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Agriculture Scientist’s Many Burdens: A
Glimpse of Efforts in Land Use Planning,
Waste Recycling, Food Storage Design,
Managing Farmer Psychology and Other
Eclectic Pursuits

Pahan Prasada, Gamini Pushpakumara,
and Ranjith Premalal De Silva

Agriculture is too vast a field of study to generate a short systematic overview of
current developments. The goals of agricultural sector are broad and generic,
especially in low- and middle-income countries with an agricultural heritage. As a
result, the scientific work in agriculture evolves in isolation and sometimes in distant
parallels to the broader purpose of the sector. Such deviations of scientific pursuits
from development goals are perhaps inevitable in rural socio-economic production
systems (as in Sri Lanka), where thousands of smallholders have chosen agriculture
as their livelihood, perpetuating routines that have been passed on through
generations, while depending ever so little on the scientific frontier. This chapter
attempts to preview quite a diverse collection of scientific work. Each of the
contributions records the current status of a thematic area under agriculture while
paying attention to how the findings relate to broader goals of sustainability. Within
this diversity in both depth and breadth, four themes emerge. The first theme is best
summarized as the science behind the environmental services relevant to agricultural
ecosystems and technologies aimed at facilitating such services. The second is the
wider theme of food production and its challenges, especially the contemporary
ones. The science and practice behind evidence-based planning in agriculture is the
third theme. The fourth is social, behavioural and management elements of agricul-
tural sector.
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1 Interventions Towards Improving the Agricultural
Ecosystems

Environmental goods and services have emerged as a co-output of agricultural
production while being a crucial input to the same. That agriculture depends
crucially on the ecosystem health for its sustenance is reason enough to pay attention
to improving environmental services. While mono-cropping and intensive farming
cannot be replaced due to ever-increasing food demand, the many corrective
measures that will redress the damages caused by modern agriculture can be
adopted. Spanning from microbial pesticides that could potentially replace industrial
chemical equivalents, through shade trees in agricultural ecosystems, to recovering
energy from waste, numerous are the scientific efforts towards ‘greening’ modern
agricultural landscape.

Agroforestry is one of the more readily adoptable interventions towards enhanc-
ing the ecosystem health while offsetting the consequences of widespread mono-
cropping in local agriculture. Agriculture scientists at the University of Peradeniya
have contributed to this topic since as early as the 1970s. Current work focuses more
on system and ecological benefits of agroforestry and trees outside the forest,
including those in home gardens. With new commitments in greenhouse gas emis-
sion reductions in the Paris Climate Agreement, trees in agricultural systems have
become very topical. In this context, Mohotti et al. (2019) consider the potential of
shade trees in tea as a model of agroforestry capable of mitigation of climate change
impacts among other functions. The merits and demerits of trees in plantations are
discussed at length to highlight the need for planning appropriate species that would
minimize the vulnerability of ecosystem while maximizing the carbon sequestration
and other environmental benefits.

Soil quality (and fertility) is surfacing as a key concern after years of widespread
mono-cropping. The modern agriculture has not really delivered any credible alter-
native to the model of mono-cropping under high chemical inputs. Dandeniya and
Dharmakeerthi (2019) claim that more than 50% of the agricultural lands in Sri
Lanka have been degraded based on the level of organic carbon reserves, nutrient
content and soil acidity. Authors suggest green manure, animal manure, compost,
biochar and biofertilizers as corrective measures to be adopted in an integrated
nutrient management strategy to restore soil fertility. Application of agrochemicals
is the common culprit in accounting for the deterioration of soils. Agrochemicals
have many unintended consequences, not only to soil flora and fauna but also to the
soil structure. The chapter on microbial pesticides (De Costa 2019a) appeals for
incorporating microbiological solutions to pest control as a means of promoting
eco-friendly agriculture. The authors highlight the relatively high use of microbial
pesticides in advanced Asian economies such as China while pointing out relatively
poor use of such applications in Sri Lanka. Over the last 27 years, only a handful of
crops have seen microbial pesticide applications. In order of frequency, banana-,
rice-, tomato-, pineapple- and chilli-related interventions top the list with at least two
published findings for each over the said period. Nearly all the applications in Sri
Lanka have been based on fungi, bacteria and combinations of each as the microbial
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antagonist used in the pesticides and almost all applications have targeted plant
pathogens.

Agriculture appears greener, certainly compared to manufacturing. However, the
environmental footprint of agriculture is significant. Globally, 32% of all greenhouse
gas emissions are reported from agriculture, forestry and related land uses. While the
Sri Lankan per capita emissions are substantively below the global average value,
there is an urgency for improvement, especially since Sri Lanka is no less vulnerable
to catastrophic consequences of climate change and natural disasters. Within the
scope of corrective measures in improving agricultural ecosystems, the recycling,
reuse and recovery concept is being recognized as an important paradigm. It is
understood that ecosystems have within them important self-corrective and
resilience-related functions. Optimization of such properties of natural systems
with adjustments to our management practices appears the least intrusive of
interventions. A good example is wetland restoration. Among the studies on envi-
ronment in the present volume, Mowjood et al. (2019) consider environmental
services rendered by wetland ecosystems in a comparative analysis of paddy fields
and constructed wetlands as simulations of natural wetlands. Authors highlight the
design details, biochemical processes, water management and habitat preservation as
substantive challenges that confront establishment of constructed wetlands while
pointing out the equivalent roles that paddy fields play in an agroecosystem.

On the resource recycling front, the fate of straw after paddy harvesting has long
been a concern to agroecosystems. Burning is what farmers do for the most part in
the absence of alternative reuse options. Burnt straw applied to soils have beneficial
impacts, but the air pollution and the loss of material due to blowing away far
outweigh the possible benefits of straw burning and application of ash to the soil.
Biochar became topical in this context, first as a soil supplement and later as a
method for trapping carbon in material form. Basnayake et al. (2019a) discuss the
milestones of a research program since 1994 aimed at sustainable reuse of paddy
straw, cow dung and green manure and culminating in work on biochar. Taking the
theme of resource recovery, a step further into the larger operational scales,
Basnayake et al. (2019b) narrate the process of designing and implementing munici-
pal solid waste management using the example of Kandy landfill site at Gohagoda.
The long journey towards energy recovery from waste to profits is laid out in detail
to highlight the hurdles (both scientific and institutional). Lessons learnt by the
authors clearly illustrate how difficult it is to find sustainable solutions to manage
waste in an environmentally friendly and economically rewarding manner.

2 Food Sector and Its Contemporary Challenges

Food sector’s perennial challenges have remained constant over half a century since
the ‘so-called’ Green Revolution. Per capita food availability has risen due to
increase in yields and partly due to imports. Postharvest losses, as a percentage,
are no different to what they were few decades back. Regardless of numerous
inefficiencies, the national preoccupation with breeding high-yielding varieties has
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served the goals of self-sufficiency well. While it was not utilized to the same degree
as in rice, the diversity of crop germplasm in field crops remains one of the biggest
potentials for future varietal development. Fonseka et al. (2019) report records of
410 species of food crop wild relatives (CWR), belonging to 47 families and
122 genera. In particular, crop wild relatives present desirable traits that are resilient
to biotic stresses (pest and disease) and abiotic stresses (drought and salinity) likely
in a warmer world that is inevitable. The authors argue for the need to include crop
wild relatives in routine varietal development, citing the many benefits of the
germplasm in various categories of domestically consumed food crops. It is also
highlighted the need for in situ and field conservation of genetic resources of wild
relatives.

Indigenous crops are a similar theme to CWR, but they are mostly underutilized
ones or ones with limited spatial incidence. Ranil et al. (2019) consider the taxo-
nomic diversity, distribution, medicinal properties, phytochemical aspects and con-
servation pressure of indigenous vegetable plants. The authors highlight the research
needs in terms of germplasm collection, evaluation and conservation of
agrobiodiversity, genetic improvement and use in plant breeding programs taking
into account the fact that indigenous vegetables are well adapted to biotic and abiotic
stresses.

The current challenges in safety and quality in food processing and consumption
far outweigh the concerns regarding production methods. This is partly due to the
mass consumption in urban settings where foods are sourced from both domestic and
foreign sources. The expectations of quality and safety have risen in the widening
middle-income class of consumers (Prasada 2016a). Functional and fortified foods
have been a classic concern for health-concerned public (Prasada 2016b). In general,
such concerns encompass a medley of food constituents varying from
additives, antioxidants, antidiabetic compounds to hypocholesterolemic compounds.
While there is substantive noise and uncertainty on the credibility of claims regarding
nutritional and health implications of foods, there is a rising body of research aimed
at identifying the naturally occurring edible material with functional properties.
Madhujith and Wedamulla (2019) contribute to this literature highlighting the
antioxidant potential of many local foods such as brinjal, guava, watermelon, dragon
fruit, tamarind, himbutu (Salacia chinensis) and palu (Manilkara hexandra); the
hypocholesterolemic activity of Phyllanthus species; and the antidiabetic properties
of Thebu (Costus speciosus), Ranawara (Cassia auriculata) and Beli (Agale
marmelose). Dietary implications of food constituents receive far more attention
today than in any other period in the past. Fats and oils are the key concern.
Madhujith and Sivakanthan (2019) argue the case for taking trans fats out of the
diet. They caution on the use of partially hydrogenated vegetable oils for cooking
traditional dishes in Sri Lanka, pointing out that partially hydrogenated vegetable
fats contain trans fats up to 35–45%. Baked, confectionery, deep-fried products and
many processed snack foods, all of which contain high levels of trans fats, are
growing to be significant components of Sri Lankan diets. The alarming evidence of
roadside fast food outlets reusing palm oil as many as 40 times is cited as another

4 P. Prasada et al.



form of trans fat generation which leads to serious health implications in the
consumers of these fast foods.

Biotechnology has remained an elusive frontier for Sri Lankan agricultural
research for many years. It is not necessarily due to lack of expertise but due to a
certain shortage of initiative at the institutional level. Except for work on rice, local
research studies on other crops utilizing high-end biotechnology are comparatively
sparse. The extent and the coverage of different types of local studies are
summarized by Bandaranayake (2019). The author lists out 20 studies on marker-
assisted selection (MAS) focused on rice and 15 studies using molecular characteri-
zation aiming identification of pests and diseases. Compared to the exclusive focus
on rice observed in MAS, characterization studies have focused on pests and
diseases of reasonably wide range of crops: banana, papaya, pineapple, cucurbits,
potato and tomato. Approximately 27 studies have been conducted locally aiming at
detecting genetic diversity of crops. While the majority of these have focused on
deeper understanding of rice germplasm, field crops and fruit crops have also been
considered in a few.

Perhaps the most pressing challenge of the day facing the crop scientist is climate
vulnerability of existing cultivars. Drought tolerance, salinity tolerance and flood
resistance are all priorities competing for scientists’ attention. While the climate-
related factors have hit the headlines quite recently, the efforts of agronomists
towards enhancing the resilient properties of staple crops have seen many significant
milestones in the post-Green Revolution era. De Costa (2019b) presents a compre-
hensive account of such work with examples and poses the remaining challenges in
‘climate-proofing’ the crop germplasm. The significant highlights in the above
research program include germplasm screening for development of heat-tolerant
rice varieties starting in 2008/2009 Maha season, varietal testing to screen heal-
tolerant traits in chilli and tomato and investigation of flowering and fruit setting of
coconut in the context of increased atmospheric temperatures and drought
conditions. However, the research carried out is still deficient considering the
vulnerability of Sri Lanka as a tropical island exposed to potential consequences
of climate change scenarios such as a two-degree hotter world.

The burden of postharvest losses in the food value chain is a continuing challenge
to the food scientist. Storage and transport stages of the supply chain in Sri Lanka
remain quite rudimentary and backward in terms of possible technological
improvements within our reach. Prasantha (2019) discusses the status of modified
atmospheric (MA) technologies (or lack thereof) in food storage in local food value
chains. The merits and demerits of high carbon dioxide, hermetic packaging, low
pressure and high pressure modified atmospheric packaging are discussed for poten-
tial use of on-farm storage. While modified atmospheric storage involves expensive
pressure chambers and control systems, the author argues that operational cost of
MA is comparatively lower than that of chemical fumigation. Thus, high-value
organic commodities like spices, nuts and herbs stand to benefit from MA
techniques.

Agriculture Scientist’s Many Burdens: A Glimpse of Efforts in Land Use. . . 5



3 Evidence-Based Planning for Systematic Improvements

Sustainability of food supply systems is a strategic interest to a nation. However, the
stability and continuity of Sri Lankan food supply is ensured by the involvement of a
large smallholder community in staple crops, aided by public subsidization of farm
inputs. As a result, there are no alarming signs of food deficits. Drought episodes
generate the occasional shortage. In spite of temporary and infrequent setbacks of
supply, the resilience of local food supply chain has been a vital part of the food
security. This however is not evidence of an efficient food system, even in the case of
staples. Several contributions to the present volume focus on several planning tools
and support functions of agricultural system.

Input to output conversions are standard tools of planning in agricultural eco-
nomics. The responsiveness of output to inputs is essentially an indicator of techno-
logical and behavioural context of input usage. These indicators are termed
production elasticities in the jargon. A second category of measures of
responsiveness are between market supply and prices (of inputs and output),
known as supply elasticities. Weerasooriya and Hemachandra (2019) review evi-
dence from local agricultural economic analyses in order to point out the relative
efficiency of the local production technology and supply chains. In production
relationships, with respect to paddy, fertilizer, land extent and labour appear inelastic
and becoming more inelastic with time (later studies reporting more inelastic
values). Further, fertilizer and labour are more inelastic compared to land. For
plantation crops, fertilizer is the most inelastic input followed by labour and then
land. In supply function relationships for paddy, elasticity estimates for fertilizer
price ranged from relatively inelastic �0.009 to elastic �2.760. Elasticities for
paddy price ranged from 0.100 to as large as 5.049. Authors claim that the direction
of responsiveness in the above relationships is consistent with theory, but the wide
variations of values leave many unanswered questions.

Modern land use planning is rarely performed without the help of geographic
information systems (GIS) and remote sensing (RS). The output of spatial analysis
generates vast collection of data requiring its own science of geo-informatics. The
value of geo-informatics for agriculture and land use planning can hardly be
overstated. Dayawansa and De Silva (2019) list out applications of GIS and RS in
measurement and management of soil erosion and land degradation, as inputs in
hydrological models, climate change mapping, land use change mapping and soil
studies. GIS and RS have become indispensable tools in analytical toolkit of
modern-day land use planner. Policy scientists also stand to gain from rapid
assessments, and monitoring may be possible by GIS and RS on key resources in
drafting relevant policies. Geo-informatics which is the data management arm of
spatial sciences has become a specialized technique used in land suitability analysis,
farm resource management, harvesting, supply-chain logistics and policy analyses
such as evaluations of food security.

Reporting of research in agricultural sciences invariably involves statistical tools
(except in the case of certain qualitative studies and reviews). There is a long-
standing concern in academic literature on inappropriate use of statistics, as methods

6 P. Prasada et al.



or as conclusions. Samita et al. (2019) look into 20 years of research published in
two leading local journals to detect instance of inappropriate use/misuse of statistical
tools and find that at the stages of experiment design and data analysis, there are clear
deviations from correct use.

While statistics is indispensable for quantitative interventions, communication is
integral to qualitative interventions. At multiple point of the food value chain, a key
role exists for efficient, effective and timely communication interventions. From
controlling epidemic pest attacks to cushion the shocks of price hikes, communica-
tion and information dissemination remain relevant in the local agricultural econ-
omy. In fact, efficient communication is a key element of reduced transaction costs
in an agricultural system. Wijeratne (2019) discusses the evolution of communica-
tion strategies and their impact in various agricultural extension models that Sri
Lanka has adopted over the years. The journey from the on-farm visits through field
schools to remote communication is laid out in detail. On a related note, Dissanayeke
et al. (2019) review the developments in ICT-based tools in agricultural extension
focusing on the economic and efficiency implications that such developments entail.
The emerging participation of large corporate telecommunication firms in providing
mobile telephone-based extension is fast gaining ground marking a new paradigm in
extension services. The relative impact of ICT interventions on product prices is
discussed with respect to foreign experiences.

4 Organizational Structures, Individual and Group
Psychology as Drivers of Modern Agriculture
and Agribusiness

That smallholder sector dominates the world food supply is no secret. Sri Lanka has
a similar experience with respect to the domestic food supply. While the role of
imports in the local food basket is still significant in value, smallholder-generated
agricultural produce dominate in terms of quantity. The smallholder is local agricul-
tural sector’s strength and its weakness too. Farmers acting as individual agents face
a world of uncertainty unparalleled to those involved in any other routine economic
activity. In the Sri Lankan setting, smallholder farming is an inherited livelihood. An
average farmer is partially educated but well experienced, locked by limits on the
land and capital. She cultivates two seasons if rains are good, but often fights with
weather and outbreaks of pests and diseases to secure the odds of success. She often
operates in credit-bound relationship with other players of agricultural value chain,
with the hope of repayment based on a good harvest and favourable market prices.
The latter is always an elusive prospect to the conventional operator with limited
information and no market power.

