Chapter 16

Agroforestry for Rehabilitation
and Sustenance of Saline Ecologies
R. Banyal, Rajkumar, Manish Kumar, R. K. Yadav,
and Jagdish Chander Dagar

Abstract Saline soils constitute 15% of global landmass and have direct influence
on the production functions of the existing land uses. In India, 6.75 Mha area is salt-
affected, out of which 2.92 Mha are saline soils. The menace, increasing with each
passing year to the irrigated areas, has become a major concern. Agroforestry plays
a pivotal role in biological amelioration and check in further expansion of such
landmasses. It is always useful to have agroforestry models/systems for saline landmasses by involving multipurpose nitrogen-fixing tree species, fruit trees, halophytes, and arable crops of economic importance. The potential flora suitable to
saline soils has been identified based on tolerance level and climatic adaptability.
The successful planting methods, viz., ridge-trench, furrow, and subsurface planting
with furrow irrigation, have also been assessed and recommended for saline soils.
Plant adaptations to saline conditions involve complex physiological traits, metabolic pathways, and molecular gene networks. These adaptive mechanisms to such
ecologies are basically governed by one of the three processes like exclusion, excretion, and accumulation among trees and/or crops. In true sense, reclamation processes also help to keep the salt away and/or within tolerable limits for growing
flora in the rhizosphere. Productive service functions of plants can be obtained from
saline soils by combining reclamation and management options in pragmatic way.
Sequential, agrisilviculture, agrihorticulture, silvopastoral, multipurpose wood lots,
saline aquaforestry, homestead gardens, and energy plantations are the biological
and economical viable recommended farm agroforestry practices in saline soils.
Prosopis cineraria (Khejri) for hot dryland, Eucalyptus tereticornis (Safeda), Melia
composita (Dek), Aegle marmelos (Bael), Emblica officinalis (Aonla), and Carissa
carandas (Karonda) for saline-irrigated area and Casuarina equisetifolia
(Casuarina), Eucalyptus camaldulensis (Safeda), and Acacia nilotica (Babul) for
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coastal regions as agroforestry trees in system mode are successful in reclaiming the
saline soils with economic gains for sustenance. The benefits of agroforestry can be
grouped into biomass, soil/environment, and socioeconomic outputs. This chapter
highlights the issues in the quantification of the systems’ output in terms of existing
procedural protocols. The agroforestry has passed and transcends into variable
phases with the advancement as subject. Therefore, plausible future of the agroforestry is presented by taking the cognizance of present needs and future challenges
in general and particular about saline soils. The holistic approaches of agroforestry
undoubtedly rehabilitate saline soils and certainly will give income in perpetuity,
employment generation, food and nutritional security and environmental safety for
inhabiting masses in arid and semiarid regions.
Keywords Agroforestry · Climate moderation · Rehabilitation · Saline soils ·
Sustenance · Evaluations

1

Introduction

Salinity is an aggravating problem in many parts of the world especially in arid and
semiarid regions. This can be directly linked with the significant yield losses incurring from the existing land uses. A major threat to world agriculture involves production of 70% more food for an additional 2.3 billion people by 2050 worldwide
(FAO 2009). Approximately 76 Mha salt-affected lands are affected by human-
induced salinization and sodification (Olderman et al. 1991). The rate of salinization and sodification expansion is between 0.25 and 0.50 Mha annum−1 (FAO 2000).
Agricultural productivity is directly governed by osmotic and specific ion effects in
saline soils (Yadav et al. 2007; Munns and Tester 2008) and deterioration of physical properties in sodic soils (Abrol et al. 1988). Conventional agricultural practices
are not economically feasible on such soils because of expensive inputs which prohibit the farmers to go for cultivation, especially arable crops (Qadir et al. 2002).
Keeping in view the world scenario, in terms of catering to the demand from existing resources, it is imperative to explore the possibility and options for rehabilitating such degraded soils and bring them under productive cultivation. The methods
for rehabilitation of such ecologies involve hydrological, agronomic, and/or phytoremediation practices. Hydrological and agronomic practices are cost and labor
intensive and need developmental strategies for their result-oriented implementation. On the other hand, phytoremediation can be a low cost easily executable option
without any significant problems. Plants on their adaptive evolution against salinity
can be classified into two major types: the halophytes (that can withstand salinity)
and the glycophytes (that cannot withstand salinity and eventually die). Majority of
the crop species belong to the glycophyte category. Thus, salinity becomes one of
the most brutal environmental stresses that hampers crop productivity with serious
ecological security concerns worldwide (Munns and Tester 2008). Though salinity
can be hostile even to woody tree species, these are known to tolerate abiotic stresses
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better than annual species (Dagar and Yadav 2017). However, recent research efforts
have greatly improved understanding of biology and management of woody plantations for improved productivity of saline environments (Dagar et al. 2016a).
Therefore, forestry and agroforestry systems are the potential alternative land use
options for saline ecologies.
The focus of this chapter is to compile and synthesize the available information
in rehabilitation of saline wastelands through tree cultivation alone or integrating
them with arable crops to achieve the goal of ecological and economical sustenance.
The efforts are also aligned to address the current and future challenges in the eye
of agroforestry approaches for farm diversification at large and economic sustenance in particular. The current and future challenges in agroforestry systems evaluations with headway road map is also duly highlighted and discussed with
reference.

2

Salt-affected Soils

Salt-affected soils are grouped according to the nature of plant response to the presence of soluble salts and the basis of management practices required for their reclamation. Unlike the pedogenic system, it is a simple system of classification requiring
information on the nature of soluble salts only. Salty soils are grouped into two
broad classes based on the assumption that salts are either neutral or alkaline in
reaction. Basically, these are saline and/or alkaline in nature and if we go in detail,
the third category of saline-sodic is also there. Here, this chapter is restricted to
rehabilitation of only saline soils and so the alkalinity of the soil is beyond the scope
of this chapter.

2.1

Saline Soils

These soils with white salt encrustation on the surface (Fig. 16.1) have predominantly chlorides and sulfates of Na, Ca, and Mg. The soils with neutral soluble salts
have saturation paste pHs < 8.2, but the electrical conductivity (ECe) of saturation paste extract is generally more than 4 dS m−1 at 25 °C. Such soils invariably
have <15 sodium absorption ratio (SAR) of soil solution.
The main characteristics of saline soils are:
• Chemically saline soils have an electrical conductivity (ECe) of 4 dS m−1 or more
with dominance of chlorides and sulfates of Na, Ca, and Mg and pHs always
<8.2.
• Physically saline soils are stable in structure and permeable to water and air with
other physical characteristics like normal nonsaline soils.
• Plant growth: High osmotic pressure of soil solution and toxicity of specific ions
(Na, Cl, etc.) are the reasons of poor plant growth in saline soils.
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Fig. 16.1 Saline soils showing white salt encrustation on the soil surface

• Management: Leaching and drainage are the options for its efficient use in production functions.
• Distribution: Mainly distributed in arid and semiarid regions.
• Groundwater quality: High electrolyte concentration and SAR are groundwater
quality issues in saline soils.
Saline soils usually remain flocculated due to the presence of excess salts. Inland,
coastal, and deltaic are the location-specific broad groups of saline soils in India
(Sharma 1998). Inland saline soils of arid and semiarid regions contain neutral salts
and distributed in areas with <550 mm rainfall. The maximum salt accumulation
under excessively desiccating conditions happens to be in the surface horizon with
shallow water table. Under such situations, soils often remain waterlogged or even
submerged for some duration of the year. In India, these soils are generally distributed in parts of Haryana, Punjab, and Rajasthan representing arid and semiarid
regions of the country. Saline-alkali soils of Indo-Gangetic alluvium are mostly
confined to regions with around 550 mm mean annual rainfall in the form of a narrow geographic band separating the alkali and saline soils. In these soils, there is
preponderance of neutral salts but also contains sizeable quantity of sodium carbonates and bicarbonates. These are sandy to loam in texture and may have calcic or
petrocalcic horizon in the substratum. Inland saline soils of subhumid regions contain 23–40% calcium and magnesium carbonates in fine powdery form. In this category, some soils may also contain sizeable quantity of sodium carbonate and
bicarbonates and thus designated as saline-alkali soils. However, there is predominance of neutral salts in such soils. These are widespread in parts of East Champaran,
West Champaran, Muzaffarpur, Saron, and Saharasa districts of Bihar. Inland salt-
affected medium and deep black soils (Vertisols) exist mainly in parts of Madhya
Pradesh, Maharashtra, Rajasthan, Andhra Pradesh, Telangana, Gujarat, and
Karnataka. Salinization in Vertisols is associated with introduction of canal irrigation and subsequent rising water table. Medium to deep black saline soils of deltaic
and coastal semiarid region generally contain only neutral salts with traces of bicarbonates. These soils are found in deltas of Godavari and Krishna rivers and
along the Saurashtra coast in Gujarat. Saline micaceous deltaic alluvium soils of
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humid region have neutral salts which owe their origin to saline substratum and
saline water inundation during marine cycles and origin of delta. The deep micaceous, fine-textured soils of Ganges delta in the humid subtropical climatic region
are saline to varying degrees with perpetual shallow saline water table. Such soils
have the maximum salt accumulation on the surface with preponderance of chlorides and sulfates of sodium, magnesium, and calcium with minor quantity of bicarbonates. Saline-humic and acid sulfate soils of humid and tropical regions found to
be humus-rich saline soils occupying marshy situations occur along the Malabar
Coast. These soils remain submerged from May to December and seawater inundation under tidal cycles during the subsequent lien months. The salient features of
such soils are ochric epipedon; humic horizon in the substratum of some soils; signs
of gleying, reduction, and bleaching in the soil matrix; high EC throughout the profile; soil pH in the acidic range; high to very high content of organic matter; and
shallow saline water table. These soils have apparently developed under the impact
of marine cycle. Saline marsh of Rann of Kutch constitutes the vast saline marsh
and contains a variety of saline soil types.

3

Extent of the Problem

The total area of salt-affected soils in the world is 831 Mha which includes 397 and
434 Mha of saline and sodic soils, respectively. It constitutes about 15% of the
global land area and found to be distributed in Asia and the Pacific, Australia (8%),
Europe (3.6%), and Latin America (2.5%) (FAO 1997). Tanji (1995) reported that
19.5% area suffered from saline seepage in dryland agriculture and secondary salinization in irrigated agriculture land areas.
In India, divergent estimates ranging from 7.0 to 26.0 Mha salt-affected lands
were given by several agencies mainly the Ministry of Agriculture and Farmers
Welfare (MoA and FW), National Remote Sensing Agency (NRSA), National
Bureau of Soil Survey and Land Use Planning (NBSS and LUP), Indian Council of
Agricultural Research-Central Soil Salinity Research Institute (ICAR-CSSRI), etc.
But 6.75 Mha land area is the widely accepted figure (Table 16.1) for the quantum
of the salt-affected land masses in the country (Mandal et al. 2010). It is estimated
to increase up to 20 Mha by the mid of this century (CSSRI 2013). The total area
under alkali/sodic and saline soils in the country is 3.83 and 2.92 Mha,
respectively.
The area statistics showed that 80% of salt-affected soils are associated with
arable cropping, 18% coexisted with erosion, and 2% is in the forest-covered areas.
These soils currently occupying 2% of the geographical area of the country and
constitute 4.2% of the arable land area, and a considerable area is under irrigated
cropping in various canal commands and groundwater irrigation. Saline soil
comprises of 44% of the total salt-affected soils (saline, sodic, and saline/sodic) in
the country and spreads in 12 Indian states and islands. These are slight (44%),
moderate (26%), and strongly (18%) saline in nature. Out of 2.92 Mha, 1.75 Mha
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Table 16.1 Extent of salt-affected soils in India (000 ha)
State(s)/union territory
Andaman and Nicobar Islands
Andhra Pradesh and Telangana
Bihar
Gujarat
Haryana
Jammu and Kashmir
Karnataka
Kerala
Madhya Pradesh
Maharashtra
Odisha
Punjab
Rajasthan
Tamil Nadu
Uttar Pradesh
West Bengal
Total

Sodic
Inland saline
–
–
196.6
–
105.9
47.3
541.4
1680.6
183.4
49.2
17.5
–
148.1
1.3
–
–
139.7
–
422.7
177.1
–
–
151.7
–
179.4
195.6
354.8
–
1347.0
22.0
–
–
3788.2
2173.1
Say 6.75 million ha

Costal saline
77.0
77.6
–
–
–
–
0.6
20.0
–
7.0
147.1
–
–
13.2
–
441.3
783.8

Total
77.0
274.2
153.2
2222.0
232.6
17.5
150.0
20.0
139.7
606.8
147.1
151.7
375.0
368.0
1369.0
441.3
6745.1a

Source: Modified from Mandal et al. (2010) and Dagar (2014)
a
Exact figures slightly differ because of rounding of the data

are in inland plains with poor-quality groundwater in arid/semiarid regions, and
1.2 Mha in east and west coastal plains intercepted by seawater intrusion with
humid climate. Among the inland plains, saline soils are confined to the arid and
semiarid areas of Gujarat (17%), Rajasthan (6.6%), Maharashtra (5.9%), Karnataka
(0.06%), Haryana (1.6%), and Bihar (1.6%) states (Sharma et al., 2015). In the
island areas, these are strongly saline and located in the south and middle Andaman
and North Andaman and Mayabunder. If one looks at the state-wise tally, the problem of salinity in Punjab and Haryana may not be much in extent, but losses in food
grain production scales up to one million tons for every 0.1 Mha going out of cultivation which is crucial for getting higher productivity in the region. Moreover, even
a loss of 0.1 Mha directly affects the livelihood and living standard of approximately one million people (Gupta 2015).

