis niloticus), 
Indian major carp (Catla catla, Cirrhinus mrigala, and Labeo rohita) are major 
fish species used in rice–fish agroforestry system (Rautaray et al. 2005; Taka and 
Tangjang 2015; Baruah and Singh 2018). Among these also, Common carp 
(Cyprinus carpio) and Tilapia (Oreochromis niloticus) are the two fish species 
best suited for rice fields (Bhatt et al. 2005). 

26.7.3 Rice Varieties 

In Arunachal Pradesh, 16 indigenous landraces of native rice varieties are cultivated 
for integration in rice–fish agroforestry systems under the major groups Ampu, 
Mipye, Pyapu, and Eylang. Some examples are Ampuahare, Ampuhatte, Mithu 
mipye, Pyaremipye, Mishangmipye, Eylangmipye, Pyatepyapu, Pyapu paying, 
Eylangeamo, Eylangmipye, etc. (Tangjang and Nair 2015; Baruah and Singh 
2018). Jaya, Mahsuri, Pankaj, IR8, SR 26-B, NC 1281, and Kalomota exhibit 
suitability in areas with soil salinity below 5. CSR 1, CSR 2, CSR 3, SR 26-B, 
Nana-Sail, and Nona-Bokra are well-adapted to regions with soil salinity ranging 
between 5 and 8. Hamilton and Malta thrive in environments with soil salinity levels 
between 8 and 10 (Yadav et al. 1979; Ghosh 1992). Country wise major fish, rice 
and tree species in rice–fish agroforestry system has been presented in Table 26.3.
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26.8 Productivity 

Rice–fish-based agroforestry systems have been shown to be highly productive, with 
potential yields varying depending on location, management practices, and other 
factors. Several studies have reported that well-managed rice–fish-based agrofor-
estry systems can produce between 4 and 6 tons of rice per hectare, along with 
several hundred kilograms of fish (Bhattacharyya et al. 2019; Budianta et al. 2018; 
Chawapun and Sridulyakul 2006). However, it is important to note that productivity 
can be influenced by a variety of factors, such as soil quality, water availability, and 
climate conditions. 

It is also important to note that the productivity of these systems is not just limited 
to rice and fish yields. Rice–fish-based agroforestry systems can also contribute to 
improving soil health, reducing the need for chemical inputs, and promoting biodi-
versity. For example, in a study conducted in China, the introduction of fish into a 
rice paddy resulted in a reduction in the need for fertilizer, as the fish helped to break 
down organic matter and release nutrients into the soil (Chen et al. 2011). Overall, 
the productivity of a rice–fish-based agroforestry system will depend on a wide 
range of factors, and it is important to consider these factors when evaluating the 
potential of these systems in a given location. However, numerous studies have 
shown that these systems have the potential to be highly productive and sustainable, 
providing benefits beyond just rice and fish yields. 

26.9 Socioeconomic 

Rice and fish farming is a multifaceted, inventive method that has many advantages 
for farmers, the environment, and society. According to studies by Desta et al. (2014) 
and Saikia and Das (2008), it can increase income and availability of fish for 
domestic consumption. Additionally, the system promotes biodiversity and reduces 
the use of fertilizers and pesticides, making it an environmentally friendly and 
low-cost activity (Ahmed and Garnett 2011; Rothuis et al. 1998). This indigenous 
farming method also has the potential to significantly improve the livelihood, 
income, and nutrition of rural people, as noted by Desta et al. (2014) and 
Noorhosseini-Niyaki and Allahyari (2012). Furthermore, rice and fish are essential 
foods that improve the health of farmers, with fish being a good source of fatty acids, 
proteins, vitamins, and minerals (Sathoria and Roy 2022). 

In addition to its economic and nutritional benefits, rice and fish farming can also 
have positive environmental impacts. The system is helpful for restoring soil fertility 
and preventing soil erosion, as pointed out by Yonghua and Guobin (1998). It also 
reduces methane emissions by over 30% compared to standard rice farming, which 
typically contributes between 10% and 20% of the methane that enters the atmo-
sphere (Lu and Li 2006). Furthermore, fish serve as hosts for pests that would 
otherwise compete with rice for nutrients and eliminate aquatic weeds and algae



that spread disease. The water temperature is also kept at a fish-friendly level by 
shading provided by rice plants in the summer (Kunda et al. 2008). By making the 
best use of land and resources, integrated rice–fish farming may offer a long-needed 
solution for sustainable agriculture. The rural youth may find more work opportu-
nities through integrated rice–fish farming, and they may gain from such entrepre-
neurship activities (Sathoria and Roy 2022). The rice–fish cocultivation also 
enhances social status, empowers women through work opportunities, and offers 
prospects for a means of subsistence. Therefore, the benefits of this integrated 
farming method extend beyond economic and environmental benefits to promote 
social well-being and empowerment. 
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26.10 Conclusion 

Rice–fish-based agroforestry systems have the potential to address multiple chal-
lenges faced by rural communities in developing countries. These systems can 
increase food production, improve livelihoods, and enhance resource efficiency, 
among other benefits. Studies have shown that rice–fish-based agroforestry can be 
an effective tool for poverty reduction and food security, particularly in regions with 
high rates of malnutrition and poverty. Furthermore, these systems can enhance the 
resilience of agricultural communities to the impacts of climate change, such as 
floods and droughts. Overall, scientific evidence supports the potential of rice–fish-
based agroforestry systems as a multifaceted approach to address challenges faced 
by rural communities in developing countries. These systems have shown promising 
results in increasing food production, improving livelihoods, enhancing resource 
efficiency, and bolstering the resilience of agricultural communities to climate 
change impacts. Further research and implementation of these systems can contrib-
ute to sustainable development and the achievement of global goals related to 
poverty reduction, food security, and environmental sustainability. Rice–fish agro-
forestry systems offer a sustainable and holistic approach to increasing food pro-
duction, improving livelihoods, and safeguarding the environment. By combining 
rice and fish cultivation, these systems optimize land use, enhance soil health, and 
reduce the reliance on chemicals and water. They also enhance resilience to climate 
change, provide high-quality protein and additional income for farmers, and promote 
biodiversity and ecosystem services. Overall, rice–fish agroforestry holds promise 
for achieving sustainable agricultural intensification while benefiting both farmers 
and the environment. 
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