Several contributions included in the volume investigate the limited, yet
expanding, genre of literature on how farmers think, react and adapt to changes in
the farming environment. In certain cases, the focus is on the psychological forces
that govern individual behaviour. In others, the focus is on how institutions condi-
tion farmer responses in an ever-changing agribusiness landscape. The continuing
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struggle of the smallholder-dominated agricultural sector to flourish in a wider
marketplace for cost-effective produce and an increasingly quality-conscious con-
sumer characterizes many failures of development while offering glimpses of how
farmer psychology, entrepreneurial tendencies and novel partnerships can shape the
viability of agribusiness.

Entrepreneurship is often coined as the driving force of the market-driven econ-
omy. It unleashes the forces of value creation and finds expression in many eco-
nomic enterprises and organizational settings. The lack of apparent success in the
smallholder agriculture is attributed by many to lack of entrepreneurial traits in the
average smallholder farmer. Kodithuwakku and Weerakoon (2019) discuss the level
of integration of entrepreneurship in local agribusiness. An extensive survey of
literature by authors highlights the relative neglect of agribusiness in the global
and local work on entrepreneurship. It is argued that the production orientation
eclipses the market sensing capabilities of the smallholder, thus creating an
unfavourable setting for entrepreneurial success. Among potential solutions, social
enterprises which have a social mission with a commercial mechanism, may prove a
catalyst for entrepreneurship in agribusiness sector.

Two of the contributions (by Anuradha (2019) and by Jayawardena (2019),
respectively) consider the psychology of farmer and the extension service provider.
In the former, the context is the agricultural sector facing climate change. The article
is motivated by the burgeoning literature on adaptation to climate change. In the
latter, attention is drawn to emotional intelligence of the value chain participants in
general and the extension service provider in particular. The two themes are closely
related in that the challenges of the agricultural sector call for a psychological basis
for adaptation1 and efficient mediation. Several psychological constructs are
highlighted in Anuradha (2019) as pivotal to understanding the crisis response and
adaptation process. These are, namely, risk perception and appraisal, coping
appraisal, subjective norms and social norms. In addition, affective responses,
such as fear, worry, anxiety and hope, are also found to be significant determinants
of adaptation behaviour. A corollary to coping, not necessarily beneficial, is the role
of heuristics and habits. Nonetheless, these are also key bases of adaptive responses
and will constitute the viability of adaptation response. The authors of the article on
psychology of adaptation invoke the Protection Motivation Theory to argue that risk
appraisals of threat and possible adaptation responses against the stressor can
generate one of two opposing responses: adaptation and maladaptation. In particular,
if the perceived risk and the adaptation capacity are high, it is likely that an
individual will adapt to prevent damage from the threat, while low-risk perception
and adaptation capacity may lead to maladaptation. The case for emotional intelli-
gence is made in the other contribution which argues that the emotional style of
extension or advisory service officers could impact the behaviour of farmers. The
many uncertainties in agriculture call for high emotional maturity to manage these

1An operationalisation of adaptation as a latent construct in climate resilience can be found in
Prasada (2020).
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situations. The failed expectations and frustrations of the average farmer are cited as
reasons for inculcating emotional intelligence to the advisory and extension services.

The individual-level drivers are only one part of the solution. The organizational
innovations are common tools to circumnavigate the numerous inefficiencies of
agricultural production and distribution processes. Public-Private (PP) partnerships
came into vogue in the 1990s along with the economic structural adjustment
processes, mainly at the behest of the World Bank and IMF. They were advertised
as solutions to corruption, capital inadequacy and management lapses in large
ventures. While the PP model worked for utilities and infrastructure, the barriers
of agricultural sector posed complexities that were difficult to tackle. The Public-
Private-Producer (PPP) partnership is the institutional model that emerged in
response to agricultural sector’s complexities. The PPP model aims to solve the
same kind of issues that PP model addresses but through wider participation of the
grassroots actors, mainly the farmers. The article on agricultural PPP in Sri Lanka by
Prasada (2019) provides selective evidence from a recent program of PPP develop-
ment in Sri Lanka. The wider context of agricultural PPPs is discussed, and the
process of PPP development and its key indicators are discussed from the view of
key stakeholders.
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Crop Wild Relatives: An Underutilized
Genetic Resource for Improving
Agricultural Productivity and Food Security

R. M. Fonseka, H. H. D. Fonseka, and K. M. R. D. Abhyapala

1 Introduction

Food production for human consumption is a challenge under the intense pressure of
the increasing food demand, scarcity of natural resources, and the competition for
arable land for the biofuel production. Increase in food production to meet the food
demand is challenging mainly due to environmental degradation, climate change,
and emerging threats of pests and diseases in animals and plants (Godfray et al.
2010; Garrett et al. 2011). During the last few decades, efforts have been made to
increase the input (i.e., energy, water, agrochemicals) use efficiency in agriculture
through various agronomic means. However, in the coming decades, higher yields
are to be achieved with less inputs, as many of those agricultural inputs are becoming
limited resources (Godfray et al. 2010; Ray et al. 2013). Further, already limited land
resources are becoming more limited for cropping due to salinity, loss of fertility,
and mismanagement (Fita et al. 2015). Hence, future food production should be
planned in a way to produce “more from less” where low-input responsive crop
varieties play a crucial role. In this context, boosting crop yields to meet rising
demands is challenging, and achieving global food security would be one of the most
pressing issues for mankind in the coming years (Godfray et al. 2010; Nayyar and
Dreier 2012). Efficient crop, soil, and water management practices together with new
crop varieties having increased resilience to stress factors will overcome the detri-
mental impacts of climate change and lead to improved food security, livelihoods,
and environmental security (Dar and Gowda 2013; Fita et al. 2015). Moreover,
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expected climate change scenarios which may threaten the agricultural production
recognized as more frequent extreme weather events such as heat waves, drought,
storms, heavy precipitation, high temperature, and floods (Hansen et al. 2012; Parry
et al. 2007) consequently lead to degradation of agricultural lands (Lindgren et al.
2011; Miraglia et al. 2009). By the year 2050, most parts of the globe will experience
a hotter growing season than the hottest growing seasons of recent times (Battisti and
Naylor 2009). Moreover, elevated temperatures and increased CO2 may lead to
decreased photosynthesis and biomass production in C3 crops (Ruiz-Vera et al.
2013), while lower temperatures may prolong cropping seasons (Abhayapala et al.
2014, 2018). Such erraticism in weather patterns is expected to increase and nega-
tively affect the production of major crops (Lobell et al. 2008); as a result the world
could see significant production catastrophe in the future.

According to Yohannes (2016), “adapting” agriculture seems to be one of the
possibilities to combat the problem, where shifting planting dates and switching to
novel crop varieties with relevant traits are considered as some alternative strategies.
Securing twenty-first-century global food demand and to cope up with the impact of
climate change have created an increased need for effective crop breeding programs
to deliver new crop varieties with higher productivity and resilience to the impacts of
greater biotic and abiotic stresses in agriculture (Jarvis et al. 2008; Lobell et al. 2008;
Henry and Nevo 2014; Fita et al. 2015). To address these complex and multifaceted
problems, we need to transform current food systems into sustainable food systems,
a paradigm shift, for which agricultural biodiversity are a key player (Bommarco
et al. 2013). Crop wild relatives, an integral part of agricultural biodiversity found in
forests, agro-forests, homegardens, etc., provide year-round healthy, nutrient-rich
species and varieties, and some with the medicinal value which are often well
adapted to local conditions. Moreover, they possess high nutritional value and the
wide range of ecosystem plasticity; hence they can be cultivated with minimal
external inputs (i.e., pesticides, fertilizers, etc.) and agronomic practices than the
modern crop varieties (Castañeda-Álvarez et al. 2016; Singh et al. 2009).

In order to develop a new variety, plant breeder has to improve an already present
trait or to add an entirely new trait. In this endeavor, the next critical step is to find
sources of the appropriate gene(s) for making the desired change. From the breeders’
point of view, the narrow genetic base of modern cultivars is the major bottleneck for
crop improvement efforts, and, therefore, the use of crop wild relatives (CWR) is a
promising approach to enhance genetic diversity of cultivated crops (Mammadov
et al. 2018). In this context, crop wild relatives play a vital role in providing genes of
interest outside the gene pool of cultivated species.

2 Crop Wild Relatives

A crop wild relative (usually abbreviated as CWR) is a plant species occurring in the
“wild” that is the progenitor or closely related species in the same genus to a
particular domesticated species. For instance, riceOryza rufipogon andOryza nivara
are wild relatives of Oryza sativa L.; the domesticated species of rice, Solanum
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incanum and Solanum insanum, are wild relatives of Solanum melongena L.; the
domesticated species of eggplant and Abelmoschus angulosus, A. ficulneus, and A.
moschatus are the wild relatives of cultivated okra (Abelmoschus esculentus L.). A
formal definition of a CWR, “A crop wild relative is a wild plant taxon that has an
indirect use derived from its relatively close genetic relationship to a crop; this
relationship is defined in terms of the CWR belonging to gene pools 1 or 2, or taxon
groups 1 to 4 of the crop,” has been proposed by Maxted et al. (2008).

Approximately a total of 50,000–60,000 crop and CWR species of which 10,739
considered to have of high potential to contribute to food security. About 1000 of
these being very closely related to the important food crops such as cereals,
vegetables, root and tubers, medicinal and fruits or fodder and forage crops (Maxted
and Kell 2009). A survey carried out on the use of CWR for the crop improvement
by Hodgkin and Hajjar (2008) revealed that, even though the use of CWR in plant
breeding has certainly been done from early times, the commercial use of CWR is
first recorded at the end of the nineteenth century and the potential significance of
them in crop improvement programs was recognized by Vavilov and other pioneers
of the genetic resources concept. Potential use of these CWR in plant breeding to
produce new varieties with the ability to withstand adverse impacts of climate
change, increasing scarcity of nutrients, water, and other inputs, and new pests and
diseases and their use in sustainable agriculture are amply reported by many authors
(Choudhary et al. 2017; Hodgkin and Hajjar 2008; Hopkins and Maxted 2011; Jarvis
et al. 2008; Singh et al. 2009). Use of CWR in the past 20 years in some released
cultivars and traits involved are shown in Table 1.

A comprehensive review published by Maxted and Kell (2009) citing 91 articles
reported the identification and transfer of useful traits from 185 CWR taxa into
29 crop species. They also reported that the degree to which breeders had used CWR
diversity varied markedly between crops.

Accordingly, the major actual and potential uses of crop wild relatives can be
summarized as follows:

Table 1 Use of crop wild relatives in the past 20 years in released cultivars of some important
crops (Hajjar and Hodgkin 2007)

Crop
Pest and disease
resistance

Abiotic
stress Yield Quality

Total number of
contributed traits

Cassava + � � + 3

Wheat +++++++++++ � + + 9

Rice +++++++ +++ + � 12

Banana ++ � � � 2

Tomato ++++++++++ ++ � ++ 55

Groundnut + � � � 1

+ indicates number of wild relatives that have contributed beneficial traits to crop varieties
� indicates wild relatives have not contributed beneficial traits in that category
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1. As food crops, condiments, medicinal, forage and ornamental plants
2. Prevention of genetic uniformity and the consequences of genetic vulnerability

(the susceptibility of most of the cultivated varieties of a crop species to biotic and
abiotic stresses as a result of genetic uniformity) as CWR represent a large diverse
gene pool

3. Crop yield increase (dramatic yield increase in major world food crops such as
rice, wheat, and sorghum was accomplished through introgression of unadapt
genes, e.g., dwarf genes)

4. Introduction of new quality traits (e.g., starch, protein and lycopene content, other
bioactive compounds, etc.)

5. Introduction of resistance genes to biotic and abiotic stresses (e.g., resistance to
major pests and diseases, salinity, drought, etc.)

As modern cultivars are highly genetically uniform, high genetic diversity found
in CWR described above would be an attractive as well as an essential option for
developing new crop varieties adapted to emerging challenges. The use of CWR in
improvement programs for a wide range of crops did not, however, gain real
prominence until the 1970s and 1980s (Hoyt and Brown 1988). Moreover, with a
wealth of potentials, CWR remain a relatively low priority in collection and conser-
vation efforts by the global gene banks and other regional gene banks due to
financial and political impediments (Fielder et al. 2015; Maxted et al. 2013; Maxted
and Kell 2009).

In addition to their value in plant breeding, CWR are of direct socioeconomic
importance. They can be used as food, fodder and forage crops, medicinal plants,
condiments, ornamental and forestry species, as well as plants used for industrial
purposes, such as oils and fibers (Fielder et al. 2015). A number of wild cowpea
species (Vigna spp.) in Africa contribute directly to food security through consump-
tion of their tubers, fruits, and seeds, while wild yams (Dioscorea spp.) are an
important source of carbohydrates and a source of income in Madagascar. In Sri
Lanka also, tubers of number of Dioscorea spp. are consumed. Similarly, wild fruits
such as apple, pistachio, etc. are harvested for food in Central Asia (http://www.
cropwildrelatives.org/cwr/importance/).

Despite that CWR contain genes resistance to biotic and abiotic stresses, adapt-
ability to seasonal differences, etc., they themselves are now under the threat of
extinction. CWR, like other wild species, are subjected to a range of threats such as
the change in land use, climate change, nitrogen deposition, and alien invasive
species (Ford-Lloyd et al. 2011). As a result, over 70% of the total CWR species
are facing the threat of extinction, and over 95% are insufficiently represented with
respect to the full range of geographic and ecological variation in their native
distributions (Castañeda-Álvarez et al. 2016) that demand immediate programs for
collection and conservation. Therefore, in an era facing the challenges of genetic
erosion of diversity and extinction of species, systematic collection, conservation,
and characterization of the available genetic diversity of CWR are immensely
important (Choudhary et al. 2017; Dempewolf et al. 2017; Maxted et al. 2012).

14 R. M. Fonseka et al.

http://www.cropwildrelatives.org/cwr/importance/
http://www.cropwildrelatives.org/cwr/importance/


2.1 Genetic Diversity and Value of Crop Wild Relatives

In the process of domestication, crops passed through a genetic bottleneck, at times
losing some “undesirable traits,” ending up with genetic uniformity in contrast to the
wide genetic variability that exists in the wild species that maintained through
generations (Tanksley and McCouch 1997; Dempewolf et al. 2012). Throughout
the history of agriculture and mainly after the green revolution, selective breeding for
commercial traits made the crop plants more genetically uniform (Thrupp 2000), and
the depleted genetic diversity resulted more vulnerable to biotic and abiotic stresses
of cultivated crops (Jarvis et al. 2008). Tables 2 and 3 show the extent of genetic
uniformity and consequent global crop failures in the past due to the vulnerability of
some selected crops in different countries including Sri Lanka. For example, more
than half of the genetic variation has been lost in cultivated soybean (Hyten et al.
2006; Sedivy et al. 2017), 2–4% of maize genes experienced artificial selection
(Wright et al. 2005), and genetic diversity has been significantly reduced in
cultivated rice (Xu et al. 2011). In contrast, CWR have been exposed to natural
selection in their native range that maintained a high degree of genetic diversity that
can be effectively utilized in crop enhancement for novel traits. Coffee plantations in
Sri Lanka during 1869 and potato cultivation in Ireland during 1846 were devastated
due to epidemics of coffee leaf rust (Hemileia vastatrix) and potato blight
(Phytophthora infestans), respectively. If scientists in the 1840s were aware that
potato CWR (Solanum demissum) contain genes for resistance to the disease that

Table 2 Extent of genetic uniformity in selected crops

Crop Country Number of varieties

Rice Sri Lanka From 2000 in 1959 to fewer than 100 today; 75% descend from a
common stock

Rice Bangladesh 62% of varieties descend from a common stock

Rice Indonesia 74% of varieties descend from a common stock

Wheat USA 50% of crop in 9 varieties

Potatoes USA 75% of crop in 4 varieties

Soybeans USA 50% of crop in 6 varieties

Source: Thrupp (2000)

Table 3 Past global crop failures due to genetic uniformity

Year Country Crop Effect

1800s Sri Lanka Coffee Rust epidemic. Plantations destroyed

1846 Ireland Potato Famine

1940s USA Various crops Loss to insects doubled

1943 India Rice Famine

1960s Philippines, Indonesia Rice Tungo virus epidemic

1984 Florida, USA Citrus 18 million trees destroyed

Source: Thrupp (2000)
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triggered the Irish Potato Famine, they would have saved million Irish people who
died from starvation and related causes.