4

 election Criteria of Tree Species for Afforestation
S
in Saline Soils

The choice of proper tree species depends upon the local agro-climate, land capability, purpose of planting, tolerance to salinity, and waterlogging/drought. In general,
plantations for fuel wood were rated better for salty soils than the timber wood tree
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species in earlier days. But with the change in time, the objectivity of afforestation
on such soils has also changed. Now, the recent efforts are on the exploration of tree
species which also should give timber and environmental benefits, even though the
salinity tolerance level changes with growth stages of the tree species. Socioeconomic
aspects with ameliorative role of trees are the priority of the current times in selection of trees for afforestation on saline soils. Numerous tree species have been evaluated for their tolerance to salinity. Among them, some principal species of arid and
semiarid regions rated better than the others have been recommended for cultivation
in saline conditions. The list of promising tree species with their agroclimatic
requirements growing under saline or in waterlogged conditions is presented in
Table 16.2.
The tree species adapting to the salinity should also have the following other
benefits:
• Capability to grow in salty conditions with tolerance to frost and occasional
flooding.
• High water and nutrient use efficiency.
• Resilience against climate changes by providing income during extreme climate
and protection of agriculture crops.
• Reduce salinization, arising due to various climatic factors, by creating better
microclimate conditions.
• Greater potential for CO2 sequestration in saline soil.
• Perennial in nature, easy to establish and manage in saline conditions.
• Fast growing with capacity to pollard and coppice for realizing quick returns.
• Multipurpose to cater the demand of firewood, timber, food, fodder, fiber, edible
or nonedible oils, medicinal products, paper pulp, ability to fix atmospheric
nitrogen, etc.
• Drought resistant as sometimes high salt concentrations in soil may cause physiological drought.
• Do not have allelopathic effect.
• Capacity to improve physical, chemical, and biological properties of soils
through addition of organic matter and creation of better microclimatic
conditions.
• Fast decomposition rate to increase soil CO2 for dissolution of native CaCO3 in
soil.
• Capable of producing a prolific root system to facilitate drainage from waterlogged saline soils to drawdown the groundwater table with reduction in salt
accumulation in soils.
• Helpful in checking soil erosion.
• Species should be in the farmers’ perspective point of view.
The promising tree species which performed better in saline soils with saline
irrigation up to ECiw 12 dS m−1 are listed in Table 16.3. Tree species are categorized
as very promising, promising, and poor performer. Such categorization is helpful in
devising the strategies to rehabilitate saline soils through afforestation and agroforestry approaches.

Range of tolerance
(EC dS m-1)
Very high saline
(20–30)

Agroforestry (forest/fruit) trees/shrubs
For inland saline soils
Prosopis juliflora
Parkinsonia aculeata
Salvadora oleoides
Salvadorapersica
Acacia farnesiana
Suaeda fruticosa
Suaeda maritima
Haloxylon spp.
Atriplex spp.
Tamarix articulata
Tamarix troupi
Tamarix ericoides
For coastal saline soils
Avicennia marina, A. officinalis
Rhizophora apiculata, R. mucronata,
R. stylosa
Bruguiera gymnorrhiza, B. parviflora
Ceriops tagal
Acanthus ilicifolius, A. volubilis
Aegiceras corniculata
Excoecaria agallocha
Heritiera fomes, H. littoralis
Nypa fruticans
Sonneratia alba, S. caseolaris

Rainfall (mm)
150–750
–
300–600
300–600
300–700
–
–
–
–
100–700
100–700
100–700
–
–
–
–
–
–
–
–
–
200–2000

Common name
Mesquite
Parkinsonia, Jerusalem thorn
Jaal
Jaal
Pissi babul
Suaeda
Suaeda
Haloxylon
Atriplex
Fransh
Fransh/Jhau
Fransh/Jhau
Avicennia
Rhizophora
Bruguiera
Ceriops
Acanthus
Aegiceras
Excoecaria
Heritiera
Nipa palm
Sonneratia

Table 16.2 Relative tolerance of tree species for saline soils (ECe dS m−1)

–
–
–
–
–
–
–
Moderate

–
–

High
–
High
High
High
–
–
–
–
High
High
High

Drought resistance

–
–
–
–
–
–
–
Yes

–
–

Yes
–
No
No
Yes
–
–
–
–
No
No
No

Nitrogen fixation
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Saline (10–14)

Highly saline
(14–20)

Range of tolerance
(EC dS m-1)

Agroforestry (forest/fruit) trees/shrubs
Casuarina equisetifolia
Barringtonia asiatica
Clerodendrum inerme
Pandanus spp.
Pongamia pinnata
Cordia subcordata
Terminalia catappa
Calophyllum inophyllum
Ficus retusa
Manilkara littoralis
Thespesia populnea
Prosopis cineraria
Acacia tortilis
Acacia nilotica
Acacia pennatula
Casuarina glauca
Casuarina obesa
Eucalyptus camaldulensis
Feronia limonia
Ziziphus mauritiana
Acacia auriculiformis
Acacia senegal
Casuarina cunninghamiana
Eucalyptus tereticornis

Common name
Casuarina, Saru
Barringtonia
Clerodendrum
Pandanus
Papri
Lasura, Cordia
Terminalia
Calophyllum
Ficus
Manilkara
Thespesia
Khejri
Israeli kikar
Pahari kikar
Kikar
Casuarina, Saru
Casuarina, Saru
River red gum, Safeda
Kainth, Kabit
Ber
Australian kikar
Kikar
Casuarina, Saru
Mysore gum, Safeda
150–750
–
200–1500
–
200–2000
200–2000
400–1500
–
200–1000
–
–
200–2000
400–1500

Rainfall (mm)
–
–
–
300–700
–
400–1500
–
–
–
–
High
–
High
High
Moderate
Moderate
Moderate
–
High
High
High
Moderate
Moderate

Drought resistance
–
–
–
Moderate
–
Moderate
–
–
–
–
Yes
–
Yes
Yes
Yes
Yes
No
–
No
Yes
Yes
Yes
No
(continued)

Nitrogen fixation
–
–
–
Yes
No
No
–
No
–
–
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Agroforestry (forest/fruit) trees/shrubs
Albizia procera
Dalbergia sissoo
Emblica officinalis
Guazuma ulmifolia
Punica granatum
Samanea saman
Acacia auriculiformis
Acacia deamii
Acacia catechu
Syzygium cumini
Salix babylonica
Tamarindus indica
Albizia lebbeck
Leucaena leucocephala
Populus spp.
Melia azedarach
Azadirachta indica
Dendrocalamus strictus
Butea monosperma
Terminalia arjuna
Ailanthus excelsa
Dalbergia sissoo
Balanites roxburghii

Source: CSSRI (1995) and Dagar (2014)

Less saline (<5)

Range of tolerance
(EC dS m-1)
Moderately saline
(5–10)

Table 16.2 (continued)
Common name
–
Shisham
Aonla
–
Anar
–
Australian kikar
–
Khair
Jamun
Weeping willow
Imli
Siris
Subabool
Poplar
Dek, Bakain
Neem
Bamboo
Palash
Arjun
Maharukh
Shisham, Tahli
–

Rainfall (mm)
–
500–2000
–
–
–
–
–
–
200–1500
300–850
–
100–700
400–1000
–
–
300–800
200–1200
–
300–1000
400–1500
–
500–2000
–

Drought resistance
Moderate
Moderate
Moderate
–
Moderate
–
–
–
High
Moderate
–
High
Moderate
–
–
Moderate
Moderate
–
Moderate
Moderate
–
Moderate
–

Nitrogen fixation
Yes
Yes
Yes
–
–
–
Yes
Yes
Yes
No
–
No
Yes
–
–
No
No
–
No
No
–
Yes
–
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Table 16.3 Performance rating of tree species with saline water irrigation (ECiw up to 12 dS m−1)
Performance ratings
Very promising

Promising

Poor

Agroforestry (forest/fruit) trees/shrubs
Acacia nilotica
Acacia tortilis
Acacia farnesiana
Cassia siamea
Capparis decidua
Eucalyptus tereticornis
Eucalyptus camaldulensis
Melia azedarach
Melia composita
Prosopis juliflora
Prosopis cineraria
Pithecellobium dulce
Phoenix dactylifera
Salvadora persica
Salvadora oleoides
Tamarix articulata
Tamarix troupi
Tamarix ericoides
Azadirachta indica
Cassia javanica
Dalbergia sissoo
Feronia limonia
Punica granatum
Aegle marmelos
Tecomella undulata
Ziziphus mauritiana
Ziziphus jujuba
Salix spp.
Acacia auriculiformis
Bauhinia variegata
Cassia glauca
Cassia fistula
Pongamia pinnata
Syzygium cumini

Common Name
Desi kikar, babul
Israeli kikar
Pissi babul
Cassia
Kair
Mysore gum, Safeda
River red gum, Safeda
Darek, Dek
Dek, Bakain
Mesquite
Khejri
Jangli jalebi
Datepalm, Khajur
Jaal
Jaal
Faransh
Jhau
Faransh/Jhau
Neem
Cassia
Shisham, Tahli
Kainth
Anar
Bael
Rajasthani Sal
Ber
Ber
Willow
Australian kikar
Kachnar
Cassia
Amaltash
Papri
Jamun

Source: CSSRI (1995), Tomar et al. (2003), and Dagar (2014)

5

Afforestation Practices in Saline Soils

Creation of favorable environment for tree root establishment and growth in salt-
affected soils needs special package and practices. There are different points which
must be taken into consideration to make the success of plantations on such challenged ecologies. The comprehensive account of such points is discussed in this text
and summarized as:
• Identification of nature and degree of salt problem
• Quantity and quality of available irrigation water
• Choice of the suitable tree species
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• Selection of proper planting methods for afforestation activities
• Protection of plantations during the initial years of outplanting
Before going for plantation, it is essential to diagnose the nature and magnitude
of the problem, i.e., salinity level in this case. Once the causative factors are established, exacting practices must be opted to carry out the successful plantation activities on such challenged landmasses.

5.1

Plantation Technology

Selection of proper planting technique is of utmost significance. The plantation
techniques for afforestation in saline soils are mainly governed by site and soil conditions, species to be planted, and the purpose of plantation. There are several methods for planting on normal soils, but in case of saline soils, we have only left with
limited options to make the plantations survive on such degraded areas. Only those
methods are suited to saline soils which either eliminate or alleviate the constraints
due to salinity especially during establishment of plantations. The technique should
be such that the rainwater is utilized to the maximum possible extent, and the salt
concentration in the active root zone of young seedlings is kept at a minimum level
so that the adverse effect of high salinity is minimized. The traits which are desired
in planting methods suited to saline soils are enlisted here as follows:
•
•
•
•
•

Help in pushing the salts down to deeper soil layers through leaching.
Reclaim more soil volume for proper root growth.
Maintain low salinity in rhizosphere.
Reduce water application cost.
Help in in situ conservation of rainwater and at the same time alleviate waterlogging problems.
• Cost-effective.
The most promising planting techniques for afforestation of saline soils are
ridge-trench, furrow, and subsurface planting methods, but other methods like pit
and auger hole are also discussed here because sometimes these may be helpful in
the plantation activities. The details of merits and demerits of each planting methods
are discussed below.
5.1.1

Pit Planting

The objective of creating planting pits is to aerate and loosen the soil in which the
plants will grow. When these planting pits are prepared, they should not be left
empty with the excavated soil lying on the ground but refilled immediately; otherwise sun and wind will dry out the soil completely (Fig. 16.2).
Soil preparation can be carried out in patches and strips or by working the complete soil on the plantation area. Complete cultivation is necessary for tree and shrub
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Fig. 16.2 Planting pits (40 cm3) at a density of 3 m × 3 m (square planting)

species which are intolerant to competition from grass forte and woody growth.
Sometimes, spot preparation may be sufficient but the spots should be large (e.g.,
1–1.5 m in diameter). But it is important that the working of soil should be done
thoroughly.
In pit planting method, salts get mixed up and distributed uniformly in the dugout zone. Even the good soils used for back filling the pits turn saline within few
months. Thus, pit planting method is an utter failure in saline soils. Salt distribution
patterns suggest that salts do not move far away and deep into the profile. Most of
the salts stay closer to the active root zone. Consequently, the plantation establishment and survival rarely exceeds 25% with this method in strongly saline soils
(CSSRI 1995). A desirable feature for successful planting method in saline soil is
that it should minimize the salt levels near the active root zone of trees.
5.1.2

Ridge-Trench Method

It is a usual practice in low-lying areas along the roads, railway lines, and canal
embankments where water stagnates in burrow pits. Saplings are planted in the
center of the ridge or close to edges of the ridge flats in staggered double-row planting system (Fig. 16.3). Ridges prepared in saline soils enhance salt accumulation on
exposed surfaces of the ridges. Accumulation of salts on the berms and top of the
ridges reduces the stability of ridges and make them highly prone to erosion during
monsoon season. Requirements of spot irrigation and frequent repair of ridges
increase the maintenance cost of plantations. Hence, ridge-trench planting method
is only suitable for saline soils existing in waterlogged areas.
5.1.3

Post-auger Hole Planting

This planting method is suitable for breaking of hardpans generally found in alkali
soils rich in crusts of CaCO3. But this method is of significance in case of saline-
sodic soils where salinity and hard CaCO3 (kankar) layer coexisted. In this method,
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Fig. 16.3 Ridge–trench
planting

Fig. 16.4 Tractor-mounted auger hole (left) and view of pit (right)

bore holes of 15–30 cm in diameter are dug up to 120 cm or more with the help of
tractor-mounted auger hole such that it pierces beyond the kankar layer for root
facilitation (Fig. 16.4). The performance of post-auger hole planting method is quite
satisfactory in field trials under alkali soil conditions. For high-value fruit trees, the
pit size may be increased to 45 cm × 45 cm × 30 cm. The pit holes are interconnected with an irrigation channels in furrow landscape.
5.1.4

Furrow Planting

Furrow planting has been successful in establishment of tree saplings on saline soils
(Dagar et al. 2016a, b). In this method, tractor is to be used for creating furrow to
the size of 60 cm wide and 20 cm deep (Fig. 16.5). The saplings are to be planted at
sill of the furrows. It is efficient in desalinization of the soil with the help of rainfall
thus creating a favorable zone of low salinity below the sill of the furrow through the
downward and lateral fluxes of water making salts move away from the root zone
(Tomar et al.1998; Dagar et al. 2016a, b).
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Fig. 16.5 Eucalyptus tereticornis plantations in furrow planting method in saline soils

5.1.5

Subsurface Planting and Furrow Irrigation Method (SPFIM)

This is improved version of furrow planting. The basic concept envisages that salinity is usually higher in the surface layers and decreases with depth down to water
table in waterlogged saline soils. Soil moisture contents are minimum near the surface and maximum near the water table. Therefore, to take advantages of low salinity and better soil moisture regimes in subsurface layers, saplings are planted in
polythene bag-sized holes made at the sill of the 15–20 cm deep irrigation furrows,
such that roots are exposed in 20–35 cm soil layer from the original surface
(Fig. 16.6). This method performed satisfactorily in large-scale field trials conducted on highly saline soils (CSSRI 1995; 2016; Dagar et al. 2016a, b). Furrows
are subsequently used for irrigating saplings which help in pushing the accumulated
salts to deeper soil layers and keep them away from the active root zone into the bed
area between two furrows. Thus, large volume of soil remains relatively free of salts
which greatly improve the survival and growth of tree saplings.
Among the entire range of plantation methods related to saline soils, only ridge-
trench, subsurface, and furrow (Fig. 16.7) are found to be the best in arid and semiarid regions with underlying saline groundwater. The published work (Yadav and
Dagar 2016; Dagar et al. 2016a, b) equally supports the recommendations for these
types of planting techniques to have better survival in saline landmasses.

6

Mechanism of Salt-tolerance in Plant System

Saline soils are not ever fully reclaimed in true sense, but the reclamation processes
only keep the salt in the root zone within permissible/acceptable limits. Thereafter,
the land needs to be managed by growing trees and/or crops alone or in combination
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Fig. 16.6 Eucalyptus tereticornis plantations in subsurface planting and furrow irrigation (SPFIM)
method in saline soils

for productive service functions. Therefore, it is imperative to manage saline soils in
pragmatic way through mix of reclamation and management options. Plant adaptation or tolerance to salinity stress involves complex physiological traits, metabolic
pathways, and molecular or gene networks. A comprehensive understanding on how
plants respond to salinity stress at different levels and an integrated approach of
combining molecular tools with physiological and biochemical techniques are
imperative for the selection of salt-tolerant trees and crops (Yadav and Dagar 2016).
Recent researches identified various adaptive responses to salinity stress at molecular and physiological levels; however, further investigations are needed for developing more comprehensive understanding for the mechanism responsible for it.
Soil salinity is known to repress plant growth in the form of osmotic stress and
then followed by ion toxicity. During the initial phases of salinity stress, water
absorption by root system decreases, due to osmotic stress of high salt accumulation
in soil, which results in more negative water potential in plant system in general and
leaves in specific (Flowers et al. 2010). Osmotic stress responsible for a number of
physiological changes predominantly interruption/injury of membranes, nutrient
imbalances, impaired ability to detoxify reactive oxygen species (ROS), differences
in the antioxidant enzymes, and decrease in stomatal aperture in the initial stages
finally leads to decreased photosynthetic activity (Kumar et al. 2016). Salinity stress
is also considered as a hyper-ionic stress. One of the most detrimental effects of
salinity stress is the accumulation of Na+ and Cl− ions in plant tissues.
Entry of both Na+ and Cl− into the cells causes severe ion imbalance and excess
uptake causes significant physiological disorders. High Na+ concentration inhibits
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Fig. 16.7 Salt distribution pattern in ridge-trench, subsurface, and furrow planting methods in
saline soils (Source: Dagar 2014)

uptake of K+ ions which is an essential element for growth and development that
results into lower productivity and may even lead to death (Munns 2005; Rahnama
et al. 2010; James et al. 2011). In the last two decades, ample research has been
done to understand the mechanism of salt-tolerance in model plant Arabidopsis
(Zhang and Shi 2013). Genetic variations and differential responses to salinity stress
in plants differing in stress-tolerance enable plant biologists to identify physiological mechanisms and sets of genes that are involved in increasing stress tolerance.
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Ion homeostasis by ion uptake and compartmentalization is crucial for plant growth
during salt-stress. Plants cannot tolerate high salt concentration in their cytoplasm.
Therefore, the excess salt is either transported to the vacuole or sequestered in older
tissues which eventually sacrificed for the protection of the plants from salinitystress (Reddy et al. 1992; Zhu 2003).
Many plants showed an efficient mechanism to keep the ion concentration in the
cytoplasm at low level. Membranes and their associated components play an integral role in maintaining ion concentration within the cytosol during the period of
stress by regulating ion uptake and transport. The transport phenomenon is carried
out by different carrier proteins, channel proteins, antiporters, and symporters.
Maintaining cellular Na+/K+ homeostasis is pivotal for plant survival in saline environments. Plants maintain a high level of K+, i.e., ~100 mM ideal for cytoplasmic
enzyme activities (Munns 2005; Kumar et al. 2016). Within the vacuole, K+ concentration ranges between 10 and 200 mM. The vacuole serves as the largest pool of K+
within the plant cell. K+ plays a major role in maintaining the turgor within the cell.
It is transported into the plant cell against the concentration gradient via K+ transporter and membrane channels. High-affinity K+ uptake mechanisms are mediated
by K+ transporters when the extracellular K+ concentration is low, whereas low-
affinity uptake is carried out by K+ channels when the extracellular K+ concentration
is high. Thus, uptake mechanism is primarily determined by the concentration of K+
available in the soil. On the other hand, a very low concentration of Na+ ion (about
1 mM or less) is maintained in the cytosol. During salinity stress, due to increased
concentration of Na+ in the soil, Na+ ion competes with K+ for the transporter as they
both share the same transport mechanism, thereby decreasing the uptake of K+
(Sairam and Tyagi 2004; Flowers et al. 2010). Elongation of stem and root was
retarded by increasing salt-stress, but young roots and stem were most tolerant to
salt-stress and were followed by leaves and old roots. However, production of young
roots and death of old roots were found to be continuous, and plants apparently use
this process as an avoidance mechanism to remove excess ions and delay onset of
ion accumulation in the tissue, and this phenomena of “fine root turnover” is designated to the mechanisms of salt-tolerance (Ramoliya et al. 2004).

6.1

Soil Amelioration/Remediation Mechanism

The basic mechanism of salt-tolerance by the plants and crops is based on three
processes like (1) salt exclusion, (2) salt excretion, and (3) salt accumulation
(Fig. 16.8). The plants follow one of the three basic mechanisms to survive in saline
soils besides the soil remediation benefit. Transpiration helps to reduce deposition
of salt in the upper surface by absorbing soil moisture from the lower soil surface
and thus keeping salt concentration high in the subsurface and low on surface soils.
In addition, the deposition of salts in the upper layers of the soil is also minimized
because of the shade of the trees which slows down the soil moisture evaporation
rate and finally reduces the upward water flux containing salts through capillary
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Fig. 16.8 Salt movement in soil and plant system in saline ecology

action to the soil surface. The deep-rooted trees also help in reducing the salinity
problem. The deep and sturdy root system of a tree penetrates the soil and improves
water permeability and facilitates the leaching of salts. Fine roots contribute significantly in the reclamation of soil structure, pH, and water permeability. Plant roots
exude many compounds into the rhizosphere such as amino acids, sugars, phenolics, and organic acids which are responsible for salt neutralization in salt-affected
soils. The organic acids from the decomposed leaf litter react with the calcium carbonate in the soil and release calcium which substitutes for sodium in the exchange
complex. As the tree grows, a huge amount of litter is produced on the soil surface
and releases several weak acids (humic and fumic) during decomposition process.
These weak acids are responsible to lower down the pH and EC (electrical conductivity) of soils. The trees remove Na by the roots of trees acting as biodrain. The
depletion of exchangeable Na in the soil is because of the biological production of
carbonic acid (H2CO3) by tree roots and results in the solubilization of the native
CaCO3 present in such soils (Singh and Dagar 2005). Further, root system breaks
the barrier of clay and loosens the subsoil and thus increases the permeability and
downward translocation of sodium. This system also improved the physical properties of soil such as bulk density, porosity, soil moisture retention, and infiltration
rate.
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Agroforestry Systems for Saline Ecosystem

There are three basic approaches in practice to fight against salinization. These are
(1) improving the drainage, (2) selection and breeding for salt-tolerance, and (3)
alternate land uses. The alternate land use approach raises the possibility of using
the vast stretch of saline soils for alternative production. Such approach can halt the
further expansion in degradation besides augmenting the supply of food, forage,
feed, timber wood, and above all ecosystem services. Agroforestry approaches
come under the alternative strategies for rehabilitation of saline soils. Here, the possible agroforestry systems for productive utilization of saline ecologies are discussed in the light of their significance and cause and effect relationship.