Through the lessons learned over the decades, breeders were able to introduce
traits from wild species into cultivated crops, mostly to overcome effects of genetic
vulnerability due to biotic stress. Some of those revolutionary achievements include
the introduction of late blight [caused by Phytophthora infestans (Mont.) de Bary]
resistance from the wild potato Solanum demissum Lindl. and stem rust (caused by
Puccinia graminis spp. graminis Pers.) resistances from the wild wheat, Aegilops
tauschii Coss. (Prescott-Allen and Prescott-Allen 2009; Kilian et al. 2010). One of
the remarkable achievements has been made in rice breeding using CWR. After
screening more than 17,000 cultivated and wild rice samples, scientists of Interna-
tional Rice Research Institute found a wild relative of rice, Oryza nivara, growing in
the wild in Sri Lanka and India with a single gene for resistance to the grassy stunt
virus. This gene is now routinely incorporated in all new varieties of rice grown
across Asian rice fields (Madurangi et al. 2011). IRRI reported that more than
30 million hectares in 30 countries were planted with varieties of virus-resistant
rice bred to contain genes from Oryza nivara. Before the introduction of the resistant
gene, at least 116,000 ha of rice fields were damaged, and the value estimated was
more than US$ 2.5 billion (Kush and Virk 2005). Also, there are evidences for the
use of several wild species of Aegilops to produce new varieties of wheat resistance
to leaf rust, powdery mildew, and nematodes (Schneider et al. 2008), while com-
mercial tomato varieties were produced using genetic variation that occurs in wild
species (Rick and Chetelat 1995; Bai and Lindhout 2007; Robertson and Labate
2007).

Other than direct use in crop improvement programs for biotic stress tolerance or
for higher yield potential, CWR have also been used to boost the nutritional value of
foods. Chatzav et al. (2010) found wide genetic variation for grain nutrients, with the
high concentrations of grain zinc, iron, and protein in wild species of wheat than
domesticated genotypes. For example, a wild relative of wheat, Triticum turgidum
var. dicoccoides, from the Eastern Mediterranean, was used to increase the protein
content of bread and durum wheat (Kovacs et al. 1998), while a wild potato
contributed to increased calcium content in potato (Spillman 2013). In addition,
doubling of protein content in Brazilian cassava also attributed to crop wild relatives
(Hoisington et al. 1999). By crossing cultivated broccoli with a wild Sicilian relative,
scientists were able to develop a new variety of broccoli containing 100 times more
sulforaphane, cancer-fighting chemical, an antioxidant that destroys compounds that
can damage DNA (IPGRI and UNEP 2004). Some wild relatives of eggplant are
reported to present high contents of phenolic acids, chlorogenic acid, and other
bioactive compounds that are of interest for developing new eggplant cultivars with
higher amounts of bioactive compounds (Kaushik et al. 2015; Plazas et al. 2016;
Prohens et al. 2013). It was proven that eggplant is amenable to interspecific
hybridization with a large number of wild species, from the primary and secondary
and even with tertiary gene pool materials (Plazas et al. 2016). Hence, these wild
species of eggplants could be utilized effectively in developing new eggplant
cultivars with traits such as improved yield, fruit size, and quality as well as cultivars
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resilience to climate change. S. insanum, the closest wild relative of eggplant, which
is naturally distributed in Southeast Asia, Madagascar, and Mauritius (Knapp et al.
2013; Vorontsova et al. 2013; Mutegi et al. 2015), can be utilized to improve
functional quality (phenolic acids, chlorogenic acid, etc.) of S. melongena (Prohens
et al. 2013). However, past evidences suggest that wild relatives of eggplant have not
been utilized as compared to tomato in crop improvement programs (Diez and Nuez
2008). In Taiwan, two tomato varieties were bred to have six times more vitamin A
than in average tomato with the characteristic orange color to promote its consump-
tion as a functional food, especially to overcome widespread vitamin A deficiency of
people in developing countries especially in Asia including Sri Lanka. The source of
this gene called Beta was discovered in the wild tomato Solanum habrochaites
(Zamir 2001). It was also reported that valuable genetic traits of wild rice had
been used to increase domesticated rice yield, quality, and resistance to biotic and
abiotic stresses (Madurangi et al. 2011; Brar and Khush 1997; Xiao et al. 1998).

Not only providing genes of interest for crop improvements, CWR possess many
other direct uses in agriculture. There are evidences that CWR with characters such
as high vigor, resistance to soilborne diseases, higher tolerance to environmental
stresses, higher postharvest quality, etc. have been used as rootstocks in grafting fruit
and vegetable crops (Fallik and Ilic 2014; Perera and Warshamana 1987; Rahman
et al. 2002; Rouphael et al. 2010). For example, the wild eggplant, Solanum torvum,
is commonly used for eggplant grafting due to its multiple disease resistance and
high vigor (Rahman et al. 2002; Ranil et al. 2015, 2017). Further, it was reported that
some CWR thrives well under marginal conditions (low rainfall, high temperatures,
high pressure of pests and diseases, etc.) that would be highly stressful for elite
varieties of crops (Dempewolf et al. 2014; Dwivedi et al. 2008; Warschefsky et al.
2014). Their high levels of genetic diversity can be utilized to expand a crop’s range
of cultivation into environments that are more extreme than those in which it was
domesticated (Warschefsky et al. 2014). Besides, more importantly, crop wild
relatives are of essential components of natural and agricultural ecosystems, where
they are indispensable for ecosystem services as well as for maintaining ecosystem
health (Wijesundara 2006).

The information presented above suggests that the crop wild relatives represent a
“multi-trait” gene pool, hence an integrated approach involving multiple disciplines
such as management and utilization of genetic resources, crop physiology, crop
breeding, molecular biology and genomics, agronomy, stress tolerance, and repro-
ductive/seed biology will help to address the future global challenges discussed
earlier (Dempewolf et al. 2017; Dwivedi et al. 2017).

In terms of economic importance, it was reported that crop wild relatives have
saved millions of dollars, both directly and indirectly, by improving crop resilience
to biotic and abiotic stresses (Dwivedi et al. 2008). Estimates of the economic value
of CWR vary widely. However, a business firm, PricewaterhouseCoopers, estimated
the total potential value of wild gene pools of 32 major global crops up to US$
196 billion (https://foodtank.com/news/2017/11/crop-trust-wild-relatives). An
insight on the value and benefits of crop wild relatives gained through plant breeding
was given in a joint press release by the International Plant Genetic Resources
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Institute and the United Nations Environment Program (IPGRI and UNEP 2004).
According to them, between 1976 and 1980, estimated contribution by wild relatives
in yield and disease resistance to the farm economy of the USA alone was about
340 million US$ per year. Some other estimates of the economic impact of genetic
transfers from CWR are the wild relative of tomato (Lycopersicon peruvianum (L.)
Mill.) has made it possible to increase the total solids content of the tomato by 2.4%,
worth 250 million US$ a year, and traits incorporated from wild relatives into
sunflower are worth USD 267–384 million annually to the sunflower industry in
the state of California, USA (Frison and Atta-Krah 2008). Similarly, wild relatives
have contributed to increase the productivity of globally important food crops such
as rice, wheat, barley, maize, oats, and potatoes. However, these treasurable genetic
resources still remain grossly underutilized, and the above achievements represent
no more than the proverbial tip of the iceberg (Bains et al. 2012).

3 Techniques for Using CWR in Crop Improvement

As described by Dempewolf et al. (2017) in their extensive literature review, a
process of introducing genetic diversity from wild species into cultivars for food
security requires a significant amount of time, resources, and human capacity.
Developing a new crop variety with the desired new character using their wild
relatives often involves crossing the crop with a wild relative that has the desired
character (donor parent), obtaining the hybrid offspring, and then backcrossing this
over several generations with the recurrent parent. This lengthy, time-consuming
process, starting in the wild, locating the genetic resource, identification and collec-
tion by experts, botanists, and taxonomists and thereafter, passes through gene bank
managers for the conservation and characterization process, and geneticists,
agronomists, and pathologists take over for further characterization and evaluation
of traits and finally breeders for variety development (Dempewolf et al. 2017).
However, in order to achieve the desired product, plant breeders often have to
overcome some major problems such as the issues associated with wide
hybridization, i.e., infertility, negative linkage drag, and incompatibility. These
issues should be dealt with appropriate techniques such as embryo rescue; for
example, resistance to “little leaf” disease in eggplant is available in Solanum gilo
and S. integrifolium which are not crossable with cultivated S. melongena due to
interspecific barriers (Prohens et al. 2017). Similar incompatibility barriers were
reported in crop improvement programs in Abelmoschus species. In many instances,
the hybrids and subsequent generations of offspring continue to possess noncom-
mercial, undesirable traits such as spines, saponins, etc., derived from the wild
relatives. Efforts to remove these undesirable characteristics through further
backcrossing can be a slow process and would delay the development of new
varieties with the desired traits (Dempewolf et al. 2017; Hodgkin and Hajjar
2008). Inadequate phenotypic and genotypic data of CWR is one of the barriers to
their increased use by the breeders to effectively select the accessions based on their
genetic background (Dempewolf et al. 2017; Kadam et al. 2016). Similarly, lack of
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knowledge and data regarding how much diversity is in each accession, genetics of
the traits of interest, how similar accessions are, how much duplication exists within
and among collections, how to capture the most diversity across the gene pool, etc.
limits their use in research and development programs. These deficiencies in collec-
tion, evaluation, and conservation of CWR are also reported by Maxted et al. (2012).

In addition to the issues mentioned above, perceptions on wild species’ inferiority
relative to elite material, lack of understanding of the genetic base of complex traits,
poor management and maintenance of CWR in ex situ collections, lack of institu-
tional support, and funding limitations are considered as major challenges that
hinder the increased use of CWR in developing countries (Dempewolf et al. 2017).

Moreover, procedures which involved developing commercial cultivars with
genes introduced from wild relatives can be expensive and time-consuming (e.g.,
some linkages with wild genes need to be broken, in tomato, it took 12 years to break
the linkage between nematode resistance and undesirable fruit characters). There-
fore, identifying, isolating, and transferring traits of interest from wild species into
crop backgrounds, and then evaluating the resulting material, requires significant
funding and long-term commitment (Dempewolf et al. 2017).

With the advances in novel biotechnological applications of omics-scale
technologies and other advanced techniques such as high-throughput next-genera-
tion sequence technologies, transcriptomics, proteomics, genetic engineering, etc.,
the scope of efficient exploration of useful genetic variation of wild species for the
genetic enhancement of cultivated crops seems more promising than before (Brar
and Singh 2011, Brozynska et al. 2016). Recently, a new approach called
“introgressiomics” has been proposed by Prohens et al. (2017) as a means to
overcome “breeding barriers,” which consists of mass-scale development of plant
materials and populations introgressed with CWR into the genetic background of
crops. The ultimate aim of introgressiomics is to provide a significantly enlarged
genetic pool which enhances the efficiency of selection for complex traits. Subse-
quently, “introgressiomics” approach expected to deliver a new generation of
cultivars with dramatically improved yield and resilience to climate change scenarios
while contributing to sustainable agriculture.

However, the use of such techniques in plant breeding remains relatively expen-
sive and technically challenging, and the tools and technical knowledge are not
available to all plant breeders working on all crops especially in the developing
countries like in Sri Lanka, where the use of such techniques are scarcely reported
(Madurangi et al. 2011; Samarajeewa et al. 1998; Perera and Warshamana 1987).
Therefore, the use of conventional breeding techniques for interspecies gene transfer
between closely related species is likely to remain the global norm (Maxted and Kell
2009; Maxted et al. 2012).

3.1 CWR for Increase Yield

Efforts have been made to utilize the genetic diversity in crop wild relatives to
improve yields of various crop species (Maxted et al. 2013; Nevo and Chen 2010).
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Three independent yield-promoting genomic regions introduced from Solanum
pennellii, a green-fruited wild relative of tomato, have led to developing hybrids
with a 50% increased yield over a leading variety (Gur and Zamir 2004). Wild
Helianthus annuus and H. petiolaris Nutt. have been used in the production of high-
yielding commercial sunflower hybrids, and it significantly expands the sunflower
industry (Hodgkin and Hajjar 2008).

These crop improvement efforts have been concentrated primarily on crop spe-
cies including wheat, barley, rice, potato, and tomato (Foolad and Panthee 2012;
Nevo and Chen 2010; Xiao et al. 1996). Zamir (2001) explained possible reasons for
the greater use of CWR which has been restricted only to certain crops as (1) cross
compatibilities, (2) the taxonomic relationship between crops and their close wild
species, (3) low fertility in the F1 and subsequent progeny, (4) availability or
conservation of CWR, (5) exploration and utilization of wild germplasm, and
(6) regional financial support based on local need and geographical distribution
of CWR.

3.2 Adaptation to Biotic and Abiotic Stresses

Crop yields are reduced due to various biotic stresses by pathogens such as fungi,
viruses, bacteria, nematodes, and insect pests. Traditionally, in commercial agricul-
ture insect control is done using insecticides. With the development of insecticide
resistance in insect populations, due to the subsequent occurrence of pesticide
residues in food and food products, and adverse effects of pesticide use on the
environment, the alternative methods of pest control have received considerable
attention. Host plant resistance is one of the most economical and environmentally
friendly methods of keeping insect pest populations below economic threshold
levels. However, continuous use of the limited number of resistant resources is not
a long-term strategy for durable resistance since new pathogens and insects evolved
very rapidly. To mitigate this problem, breeders have been exploiting genetic
resources such as CWR, to develop varieties resistant to biotic stress (Hajjar and
Hodgkin 2007; Lynch 1990; Xiao et al. 1996). Some important vegetable crop wild
relatives as sources of resistance for biotic stress are shown in Table 4. The use of
CWR may lead to potentially environmental-friendly methods of insect pest control
and may be safe for beneficial soil living organisms (Sharma 2009). Currently,
introgressing genes from the wild relatives into cultivated crops for incorporating
resistance to different pests are common, for example, groundnut rust, Puccinia
arachidis Speg., and late leaf spot, Cercosporidium personatum, and these
derivatives are less susceptible than commercial cultivars. In rice, Oryza nivara
genes provided resistance to grassy stunt virus on millions of hectares of rice fields in
the south and Southeast Asia (Barclay 2004). In lettuce, downy mildew, Bremia
lactucae, and lettuce aphid, Nasonovia spp., resistance was derived from the wild
(Crute 1992; Eenink et al. 1982).

At present, salinity and drought are the most common abiotic factors limiting
worldwide crop yields. These two stresses have been intensively studied in crops
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such as soybeans, tomato, and cereals as well as in the wild relatives (Munns et al.
2012; Placido et al. 2013; Qi et al. 2014). Six barley cultivars with drought tolerance
derived from Hordeum spontaneum genes have been exploited for tolerance of soils
with acidic sulfate content in Vietnam (Nguyen et al. 2003). In tomato, Lycopersicon
chilense and L. pennellii genes have been used to increase drought and salinity
tolerance (Rick and Chetelat 1995). Chickpea cultivar with introgressed wild genes
for drought and temperature tolerance is derived from Cicer reticulatum, and it is
already a leading cultivar in Northern India (Maqbool et al. 2017).

4 Options for Conservation of CWR Diversity

According to Maxted and Kell (2009), there are approximately 50,000–60,000
species of CWR, of which 10,000 are considered as high potential value to secure
food security, among 1000 of these being closely related to the important food crops.
Hence, the conservation of CWR is increasingly recognized as a high priority (Ford-
Lloyd et al. 2011; Hunter et al. 2012), and the conservation of these species in their
natural habitats is important for their continued evolution (Maxted and Kell 2009).
Even though CWR are known to possess resilient genes to face the threats of climate
change, climate change itself is likely to be a threat to crop wild relatives in addition
to the severe impacts due to human activities such as deforestation and land
clearance for agriculture and development purposes leading to habitat destruction

Table 4 Important vegetable crop wild relatives as sources of resistance for biotic stress

Crop Disease Source

Tomato Curly top, tomato mosaic,
Verticilliumwilt, powdery mildew,
and leaf curl

L. chilense

Leaf spot L. glandulosum

Leaf spot, bacterial canker L. hirsutum

Powdery mildew L. hirsutum var. glabratum

Nematode L. hirsutum var. typicum

Fusarium wilt, spotted wilt,
bacterial canker, early blight

L. peruvianum and L. pimpinellifolium

Eggplant Bacterial wilt Solanum insanum, S. nigrum,
S. xanthocarpum, S. sisymbriifolium,
S. toxicariu, and S. indicum

Root knot nematode S. sisymbriifolium and S. elaeagnifolium

Phomopsis blight S. xanthocarpum, S. nigrum, S. gilo,
S. sisymbriifolium, S. torvum

Okra YVMV and powdery mildew Abelmoschus manihot

Pumpkin Powdery mildew C. lundellianai

Cucumber Cucumber green mottle mosaic
virus

C. anguria

Source: Singh et al. (2009)
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(Dempewolf et al. 2014; Ford-Lloyd et al. 2011, Jarvis et al. 2008; Norton et al.
2017). As they pointed out, these threats demand to have programs to collect,
characterize, evaluate, and conserve traditional varieties (landraces) and wild
relatives in order to have them available for use in future crop improvement
programs. They also predicted that 16–22% of wild relatives of species with direct
value to agriculture may be in danger of extinction. The International Union for
Conservation of Nature announced that by the end of 2017, more than 20 wild
relatives of agricultural crops are in danger. Among wild relatives of important food
security crops such as banana and plantain, cassava, sorghum, and sweet potato are
in urgent need of collection and conservation, along with those of pineapple, carrot,
spinach, and many other fruits and vegetables. Even for the wild relatives of vital
staples like rice, wheat, potato, and maize, which tend to be better represented in
gene banks, there are still significant gaps in their collections according to the
sources (https://www.sciencedaily.com/releases/2016/03/160321123704.htm).
Jarvis et al. (2008), therefore, suggested that increased habitat conservation will be
important to conserve most species, while gene banks should target as a priority for
those predicted to extinct for collection and inclusion. According to the records of
Commission on Genetic Resources for Food and Agriculture (2010), approximately
seven million crop accessions are stored ex situ in gene banks worldwide; however,
these gene collections are often incomplete, and critical information is lacking for
most of these materials. Furthermore, a very little attention has been paid on the
socioeconomic aspects on CWR collection and utilization which is of paramount
importance to develop a benefit-sharing plan at the local level (Gunarathne 2010,
unpublished data). In the light of the above critical issues, collection and conserva-
tion of this diversity are critical because the future of materials that is still in the wild
is precarious.

There are two methods of conservation of crop wild relatives. One type of crop
genetic conservation is ex situ maintenance of genetic resources in gene banks,
botanical gardens, and agricultural research stations (Plucknett et al. 1987). Another
type is in situ maintenance of genetic resources on-farm or in natural habitats (Brush
1991; Maxted et al. 2008). However, Maxted and Kell (2009) reported that CWR
account for only 2–6% of global gene bank collections and of the total number of
CWR species that exist, only about 6% have any accessions conserved ex situ. For
the expansion of ex situ conservation activities, assistance is needed at the regional
level for expansion of infrastructure facilities, technology improvements, and insti-
tutional and manpower development.

4.1 In Situ Conservation

There are two types of in situ conservation of crop wild relatives. First, in situ
conservation refers to the persistence of genetic resources in their natural habitats,
including areas where everyday practices of farmers maintain genetic diversity on
their farms. This type is a historical phenomenon, but it is now especially visible in
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regions where farmers maintain local, diverse crop varieties (landraces), even though
modern, broadly adapted, or higher-yielding varieties are available.

Second, in situ conservation refers to specific projects and programs to support
and promote the maintenance of crop diversity, sponsored by national governments,
international programs, and private organizations. In situ conservation practices and
projects in agriculture theoretically can concern the wide spectrum of genetic
resources relating to crops, from wild and weedy relatives of crop species to the
intraspecific diversity within crop species (Maxted et al. 1997).

In situ conservation of cultivated plants requires novel approaches, while in situ
conservation of wild crop relatives can draw on theories and methods developed for
conserving many different species in their natural habitats. Focusing on variation
within cultivated species is warranted by the fact that this type of diversity is
arguably the most important one for the future viability of agricultural evolution,
as it has been in the past (Maxted et al. 1997).

4.2 Ex Situ Conservation

Plant species and varieties can be preserved under artificial conditions away from the
places where they naturally grow. Ex situ conservation is the conservation of
components of biological diversity outside their natural habitats (CBD 1992).
There are different methods of ex situ conservation. Among these methods, the
storage of seeds in seed banks has some advantages for preserving species, but can
only be used for species with seeds capable of remaining viable after long-term
storage. In comparison to some other common methods of ex situ conservation, the
advantages of seed storage can include low cost, less risk of disease, and more
efficient use of space or land. Seed storage can be 50–500 times cheaper per
collection than field gene banks or in vitro storage. However, seeds coming under
the recalcitrant seed category cannot be stored in seed banks as they lose viability if
their moisture contents are reduced to the required level (Maxted et al. 2008).
Despite recent efforts to conserve important crops, CWR are underrepresented in
gene banks, and a systematic effort is needed to conserve CWR for future food
security. In addition, assessment of the diversity and relationships of the cultivated
species will facilitate the establishment of conservation strategies and the use of
genetic resources in breeding programs.

5 Crop Wild Relatives in Sri Lanka

Despite the small land size (6,524,540 ha) of the country, Sri Lanka is one of the
most biologically diverse countries in Asia. Sri Lanka’s biodiversity is considered to
be the richest per unit area in the Asian region, overtaking several mega diversity
countries such as Malaysia, Indonesia, and India (Sri Lanka’s Fifth National Report
to the Convention on Biological Diversity 2014). The global importance of the
island’s biodiversity has placed Sri Lanka together with the Western Ghats of
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India among the 34 biodiversity hotspots in the world. Sri Lanka is characterized by
a wide range of agroclimatic conditions, which account for the diversity of biological
resources that exist in the country. Probably the most important of these resources is
the immense genetic diversity of the various crop plants grown in the country. Some
of the contributing factors for the rich biodiversity in the island are a wide range of
topographic, climatic, edaphic, and hydrologic variation, biogeography and its
influence on the evolutionary history of the biota of Sri Lanka, long history of
agriculture in the country, and farmers’ selection and cultivation of plant species
over millennia and traditional farming practices to suit the diverse agricultural
ecosystems. Prior to the year 2004, little attention was given to conserving and
utilizing CWR, and a few had been comprehensively studied or researched. An
inventory of food CWR in Sri Lanka was compiled using already published material
on the Sri Lankan flora (Hasanuzzaman et al. 2003) and the records of the national
herbarium (Table 5).

The list includes 410 species of food CWR, belonging to 47 families and
122 genera. Of these, 366 are native species and 77 are endemic relatives of food
crops, while 44 species are naturalized exotics. Though ex situ conservation of plant
genetic resources was started in Sri Lanka with the establishment of Royal Botanic
Gardens, Peradeniya, in the year 1821, the nodal organization dealing with ex situ
conservation of crop genetic resources, the Plant Genetic Resources Centre (PGRC),
Gannoruwa, Peradeniya, was established in 1988. Records at PGRC show that the
308 accessions of CWR belong to 26 species of food crops that are stored at PGRC,
of which about 2.7% of the total accessions are conserved. These figures are
comparable with our neighboring countries such as India and Bangladesh those
reported to have 320 and more than 300 species of CWR, respectively (FAO
Country Report 2007). It is recorded that among the vegetables and fruits, there
are about 10 species of wild Vigna out of 16 species present in the country (Liyanage
et al. 2006; Samarasinghe et al. 2009; Liyanage 2010), 12 species of wild okra,
16 wild relatives of cucurbits, 7 wild relatives of orange and related crops, and 7 wild
species of Passiflora and parent species of the cultivated banana (M. acuminate and
M. balbisiana).

Hurtado et al. (2012) assessed the genetic diversity and relationships of
52 accessions of eggplant from three geographically distant secondary centers of
diversity (China, Spain, and Sri Lanka) using 28 morphological descriptors and
12 highly polymorphic genomic simple sequence repeats (SSR). The total genetic
diversity (HT) within each origin was high, ranging between HT ¼ 0.5400 (Sri
Lanka) and HT ¼ 0.4943 (China), and materials of Sri Lanka presented the highest
number of alleles (63), followed by Chinese (52) and Spanish (50) accessions, which
corresponds, respectively, to 57.3%, 47.3%, and 45.5% of the total number of alleles
detected.

The number of species of CWR under different crop categories conserved at
PGRC is shown in Table 6. For the effective utilization of these conserved materials,
it is vital to ascertain the true genetic relationships of these species, valuable traits of
interest, their genetics, nutraceutical properties, and barriers in using them in breed-
ing programs must be studied in detail to facilitate the utilization process.
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Conserving wild relatives of crops – mainly Oryza spp. and Vigna spp. – was
addressed through a project for the conservation of crop wild relatives, and
22 locations have been identified for in situ conservation of crop wild relatives in
addition to the protected areas where they occur. The most important areas outside
PA in this regard are the Manikdena Archaeological Reserve and Arboretum,
Waulpane Forest, and Thumbathanna Forest (Liyanage 2009). Economic valuation

Table 5 List of available wild relatives of some selected food crops in Sri Lanka

Crop/plant Crop wild relatives

Paddy Oryza eichingeri A. Peter

Oryza sativa (cultivated species) Oryza nivara Sharma et Shastry

Oryza rhizomatis Vaughan

Oryza rufipogon Griff.

Oryza granulata

Eggplant Solanum torvum

Solanum melongena L. (cultivated species) Solanum insanum

Solanum incanum

Solanum violaceum

Pepper Piper zeylanicum Miq.

Piper nigrum L. (cultivated species) Piper walkeri Miq.

Piper hymenophyllum Miq.

Piper sylvestre Lam.,

Piper trineuron Miq.,

Piper siriboa L.,

Piper chuvya (Miq.) C. DC.

Piper betle L., (cultivated)

Piper longum L.

Green gram Vigna aridicola N. Tomooka and Maxted

Vigna radiata (cultivated species) Vigna dalzelliana

Vigna radiata var. sublobata

Vigna stipulacea

Vigna trilobata

Vigna trinervia

Banana Musa acuminate Colla.

Musa paradisiacal L. (cultivated species) Musa balbisiana Colla.

Cinnamon Cinnamomum dubium Nees

Cinnamomum verum J. Presl (cultivated species) Cinnamomum ovalifolium Wight

Cinnamomum litseaefolium Thw.

Cinnamomum citriodorum Thw.

Cinnamomum capparu-coronde Blume

Cinnamomum sinharajaense Kostermans

Cinnamomum rivulorum Kostermans

Cinnamomum camphora (L.) Presl

Source: https://www.doa.gov.lk/index.php/en/ct-menu-item-9/cwr-project
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for in situ conservation of Oryza granulata was undertaken in Wavulpane area
indicating that the villagers of the adjacent area are willing to pay (WTP)
Rs. 82.73 (~0.5US$) per annum for in situ conservation program as labor hours if
the conservation program is executed only by the government-authorized body
(Dissanayake et al. 2009).

In Sri Lanka most of its forests are rich in different CWR, and it is an important
center for collection of crop wild relatives (Wijeratne and Piyasiri 2016). However,
at present, CWR populations are under threat of extinction despite having 80 laws
and regulations directly or indirectly relating to biodiversity conservation and
signatory to seven international convections related to conservation of biodiversity.
This may be attributed to the fact that most of their populations are not found in
protected areas (PA) and are therefore vulnerable to deforestation, urbanization, and
overextraction as food. Among the factors that posed serious threats to the preserva-
tion of natural floristic diversity in Sri Lanka are lack of public awareness as
indicated by Dissanayake et al. (2009), heavy rate of deforestation due to various
development projects and the selective felling of trees for timber and removal of
plant species as wild harvested plants (WHP) particularly those with food and
medicinal value and unplanned land use, pollution, and fragmentation. A decline
in the natural forest cover over a century shows the gravity of the problem. At the
beginning of the last century, natural forest cover was 70% of the total land area,
while the latest figure, however, shows that the natural forest cover has decreased to
about 29.7%.

A quarter of the total land area of Sri Lanka is reserved for forests and
administered by the Department of Forests and the Department of Wildlife Conser-
vation. Currently, the country’s protected areas occupy around 26.5% of the total
land area of the country (Table 7). The first environmental protection area (EPA) for
wild rice relatives in Puttalam was declared under provincial law. Compared to Sri
Lanka, India and Pakistan reported to have 659 and 233 EPAs, respectively (FAO
Country Report 2007).

Table 6 Number of wild relative species conserved at PGRC, Sri Lanka, up to July 2018
(Unpublished data)

Crop group No. of wild spp. % of total species

Cereals 11 17

Legumes 17 26

Vegetables 26 40

Oil seed 03 5

Fruits 03 5

Root and tubers 00 –

Fiber crops 00 –

Spices and condiments 04 6

Others 01 2

Total 65
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Wild rice in Asia provides one of the classic examples for coupling wild species
with breeding techniques for the genetic improvement of crops. Wild rice grown in
the coastal areas of Sri Lanka may provide gene(s) that helps to develop a rice variety
that can be cultivated in paddy fields affected by salinity due to possible sea level rise
expected due to global warming. The cultivated species of cinnamon (Cinnamomum
verum) is one of the important export agricultural crops in Sri Lanka and is well
regarded as a high-value spice crop which attracts higher demand in the local as well
as international markets and its uses for medicinal purposes (Wijesundara 2006).

It was reported that the endemic Cinnamomum species are encountered to a
serious threat and therefore, both in situ and ex situ conservations were started in
Kanneliya Forest Reserve. Moreover, community conservation groups were
strengthened in the surrounding villages to mitigate illegal removal and conserve
“Kapuru Kurundu” (Cinnamomum camphora) plant. Table 8 shows the National
Red List status of endemic Cinnamomum species of Sri Lanka. The Cinnamomum
camphora is a wild relative of cultivated cinnamon, an introduced plant to Sri Lanka,
while other seven species are endemic to the country. Wijeratne and Piyasiri (2016)
reported that the endemic Cinnamomum species are encountered to a serious threat
of extinction as they provide a significant socioeconomic value to the communities
and therefore, they have a tendency to rapid exploitation, especially by the people
living in adjoining areas of forest reserves. According to Kumarathilake et al. (2010),
lack of awareness, habitat destruction, urbanization, and poor agricultural practices

Table 7 Comparison of areas protected by countries participated in CWR project (2004)

Country
Land area
(km2)

Total protected area
(km2)

Total number of
sites

% area
protected

Armenia 29,800 2991 28 10

Bolivia 1,098,580 230,509 50 21

Madagascar 587,040 18,458 60 3

Sri Lanka 65,610 14,877 264 23

Uzbekistan 447,400 20,503 24 5

Source: https://www.bioversityinternational.org/2.crop_wild_relatives_project_countries.pdf

Table 8 National Red List
status of endemic wild
Cinnamomum species in Sri
Lanka

Species name Red list category

Cinnamomum dubium NT

Cinnamomum ovalifolium I

Cinnamomum litseaefolium T

Cinnamomum rivulorum T

Cinnamomum sinharajaense T

Cinnamomum capparu-coronde HT

Cinnamomum citriodorum HT

NT not threatened, I intermediate, T threatened,HT highly threatened
Source: Kumarathilake et al. (2010)

Crop Wild Relatives: An Underutilized Genetic Resource for Improving. . . 27

https://www.bioversityinternational.org/2.crop_wild_relatives_project_countries.pdf


were found to be the major threats to the wild cinnamon species, and due to the
prevalence of the threats, those endemic Cinnamomum species have been recognized
under the National Red List; for example, C. capparu-coronde is identified as highly
threatened (HT) species in the National Red List.

To our knowledge, use of wild relatives of crop plants to incorporate valuable
traits has not been systematically tried in many crop breeding programs though
advance technologies and other facilities are available to undertake such research
programs. Breeding methods used in vegetable improvement program in DOA show
breeders prefer to use cultivated species as parents than CWR for the development of
vegetable varieties. Of the total vegetable varieties released so far, 15% are local or
foreign introductions; 71% are selections of landraces and farmer varieties including
five varieties [Thumbika, Golika, Visal, Kesara, and Parakum (pollen parent)] of
spine gourd (Momordica dioica), a wild relative of M. charantia, locally known as
Thumba Karawila; and only 15% of the varieties developed using hybridization.
Parents involved in most of the crossbred varieties were cultivated species (Unpub-
lished data) with the exception of using M. dioica and M. subangulata, two wild
relatives of M. charantia, as parents for the development of a F1 hybrid which were
released in 2015 by the Department of Agriculture, Sri Lanka. Other than the use of
Momordica spp., efforts to use CWR in wide hybridization are confined to a few
instances, i.e., rice (Hemachandra 2008; Madurangi et al. 2011), okra (Samarajeewa
et al. 1998), brinjal (Perera and Warshamana 1987), and spine gourd (Hitinayake
et al. 2017). Except rice and spine gourd, there is no other single food crop variety
developed using crop wild relatives.

6 Potential for Expanding the Use of CWR in Sri Lanka

Since the last few decades, Sri Lanka too are experiencing extreme weather events
such as droughts, floods, cyclones, landslides, and issues such as saltwater intrusion
owing to climate change. Sri Lanka was ranked fourth among ten most affected
countries in the Global Climate Risk Index for 2016 (Eckstein et al. 2018), while the
same ranking for 2015 was 98 and for the period of 1997–2016 was 45. As the report
indicates, “Sri Lanka was hit by cyclone Roanu in May 2016, after already having
experienced severe droughts during the beginning of the year. Floods and landslides
took the lives of over 100 people and displaced half a million. The economic
damages are estimated at US$ 2 billion.” In this context, there is a growing fear
that these extreme climatic events can disturb agriculture in Sri Lanka. This
necessitates being ready with mitigating measures, developing new crop varieties
incorporating traits that are resilient to changing temperatures, increased pest and
disease incidence, the higher level of salinity, and water shortages where crop wild
relatives will be the key players. As indicated above, Sri Lanka has wide array of
CWR for different types of crops such as rice, eggplant, banana, pepper, cinnamon,
green gram, chilli, tomato, etc., which can provide adequate genetic resources for the
development of new crop varieties with traits adaptable to drought, heat, salinity,
water and nutrient limitations, and biotic stresses. Either through conventional
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breeding or using advanced technologies such as molecular breeding, genomics, and
introgressiomics (Zhou et al. 2015; Brozynska et al. 2016; Prohens et al. 2017), plant
breeders would be able to transfer desired traits from crop wild relatives to
domesticated crops. However, it appears that this valuable genetic resource has not
yet been properly utilized for crop variety improvement in Sri Lanka except for rice.
Problems and the prospect of using CWR in national crop improvement programs
were discussed by Fonseka and Fonseka (2010). In one initiative, Department of
Agriculture (DOA) of Sri Lanka, in collaboration with the global project on crop
wild relatives, implemented by the United Nations Environment Programme,
making efforts through the Agriculture Information Park in Gannoruwa, Peradeniya,
to increase public awareness on the potential role of wild relatives in crop improve-
ment. So far, wild relatives of pepper, bean, okra, banana, and rice have been
established along the banks of the Mahaweli River (Wijesekera 2006; Wijesekara
et al. 2006). This initiative seems to be very effective since most of the national parks
and other protected areas of Sri Lanka were not objectively established to conserve
CWR but to conserve particular habitats or selected charismatic species. Meanwhile,
the DOA has established the second Agriculture Information Park in Southern Sri
Lanka, which will also feature a section devoted to crop wild relatives and expects to
improve public awareness on CWR through these sites where people are able to
observe and recognize the country’s hidden genetic treasures and to protect them
accordingly. Besides, these sites will also help to conserve the wild relatives outside
their habitats.