7.1

 equential Agroforestry System (Trees and/or Arable
S
Crops)

Trees and arable crops can be grown in sequence instead of growing them simultaneously. This system is quite helpful in improving the fertility status of the soil.
Nitrogen-fixing trees (NFTs) with fast-growing nature and short duration such as
Prosopis juliflora with Kallar grass (Leptochloa fusca) can be grown for at least 4 to
5 years and then felled for fuel wood, fodder, or other small requirements of wood
and their products. This system ameliorated the land to the extent that after harvesting trees, the land could be put under arable farming due to its improved and
nutrient-enriched nature (Dagar et al. 2001; Singh et al. 2004; Singh and Dagar
2005; Dagar et al. 2016a, b). Rao and Gill (1990) raised Sesbania sesban initially
for 4 years which ameliorated the soil and then cultivated rice-wheat cropping
sequence. Only P and Zn were applied to the crops at recommended rates, and the
response to applied N was separately determined in the plots fertilized with ureaN. The rice as the first crop yielded 6.4 Mg ha−1 in Sesbania plots without additional
fertilizer application. Similarly, wheat yielded 2.2 Mg ha−1 in Sesbania plots compared to only 1.35 Mg ha−1 in the control plots. About 0.85 Mg ha−1 additional
grains as well as 17 kg ha−1 of additional N ha−1 was derived from mineralization of
organic residues. The total N uptake of crops in the control was 142 kg ha−1 and in
Sesbania plots 222 kg ha−1. The organic fertilization was 2.5 times effective than
inorganic N fertilization.

7.2

Agri-silvicultural Systems (Trees + Arable Crops)

This system involves the conscious and deliberate use of land for the concurrent
production of agricultural crops along with trees. Multipurpose trees (MPTs) are
raised along with agricultural crops in the alley space. A series of experiments were
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conducted at CSSRI, Karnal, on reclaimed or normal soils to identify crops and crop
sequences that can be grown in association with established plantations. But much
was not done as far as saline soils are concerned. A good number of Eucalyptus-
based systems with varying densities and under crops were developed for waterlogged saline soils (Dagar et al. 2016a, b). The Central Soil Salinity Research
Institute, Karnal, Haryana (India) is in process to develop Eucalyptus tereticornis
and Melia composita-based agri-silviculture system for saline ecologies. Low
water-intensive crops like pearl millet and mustard have been taken as intercrops
(details given in case study section).

7.3

Agri-horti System (Fruit Trees + Arable Crops)

Majority of fruit trees are sensitive to salinity but some of them can be grown on
saline soils satisfactorily. This is based on the research work carried by various
workers but especially Revender et al. (2004) and Dagar et al. (2008) who recommended that Ziziphus mauritiana, Emblica officinalis, Carissa carandas, Aegle
marmelos, Punica granatum, Syzygium cumini, and Tamarindus indica could be
grown in moderately saline soils. The research work carried out at ICAR-Central
Soil Salinity Research Institute, Karnal, Haryana, revealed that different fruit-based
agroforestry systems have been developed and commonly practiced by the farming
communities of the region. The systems comprised of Bael (Aegle marmelos),
Aonla (Emblica officinalis), and Karonda (Carrisa carandas) as tree components,
and cluster bean (in kharif) and barley (in rabi) as subsidiary components have been
found practically and economically feasible with the moderate (ECiw 4–5.8 dS
m−1)- to high-salinity (ECiw 8.2–10.5 dS m−1) water (Dagar et al. 2008, 2016a, b).
Saline soils under long-term tree cover exhibit overall improvement in soil quality
which paves the way to increase in soil organic carbon, nitrogen contents, microbial
biomass, and above all microclimate modification by uptake of roots from deeper
soil layers (Sharma et al. 2014).

7.4

Silvopastoral System (Trees + Grasses)

The production of woody plants combined with pasture is referred as silvopastoral
system. The trees and shrubs may be used primarily to produce fodder for livestock,
or they may be grown for timber, fuel wood, and fruit or to ameliorate the saline
soil. In waterlogged saline areas, several grasses such as Leptochloa fusca and species of Aeluropus, Eragrostis, Sporobolus, Chloris, Panicum, and Brachiaria can be
successfully grown along with salt-tolerant trees for viable and sustainable
silvopastoral systems to sustain livestock productivity (see Dagar 2014). Aeluropus
lagopoides, Sporobolus helvolus, Cynodon dactylon, Brachiaria ramosa, Paspalum
spp., Echinochloa colonum, E. crus-galli, Dichanthium annulatum, Vetiveria
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Table 16.4 Promising grass species for silvopastoral system in saline soils
Range of tolerance (EC dS m−1)
Highly tolerant (25–35)

Tolerant (15–25)

Moderately tolerant (10–15)

Grass species
Cynodon dactylon
Aeluropus lagopoides
Sporobolus spp.
Leptochloa fusca
Dichanthium annulatum
Saccharum spontaneum
Chloris gayana
Brachiaria mutica
Cenchrus ciliaris
Panicum spp.
Lasiurus sindicus
Andropogon annulatus

zizanioides, and Eragrostis sp. are important grasses which are tolerant to both
salinity and stagnation of water and can successfully be grown in silvopastoral
systems. Species of Ziziphus, Atriplex, Kochia, Suaeda, Salsola, Haloxylon, and
Salvadora are prominent forage shrubs of saline regions and browsed by camel,
sheep, and goat (Dagar 2014).
Most suited tree species for the system in saline soils are Prosopis juliflora,
Salvadora spp., Acacia nilotica, Pithecellobium dulce, Parkinsonia aculeata,
Casuarina equisetifolia, Terminalia arjuna, Tamarix articulata, and Pongamia pinnata. Similarly, the grass species such as Leptochloa fusca, Chloris gayana,
Brachiaria mutica, and Sporobolus spp. are used on such soils (Table 16.4). P. juliflora (tree) and L. fusca (grass) were grown concomitantly which resulted in
decrease of soil EC & pH and increase in soil nutrients namely organic carbon (%),
available NPK at soil depths of 0–15 cm and 15–30 cm in six-year-old plantations.
This system also improved the physical properties of soil such as bulk density,
porosity, soil moisture, and infiltration rate over sole tree plantation.
Promising salinity-tolerant MPTs along with grasses, well adapted in the agroforestry systems and developed to reclaim such soils, are presented in Table 16.4.

7.5

Multipurpose Woodlots (Trees)

In this system, special location-specific MPTs are grown mixed or separately
planted for various purposes such as wood, fodder, soil protection, soil amelioration, etc. Salinity-tolerant MPTs are raised in block plantation with close spacing.
In addition to biomass production, trees help in amelioration by improving physical,
chemical, and biological properties of saline soils.
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Saline Aquaforestry/Saline Aquaculture(Trees + Fish)

Twin problems of salinity and waterlogging, as existing in many parts of southwestern Haryana and Punjab, have necessitated the development of alternative approaches
to reclaim such landmasses. The degraded soil and water resources in these regions
can be put to profit through shrimp and fish farming (Purushothaman et al. 2014).
Inland saline aquaculture is a popular practice in saline tracts of Australia, Israel,
and the USA (Allan et al. 2009). The ICAR-CSSRI, Karnal, Haryana (India) has
worked out the feasibility of commercial fish farming in highly saline conditions at
Nain Experimental Farm, Panipat, Haryana. Despite constraints such as high salinity of pond water (4–25 dS m−1 depending on season), low water availability, and
high evaporative losses, fish growth was about 400–600 g in 6 months and 600–
800 g in 1-year period (CSSRI 2013). On the peripheries of the pond, agroforestry
trees can be grown to cater the bona fide needs of the farmer like fuel wood, small
timber, fodder, and other tree-related tangible and above all environmental benefits.
Eucalyptus can be successfully grown on the berms of the ponds and will be helpful
in keeping the surface soil salinity under check. However, such combinations are
not still investigated thoroughly, but such practices will be helpful in the economic
sustenance of farms in the saline ecologies.

7.7

Homestead/Multi-enterprise Agriculture Model

The multi-enterprise model is developed in ICAR-CSSRI, Karnal, Haryana (India),
for post-reclamation phase specifically suitable to small and marginal farm stakeholders. The model consists of diverse components like multiple combinations of
horticultural species, MPTs, arable crops, vegetables, fishery, poultry, animal component, and beekeeping depending upon the land availability and financial inputs.
The main outcome features of the developed system are sustainable resource use
efficiency, regular income, and above all employment generation (Gajender et al.
2016; Sharma et al. 2016). Such models are standardized for highly saline black
soils of Gujarat and coastal saline soils of West Bengal (Singh 2009a, b; Sharma and
Chaudhari 2012).

7.8

Energy Plantation

There is a tremendous scope of biofuels (energy plantations) in the prevailing scenario of climate change. The production of woody biomass based on carbon neutral
technology from areas not suitable for any traditional agriculture production would
therefore be a unique opportunity. Biomass is an organic material which has stored
solar energy from sunlight in plants through the process of photosynthesis. Unlike
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fossil fuels, biomass does not add carbon to the atmosphere as it absorbs the same
amount of carbon dioxide while growing. Therefore, it is the cheapest, eco-friendly,
and renewable source of energy. India, being a fast-growing economy with large
import of crude oil, makes it more relevant in the present context. Fuel wood
accounts for 20–30% of all energy needs in India and more than 90% of this is in the
domestic sector. Therefore, fuel wood is more than just a commodity being consumed, supplied, processed, and traded. India needs 6–7% energy growth per year.
Wood energy can be technically efficient, economically viable, and environmentally
sustainable fuel option during the current energy deficit scenario. It is equally
important to feed the fuel wood for domestic consumption with environmental and
social benefits (Banyal 2013). In saline areas, salt-tolerant trees can be a potential
alternative to conventional agriculture. Trees on saline wastelands produce timber
for construction or for energy, i.e., charcoal for cooking or electricity production
through gasifier techniques. Such landscape fashion also functions as windscreens,
protects the soil against erosion, adds organic matter and nitrogen to soil, and above
all sequesters carbon helping in mitigating climate change adversities.

8

Agroforestry Systems: Case Studies

8.1

Agroforestry Systems in Dryland Saline Ecologies

8.1.1

 rosopis cineraria-based Agroforestry for Hot Arid Regions
P
of Gujarat and Rajasthan

Diversified production system is essential to cater to the multifarious demands of
human beings as well as livestock population in the hot/dry arid regions. People not
only plant this tree on their farmlands but also protect and take care of randomly
growing tree or seedlings regenerated. Maintaining 833 trees per ha at the age
of 2–3 years, 417 trees per ha at 4–6 years, 278 trees per ha at 6–7 years, and 208
trees per ha at 11 years or above age plantations is found to increase 10–15% crop
yield as compared to sole crop growing without trees. In addition to crop yield, P.
cineraria provides 350–1040 g pods per tree used as vegetable when raw and
0.85 Mg ha−1 year−1 dry leaf fodder at 12 years of age with 208 trees per ha (Singh
2009a, b). More details are given by Soni et al. in the previous chapter of this
publication.
8.1.2

 alvadora persica: Potential Tree for Agroforestry on Highly Saline
S
Black Soils (Vertic Haplustept)

Salvadora persica is a potential species for the arid saline land restoration program.
It provides fodder especially for camel, feed for birds, pharmaceutical derivatives,
and seed oil for industrial purposes. It is considered as one of the best sources for
sustaining livelihood of the populace. It is one of the dominant tree species of the
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Table 16.5 Seed production and economic returns of Salvadora persica plantations in saline soils

Year(s)
1st
2nd
3rd
4th
5th

Gross seed
yield (Mg
ha−1)
Nil
0.725
0.978
1.580
1.838

Planting cost
(₹ha−1)
2760
2760
–
–
–

Fertilizer and
harvesting cost
(₹ha−1)
–
500
550
650
750

Returns (₹ha−1)
Gross
Nil
3625
4890
7900
9190

Net
Nil
365
4340
7250
8440

Cost/benefit
ratio
–
8.93
0.13
0.09
0.09

Source: Gururaja Rao et al. (2013)

Kutch region (northwest saline desert) of Gujarat state in India. It also grows successfully in coastal areas as well as in nonsaline and marginal semiarid central area
of the Saurashtra region, south of the Kutch region. The tree species is found to be
salt-tolerant at seed germination and seedling stages.
Attempts were made by CSSRI, Regional Station, Bharuch, Gujarat, to assess
the growth, biomass production, and seed and oil yield as well as cost/benefit ratio
of growing Salvadora persica on highly saline black soils with varying salinity in
Gujarat state. A complete package and practice of agro-technology for raising of
Salvadora sapling in saline water, field planting, and crop harvest was developed.
The studies revealed that the sapling could be raised with saline water of ECiw
15 dS m−1. The cost of raising 500 saplings worked out to be ₹455. The cost of field
operations including raising of nursery was ₹2760 ha−1 in the first year. In subsequent years, the recurring costs would be mainly the labor for fertilizer application
and harvesting. By the fifth year, the plants gave seeds at 1800 kg ha−1, thus giving
net returns to the tune of ₹8400 ha−1 (Table 16.5).
Thus, this species meets twin objectives, i.e., giving economic returns for the
highly saline black soil and providing eco-restoration through environmental greening (Gururaja Rao et al. 2013). The decreasing trend in soil salinity both at the surface and subsurface layers (EC 6.1–8.0 dS m−1) has been observed after 4 years of
planting which may be attributed to high saline groundwater and its upward flux to
the surface. Under lower salinity levels, the better root establishment and growth
might have facilitated greater leaching of salts. Salvadora persica grown under
highly saline conditions was also found to possess very low amounts of Na+ and
Cl− in flower buds and berries. While the berries/seeds showed low content of Na+
(270 μmoles g−1 dry weight) and Cl− (242 μmoles g−1 dry weight), the bark, senescing leaves, and roots together showed very high amounts of Na+ (32,790 μmoles g−1
dry weight) and Cl− (34,370 μmoles g−1 dry weight). This can be ascribed to selective discrimination against Na+ and Cl− during phloem loading in source leaves,
resulting in low levels of these ions accumulating in berries/seeds.
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8.1.2.1

Economic Returns

The cost/benefit ratio was very high in the first year after planting due to high initial
planting costs and low seed yield. The major input costs were confined only to harvesting and fertilizers from the second year onward which lead to low cost/benefit
ratio. The cost/benefit ratio decreases with advancement of age and indicates that
this apart from providing returns also adds to the environmental stability with ecological restoration of highly saline black soils in Gujarat. Another study indicated
that S. persica can be cultivated as a source of industrial oil on both saline and alkali
soils for economic and ecological benefits, otherwise not suitable for conventional
arable farming (Reddy et al. 2008). Therefore, it was evident from several studies
that Salvadora persica is a very promising species for saline soil where arable farming is not possible directly. S. oleoides has also similar properties and found more
frequently in arid regions of Rajasthan.

8.2

Agroforestry System for Irrigated Saline Ecologies

The ICAR-CSSRI, Karnal, Haryana, India, has been actively involved in developing suitable agroforestry systems for irrigated saline ecologies. In a case study,
Eucalyptus tereticornis- and Melia composita-based farm production agroforestry
systems are being evaluated for saline conditions. Low water-intensive crops,
namely, pearl millet in kharif and mustard in rabi seasons were grown as intercrops.
Both the trees and inter-crops were given saline irrigation with varying salinity of
ECiw from <1 dS m−1 (good-quality water) to 12.0 dS m−1. The soil of the experimental site was saline with poor-quality of groundwater, and the soil ECe ranged
from 4 to >30dS m−1. The soil pH ranged from 7.21 to 9.25. The plantations of
Eucalyptus tereticornis and Melia composita were done in line geometry with
4 m × 3 m and 6 m × 3 m spacing. Plantation was done in subsurface furrow irrigation method. Eucalyptus is a well-known agroforestry tree species with rice-wheat
cropping system on reclaimed salt-affected soils (Ram et al. 2011; Kawasaki et al.
2010). But it is not tested with low water-intensive crops. Melia composita could be
the potential plant due to its wider adaptability and multidimensional uses.
Therefore, this is taken for the first time to test under salinity conditions to have
Melia-based production models for saline soils.
The Eucalyptus and Melia trees showed good establishment (98%) and growth
performance under saline conditions when resorted to saline irrigation in cyclic
mode. However, the values of growth parameters showed decreasing trend with
increase in salinity level in irrigation regimes. Pearl millet performed well with both
the plantations (Fig. 16.9). The yield of pearl millet was higher (859 kg ha−1) in the
plots irrigated with good-quality available water (ECiw <1 dS m−1) and found to
show decreasing trend with the increase in salinity level in irrigation water in
Eucalyptus plantations up to ECiw 12 dS m−1. The lowest yield (541 kg ha−1) was
obtained in the plots irrigated with higher salinity (ECiw 12 dS m−1) water. The
pearl millet yield was higher (641 kg ha−1) in BC (below crop) than AC (away crop)
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Fig. 16.9 Pearl millet crop with Eucalyptus tereticornis (left) and Melia composita plantations
(right)
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Fig. 16.10 Effect of saline irrigation regimes and land use pattern on pearl millet yield in Melia-
based agroforestry system in saline soils (yield q = 100 kg)

(480 kg ha−1) under Eucalyptus-based systems. The highest yield (789 kg ha−1) was
observed in the plots irrigated with good-quality available water (ECiw <1 dS m−1)
and the lowest (541 kg ha−1) was with higher salinity (Fig. 16.10). The values of EC2
and pH showed consistent increasing trend from lower (ECiw <1 dS m−1) to higher
(ECiw 12 dS m−1) salinity levels. EC2 and pH of soil were lower than the initial
status in the plots irrigated with good-quality water, and there was a buildup of
salinity toward higher level of salinity. Tree + crop gave low values of EC2 and pH
from initial status followed by sole crop and sole tree. The mustard yield showed
similar trends as it was maximum (1338 kg ha−1) in low salinity and minimum
(704 kg ha−1) in higher salinity in rabi season with Melia plantations (Fig. 16.11).
The yield difference between treatment combinations of tree + crop and sole crop
lowered down with the increase in the salinity level of irrigation water in both seasons. The higher intercrop yield under plantations may be ascribed to the synergistic
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Fig. 16.11 Effect of saline irrigation regimes and land use pattern on mustard yield in Melia-
based agroforestry system in saline soils (yield 1qtl =100 kg)

effect of trees with crops. Soil salinity was determined in terms of electrical conductivity and pH values at the time of sowing and harvesting of intercrops and gave
invariable response to the irrigation regimes. The soil conditions improved in plots
irrigated with low saline water and vice versa, and there was salt buildup in both
seasons. It was found that pH and EC2 values of the plots with crops were lesser than
fallow plots while compared with the initial soil status.
The irrigation with best available water (ECiw ~1 dS m−1) having tree + crop was
found to be the best treatment to have better establishment and growth of trees and
higher yield of under crops with positive remediation effect on soil in both the
developed farming systems. The establishment of both tree species especially Melia
composita on such ecologies is the uniqueness of the developed agroforestry systems from others. The findings are only based on the initial trends and may differ
with the passing time as trees get older. But it is definite that the synergistic effect
of trees and intercrops certainly makes saline soils of service use which results in
the economic and ecological security of the farming communities (Banyal et al.
2017).
A long-term field study was conducted to assess the performance of forest tree
species on calcareous soil of semiarid region in northwest India during 1991–1992
to 2010–2011. Tree saplings were planted at the sill of furrows and irrigated with
saline water (EC 9.3 dS m−1) regularly for the initial 3 years and thereafter only once
for the next 5 years. Survival, growth, biomass production, water use and wateruse-efficiency of tree species, and changes in some soil properties were monitored.
Tamarix articulata, Acacia nilotica, A. tortilis, Prosopis juliflora, Eucalyptus tereti-
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Fig. 16.12 Cluster bean with fruit tree Emblica officinalis (left) and Aegle marmelos (right) established with saline water (Source: CSSRI, cited by Dagar 2014)

cornis, Azadirachta indica, and Cassia siamea produced higher biomass and proved
to be the preferred choice among the tree species. Acacia tortilis (hybrid), Ziziphus
mauritiana, Pithecellobium dulce, Melia azedarach, Cassia fistula, C. javanica,
Callistemon lanceolatus, and Acacia farnesiana showed moderate performance,
while tree species like Acacia auriculiformis, Albizia lebbeck, Bauhinia variegata,
Cassia glauca, Syzygium cumini, Crescentia alata, Samanea saman, and Terminalia
arjuna were sensitive to dryland saline irrigation (Tomar et al. 2003; Dagar et al. in
press). Water use of plantations did not vary among species, but water-use-efficiency differed markedly, with the highest biomass of 42.79 Mg ha−1 in Tamarix
articulata. The soil organic carbon in the upper 0.3 m layer increased to ~5.0 g kg−1,
while CaCO3 and exchangeable sodium percentage (ESP) decreased under the
promising tree species. Thus, growing above recommended tree species using available saline groundwater would not only help in productive rehabilitation of abandoned calcareous soils of arid regions but also ensure carbon sequestration,
improvement in environment, and long-term ecological security on such lands.
Among fruit trees, Feronia limonia, Ziziphus mauritiana, Carissa carandas,
Emblica officinalis, and Aegle marmelos could be established irrigating with saline
water up to EC 10 dS m−1, and intercrops in wider spaces between rows (5 m) such
as cluster bean (Fig. 16.12), mustard, and barley could be raised with success
(Table 16.6) applying one or two irrigations (Dagar et al. 2016a, b). This appears a
very viable agroforestry system for such soils.
Grasses such as Panicum maximum, P. coloratum, P. antidotale, P. laevifolium, P.
virgatum, Brachiaria mutica, Cenchrus ciliaris, and C. setigerus could successfully
be grown with saline irrigation up to ECiw 10 dS m−1. These along with trees mentioned above may form productive silvopastoral system in dry regions. Many
medicinal plants such as Plantago ovata, Withania somnifera, Ocimum sanctum,
Catharanthus roseus, Achyranthes aspera, Lepidium sativum, Aegle marmelos, and
Cassia angustifolia and aromatic grasses such as Vetiveria zizanioides, and
Cymbopogon flexuosus could be cultivated with success as crop in isolation and as
intercrops with forest and fruit trees. Flowers such as Chrysanthemum indicum,
Matricaria chamomilla, Calendula, etc. have been successfully evaluated with
saline water at the same site (Fig. 16.13).
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Table 16.6 Grain and straw (in paranthesis) yield (Mg ha−1) of intercrops grown with fruit trees
Fruit
trees