Also, in the year 2013, a research project was initiated with a systematic approach
to utilize the considerable genetic variation found in eggplant in Sri Lanka and some
wild relatives from around the world to utilize eggplant wild relatives for
pre-breeding. The project partners represent three geographical regions (Sri Lanka,
Spain, and Ivory Coast) and are continuing to date, in which the University of
Peradeniya is a partner. The scope of the project is to utilize wild relatives of
eggplants belonging to primary, secondary, and tertiary gene pools through intro-
gression and interspecific hybridization and backcrossing using cultivated local
eggplant varieties as recurrent parents. Those pre-bred materials developed for
desired traits, particularly drought and biotic and abiotic stresses, are then subjected
to evaluation and incorporating them into breeding pipelines to improve cultivated
eggplants targeting to develop new varieties which are of commercial interest and
more resilient and adaptive especially to local conditions under climate change. So
far a large number of backcross populations and introgressed materials involving
parents of 9 cultivated Melongena species, 4 primary gene pool, 23 secondary gene
pool, and 8 tertiary gene pool were produced, and further fixing of genetic material
and characterization for traits of interest are going on with the participation of
4 international private seed companies (https://www.cwrdiversity.org/partnership/
eggplant-pre-breeding-project/). The project is funded and managed by the Global
Crop Diversity Trust with the Millennium Seed Bank of the Royal Botanic Gardens,
Kew, England.
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7 Conclusions

During the next few decades, food production needs to be increased substantially to
meet the growing demand. Efforts have been made to increase the agricultural
production by increasing the efficiency of inputs used in agriculture through various
agronomic means. However, in the face of rapidly depleting resource, future food
production endeavors should be planned to produce “more from less” where
low-input responsive new crop varieties to be bred are not only resilient to biotic
and abiotic stresses coupled with higher yields and enhanced quality but also to
thrive under low-input farming environments. In this context, demand for effective
crop breeding programs to deliver crops with higher productivity and resilience to
the impact of greater biotic and abiotic stresses in agriculture are imperative.
Breeders are now in the quest of probing for new genetic diversity to add entirely
new traits required to face the challenges posed. CWR collectively constitute an
enormous reservoir of novel genetic diversity which can be utilized to produce new
varieties that withstand adverse impacts of climate change and new pests and
diseases and to thrive well under input-limited growing conditions while ensuring
enhanced production and food and nutrient security and sustaining productivity in an
environment-friendly manner.

Though novel breeding techniques are available elsewhere, instances of applica-
tion of them to develop new varieties using CWR are scarcely reported in Sri Lanka.
This may be attributed to lack of human resource capacity and lack of understanding
of the genetic base of complex traits, poor management and maintenance of CWR in
ex situ collections, lack of institutional support, and funding limitations. Human
resource capacity building, especially in the areas of plant breeding, cytogenetics,
plant taxonomy, and curation of gene bank collections of wild material, would be
supportive in effective utilization of these wild accessions. As suggested by many
authors throughout, it is apparent that fixing of traits of interest from wild species
into genetic backgrounds of cultivated crops and their improvement and evaluation
process is time-consuming and requires state-of-the-art laboratory facilities and
long-term commitment in addition to a committed human resource.

According to various reporters, Sri Lanka possesses a wide array of CWR for a
large number of food crops, assuring adequate genetic resources and diversity for the
production of new crop varieties. Even though the potential may be enormous, they
remain as a greatly underutilized and neglected or yet to exploit resource, and at
present, CWR populations are under threat due to habitat disturbances and human
activities. These threats demand to have programs toward the systematic collection,
characterization, and conservation of CWR in order to use them for future crop
improvement programs where significant funding and strengthening of gene bank
facilities play a crucial role. However, effective conservation and utilization of this
“hidden treasure” would be able to deliver more diverse, resilient, and resource-
efficient new crop varieties that can contribute to a more sustainable and productive
agriculture despite the threats posed by the climate change.
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8 Recommendations

Sri Lanka is blessed to have a large number of CWR of economically important
crops. Majority of these CWR are victims of habitat destruction and are on the verge
of extinction. In addition to the CWR listed in Tables 5 and 6 which were already
conserved, concerted efforts should be extended for the collection, evaluation,
conservation, and utilization of other important wild relatives available and to gather
vital information necessary to identify and to protect the proprietary right of them.
The collection and conservation efforts are progressing satisfactorily, but the prog-
ress of evaluation and characterization are not up to the expectations. Compared to
other countries, very serious lagging can be observed in the utilization of crop wild
relatives in local breeding programs. As remedial measures upgrading of the
facilities at PGRC for maintenance, evaluation, characterization (both phenotypic
and molecular), and documentation and to provide basic facilities at regional com-
modity research institutes to maintain regional collections, expanding the capacity of
long-term storage, establishing a cryopreservation facility and developing a
computer-based national database on plant genetic resources for use by the plant
breeders and other researchers, strengthening the National Herbarium, and improv-
ing the quality of training programs related to plant genetic resource are some of the
recommendations to upgrade the collection, maintenance, and evaluation process.
Enhanced human capacity to employ better methods to maintain and use CWR is
based on reestablishing the skill base and investing in strong breeding capacity.
Though it is common to use wild species for developing commercial cultivars with
genes introduced from wild relatives, it can be expensive and time-consuming.
Hence, logical use of available molecular-assisted breeding techniques to enhance
the efficiency of breeding methodologies and to develop new and improved varieties
not only for pest and disease resistance but tolerance to extreme temperatures,
tolerance to salinity, drought resistance, and nutritional quality should be
encouraged. To facilitate this central facility should develop for molecular
techniques. These targets can be achieved through the implementation of prioritized,
nationally coordinated breeding programs to provide a national grid for breeding in
collaboration with centers of excellence elsewhere. Perceptions of CWR’s inferiority
relative to the elite material, lack of understanding of the genetic base of complex
traits, poor management and maintenance of CWR in ex situ collections, lack of
institutional support, and funding limitations are some of the other challenges to be
addressed under local conditions.

In order to protect these resources, the creation of public awareness through mass
media and the inclusion of CWR in school, diploma and undergraduate curricula,
farmer participatory programs, etc. should be considered. While such mechanisms to
conserve CWR are vital, sustainable utilization of them is equally essential. How-
ever, exploiting this potential requires the capacity to improve varieties through plant
breeding as well as partnerships and networks that encompass all relevant
stakeholders, ranging from farmers to researchers to gene bank managers and policy
makers to administrators. Economic valuation of these plant genetic resources,
though not been calculated yet, shall shed light on “hidden” biodiversity values of
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both use (instrumental) and nonuse (intrinsic) for better decision-making by policy
makers and administrators about their potential contribution to the economy and the
benefits and costs to make conservation and utilization endeavors financially sus-
tainable. Or else the “burden of proof”will be either on the conservationists or on the
plant breeders.
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Utilizing Neglected Crop Genetic Resources
for Food and Nutritional Security: Special
Reference to Indigenous Vegetables of Sri
Lanka

R. H. G. Ranil, Gamini Pushpakumara, R. M. Fonseka,
H. Fonseka, P. C. G. Bandaranayake, W. A. P. Weerakkody,
W. M. T. P. Ariyaratne, A. N. De Silva, and N. P. T. Gunawardena

1 Introduction

Vegetables play an important role as a source of nutrients for human beings, and
their consumption rate ensures the intake of various essential vitamins and minerals,
mitigating possible malnutrition (Yamaguchi 1983). Indigenous vegetables (IVs) are
an important source of food for the less privileged masses as well as the wealthy
class in many parts of the developing world. They play a significant role in
maintaining food and nutritional security for the underprivileged in both urban and
rural areas (Weinberger and Msuya 2004). Most households use them as a primary
food or a secondary condiment to vegetable dishes prepared from domestic varieties.
They are a valuable source of energy and micronutrients in the diets of rural people
in the past and to some extent at present. IVs are traded usually in the rural market
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stands and recently in urban and semi-urban supermarkets too. The indigenous
vegetables are also popular among the ethnic groups, and some are cultivated for
meeting the high-end markets as they fetch a high price than the local/rural markets.
As they are either cultivated in rural areas or grown wild, many species of IVs are
less popular and utilized only by the locals, without subjecting them to extensive
agronomic improvements. In Sri Lanka, the value of IVs with regard to food security
in local households has not been given sufficient attention, though their species
diversity is very high within the country. The species diversity of vegetable crops in
Sri Lanka comprises over 90 species from 34 families. Despite the high species
diversity of vegetable crops, current vegetable production is heavily dependent on
about 25–40 species. Many species are of exotic origin, and few species are endemic
and indigenous to Sri Lanka (Pushpakumara et al. 2018). Due to commercial
cultivation of vegetables in major growing areas, habitats of these species are
being invaded by the improved vegetable varieties of local and exotic origin
resulting in swift disappearance of IVs from the backyards and their natural habitats.

The term “indigenous vegetable” is highly subjective, and apparently there is no
agreement on a widely accepted definition. IVs are often described with terms such
as neglected and underutilized species (Jaenicke and Hoschle-Zeledon 2006), and at
times they are termed as traditional or local vegetables as well. In Merriam Web
master’s dictionary, the term “Indigenous” is defined as having originated in and
being produced, growing, living, occurring naturally in a particular region or
environment. Therefore, it refers to the place of origin (Shanmugasundaram 2007).
In this article, we define an indigenous vegetable as “a vegetable species or variety
native to particular country or region or environment and its centre of diversity is
known to be in the particular country or region of its origin.” This is in agreement
with the definitions proposed by Weinberger (2007), Engle and Faustino (2007),
Chadha and Patel (2007), and Hossain and Razzaque (1999). Accordingly, the
vegetable species that have been originated either in Sri Lanka or other countries
in South and Southeast Asia are classified as indigenous vegetables in this article.
This is because Sri Lankan flora keep strong phytogeographical affinities with South
and Southeast Asian elements since origin of Gondwanaland (Gunatilleke et al.
2017). Moreover, this region has been identified as the Indian center [Indo-Burma
(7) and Siam-Malaya-Java (7A)] in the Vavilo’s center of origin for domesticated
crops. Engle and Faustino (2007) have listed the naturalized species or varieties that
had been evolved from materials introduced to the region from another geographical
area over a long period of time. Even though there may be a possibility to develop
new genotypes due to the adaptation to new habitats through the natural selection
and selection made by famers, there are no strong scientific evidences for existence
of such distinct species or varieties in Sri Lanka. Therefore, in this article, we
exclude either the naturalized species or varieties by definition.

2 Taxonomic Diversity

Sri Lanka is particularly blessed with a wide range of ecosystem diversity, which is
ideal for growing many species of tropical and subtropical vegetable crops. Due to
long history of agriculture and wide range of eco-edaphic conditions present in the
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country, considerable genetic and species diversity of vegetable crops and their
farming systems exist in Sri Lanka. The species diversity of vegetables in Sri
Lanka is represented by exotic (introduced), indigenous (native), and endemic
species. Despite high species diversity of vegetable crops, current vegetable produc-
tion is heavily dependent on a few species (about 25–40 species). Many of these
species come under underutilized or neglected category, though they depict potent
value of medicinal and nutritional properties. Here we are focusing and summarizing
various aspects of indigenous vegetable crops of Sri Lanka.

According to the definition proposed earlier, all the available species lists (Alwis
and Senanayake 2010; Herat et al. 1994; Pushpakumara et al. 2018; Rajapaksha
1998) were critically reviewed and analyzed. The proposed new list was further
enriched and strengthened by information collected from Dassanayake et al. (1994),
Dassanayake and Clayton (1995–2000), Dassanayake and Fosberg (1980–1991),
Ilankoon and Wijesekara (2008), Jayaweera (1981a, b), MOE (2012), Senaratna
(2001), Shaffer-Fehre (2006), Sugathadasa et al. (2008), and Yasapalitha and
Rupasinghe (2017). Moreover, additional information was collected in consultation
with indigenous medical practitioners, taxonomists, researchers, and selected rural
communities. The newly proposed list of IVs of Sri Lanka is attached as Annex I
(based on the APG III classification), while a summary of the list is given in Table 1.
Moreover, we use the most updated botanical names for all treated species following
recent taxonomic update of world flora (www.theplantlist.org). Though endemic
species form a separate group within indigenous category, due to their unique
biological value in a particular ecosystem, here we do not consider the endemic
species as a separate group.

The correct species identification is a fundamental need of any plant-based
research. For example, many local publications have erroneously named some of
the vegetable species as indigenous or native. Luffa cylindrica (L.) M. Roemer
[Niyan-wetakolu/sponge gourd], Phaseolus lunatus L. [Potu-dambala/lima bean],
and Canavalia ensiformis (L.) DC. and Canavalia gladiata (Jacq.) DC. [sword bean/
awara] are common examples of such misuse. Hence, the proposed list will be
beneficial to the taxonomists, horticulturists, and researchers who are working on
indigenous vegetables for correct identification of the species.

3 Geographical Distribution

Even though the IVs show an island-wide distributional pattern in its Distribution
Map 1, the majority is concentrated in the wet zone of Sri Lanka. The map was
developed based on the records available at the National Herbarium, Peradeniya,

Table 1 Taxonomic
diversity of indigenous
vegetable of Sri Lanka

Category Number

Families 47

Genera 82

Species 105

Endemic species 07

Utilizing Neglected Crop Genetic Resources for Food and Nutritional Security. . . 41

http://www.theplantlist.org


which is based on the specimens collected and conserved over the last century. It is a
well-known fact that compared to the dry zone ecosystems, particularly North and
East regions, the wet zone has a well-botanized and a large number of authenticated
records for many species. Hence, it is necessary to focus on IVs available at other
unexplored regions together with their potential domestication in the future. How-
ever, the general understanding is that major portion of IVs comes from cultivated
small patches in domestic gardens or growing as weeds in marginal areas within
farms or abandoned lands rather than in forests and related ecosystems.

4 Food and Medicinal Value

Vegetables are one of the most sustainable and affordable dietary sources of
micronutrients and fiber (Palada et al. 2006). This will also empower the households
to access a variety of fresh vegetable rich in nutrients and diversify the food basket.
The main argument for the promotion of IVs is the supply of dietary fiber, essential
vitamins, and minerals which are deficient in the commonly consumed commercial
types of vegetables. There is an array of evidence in this regard that IVs contained

Map 1 General distribution
pattern of IVs species of Sri
Lanka based on records at the
National Herbarium,
Peradeniya
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minerals and vitamins required for a balance diet (Afolayan and Jimoh 2009; Glew
et al. 2005; Maisuthisakul et al. 2007). The use of these vegetables could diversify
the diets, improve nutrition, increase income, and improve the well-being of the
people. Apart from that IVs were an integral component of indigenous medicine
since the beginning of human civilization of many Asian and African countries.
Their role in indigenous medicine system is significant due to their remarkable
medicinal properties (Cheikhyoussef et al. 2011).

The eating habits and availability of IVs are changing from community to
community and also according to their socioeconomic status. In general, urban
populations have lesser access to IVs, and in the long run, it will help the Asian
countries to increase farm income, improve nutritional status, and generate employ-
ment in the rural areas since most of these vegetables are high-value and labor-
intensive crops. Apart from that their uses in indigenous medicine are well known.
Therefore, it is mandatory to collect and document the scattered information on
indigenous knowledge and medicinal uses of IVs. After referring the available
literature and consultation with a wide range of audience, medicinal uses of few
selected vegetable crop species are presented in Table 2.

The food and nutrient security of the rural population could be addressed by
paying greater attention to indigenous vegetables which are familiar to them and
commonly grown by the rural farmers. Considering the prevalence of over- and
unbalanced nutrition-related noncommunicable diseases such as obesity, hyperten-
sion, diabetes, and cancer among the urban populations, these crops will play a major
role in the future food supply chain. Therefore, the overall objective of promoting
IVs is to increase the health, secure food and nutritional status among the rural
communities, increase income, and improve the well-being of the people.