Cc

Treatment
Control
Low
Low/high
High

Eo

Low
Low/high
High

Am

Low
Low/high
High

Average of 5 years (2003–2007)
Barley
Cluster beana
3.55 ± 0.31
1.41 ± 0.27
(3.82 ± 0.23)
(2.22 ± 0.36)
3.43 ± 0.34
1.36 ± 0.27
(3.75 ± 0.29)
(2.10 ± 0.32)
3.32 ± 0.33
1.28 ± 0.28
(3.63 ± 0.18)
(1.93 ± 0.30)
2.99 ± 0.25
1.21 ± 0.28
(3.26 ± 0.15)
(1.90 ± 0.35)
3.56 ± 0.34
1.38 ± 0.29
(3.89 ± 0.25)
(2.27 ± 0.42)
3.29 ± 0.28
1.27 ± 0.26
(3.42 ± 0.26)
(2.09 ± 0.35)
3.04 ± 0.22
1.16 ± 0.26
(3.16 ± 0.22)
(1.87 ± 0.30)
3.27 ± 0.31
1.30 ± 0.29
(3.50 ± 0.22)
(2.14 ± 0.38)
3.08 ± 0.30
1.25 ± 0.27
(3.30 ± 0.24)
(1.99 ± 0.33)
2.78 ± 0.24
1.14 ± 0.25
(2.99 ± 0.19)
(1.79 ± 0.28)

Average of 4 years (2008–2011)
Mustard
Cluster beanb
1.58 ± 0.14
0.96 ± 0.15
(3.16 ± 0.29)
(1.55 ± 0.19)
1.41 ± 0.09
0.77 ± 0.02
(2.88 ± 0.16)
(1.35 ± 0.06)
1.33 ± 0.07
0.71 ± 0.02
(2.76 ± 0.13)
(1.30 ± 0.04)
1.18 ± 0.08
0.69 ± 0.02
(2.61 ± 0.10)
(1.26 ± 0.02)
1.73 ± 0.08
0.83 ± 0.08
(3.61 ± 0.17)
(1.43 ± 0.13)
1.66 ± 0.07
0.78 ± 0.07
(3.48 ± 0.12)
(1.39 ± 0.13)
1.58 ± 0.06
0.73 ± 0.06
(3.36 ± 0.10)
(1.33 ± 0.11)
1.26 ± 0.07
0.78 ± 0.13
(2.68 ± 0.12)
(1.41 ± 0.22)
1.21 ± 0.08
0.72 ± 0.12
(2.55 ± 0.15)
(1.34 ± 0.21)
1.11 ± 0.07
0.66 ± 0.14
(2.33 ± 0.08)
(1.26 ± 0.24)

Source: Dagar et al. (2016a, b)
Deviation from mean (±) is between the mean yields of the years
Cc Carissa carandas, Eo Emblica officinalis, Am Aegle marmelos, Control = Intercrop raised with
low saline water without plantations
a
Average of 4 years
b
Average of 3 years

8.3

 groforestry Systems for Inland Waterlogged Saline
A
Ecologies

Introduction of canal irrigation in dry regions without provision of drainage causes
rise in ground table leading to waterlogging and salinity. For lowering down water
table, conventional drainage is the best option, but that is a costly proposition and
has environmental consequences. Recently, biodrainage options have been found
successful. Trees such as Eucalyptus tereticornis planted in blocks or on boundaries
of cultivated fields have shown a promise (Fig. 16.14). Ram et al. (2011) have shown
that the system is effective and socially accepted by the farming community.
Further, Dagar et al. (2016a, b) studied the impacts of agroforestry system comprising of wheat and rice crops in combination with Eucalyptus tereticornis trees for
remediation of waterlogged saline soils. In one experiment, three spacings, viz.,
1 m × 1 m, 1 m × 2 m, and 1 m × 3 m, were evaluated with respect to growth, biomass, and transpiration potential. Block plantations of Eucalyptus generated
141.7 Mg ha−1 timber wood biomass and sequestered 66.5 Mg C ha−1. The transpi-
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Fig. 16.13 Evaluation of annual flowers using saline water up to ECiw 10 dS m−1 in dry conditions (forest trees in the background) (Source: CSSRI)

Fig. 16.14 Eucalyptus tereticornis on field boundary (wheat) in waterlogged areas of Haryana,
India (Photograph courtesy JC Dagar)
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ration rate of Eucalyptus in block plantation on an average was 40.0 L day−1 tree−1
as compared to 68.0, 71.5, and 73.8 L day−1 tree−1 in 1 m × 1 m, 1 m × 2 m, and
1 m × 3 m tree spacing, respectively, in strip plantation. The corresponding total
amount of water transpired per annum was 1825 mm in block plantation and 745,
391, and 269 mm in 1 m × 1 m, 1 m × 2 m, and 1 m × 3 m tree spacings. Due to high
transpiration rate of Eucalyptus, water table was lowered by 43.0 cm in 1 m × 1 m,
38.5 cm in 1 m × 2 m, and 31.5 cm in 1 m × 3 m spacings, respectively, during the
fourth year of plantation than in adjacent fields without plantation. Near the tree
lines, grain yields of both wheat and rice were comparatively low. But lowering of
water table resulted in improvement in soil properties which produced 1.7 and 1.3
times higher grain yield of wheat and rice, respectively, compared to control. The
results suggested that in a rotation of 6 years, 1 m × 1 m spacing for strip plantation
of Eucalyptus in paired rows on farm acre line was the optimum for achieving
higher water table draw down, wood biomass production, carbon sequestration, and
crop productivity on waterlogged fields.

8.4

Agroforestry Systems for Coastal Regions

There is increasing trends in salinity of low-lying coastal areas due to sea level rise
which found to severely affect the productivity of agricultural land. Agroforestry
practices are quite helpful to reduce the salinity level along the coastal areas. Many
technologies have been developed to sustain crop production in coastal saline soils
of the country. “Dorovu” technology to skim fresh water floating on the saline water
has gained immense popularity in many coastal regions. Other such technologies
include rabi cropping in mono-cropped coastal saline soils, rainwater harvesting in
dugout ponds, salt-tolerant rice varieties (Sumati and Bhootnath), efficient nutrient
management, and integrated rice-fish culture (Sharma and Chaudhary 2012).
The coastal saline soils brought under cultivation by constructing protective
embankments to prevent inundation by seawater. The protective embankments have
a side slope of 3:1 on the sea or riverside and 2:1 on the country or landside with
about 1 m tree broad above the highest tide level. Hence, the height of embankment
depends on the highest tide level of the year. A suitable shelter with trees or grasses
is required to protect the embankments from tidal wave action. Casuarina- and
Eucalyptus-based agroforestry systems are common in sandy soils having saline
underground water. Multitier agroforestry systems such as homegardens were
reported to resist the climate change impacts. It is well documented that homegardens and mangroves were found efficient to protect the coastal areas from the 2004
tsunami. Mattsson et al. (2009) documented the success story about the protection
of area with homegardens in Hambantota district, Sri Lanka. They found that houses
with homegardens or near neighbors’ homegardens received less damage than those
without homegardens during the tsunami period. Communities in the coastal region
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Saline drained water ® Storage tank ® Moderately salt tolerant trees
or trees plus herbs
¯
Highly salt tolerant vegetation ¬ Salt tolerant trees or trees plus herbs
¯
Evaporation
® Salt production
Fig. 16.15 Schematic diagram for reuse of drainage water for saline agriculture

are highly vulnerable to climate change vagaries. They have high rates of poverty
and villagers depend on natural resources such as forestry and fishery stocks for
their livelihoods. In this context, Bangladesh is implementing a community approach
to climate change adaptation through afforestation. The FFF model of forest, fish
and fruit is the innovative coastal agroforestry. This system offers diversified livelihood options with reduced salinity (Shah 2014). For more details, see Dagar et al.
(2014).
For coastal regions, Samphire (Salicornia bigelovii) is a very important salt bush,
which yields about 28.2% seed oil, 31.2% protein, 5.3% fiber, and 5.5% ash from
seeds. The oil resembles to Saffola oil and is considered for cosmetic and pharmaceutical industries. Straw and cake are used as forage and considered suitable for
paper pulp. It can be irrigated with water of sea salinity. The plant is experimented
at Luni in Kachchh (Gujarat) and Bhavnagar in Pali (Rajasthan). No doubt subsurface drainage helps in leaching down the salts from the root zone, but it is a highly
costly option and has environmental limitations. Biodrainage on the other hand is
environmental friendly and a cheap technique which can be adopted at least as a
preventive measure.
A schematic model for utilization of the drainage effluents has been shown in
Fig. 16.15:
8.4.1

Agroforestry in Coastal Saline Soils of Bangladesh (Case Study)

The study conducted by Wicke et al. (2013) examined an agroforestry system based
on combination of most common agricultural land use and reforestation in the
coastal area affected by soil salinity due to intrusion of seawater. Local rice variety
was transplanted during the monsoon and harvested in November and December.
The rice fields were intersected by tree lines. Assuming a square field of 1 ha, there
were two lines where each line has two rows of trees and each row accounted for 50
trees with tree spacing of 2 m × 2 m. The tree density was 200 trees per hectare and
the tree lines covered 8% of the land. This practice is commonly followed and
Eucalyptus camaldulensis is a common species in coastal Bangladesh. Two rotations
of 10 years are considered and tree coppice after the first rotation, providing almost
similar biomass as in the first rotation. In the economic performance analysis, Acacia
nilotica has been assessed as an alternative tree species to Eucalyptus camaldulensis.
The green house gas (GHG) balance for biomass production is constructed based on
emissions from all activities related to biomass production. The GHG balance is
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expressed in terms of g CO2eq MJ−1 and is translated into the amount of carbon
sequestration per hectare over the lifetime of each plantation (Mg CO2eq ha−1) to
provide an estimate of carbon sequestration potential of these systems. This is done
by multiplying the GHG balance with biomass yield, energy content, and lifetime of
plantation. Carbon credits from biosaline agroforestry are determined based on the
GHG balance and carbon market trends. Eucalyptus camaldulensis yielded a biomass of 4.1 Mg ha−1 year−1 at moderately saline sites (6 dS m−1) to 0.9 Mg ha−1 year−1
at extremely saline sites (25 dS m−1), whereas, Acacia nilotica yielded 2.9 Mg
ha−1 year−1 at moderately saline soils and 1.8 Mg ha−1 year−1 at extremely saline
sites. The GHG balance of biomass production from biosaline agroforestry in the
coastal saline soils of Bangladesh indicates that this system sequesters carbon at
slightly to highly saline soils because of increased carbon stocks in belowground
biomass, litter, and the soil. The NPV of the agroforestry systems is economically
beneficial for local farmers, but the size of NPV depends strongly on the severity of
soil salinity and tree species cultivated. Only on moderately saline lands, NPV of the
E. camaldulensis production is higher than A. nilotica. In highly saline areas, the
NPV is higher for A. nilotica. The economic value of the carbon sequestration for E.
camaldulensis at moderately saline soils ranges between 0.01 and 0.15 k€ ha−1
depending on the carbon credit price.

9
9.1

Agroforestry System Evaluation
Biometric Approaches for Biomass Production

The allometric equations developed for normal soils are used for the trees growing
on saline soils and certainly not the true representative of the estimates. The growth
of the trees and crops in saline soils is entirely different as compared to the normal
soils. So, it is the need of the hour to develop allometric approaches exacting to trees
adapted to the saline soils. ICAR-CSSRI is in the process of developing biometric
equations of Eucalyptus tereticornis, Melia composita, Terminalia arjuna,
Azadirachta indica, and Dalbergia sissoo under field conditions on saline environment (CSSRI 2014). The previous studies carried out by the institute envisaged to
develop the biosaline agroforestry systems for saline environments wherein ten
species, namely, Prosopis alba (0465), Prosopis alba, Prosopis juliflora, Acacia
nilotica, Eucalyptus tereticornis, Tamarix articulata, Pongamia pinnata, Jatropha
curcas, Terminalia arjuna, and Cassia siamea, were evaluated with reference to
growth and biomass attributes under varying salinity regimes. Six-month-old uniform seedlings were planted in porcelain pots filled with washed coarse river sand.
Five levels (0.40, 7.5, 12.0, 15.5, and 19.0 dS m−1) of salinity treatments were tested
during the first year and subsequently stepped up to 42 dS m−1 in the second year.
Four replicates per treatment were harvested, washed, and sampled after 14 months
of salinity treatment and the remaining after 2 years of salinization and separated
into roots, stem, and leaves and processed for chemical analysis. Data on shoot
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Fig. 16.16 Biomass (Mg ha−1) of trees grown in saline soils at Sampla, Haryana (India) (Source:
Tomar et al. 1998)

biomass (stem, branches, and leaves) and total plant biomass (all plant parts, i.e.,
roots, stem, branches, and leaves) were used to develop salinity response curves for
selected tree species. At harvest, biomass of root, shoot, and leaf components were
recorded for fresh and dry weight. Subsequently soil and irrigation/drainage water
were also analyzed for maintaining salinity levels. Salinity curves were prepared for
all the test species based on USDA “salt” model for determining “C” Cso and Co
values. Locally available tested tree species, namely, Eucalyptus tereticornis,
Prosopis juliflora, P. alba, P. glandulosa, Acacia nilotica, Terminalia arjuna,
Tamarix articulata, Pongamia pinnata, Jatropha curcas, and Cassia siamea, showed
higher tolerance and biomass than exotic germplasm such as Acacia salicina, A.
ampliceps, and Casuarina glauca. Mechanisms of tolerance and growth were studied and salt-tolerance curves were developed. Acacia, Casuarina, Eucalyptus,
Prosopis, and Tamarix species/accessions occupy the top positions among salt-
tolerant tree species and provide higher biomass (CSSRI 2010). A study was conducted in saline soils to assess biomass production under field conditions at Sampla,
Haryana (India), where plantation was raised through subsurface planting and irrigated initially with saline water in furrows. The initial ECe of soil ranged from 20
to 36 dS m−1. The plantations were raised in 4 m × 4 m spacing. Prosopis juliflora
was observed to be the most successful species yielding the highest biomass (98 Mg
ha−1) followed by Casuarina glauca (96 Mg ha−1) and Acacia nilotica (67 Mg ha−1)
of 9-year-old plantations (Tomar et al. 1998; Fig. 16.16).

9.2

Soil/Environmental Quality Evaluation

Trees and agroforestry systems are the most suitable farming systems to cope with
the negative impact of extreme weather events vis-a-vis climate change. The role of
agroforestry in protecting the environment and providing number of ecosystem
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services is promoted as a key benefit of integrating trees into farming systems. The
impact of agroforestry on the environment occurs at a range of spatial and temporal
scales from fine-scale impacts on soil structure and quality to impacts on the society
at regional or global scales. Most of the studies related to biosaline agroforestry
have focused on ameliorative effects of trees on soil salinity and soil organic carbon
content with respect to the environmental performance of the tree-based land use
systems. However, very few studies have been executed to analyze environmental
impacts accrued from agroforestry systems especially in saline environment. The
greenhouse gas (GHG) balance of such systems has not been assessed despite their
potential to sequester carbon through revegetating degraded sites and potential economic benefits from carbon credits.

9.3

Socioeconomic

There are several difficulties associated with the adoption of biodrainage, but it has
potential for social acceptance among farming communities because of its edge to
make waterloggedsaline soils of service use with low inputs. A preliminary survey
was conducted in Haryana to assess the willingness of farmers for the biodrainage
technology in which 99% farmers have shown their willingness for adoption of the
technology (Ram et al. 2011; NAAS 2015). Still there is ample need to go for systematic socioeconomic impact analysis studies. But the basic data of such studies
are lacking.

10

 ethodological Challenges in Agroforestry Impact
M
Evaluations

It is quite common to most of the land uses that there are methodological bottlenecks related to evaluation of the outcomes. The situation is of higher magnitude
when we talk of agroforestry systems because of their complex nature. Nair and
Dagar (1991) suggested some measures for evaluation of agroforestry systems.
They emphasized that in order to improve the efficiency of indigenous systems and
available modern technologies, it is essential to evaluate the existing agroforestry
systems. Since productivity, sustainability, and social acceptability are the key attributes of all agroforestry systems, evaluation procedure should encompass all these
attributes. The methods and procedures used in agroforestry vary at large. The available datasets are mostly inconsistent and often incomparable and inconclusive. Nair
(2011) highlighted some of the common problems in existing methods and procedures for evaluations of outcomes in agroforestry systems (Table 16.7).
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Table 16.7 Methodological problems in agroforestry system evaluations
S. Common
no. problems
1. Allometric
equations

2.

3.

4.

5.

Details
Aboveground biomass is estimated through allometric equations in
agroforestry systems. This leads to the broad generalization and
inaccuracy. This is due to non-availability of the true to type allometric
equations exacting to tree species and agroclimatic zones.
The situation is more worrisome about the saline soils. Here, the
allometric equations developed for normal soils are used and certainly
not the true representative of the estimate. The growth of the trees and
crops is entirely different as compared to the normal soils. So, this is
important to develop allometric models exacting to trees adapted to the
saline soils
Soil sampling
Soil sampling studies only limited to surface and/or subsurface soils.
Sampling beyond the surface soil is important in case of tree-based land
use systems because tree roots extend to deeper soil horizon. The role of
sub-soils is highly important in long-term nutrient dynamics and C
stabilization
Pseudo-
It is common in agroforestry research to use pre-existing field plots of
replication
the same contiguous experimental units without true replicates of
treatments. Statistical comparison between treatments of such studies
may be invalid. But, this is not questionable in the statistical sense. In
this situation, the treatment replicates extended over large tracts of land
are considered as pseudo-replicates (Tonucci et al. 2011) whereas pots
arranged in blocks in a greenhouse experiment are considered as
replicates (Lopez-Diaz et al. 2011). Pseudo-replication problem can be
removed through spatial interspersion of replication under systematic
design. Composite samples drawn from large experimental units as
replicates are used in forestry research. The land use systems kept here
as fixed effect treatments. The results can’t be used to make conclusions
about agroforestry systems in true statistical sense because fixed effect
model only restricted to the treatments in the study
Repeated
The fixed effect model applies to the repeated measures which refer to
measurements
measurements made in time or space on the same subject or
experimental unit. For example, in agroforestry experiment, we may
have to draw soil samples from depth increments from the same sites or
transects at defined horizontal distances from trees. When time and space
are considered as treatments, they can’t be randomly assigned to the
depth/distance increments which otherwise treated as repeated measures
rather than independent measurements (Howlett et al. 2011). The
non-randomized nature of repeated measures designs often results in the
violation of the assumptions necessary for valid univariate analysis.
However, statistical procedures are available to address the limitations
imposed by the model. In the case of soil depths at the same site, they
could be stratified and each soil depth considered independently treating
each site as a replication
Chrono-
Studies that are carried out to understand the change in soil carbon, and
sequence studies nutrients are often based on the assumption that the changes in carbon
and nutrient stocks are likely to be linear with time. This may not be
necessarily true in real sense. Even, it is difficult to know the residence
of carbon that is sequestered initially in a system differs from that of
later sequestered carbon. There are numerous such challenges which
need to be addressed for realistic impact assessment studies in
agroforestry landscapes
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Agroforestry: Past and Future Headway

The start of organized research in agroforestry in early 1970s has taken different
dimensions. Earlier, agroforestry was considered to provide bona fide needs of the
communities by incorporating trees, crops, and animal component in unit land
through varying interfaces. The main emphasis was on tangible outputs like biomass from trees and crop yield. But the current understanding of agroforestry systems is changed, and now agroforestry is considered a problem-solving science
(Dagar and Tewari 2016). It is considered as a better climate change mitigation
option than ocean and other terrestrial ecosystems because agroforestry provides
ecosystem services such as carbon sequestration, biodiversity conservation, water
quality enhancement, and land restoration. It was included in global program such
as Reduced Emission from the Forest Degradation and Deforestation (REDD+)
related to climate change mitigation and adaptation. It is envisaged from the latest
literature on agroforestry that this is beyond any doubt that agroforestry must play a
definite role in answering the future global challenges. Now, there is a plethora of
active markets of ecosystem services obtained from the developed agroforestry systems. However, lack of predictive metrics and the regulatory environment mechanisms are impeding the adoption of several ecosystem services. The major issues of
maintaining food and fiber production, soil degradation (salinization), biodiversity
decline, and climate change mitigation can be managed at a meaningful scale with
sustenance through agroforestry option. Industrial agroforestry involved short- rotation forestry to accommodate agricultural crops in fast-growing plantations. The
impact of agroforestry on the environment occurs at a range of spatial and temporal
scales from fine-scale impacts on soil structure and quality to impacts on the society
at regional and global scales. Future CO2 mitigation initiatives will greatly benefit
from incorporation of biodiversity component into the design, implementation, and
regulatory framework. This will also bring the two quite different entities of biodiversity conservation and carbon sequestration together. The convergence of carbon
sequestration with biodiversity conservation and salinity management presents a
unique opportunity to tackle environmental problems together. Using an agroforestry approach will allow the integration of trees into farmland and not displace
food production but rather stabilize agricultural systems and alleviate dryland
salinity.
The path of agroforestry development as subject is divided into three scenarios
(Fig. 16.17) based on existing and future use scales.
In scenario I, the emphasis was on production potential to have more biomass
output. But with advancement of the subject and peoples’ requirement, more stress
was diverted to conservation issues like carbon and biodiversity in addition to existing outputs as in scenario I. The visible impacts of climate change forced the thinking in agroforestry toward ecosystem services as a whole to find out the solutions
for the upcoming problems at the behest of climate change. The integration of variable parameters in agroforestry puts its strong stake in the times to come to provide
solution to many of them. But with the beneficial effects, there is a major concern to
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Scenario - I

Scenario - II

Scenario - III

Biomass production

Carbon & Biodiversity issues

Ecosystem Services issues

1. Timber
2. Fuel wood
3. Fodder
4. Paper & pulp
5. Plywood

1. Bioenergy
2. C-Sequestration
3. Biodiversity
Conservation
4. Rehabilitation of
degraded land (Saline
soils)
5. Industrial plantation

Past / Short term
objectives

Current / Medium term
objectives
Existing Use Scale

Tangible and Non-tangible
benefits and outcomes
1. Biofuel production
2. Environmental services
3. Carbon credits and trading
4. Flood and erosion control
5. Ground water quality &
fluctuation

Future / Long term
objectives
Future Use Scale

Fig. 16.17 Sequential journey of agroforestry as subject

devise methodology for its complete evaluation as complete ecosystem including
the ecological services rendered by agroforestry systems. Therefore, it remains the
millionaire question for researchers to give complete evaluation package of such
versatile land use systems.