5 Phytochemical and Nutritional Properties of IVs

There is a large amount of literature available on nutritional and phytochemical
properties of the indigenous vegetables, dating back to the 1940s. While some of
them are available in detail, others are rather sketchy. For example, Momordica
charantia is one of the most comprehensively studied species, even up to the types of
sugar molecules present and their derivatives and other secondary metabolites
(reviewed by Tan et al. 2016). On the other hand, very limited literature support is
available on nutritional and phytochemical properties of Blechnum orientale (Lai
et al. 2010). Some species, for example, Hygrophila auriculata, is phytochemically
characterized by several groups, while limited work has been done on nutritional
properties. In all the reports, the nutritional composition analyses were done follow-
ing the standard methods of AOAC (2012). Either fresh or dried plant parts at
different maturity stages have been used for analysis of moisture, ash, total available
carbohydrate, lipids, fats and oils, amino acids, proteins, specific minerals, and
vitamins. The nutritional and phytochemical properties of many IVs have been
subjected to studies in other regions of the world of Sri Lanka (its unique geographi-
cal, climatic, and soil characteristics) indicating some unique chemical compound in
some wild and cultivated species. Hence, phytochemical analysis should be a
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Table 2 Medicinal uses of selected IVs in Sri Lanka

Species Medicinal uses

Aerva lanata (Pol-pala) Plant is used for treatment of coughs and as a vermifuge for
children; roots used to treat headaches. It is also used for the
treatment of other health problems such as anemia, Alzheimer,
arthritis, cholesterol, lung problems, bone problems, and also
blood circulation. Further, used as a remedy for kidney stones,
sore throat, and indigestion. The plant is also used as diuretic
and demulcent and for the treatment of sudden swellings
(Jayaweera 1981a, b; Goyal et al. 2011; Rahman et al. 2013)

Alternanthera sessilis
(Mukunuwenna)

It is a laxative and is useful in chronic congestion of the liver,
biliousness, and dyspepsia associated with sluggish liver. Good
for nursing mothers and used to treat snakebites. Also used to
treat hepatitis, tight chest, bronchitis, asthma, and other lung
problems, to stop bleeding, and as a hair tonic. Plant is used to
reduce fever (Jayaweera 1981a, b; Rahman and Iffat Ara
Gulshana 2014)

Amaranthus spinosus (Katu-
thampala)

The plant is used as a sweetening and used to reduce fever and is
recommended for eruptive fevers. Leaves have soothing effect
and increase the milk secretion, good for colic. The root is
considered as specific for gonorrhea. Proved to have antimalarial
activity. Improves appetite; useful in burning sensation, leprosy,
piles, bronchitis, leucorrhoea, constipation, and flatulence.
Decoction of the herb is used as a mouthwash for toothache. The
root is heating and expectorant; lessens the menstrual flow;
useful in leucorrhoea, leprosy, and eczema (Jayaweera 1981a, b;
Hilou et al. 2006; Rahman and Iffat AraGulshana 2014)

Amaranthus viridis (Kura-
thampala)

Used for treatment of urinary problems and congestion of the
liver and in gonorrhea. It is also used as an antidote for
snakebite, stings of wasps, and bites of centipedes. The tender
leaves are a popular vegetable. The plant is cooling, alexiteric,
laxative, stomachic, appetizer, and antipyretic; used in burning
sensation, hallucination, leprosy, bronchitis, piles, leucorrhoea,
and constipation. The leaves are used as an emollient. The root is
heating and expectorant; lessens the menstrual flow (Jayaweera
1981a, b; Rahman and Iffat Ara Gulshana 2014)

Amorphophallus
paeoniifolius (Kidaran)

The corm is used externally to relieve pain in acute rheumatism.
It is used for treatments of piles, acute dyspepsia, abdominal
colic, and skin and blood diseases. The corm and the roots are
useful for hemorrhoids. The crushed seed relieves toothache.
The corm is eaten during periods of food scarcity (Jayaweera
1981a, b)

Aponogeton crispus
(Kekatiya)

Used for feminine diseases, eye diseases, nausea, and diabetes.
Nutritious food for weakness of the body (Anon 2002)

Basella alba (Niwithi) The cultivated forms of this plant are used as a popular leafy
vegetable. Medicinally, the roots are used as a poultice to reduce
swellings. The plant is a demulcent, diuretic, and emollient. The
leaves macerated into a pulp are used on boils, ulcers, and
abscesses to hasten suppuration. With butter it is a soothing
application on burns and scalds. A decoction of the leaves is a

(continued)
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Table 2 (continued)

Species Medicinal uses

good laxative for pregnant women and for children (Jayaweera
1981a, b)

Centella asiatica (Gotukola) Whole plant good for the brain and increases memory
revitalizing the nerves and brain cells. Used to treat catarrh, skin
rashes, worms, and wounds. Has an antitumor effect and
neuroprotective effect. Different ailments like asthma, skin
disorders, ulcers, and body aches for improving memory, as a
nervine tonic and in treatment of dropsy, elephantiasis, gastric
catarrh, kidney troubles, leprosy, leucorrhoea, and urethritis in
maternal health care, in treatment of stomach disorders and also
as a vegetable (Babu et al. 1995; Brinkhaus 1998; Anon 2002;
Singh et al. 2010; Orhan 2012)

Cheilocostus speciosus
(Thebu)

Leaves used for eye diseases, worm infections, and burning
sensation. The rhizomes and roots are ascribed to be bitter,
astringent, acrid, cooling, aphrodisiac, purgative, anthelmintic,
depurative, febrifuge, expectorant, tonic, improves digestion and
stimulant herb that clears toxins. Juice of the rhizome is applied
to head for cooling and relief from headache (Anon 2004;
Nadkarni and Nadkarni 2007)

Colocasia esculenta (Gahala) Besides being a starchy food, the tubers of this plant are laxative,
diuretic, lactagogue, and styptic. Juice of petioles is used to treat
hemorrhage. It is also used for earache and otorrhoea and also as
an external stimulant and rubefacient (Brown and Valiere 2004;
Jayaweera 1981a, b)

Cordia dichotoma (Lolu) The juice of the bark with coconut milk relieves severe colic. In
Java, the bark is given for dysentery together with pomegranate
rind. The mucilage in the fruit is used for treating coughs and
diseases of the chest, uterus, urethra, etc. In larger doses, it is
given for bilious ailments as a laxative. It is also used in
gonorrhea (Jayaweera 1981a, b)

Cyanthillium cinereum
(Monara-kudumbiya)

Especially good for improvement of immunity system. Used for
skin diseases and stones in the bladder and gallbladder. Stem
and leaf: Decoction for diuretic, kidney disorders, swellings,
inflammation, lower abdominal pains, and menstrual pains; also
to expel the placenta and as an abortifacient (Anon 2003; Gunjan
et al. 2011)

Dregea volubilis (Anguna) Good for feeding mothers, ulcers, and respiratory diseases. Also
used for snakebites. Leaves have anti-inflammatory and anti-
rheumatic effects and are used for treating pain, cough, fever,
severe cold, and dyspepsia. Studies have proven its therapeutic
effects such as antidiabetic, antileukemic, antiulcer, and
antioxidant effects (Hossain et al. 2010; Nandi et al. 2012)

Eclipta prostrata
(Kikirindiya)

Specially used for hair growth and color and treatment for hair
fall. Good for eye diseases, skin diseases, headaches, urine
troubles, and gastritis (Anon 2002)

Ehretia microphylla (Heen-
thambala)

In South India the root of this plant is used for cachexia and
syphilis and as an antidote for vegetable poisons. A decoction of
the leaves is used to cure diarrhea accompanied with discharge

(continued)
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mandatory component of future IVs studies in Sri Lanka. Summarized information
on nutritional and phytochemical properties of few selected IVs species in Sri Lanka
are presented in Tables 3 and 4.

6 Current Status of IVs Production in Sri Lanka

IVs provide a wide range of edible products that could be used in fresh form or as
raw materials to prepare various products. Thus, cultivation of IVs can provide job
opportunities and supports agribusiness and related service industries. Moreover,
cultivation of IVs plays a fundamental role in biological, chemical, and hydrological
cycles, protecting soils and providing non-timber forest products, and favorable
ecological niches for other plants and animal species. Though it plays a vital role

Table 2 (continued)

Species Medicinal uses

of blood and also for cough. The leaves are used for the same
ailments in the Philippine Islands (Jayaweera 1981a, b)

Ipomoea aquatica (Kan-kun) The leaves are used as a vegetable. The plant is mildly laxative,
and owing to the presence of insulin-like principle, it is used
against diabetes mellitus (Jayaweera 1981a, b)

Lasia spinosa (Kohila) The leaves, stems, and roots are used as a common remedy for
piles. Possess a profound anticestodal effect (Jayaweera
1981a, b; Temjenmongla and Yadav 2005)

Senna auriculata (Ranawara) The root is used as decoction for fevers, diabetes, diseases of the
urinary system, and constipation. The leaves have laxative
properties. The dried flowers and flower buds are used as a
substitute for tea in the case of diabetic patients. It is also
supposed to improve the complexion in women. The powdered
seed is also used in diabetes and applied to the eye, in cases of
chronic purulent conjunctivitis. Leaf juice is used to reduce body
heat (Jayaweera 1981a, b; Sandhya et al. 2006)

Senna tora (Tora) The leaves are laxative and are useful in habitual constipation
and hemorrhoids. The seeds have antiparasitic properties. Seeds
are used both externally and internally for all types of eye
diseases, liver problems, and boils. The root of the plant is used
as a bitter tonic and stomachic and the leaves as an antiperiodic,
aperient, and anthelmintic (Jayaweera 1981a, b)

Trianthema portulacastrum
(Heen-sarana)

Eaten as a pot herb. Root is abortion cautious and increases
menstrual flow. Whole plant is applied as a dressing or poultice.
Powdered root is given as a cathartic. Used to cure edema
(Jayaweera 1981a, b; Kumar et al. 2004, 2005)

Zaleya decandra (Maha-
sarana)

The root used for hepatitis and asthma. Juice of the leaf is
dropped into the nostrils to relieve migraine. Whole plant extract
is superior as a wound dressing, and leaf extract is used to reduce
chronic pain in osteoarthritis. Antimicrobial activity has also
been reported (Jayaweera 1981a, b; Balamurugan and
Muthusamy 2008; Geethalakshmi et al. 2010)
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Table 3 Nutritional properties of selected IVs in Sri Lanka

Species and plant part Nutritional properties

Alternanthera sessilis
(Mukunuwenna) (leaves, stems)

For fresh weight; energy (kcal) -39 mg/100 g, moisture
90 mg/100 g, ash 0.4 mg/100 g, protein 2.7 mg/100 g, fat
0.5 mg/100 g, total available carbohydrate 0.5 mg/100 g,
calcium 7.03 mg/100 g, potassium 199 mg/100 g, sodium
0.7 mg/100 g, zinc 0.5 mg/100 g, copper 0.85 mg/100 g
(Othman et al. 2016)

Centella asiatica (Gotukola)
(leaves, stems)

Protein 2.4%, carbohydrate 6.7%, fat 0.2%, moisture
87.7%, insoluble dietary fiber 5.4%, 0.49% soluble
dietary fiber, 17.0 mg/100 g phosphorus, 14.9 mg/100 g
iron, sodium 107.8 mg/100 g, potassium 345 mg/100 g,
calcium 171 mg/100 g. Total calories in 100 g 37.0 kcal.
Vitamin C -48.5 mg/100 g, B1 0.09 mg/100 g, B2
0.19 mg/100 g, niacin 0.1 mg/100 g, carotene 2649 μg/
100 g, and vitamin A 442 μg/100 g (Chandrika et al.
2011, 2015; Das 2011; Hashim 2011; Hashim et al. 2011;
Joshi and Chaturvedi 2013)

Ipomoea aquatica (leaves, stems) Vitamins A, B1, B2, B6, B12, C, E, K, “U”
(S-methylmethionine), aliphatic pyrrolidine amides,
carotenoids, hentriacontane, β-sitosterol and its
glycosides, prostaglandin, leukotriene, N-trans- and
N-cis-feruloyltyramines. Amino acids (aspartic acid,
threonine, serine, glutamic acid, proline, glycine, alanine,
leucine, tyrosine, lysine, histidine, arginine). Sugars
(glucose, fructose, sucrose). Organic acids (malic acid,
citric acid, oxalic acid). Minerals (sodium, potassium,
calcium, iron, magnesium, zinc) (Bruemmer and Roe
1979; Candlish et al. 1987; Chen and Chen 1992; Igwenyi
et al. 2011; Rao et al. 1990; Snyder et al. 1981; Tofern
et al. 1999; Wills et al. 1984; Wills and Rangga 1996)

Lasia spinosa (Kohila) (rhizome) 17.6 kcal/100 g protein, 83 kcal/100 g moisture,
1.16 kcal/100 g fats, 34 kcal/100 g ash, 17 kcal/100 g total
solids, 35.7 kcal/100 g carbohydrate dietary fiber with
40–75%. Micronutrients – zinc 7.44 ppm, magnesium
6.22 ppm, molybdnum1.18 ppm, copper 0.31 ppm, iron
17.06 ppm, and manganese 1.33 ppm (Brahma et al.
2014; Shefana and Ekanayake 2009)

Momordica charantia (Karavila)
(fruit, flesh, pericarp seeds)

Vitamin A 471 mg/100 g, potassium 296 mg/100 g,
vitamin C 84 mg/100 g, phosphorus 31 mg/100 g, iron
0.43 mg/100. Total protein content 1.2–2. 4 mg/100 g.
Eight of the nine essential amino acids (histidine,
isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, and valine) in the pericarp and seeds. Similar to
other plant proteins, bitter melon appears to be lack of one
essential amino acid, tryptophan. A particular
polypeptide, named polypeptide-p or p-insulin, isolated
from the whole bitter melon fruit, the flesh, and the seeds
(Deng et al. 2014; Fonseka et al. 2007; Horax et al.
(2010); Khanna et al. 1981; Liu et al. 2014; Orlovskaya
and Chelombit’ko (2007); Panda et al. 2015; Paul and

(continued)
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in crop diversification programs and agroforestry systems, it is not much popular
among commercial farmers as a separate group of vegetables, as compared to exotic
vegetables, low-country vegetables, or leafy vegetables. Even though indigenous
food crop species play a vital role in agricultural biodiversity, extensive use of
improved crop varieties has led to a situation where indigenous crop species are
virtually disappearing from the ecosystem (genetic erosion) creating a vacuum in
vegetable biodiversity. Although the country is virtually self-sufficient in vegetables,
there is a big potential that exists to expand the commercial cultivation of IVs,
targeting domestic consumption as well as export markets.

Besides that the major vegetable crops that are cultivated in large scale in a well-
organized manner and their seeds and planting materials and cultivation technologies
are available even at the commercial level, there is species diversity in domesticated
IVs in various parts of the country. There are also many other species that grow in
home gardens in small extents for household consumption, common lands, and
fallow areas and in the natural forests, which could be a good source for number
of benefits, particularly to the rural community.

Out of the listed species in the Appendix, only a few species are cultivated on a
commercial scale and are connected to near-perfect, well-established marketing
channels (e.g., Centella asiatica, Alternanthera sessilis, Ipomoea aquatica,
Momordica charantia,M. dioica, etc.). The Department of Agriculture has identified
them as high-priority plant species, and they have been subjected to development of
technological packages for production and also extensive studies on improvement of
the quality and production of those crops. Except for bitter gourd (Fig. 1), the
cultivation extent and production details are not readily available on other
commercialized IVs. Apart from that, though statistics are not readily available,
Lasia spinosa, Dioscorea species, and Amaranthus species are also cultivated in
farmlands as small-scale ventures. As reported by Ketipearachchi et al. (2002),
Solanum violaceum is successfully cultivated in both dry and intermediate zones,
and the total cultivated extent was over 50 ha during 2001.

Table 3 (continued)

Species and plant part Nutritional properties

Raychaudhuri 2010; Ullah et al. 2011; Xu et al. 2015;
Yawai et al. 1991; Zhang et al. 2016)

Senna auriculata (Ranawara)
(whole plant)

Sodium 56.1 mg/100 gm, potassium 266 mg/100 gm,
calcium 27.93 mg/100 gm, copper 4.87 mg/100 gm, zinc
0.44 mg/100 gm, iron 7.03 mg/100 gm 7. Vitamins
(vitamin C50.08 mg/100 gm, riboflavin 102 (μg)/100 gm,
folic acid 1 μg/100 gm, β-carotene 2.5 μg/100 gm)
(Mukherjee and Datta 2017)
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Table 4 Phytochemical composition of selected IVs in Sri Lanka

Species Phytochemical composition

Alternanthera sessilis
(Mukunuwenna) (leaves and
stems)

Flavonoids, terpenoids, phenols, phytosterols, and
alkaloids in all of them. However, methanolic extract
contained all the ten constituents tested including tannins,
saponins, steroids, cardiac glycosides, and reducing
sugars. Beta-carotene (Chandrika et al. 2005; Kota et al.
2017; Saravanan et al. 2013)

Centella asiatica (Gotukola)
(leaves and stems)

Ursane-type pentacyclic triterpenoids known as
centelloids, mainly, asiaticoside, madecassoside
(brahminoside), asiatic acid, and madecassic acid (brahmic
acid). Other triterpenoids: asiaticosides C, D, E, F;
centellasaponins B, C; isothankunic acid and oleanane-
type saponins, e.g., terminolic acid; centellasaponin
D. 0.1% essential oils with α-humulene, germacrene B/D,
β-caryophyllene, flavonoids-sesquiterpenes, steroids,
β-carotene, lutein, neoxanthin, and violaxanthin
(Brinkhaus et al. 2000; Chandrika et al. 2011; 2015; James
and Dubery 2011; Guo et al. 2004; Hussin et al. 2009;
Huang et al. 2011; James and Duebery 2009; Nhiem et al.
2011; Won et al. 2010)

Lasia spinosa (Kohila) (dried
leaves and rhizome)

Alkaloids, saponins, tannins, phenolic compounds,
antioxidants
(Dubey et al. 2014; Goshwami et al. 2012; Kumar et al.
2013; Maisuthisakul et al. (2008); Shefana and Ekanayake
2009)

Ipomoea aquatica (Kan-kun)
(leaves, stems)

Polyphenols (myricetin, quercetin, luteolin, apigenin, and
kaempferol). Twelve pigments (various types of
chlorophylls, carotenoids, viz., lutein, antheraxanthin,
flavoxanthin, auroxanthin, luteoxanthin, neoxanthin,
B-carotene, violaxanthin, cryptoxanthin, neoxanthin A,
and neoxanthin B, and polyphenols, viz., quercetin
30-methyl ether, quercetin 40-methyl ether, and
anthocyanins)
(Chen and Chen 1992; Chu et al. 2000; Daniel 1989;
Miean and Mohamed 2001; Wills and Rangga 1996)

Momordica charantia
(Karavila) (flesh and seeds)

Gallic acid, gentisic acid, catechin and epicatechin, caffeic
acid and chlorogenic acid, various saponins, both steroids
and triterpenoids, steroidal glycosides from bitter melons
are β-sitosterylglucoside and 5,25-stigmasteryl glucoside,
and both together (1:1) are often referred to as charantin.
Triterpenoids (momordicosides A and B;
momordicosides C, D, and E; momordicosides F and I;
momordicosides G and F2; momordicosides K and L;
momordicosides Q and R; momordicosides S and T;
goyaglycoside-a, goyaglycoside-b, goyaglycoside-c,
goyaglycoside-d, goyaglycoside-e, goyaglycoside-f,
goyaglycoside-g, and goyaglycoside-h; and
goyasaponins I, II, and III (oleanane types)). Alkaloids
(vicine) (Budrat and Shotipruk 2008; Horax et al. 2005;
Kubola and Siriamornpun 2008; Murakami et al. 2001;

(continued)
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7 Conservation Perspectives

It is a well-known fact that not only IVs, but the entire biological diversity is
subjected to various threats due to current unsustainable agricultural and develop-
ment activities, climate change, and land/forest degradations over the last few

Table 4 (continued)

Species Phytochemical composition

Raman and Lau 1996; Tan et al. 2008; reviewed by Tan
et al. 2016)

Senna auriculata (Ranawara)
(whole plant)

Phytosterols, tannins, carbohydrates, flavonoids,
terpenoids, and sterols. Oil from the seeds (uronic,
palmitic, stearic, oleic) and linoleic acids. Flowers
(apigenin-7-O-glucuronide and apigenin-7-oglucoside).
Plant (lupeol, betulin, and stigmasterol). Roots (alkaloids,
steroids, tannins, proteins, flavonoids, carbohydrates, fats,
and oils). Leaves (alkaloids, carbohydrates, proteins,
steroids, glycosides, flavonoids, tannins, phenolic
compounds, fats, and oils, phytosterols, namely,
β-sitosterol and lupeol) (Godbole et al. 1941; reviewed by
Kshirsagar et al. 2010; Mazumder et al. 1999; Misra et al.
2001; Patra et al. 2009; Rastogi and Mehrotra 1993; Sunita
and Abhishek 2008; Usha et al. 2007)

Fig. 1 Bitter gourd production in Sri Lanka. (Source: AgStat 2005–2016)
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decades. With the introduction of new improved varieties through selection and
breeding, the indigenous varieties are threatened through extinction of their genetic
resources. The erosion of genetic resources of indigenous vegetables is accelerated
further due to the introduction of high-yielding hybrid varieties in the recent years.
The hybrids are replacing not only the indigenous varieties but even the improved
selections which were grown by the farmers in many countries. Unless action is
taken, the genetic base of vegetables will be narrowed which may lead to serious
catastrophe in the future. As Ketipearachchi et al. (2007) had highlighted, the
existence of Dioscorea species inhabited to Sri Lanka is in danger due to urbaniza-
tion, habitat destructions, unsustainable harvesting, damage by wild animals, and
lack of protection, replanting, or cultivation programs. Out of the total IVs species
listed here, 28% has been identified as threatened species (CR, EN, VU, NT),
whereas the majority comes under the “least concern” category (Table 5, Map 2).

Currently, the indigenous vegetables have become important, and the attention of
the scientists is being diverted to conserve and use them. A major reason for this is
the danger of extinction, vis-a-vis the narrowing of the genetic base of the
vegetables. It is a well-known fact that collection of germplasm is a fundamental
tool in conservation of plant genetic resources and their utilization. Moreover, it
provides good source of information for plant breeding and crop improvement
programs. It increases the availability of germplasm for breeders, expands the
genetic diversity, increases the variety yield potential and productivity, develops
varieties with resistance to biotic and abiotic stresses, and develops varieties with
desirable agronomic traits. Hence collection, conservation, and evaluation of IVs are
urgently needed, and it should be a mandatory action of relevant institutes and
authorities. Currently, the Plant Genetic Resources Center, Gannoruwa, is
continuing exploration, evaluation, and conservation of IVs species. The National
Herbarium is also maintaining herbarium specimens of IVs species. Table 6 shows
number of collections of Sri Lankan IVs specimens maintained by various herbaria
worldwide.

Table 5 Conservation
status of indigenous
vegetable based on the
National Red List 2012

Categories No. of taxa

Critically endangered (possibly extinct) 01

Critically endangered 01

Endangered 06

Vulnerable 07

Near threatened 14

Least concern 72

Data deficient 01
Source: MOE (2012)
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Map 2 Distribution of threatened IVs species in Sri Lanka based on records of the National
Herbarium, Peradeniya

Table 6 Sri Lankan IVs specimens collection at selected herbaria

Institute/organization
No. of IVs specimens
deposited

National Herbarium, Peradeniya, Sri Lanka (PDA) 2049

Royal Botanic Gardens, Kew, England (K) 512

Natural History Museum, London, England (BM) 125

Royal Botanic Gardens, Edinburgh, England (E) 28

Conservatoire et Jardin botaniques de la Ville de Genève,
Switzerland (G)

8

Swedish Museum of Natural History (S), Sweden 32

Smithsonian Institution, USA (US) 624

Cambridge University, England (CGE) 3
Sources: Records at the National Herbarium, Peradeniya, and information from Flora of Ceylon
volumes 1–14
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8 Research Gaps and Development Needs

It is suggested that the following areas should be particularly explored and focused
for the advancement of IV-based research in Sri Lanka.

1. Germplasm collection, evaluation and conservation

Conservation and utilization of plant genetic resources is a fundamental require-
ment in improvement program of any agricultural crop, and their importance has
increased in the recent years with changing scenario of owners and legal regime with
respect to biodiversity. With the introduction of new high-yielding varieties and
hybrids, local crop genetic resources are being eroded at a rapid rate. Moreover, it is
accelerated by unsustainable land use pattern related to agriculture and developmen-
tal activities. Hence collection, evaluation, and conservation is a primary need for
management and utilization of IVs species in Sri Lanka.

2. Genetic improvement and use in plant breeding programs

IVs have immense potential for contribution to food production as they are well
adapted to biotic and abiotic stress. Some of the IVs corps and their wild relatives
can effectively be utilized for improvement of cultivated crops for future food and
nutritional security. Thus IVs should be an integral component of varietal develop-
ment programs.

3. Development of cultivation package

Except few IVs crops, there are no developed standards or recommendations for
many of IVs crops in Sri Lanka. Therefore, agronomists need to contribute in
formulations of new recommendations aiming for popularizing of IVs as commercial
ventures among Sri Lankan farmers.

4. Collection of ethnobotanical information

The modern generation has little opportunity to use these indigenous food species
since they are of limited supply as compared to attractive exotic vegetables with
which even remote markets are always flooded with. This has created a situation
where they have no chance to encounter the traditional knowledge gathered around
these species. Though countries in Asia and African region are rich in IVs diversity,
ethnobotanical information of such species has not been well studied and exploited
or documented. With the unsustainable development activities, climate change, and
forest/land degradation, world biodiversity is depleting at an alarming rate. Not only
IVs, but all species are subjected to high risk of extinction from natural ecosystems.
Moreover, modernization and changing of lifestyles have resulted in changing of
food habits, reduction of dietary diversity, and loss of knowledge of edible plant
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species from the society. Therefore, extraction and documentation of ethnobotanical
knowledge of IVs is a prime need.

9 Future Perspective

The IVs represent a large group of species which have the potential for ensuring food
security while contributing to poverty alleviation both at national and household
levels. The food base of the rural populations in Sri Lanka, especially those living in
the marginal areas, has become narrower, causing shortage of food and nutrient
deficiencies. The wild and weedy species which were used in the past have
disappeared due to the changes to land use systems, use of improved hybrid seeds,
and rapidly changing food habits. The lack of traditional knowledge on food values
and cooking methods to minimize nutrient losses is also rapidly disappearing.

Currently, some of the IVs are becoming popular both among the rural and urban
populations due to the therapeutic and food values. Mostly fresh green leaves of
kangkung, Gotukola, Amaranthus, spinach, and Kathurumurunga are traded as
commercial products in markets. There is a growing public awareness regarding
the value of these green leaves as providers of dietary fiber, vitamins, and minerals
that are essential for maintaining good health. Some specific examples in this regard
are seen in Ayurvedic medicine, where it is claimed that the use of Gotukola
improves memory and bitter gourd is a cure for diabetes (personal communication
with Ayurvedic doctors). These are also available in value-added products form in
Sri Lanka and in many other Western countries, indicating the economic and
entrepreneurial potential of underutilized vegetables. The prices of some green
vegetables are equal or sometimes higher than that of exotic leaves such as lettuce.
These vegetables could also be grown in home gardens and urban agriculture for
household consumption. Whereas the commercially produced green leaves may be
contaminated with pesticide residues and heavy metals, those grown in home
gardens are free of any contaminations. Therefore, the ideal strategy will be to
promote these as home garden crops as well as large-scale commercial cultivations
aiming at future food and nutritional security.

However, systematic research on indigenous vegetables and fruits are generally
not been carried out by the commercial and research sector. Limited research has
been carried out on these plant groups and information documented about their basic
biology, management practices, and processing, while in some species, research is
often carried out by isolated groups with their finding restricted to academic journals,
making the dissemination of information to a wider audience being very low. It is
essential to compile and use available information on such plant category for future
studies. Effective development and utilization of indigenous vegetables require the
collection and characterization of their germplasm and multiplication of identified
superior germplasm, identification of effective means of propagation and agronomic
practices, and harvest and postharvest and marketing studies.
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Shade in Tea Plantations: A New Dimension
with an Agroforestry Approach
for a Climate-Smart Agricultural Landscape
System

A. J. Mohotti, Gamini Pushpakumara, and V. P. Singh

1 Introduction

Tea (Camellia sinensis L. (O) Kuntze) is a commercially important beverage crop, of
which origin is reported to be Southeast Asia (Wilson and Clifford 2012). At present,
ten countries produce over 90 % of world tea output, namely, China, India, Kenya,
Sri Lanka, Vietnam, Turkey, Iran, Indonesia, Argentina, and Japan, of which China
and Japan mainly produce green tea, and the other countries are mainly black tea
producers. In the world tea exports, Kenya secured the first position in 2017,
followed by China, Sri Lanka, and India (Sri Lanka Tea Board 2017). Over 50%
of the world tea production is consumed in China and India. Sri Lankan tea, which is
world famous as “Ceylon tea,” fetches the highest average auction prices at present
owing to its unique quality. More than 70% of tea in Sri Lanka is produced by
smallholders. Turkey, Iraq, Russia, Iran, and UAE remained as the largest export
destinations of Ceylon tea in 2017.

Tea is known as a crop of wide adaptability, grown in a range of soils and
climates. However, for successful tea cultivation, many management practices are
considered as essential. In its original habitat, tea plants grew under natural shade,
and hence, the establishment of shade trees in tea plantations was adopted to mimic
the natural conditions (Eden 1976). Thus, the establishment and management of
shade are considered as vital and integral components in tea cultivation. Heavy shade
is considered essential during the nursery period, which is gradually removed before
field planting. However, requirement of shade in field-grown tea has been a contro-
versial subject since inception, and at times there have been differences of opinion.
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In tea plantations, shade is provided by planting different species of shade trees.
To date, there are many scientific records with information supporting the shade
requirement for tea (Owen 1886; Harler 1960; Baura and Gogoi 1979; Hudson and
Muraleetharan 1999; Mohotti and Lawlor 2002; Karunaratne et al. 2003; Mohotti
2004; Panda 2016) and vice versa (Owen 1886; McCulloch et al. 1965; Aoki 1982;
Grice 1989). Much of the information on shade has been recorded as its effects on
three components, i.e., quantity and quality of yield, tea bush physiology, and pest
incidences, but not as a system approach. Hence, this paper reviews the use of shade
and shade trees in tea plantations and discusses the importance of tea plantations
with shade tree as an agroforestry system for harnessing maximum economic,
ecological, and environmental benefits from a tea-based land management system.

2 Types of Shade Trees: High vs Medium Shade

The type and level of shade depends largely on the practices and policies adopted by
different countries and estates, the extent of the lands and ownership, etc.

In Sri Lanka, shade is managed at two canopy levels, i.e., high shade and medium
shade in large plantations by planting specific tree species. This may be different in
the case of majority of the smallholders, where tea is grown as an agroforestry/mixed
cropping system with a large mix of different perennials. In the large plantations,
shade is mainly provided by high shade trees, which are maintained at a height of
about 20 m. The other canopy, which is lower and called the medium shade, is
provided by shorter trees planted in between the high shade trees, the main function
of which is the provision of green manure with periodical lopping (Ekanayake
2008).

This dual layer of shade provided by temporary and permanent shade tree species
is also found at lower elevations with relatively higher temperatures in South India
(Barua 1961). In North India however, shade trees are known to provide a more or
less continuous cover for the tea bushes at a 6–15 m (Barua 1961; Arunachalam
1995). For higher elevations above 600 m on southern and western slopes and above
500 m elevations on northern and eastern slopes in places (i.e., Darjeeling in
Northeast India), shade is not considered as necessary (Arunachalam 1995). How-
ever, shade is recommended for tea in Nilgiris and Anamallais, where the intensity of
sunshine is very high. In Bangladesh, about 50% diffused sunlight is provided by a
canopy of permanent and semipermanent shade trees. Grevillea robusta is a com-
mon shade tree in Kenyan tea plantations (McCulloch et al. 1965).

3 Desirable Characters of Shade Trees

It is clear from the literature that the characteristics of the shade stratum depend on
the botanical composition, number of vertical layers, degree of canopy closure, tree
crown characteristics, and shade tree management (lopping, pollarding and thinning
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out of plants). Such aspects vary among major ecological regions and landholding
sizes in response to both biophysical and socioeconomic factors. It is clear from
observations that highly diverse shade tree assemblies are present in smallholdings,
whereas simple shade tree structures are often found in large-scale commercial
holdings. Inclusion of shade trees is less controversial in the case of smallholders
since they usually maintain multiple species in their lands. At early stages of
introducing shade trees in India, size and shape of the canopy, leaflet size, economic
life span, pest and disease resistance, resistance to wind damage, depth of the root
system, and suitability to local soil and climatic conditions had been considered as
important in selection criteria (Arunachalam 1995). Recently, many characters have
been considered in selecting and recommending a particular species for tea
plantations as a shade tree. Characters such as adaptability to soil and climatic
conditions of a given region, compatibility with tea, growth rate and biomass
production, plant height, strong and deep root system capable of trapping nutrients
not reached by tea roots, tolerance to repeated pollarding/lopping, stem and branch
characteristics, canopy architecture, leaf characteristics, competitiveness with tea for
water and nutrients, ability to fix atmospheric nitrogen, not harboring tea pests and
diseases and potential of becoming a weed due to self-seeding, etc. need to be
carefully evaluated when selecting a shade tree for tea plantations in Sri Lanka
(Beddage and Mohotti 2005). Further, supply of good-quality timber, fuelwood, and
any other product are considered as added advantages in selecting a shade tree
species.

Under Sri Lankan and South Indian conditions,Grevillea robusta is considered as
an ideal shade tree for the tea plantations. Hudson and Muraleetharan (1999)
described its beneficial attributes such as quick growing ability, finely dissected
leaves which facilitate filtering of light, the deep root system with high root cation
exchange capacity which does not compete with tea for nutrients and moisture, high
amount of organic litter it produces, coppicing ability and fast regeneration, toler-
ance to wind, and generally less susceptibility to pests and diseases.