References
Abrol IP,Yadav JSP, Massoud FI (1988) Salt affected soils and their management. FAO Soils
Bulletin 39. FAO Soil Resource Management and Conservation Service FAO Land and Water
Development Division, Food and Agriculture Organization of the United Nations, Rome
Allan GL, Fielder DS, Fitzsimmons KM, Raizada S (2009) Inland saline aquaculture. New
Technologies in Aquaculture: Improving Production Efficiency. Quality and Environmental
Management, pp 1119–1147
Banyal R (2013) Short rotation culture with Willows in hill farming systems. In book of proceedings national seminar on ‘Indian agriculture: present situation, challenges, remedies and road
map’ Rachna publications, Pushpanjali Complex, Rajpur, Palampur, HP, pp 82–85
Banyal R, Yadav RK, Sheoran P, Parveen K, Bhardwaj AK, Rahul T (2017) Agroforestry
approaches for rehabilitation of saline ecologies. In National Conference on Alternate Farming
Systems to Enhance Farmers’ Income, 19–21 Sept 2017
CSSRI (1995) Annual Report. ICAR-Central Soil Salinity Research Institute, Karnal, Haryana-132
001, India

452

R. Banyal et al.

CSSRI (2010) Biosafor-Biosaline (agro) forestry: remediation of saline wastelands through production of renewable energy, biomaterials and fodder. Central Soil Salinity Research Institute,
Karnal, India. Tech Bull 4, p 26
CSSRI (2013) Annual report. ICAR-Central Soil Salinity Research Institute, Karnal, Haryana-132
001, India
CSSRI (2014) Annual report. ICAR-Central Soil Salinity Research Institute, Karnal, Haryana-132
001, India
CSSRI (2016) Annual report. ICAR-Central Soil Salinity Research Institute, Karnal, Haryana-132
001, India
Dagar JC (2014) Greening salty and waterlogged lands through agroforestry systems for livelihood
security and better environment. In: Dagar JC, Singh AK, Arunachalam A (eds) Agroforestry
systems in India: livelihood security & ecosystem services. Advances in agroforestry 10,
Springer, Dordrecht, pp 273–332
Dagar JC, Tewari JC (2016) Agroforestry research developments: anecdotal to modern science. In:
Agroforestry research developments. Nova Publishers, New York, pp 1–45
Dagar JC, Yadav RK (2017) Climate resilient approaches for enhancing productivity of saline
agriculture. J Soil Salinity Water Qual 9(1):9–21
Dagar JC, Singh G, Singh NT (2001) Evaluation of Forest and Fruit Trees Used for Rehabilitation
of Semiarid Alkali-Sodic Soils in India. Arid Land Res Manag 15(2):115–133
Dagar JC, Tomar OS, Minhas PS, Singh Gurbachan, Ram Jeet (2008) Dryland biosaline
agriculture-Hisar experience. Technical bulletin No. 6/2008, Central Soil Salinity Research
Institute, Karnal, India, pp 28
Dagar JC, Pandey CB, Chaturvedi CS (2014) Agroforestry: a way forward for sustaining fragile
coastal and island ecosystems. In: Dagar JC, Singh AK, Arunachalam A (eds) Agroforestry
systems in India: livelihood security & ecosystem services. Advances in Agroforestry, vol 10.
Springer, Dordrecht, pp 185–232
Dagar JC, Khajanchi L, Jeet R, Mukesh K, Chaudhary SK, Yadav RK, Sharif A, Gurbachan S,
Amarinder K (2016a) Eucalyptus geometry in agroforestry on waterlogged saline soils influences plant and soil traits in North-West India. Agric Ecosyst Environ 233:33–42
Dagar JC, Yadav RK, Tomar OS, Minhas PS, Gajender LK (2016b) Fruit-based agroforestry systems for saline water-irrigated semi-arid hyperthermic camborthids soils of north-west India.
Agrofor Syst 90(6):1123–1132
FAO (1997) Production yearbook. Food and Agricultural Organization, Rome, v 48
FAO (2000) Crops and drops: making the best use of water for agriculture. Food and agriculture
Organization of the United Nations, Rome
FAO (2009) High level expert forum—how to feed the World in 2050. Economic and Social
Development, Food and Agricultural Organization of the United Nations, Rome
Flowers TJ, Galal HK, Bromham L (2010) Evaluation of halophytes: multiple origins of salt tolerance in land plants. Functional. Plant Biol 37:604–612
Gajender, Jat HS, Raju R, Rai AK, Yadav RK, Sharma DK, Chaudhari SK, Singh Gurbachan
(2016) Multi-enterprise agriculture for sustaining livelihood security of small farmers in Indo-
Gangetic plains. Extended summaries vol 2: 4th international agronomy congress, Nov. 22–26,
2016, New Delhi, India, pp 1159–1160
Gupta SK (2015) Reclamation and management of water-logged saline soils. Agribiol Res
52(2):104–115
Gururaja Rao G, Chinchmalatpure Anil R., Arora Sanjay, Khandelwal MK, Sharma DK (2013)
Coastal saline soils of Gujarat: problems and their management. Technical Bulletin: CSSRI/
Karnal/2013/1, Central Soil Salinity Research Institute, Regional Research Station, Bharuch
392012, Gujarat, India, p 59
Howlett DS, Mosquera Losada MR, Nair PKR, Nair VD, Riguciro-Rodriguez (2011) Soil carbon
storage in silvopastoral systems and a tree less pasture in northwestern Spain. J Environ Qual
40:825–832
James RA, Blake C, Byrt CS, Munns R (2011) Major genes for Na+ exclusion, Nax1 and Nax2
(wheat HKT1;4 and HKT1;5), decrease Na+ accumulation in bread wheat leaves under saline
and waterlogged conditions. J Exp Bot 62(8):2939–2947

16

Agroforestry for Sustenance of Saline Ecologies

453

Kawasaki SH, Hiroyuki H, Shin-Ichi A, Koichi Y (2010) Growth of trees planted for rehabilitation
of saline areas of wheat belt in western Australia. J Agr Res Qual 44(1):47–33
Kumar A, Lata C, Kumar P, Devi R, Singh K, Kulshrestha N, Yadav RK (2016) Salinity and
drought induced changes in gas exchange attributes and chlorophyll fluorescence characteristics of crops. Indian. J Agric Sci 86(6):718–724
Lopez-Diaz ML, Rolo V, Moreno G (2011) Trees’ role in nitrogen leaching after organic mineral
fertilization: A greenhouse experiment. J Environ Quality 40:853–859
Mandal AK, Sharma RC, Singh G, Dagar JC (2010) Computerized data base on salt affected soils
in India. Central Soil Salinity Research Institute, Karnal, p 28
Mattsson E, Ostwald M, Nissanka SP, Holmer B, Palma M (2009) Recovery and Protection of
Coastal Ecosystems after Tsunami Event and Potential for Participatory Forestry CDM—
Examples from Sri Lanka. Ocean Coast Manage 52:1–9
Munns R (2005) Genes and salt tolerance: bringing them together. New Phytol 167(3):645–663
Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu Rev Plant Biol 59:651–681
NAAS (2015) Bio-drainage: an eco-friendly tool for combating waterlogging. Policy Paper 74,
p 27
Nair PKR (2011) Agroforestry systems and environmental quality: introduction. J Environ Qual
40:784–790
Nair PKR, Dagar JC (1991) An approach to developing methodologies for evaluating agroforestry
systems in India. Agrofor Syst 16:55–81
Olderman LR, Hakkeling RTA, Sombroek WG (1991) World map of the status of Human
induced soil degradation-an explanatory note-Global assessment of soil degradation,
GLASOD Wageningen. International Soil Reference and Information Centre, United National
Environmental Program, Nairobi
Purushothaman CS, Sudhir R, Sharma KL, Ranjeet KR (2014) Production of tiger shrimp (Penaeus
monodon) in potassium supplemented inland saline sub-surface water. J Appl Aquac 26:84–93
Qadir M, Qureshi RH, Ahmad N (2002) Amelioration of calcareous saline sodic soils through
phytoremediation and chemical strategies. Soil Use Mange 18(4):381–385
Rahnama A, James RA, Poustini K, Munns R (2010) Stomatal conductance as a screen for osmotic
stress tolerance in durum wheat growing in saline soil. Funct Plant Biol 37(3):255–263
Ram J, Dagar JC, Khajanchi L, Singh G, Toky OP, Tanwar V, Dar SR, Chauhan MK (2011) Bio-
drainage to combat waterlogging increase farm productivity and sequester carbon in canal
command areas of North West India. Curr Sci 100(11):1673–1680
Ramoliya PJ, Patel HM, Pandey AN (2004) Effect of salinization of soil on growth and macroand micro-nutrient accumulation in seedlings of Salvadora persica (Salvadoraceae). For Ecol
Manag 202:181–193
Rao DLN, Gill HS (1990) Nitrogen fixation and biomass production by annual and perennial
legumes. Annual Res., CSSRI, Karnal
Ravender S, Kundu DK, Verma HN (2004) Alternate landuses of salt affected lands in the eastern region. In: Mittal SP (ed) Alternate use for sustainable production. Oriental publishers,
Dehradun, pp 419–434
Reddy MP, Sanish S, Iyengar ERR (1992) Photosynthetic studies and compartmentation of ions
in different tissues of Salicornia brachiata Roxb. under saline conditions. Photosynthetica
26:173–179
Reddy MP, Shah MT, Patolia JS (2008) Salvadora persica, a potential species for industrial oil
production in semiarid saline and alkali soils. Ind Crop Prod 28:273–278
Sairam RK, Tyagi A (2004) Physiology and molecular biology of salinity stress tolerance in plants.
Curr Sci 86(3):407–421
Shah M (2014) Forest, fish and fruit: An innovative agroforestry practice in coastal Bangladesh to
reduce vulnerability due to climate change. The Guardian, 24 July 2014
Sharma RC (1998) Nature, extent and classification of salt affected soils. In: Tyagi NK, Minhas
PS (eds) Agricultural salinity management in India. Central Soil Salinity Research Institute,
Karnal, pp 21–40

454

R. Banyal et al.

Sharma DK, Chaudhri SK (2012) Agronomic research in salt affected soils of India: an overview.
Indian J Agron 57:175–185
Sharma DK, Chaudhari SK, Anshuman S (2014) In salt affected soils agroforestry is a promising
option. Indian Farming 63:19–22
Sharma DK, Thimmppa K, Chinchmalatpure Anil R, Mandal AK, Yadav RK, Chaudhari SK,
Kumar Satyendra, Sikka AK (2015) Assessment of production and monetary losses from salt
affected soils in India, Technical bulletin: ICAR-CSSRI/Karnal/2015/05
Sharma DK, Yadav Gajender, Yadav R.K, Mishra VK, Burman D, Singh Gurbachan, Sharma PC.
(2016) Diversified farming systems for sustainable livelihood security of small farmers in
salt-affected areas of Indo-Gangetic plains. Lead Papers vol 4 : 4th International Agronomy
Congress, Nov. 22–26, 2016, New Delhi, India, pp 110–112
Singh G (2009a) Comparative productivity of P. cineraria and Tecomella undulata based agroforestry systems in degraded lands of Indian desert. J For Res 20(2):144–150
Singh G (2009b) Salinity-related desertification and management strategies: indian experience.
Land Degrad Dev 20:476–486
Singh G, Dagar JC (2005) Greening sodic soils: Bichhian model. tech bulletin 2/2005. Central Soil
Salinity Researc Institute, Karnal, 51p
Tanji KK (1995) Foreword. In: The salinization of land and water resources: human causes, extent,
management and case studies. Centre for Resources and Environment Studies. The Australian
National University, Pub. Cab International, Wallingford, Oxon
Tomar OS, Gupta RK, Dagar JC (1998) Afforestation techniques and evaluation of different tree
species for waterlogged saline soils in semiarid tropics. Arid Soil Res Rehab 12(4):301–316
Tomar OS, Minhas PS, Sharma VK, Singh YP, Gupta RK (2003) Performance of 31 tree species and
soil condition in a plantation established with saline irrigation. For Ecol Manag 177:333–346
Tonucci RG, Nair PKR, Nair VD, Garcia R, Bernardino FS (2011) Soil carbon storage in silvopasture and related land use systems in the Brazilian Cerrado. J Environ Qual 40:833–841
Wicke B, Smeets Edward MW, Razzaque A, Leon S, Ranjay SK, Abdul AR, Khalid M, Faaij
Andre PC (2013) Biomass production in agroforestry and forestry systems on salt affected
soils in South Asia: exploration of the GHG balance and economic performance of three case
studies. J Environ Manag 127:324–334
Yadav RK, Dagar JC (2016) Innovations in utilization of poor-quality water for sustainable agricultural production. In: Dagar JC, Sharma PC, Sharma DK, Singh AK (eds) Innovative saline
agriculture. Springer, India, pp 219–263
Yadav RK, Singh SP, Lal D, Kumar A (2007) Fodder production and soil health with conjunctive
use of saline and good quality water in Ustipsamments of a semi-arid region. Land Degrad Dev
18(2):153–161
Zhang JL, Shi H (2013) Physiological and molecular mechanisms of plant salt tolerance.
Photosynth Res 115:1–22
Zhu JK (2003) Regulation of ion homeostasis under salt stress. Curr Opin Plant Biol 6(5):441–445