4 Species of Shade Trees

In most tea-growing countries, the species used for the purpose of shade are quite
similar. In Sri Lanka, the tea-growing areas are classified into three elevation
categories (above mean sea level), viz., low country (below 600 m), mid-country
(600–1200 m), and upcountry (above 1200 m). For the low country, Falcataria
moluccana (Miq.) Barneby & J.W.Grimes (syn. Albizia moluccana Miq.) is
recommended as a high shade tree and Gliricidia sepium as a medium shade tree.
For the mid-country wet zone, Grevillea robusta (Fig. 1a) and F. moluccana species
are recommended as a high shade, while Calliandra calothyrsus, Erythrina
lithosperma, and G. sepium (Fig. 1b) are recommended as medium shade trees.
For the mid-country semidry zone, G. robusta and F. moluccana species are
recommended as high shade trees, and C. calothyrsus, E. lithosperma, Gliricidia
sepium, and Acacia pruinosa are recommended as medium shade trees. For the
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upcountry, G. robusta is recommended as a high shade tree, while C. calothyrsus,
E. lithosperma, Acacia pruinosa, and Acacia decurrens are recommended as
medium shade trees (Ekanayake 2008). Most of the large plantations usually follow
these recommendations. With a preliminary screening, the Tea Research Institute
has made an effort to identify new shade tree species for tea plantations. Conse-
quently, 84 species were identified as potential species based on morphological
characteristics in a preliminary screening (Beddage and Mohotti 2005). However,
in smallholder tea lands, the shade tree species are not established systematically as
recommended, and tea is usually mixed cropped with many perennial species such as
spices, timber trees, fruit trees, etc.

In old tea plantations in India, planting of tea under the shade of A. chinensis was
found to be beneficial (Owen 1886; Gogoi 1976). Subsequently, many other species
were used, i.e., Albizia odoratissima Benth (Syn. Mimosa odoratissima, Roxb.),
Albizia procera, and Dalbergia assamica (Gogoi 1976). Albizia odoratissima and
Albizia chinensis were the best shade trees suited to conditions in Northeast India
(Harler 1960).

In Bangladesh Albizia sinensis and F. moluccana are grown as semipermanent
shade trees, while Albizia odoratissima, Albizia procera, Albizia lebbeck, and
G. robusta are used as permanent shade trees. About 75% of the total tea-shade
trees in Bangladesh are A. odoratissima (Sana 1989).

China has the largest extent of tea in the world. Tea is being planted in association
with many tree species in China (Shuobo et al. 1997), i.e., forest species, strawberry
tree (Myrica), Citrus unshiu, Eriobotrya, peach (Prunus persica), Diospyros, pear
(Pyrus spp.), grape (Vitis spp.), Chinese sapium (Sapium sebiferum), tung oil tree
(Aleurites fordii), Pinus, Paulownia, and rubber (Hevea). Tea is also grown in
association with many food crops such as corn, potato, barley, etc. In China, the
presence of trees in tea is as a part of an agroforestry system, rather than for the
provision of shade for the tea per se.

Fig. 1 (a) Tea plantation with Grevillea robusta and (b) Gliricidia grown for shade in Sri Lanka
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Under the conditions of Malawi, the species Grevillea robusta and Albizia
adianthifolia were tried as shade trees for tea (Grice 1989). The shade was found
to be beneficial only during the 2 months of hot and dry weather in Malawi.

5 Propagation and Planting of Shade Trees

5.1 Grevillea robusta and Albizia spp.

Both Grevillea and Albizia are propagated through seeds. They are first raised in
poly bags and then field-planted with the onset of monsoons. Grevillea seeds are
membranous and of light weight, approximately containing 120,000 seeds per
kg. As the viability of seeds is short, fresh seeds are used for propagation (Hudson
and Muraleetharan 1999; Ekanayake 2008).

In India, seeds are sown on raised beds of 1 m width and of convenient length,
made of soil and sand mixture in the ratio of 3:1. The seeds should be sown in rows
spaced at 5 cm, and 2–3 cm apart in the row, covered with a thin layer of soil-sand
mixture and then with a suitable grass/straw mulch. Overhead shade provided at a
1 m height should be removed when the seeds germinate in about 3 weeks’ time.
When the seedlings have the first pair of leaves, they may be transplanted into
polythene bags filled with soil/soil-sand mixture (preferable pH 6.0). Until the
seedlings establish well, temporary shade has to be provided with ferns, which
should be removed in stages. The seedlings are ready to be field-planted in about
6–9 months.

5.2 Calliandra calothyrsus

Calliandra could be directly established in new clearings by sowing three to four
seeds at a point, on a soil mound, and thinned out leaving one vigorous plant after
germination. Seeds can also be sown in poly bags and 4–6-month-old seedlings
planted in the field (Ekanayake 2008).

5.3 Dadap (Erythrina lithosperma) and Gliricidia (Gliricidia
sepium)

Both these species are established by using 6–8-month-old poles, having a girth of
5–7.5 cm and 1.8–2 m length, obtained from trees at the point of anticipated cut, with
the onset of rains (Ekanayake 2008). They should be ring-barked 6–8 weeks before
poles are taken. Prior to planting, both ends of poles should be shaved off with a
slanting cut using a sharp knife. Planting holes should be 30 cm wide and 45–60 cm
deep. Dolomite 225 g should be mixed with the soil from the planting hole and
should be put back to the hole. The poles should be planted after making a hole with
an “alawangu.” The basal end of the stump should be buried to a depth of 30–40 cm.
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The top end of the pole should be covered with mud or polythene to prevent
desiccation (Ekanayake 2008).

6 Management of Shade

In Sri Lanka, Grevillea and Albizia seedlings are planted at an initial spacing of
6 m � 6 m with medium shade trees interplanted midway between two high shade
trees at the spacing of 3 m � 3.6 m. By the third year, high shade is finally thinned
down to a spacing of 12 m� 12 m and medium shade to 6 m� 7.2 m (Tea Research
Institute 2003). In tea fields on southern and western slopes, final stand of high shade
should be at a spacing of 12 m � 6 m and medium shade at 6 m � 7.2 m. Under
South Indian conditions, Grevillea robusta is recommended to be planted at the time
of tea planting at a spacing of 6.1 m � 6.1 m, which is to be thinned out first at the
time of the formative pruning, to a spacing of 12.2 m � 6.1 m. Trees will be further
thinned out to a spacing of 12.2 m� 12.2 m at the time of second pruning and at high
elevations to a final spacing of 12.2 m � 24.4 m at the third pruning (Hudson and
Muraleetharan 1999).

As tea is considered to be a shade-loving plant, it needs to be grown in association
with shade trees. However, too much shade by unpollarded trees may be detrimental
to the growth, yield, and quality of tea (Hudson and Muraleetharan 1999). Therefore,
it is extremely important that the shade is regulated in tea lands depending on the
weather pattern. Normally, the monsoonal periods are accompanied by high rains
and a thick cloud cover, which cuts off the incident solar radiation. During such
times, the shade should be reduced by lopping or pollarding of shade trees. The
shade trees should also be trained to provide an even and a good cover for tea
especially during dry/hot months.

Pollarding is done by cutting off the upper branches of the crown of the tree at the
desired height, which also induces lateral growth of the branches. In Sri Lanka,
pollarding ofGrevillea robusta is done at a height of 5 m when they are 10 years old,
and in Albizia at a height of 5.8–6 m when they are 3 years old (Ekanayake 2008).
Under south Indian conditions, at high elevations, pollarding is done at a height of
7.6 m, and development of three tiers of lateral branches between 6.1 and 7.6 m
height is recommended (Hudson and Muraleetharan 1999). At mid-elevations,
pollarding at a height of 9.1 m and promotion of lateral branches between 7.6 and
9.1 m is recommended. Annual lopping/de-suckering of the pollarded trees is also
essential, to remove the clusters of branches arising at the pollarded level. While
pollarding, it is essential to leave at least 20% of the foliage in the remaining laterally
spreading branches.
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7 Wind Belts

Wind belts should be established to protect tea in windswept areas. In the upcountry
of Sri Lanka, a mixed stand ofGrevillea robusta andHakea saligna or Acacia spp. is
recommended at right angles to the direction of the wind (Ekanayake 2008). In the
low country, a mixed stand of Fragrarea fragrans and Gliricidia sepium is used.
The tea itself also is used in certain areas as a wind break, by allowing two to three
adjacent tea rows to grow freely. Wind barriers in the form of physical structures
made from grass or other materials are recommended only for young tea in Malawi,
for areas prone for winds (Grice 1989). Windbreaks established by trees are not
recommended for young or mature tea in Malawi, as crop loss is anticipated due to
the shade cast by such windbreaks.

8 Effects of Shade Trees on Tea

Presence of shade trees in tea plantations is known to impart multifold beneficial
effects for tea, such as conservation of soil and soil moisture, reduction of incident
solar radiation, protection from high temperature, reducing humidity injuries,
maintaining soil fertility and recycling of nutrients, addition of organic matter to
the soil, and addition of nitrogen by the root nodules of leguminous trees (Obaga
1984; Hudson and Muraleetharan 1999). Shade also helps in achieving better
distribution of crop and minimizing incidence of pests.

As drawbacks, the shade trees also transpire a considerable amount of water and
also use up the nutrients in the soil. Further, heavy shade creates undesirable
environmental conditions for growth and yield of tea. Hence, it is important to
consider these interactions in establishment and management of shade.

8.1 Modification of Microenvironment

Tea grown with shade trees forms a mini-forest system, with a few canopy strata,
modifying the microclimate. Increment of the relative humidity and lowering the
sunlight intensity, ambient temperature, and wind velocity can be considered as
some of such modifications. In the case of smallholder lands, there can be even more
strata, modifying the microclimate even further. These modifications usually favor
the growth of the tea plant. However, there can also be adverse impacts, such as
increased incidence of blister blight disease (caused by the fungus Exobasidium
vexans Massee) with high relative humidity under shade.

Ediriweera and Anandacoomaraswamy (1999) reported that in a tea stand inter-
planted with 8-year-old Grevillea robusta L. as the shade tree, on a clear day the
shaded area ranged from 12% to 15%, highest during the early morning and lowest
during the noon. The canopy temperature under shade was 4–6 �C less than the
unshaded area. The relative humidity of the shaded area was marginally higher than
the unshaded area in the afternoon. The organic carbon content ranged from 3% to
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4%, with a high value around near the base of the tree and a low value midway in
between the shade trees. The mean leaf area index of the Grevillea canopy was 6.9
and the canopy extinction coefficient was 0.21. In a study carried out in China, in tea
interplanted with tree species, the light intensity was 20–30% less, the temperature
variations during the day and seasons were much less, the humidity was 2–5%
higher, and the wind speed was 10–20% less than in unshaded tea lands (Shuobo
et al. 1997).

8.1.1 Light Reduction Effects
Predominant effect of shade is to reduce the incident radiation flux at the tea canopy
level, but there can be other effects. With low radiation under shade, reductions in
transpiration have also been observed (Ripley 1967). Mohotti (1998) has reported
that field-grown tea gets light-saturated around 700–900 μmol m�2 s�1of photosyn-
thetically active radiation (PAR). On bright, clear days, unshaded tea receive over
1700 μmol m�2 s�1PAR around midday (Mohotti and Lawlor 2002; Wijeratne et al.
2008) under upcountry conditions of Sri Lanka. When tea is under about 35% shade,
the canopy receives about 1100 μmol m�2 s�1PAR, which is closer to light satura-
tion range, and hence the tea leaves recorded higher rates of photosynthesis than that
of unshaded plants (Wijeratne et al. 2008). Unshaded tea can receive high PAR,
resulting in photoinhibition of photosynthesis (Mohotti 1998). The shade decreases
the incident PAR flux, thus decreasing photoinhibition while maintaining a high rate
of photosynthesis. Karunaratne et al. (2003) observed a significant photoinhibition
on clear, sunny days, but not on cloudy days, which supports the relationship
between shade and photoinhibition. Therefore, the extent of photoinhibition in a
given agroecological region is determined by its proportion of clear, sunny days per
year. In environments characterized with only a small proportion of clear, sunny
days per year, giving too much shade could cause yield reductions due to a low
radiation budget of the tea canopy. In a field study across a range of locations with
different levels of natural shading, Gamage et al. (2007) have shown that the
optimum shade level for tea at lower altitudes (<600 m amsl) in the humid zone
of Sri Lanka is between 30% and 40%, which agrees with findings of Mohotti (1998)
andWijeratne et al. (2008). However, the best shade level for India has been reported
to be about 50% of incident radiation (Harler 1960).

Shade trees minimized sun scorch in tea leaves and branches, particularly after
pruning (Obaga 1984). In the absence of shade, the bush frame is suddenly exposed
to direct solar radiation, causing sun scorch of branches that are often prone to wood
rot, pathogen and pest attacks, etc.

8.1.2 Soil and Leaf Temperature and Relative Humidity
Shelterbelts reduced the wind speed and increased the diurnal range of temperature
in East Africa (Ripley 1967). Artificial and natural shade decreased diurnal temper-
ature variation, slightly increased humidity, and slightly reduced wind speed in a
mature tea stand (Ripley 1967). He reported that the decrease in leaf transpiration
was mainly due to the reduction in light intensity.
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Hadfield (1968) showed that in Malawi, when the ambient temperature reached
30–32 �C, leaves in full sunshine may reach temperatures of 40–45 �C, but shaded
leaves remained 1–2 �C below the ambient temperature. The temperatures of fully
exposed horizontal leaves were generally 2–4 �C warmer than erect or semi-erect
leaves. Mohotti and Lawlor (2002) reported that in high altitudes of Sri Lanka, the
leaf temperature reached about 30–32 �C around midday. When the tea was shaded
with nylon netting which cut down incident radiation by about 30%, the midday leaf
temperature was about 1.5 �C below that of the unshaded plants. Wijeratne et al.
(2008) showed that with increasing shade the leaf temperature significantly
decreased. The leaf temperature also decreased with increasing depth within the
canopy.

An experiment conducted for 2 years with different shade levels showed that
shade had a protecting effect on soil temperature fluctuations at different times of the
day and different seasons (Gogoi 1976). During summer, the soil temperature was
much higher in the full sunlight than under shade.

Under the environmental conditions of Malawi, shade was not considered as
essential, as the maximum temperatures reach 30 �C only during 2-month-long dry
period (Grice 1989). Hence, shade was considered to be beneficial only during this
time period. Furthermore, the tea yield under shade was found to be lower than those
unshaded, and hence, having shade trees was discouraged.

8.1.3 Wind Speed/Hail Damage
As the canopy of shade trees is much above that of tea plants, the shade trees can
minimize damage to tea by wind. In certain tea-growing areas of the world, i.e.,
Kericho and Nandi Hills areas of Kenya, East Pakistan, and Northeast India, hail
damage and soil erosion especially to young tea fields can cause major crop losses
(Obaga 1984). Therefore, establishment of shade trees in these areas is a means of
reducing crop losses. In tea-growing areas of the eastern slopes of Sri Lanka, too, tea
is protected from winds by shade trees and wind belts.

8.1.4 Interactions with Moisture and Nutrients

8.1.5 Moisture Relations Under Shade
The information available seems to be diverse in terms of the effects of shade on
moisture relations of soil. In a high altitude in Kenya, soil drying during the dry
season was more in soils with no shade trees than in tea soils interplanted with
Grevillea (McCulloch et al. 1966). However, Visser (1961) observed that at the
beginning of a drought, Grevillea and Erythrina conserved moisture but adversely
affected the tea during prolonged drought. Soil moisture available under Grevillea
andGliricidiawas slightly less than under Albizia gummifera and markedly less than
when no shade was present. Young shade trees compete with tea for soil moisture
(Gogoi 1976), possibly due to similar root depths. Properly managed mature stands
of shade trees conserve soil moisture, owing to reduction of solar radiation, lowering
soil temperature, and soil organic matter addition. The degree of competition with
tea also varies with the species of shade trees. Mature stands of Albizia chinensis,
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Albizia odoratissima, and Erythrina lithosperma are known to conserve soil mois-
ture in tea lands when compared with those unshaded.

8.1.6 Interactions with Nutrients
Direct effects of nutrient recycling may occur due to leaf fall, lopping and pollarding,
uptake by different depths of soil, and biological nitrogen fixation by roots of some
species (i.e., Albizia spp.). There are also indirect effects of shade on nutrient
recycling.

In experiments carried out during the 1940s, it was found out that the yield
increase due to inorganic fertilizers was less under shade (Gogoi 1976; Obaga
1984). In a trial carried out in northeast India on 12 tea jats, the interactions of
shade with nitrogen were highly significant (Gogoi 1976). In Assam, growing tea
under shade without N fertilizer gave the same yield as tea grown with adequate N
supply under full sunlight (Harler 1960). However, dense shade is also reported to
impair photosynthesis and dry matter production and affect the uptake, utilization,
and response to nutrients, especially nitrogen (Harler 1960; Grice 1989; Hudson and
Muraleetharan 1999). Beer (1987) reported that for many perennial crops grown in
inferior soils, shade is beneficial, especially as shade slows down the metabolic
activities of the plants and therefore decreases the demand for soil nutrients.

Smith et al. (1993) observed an interaction between photoinhibition and N
nutrition only in treatments that were receiving 225 kg N ha�1 year�1 or less.
Although treatments receiving higher N rates (e.g., 375 kg N ha�1 year�1) showed
light saturation around 1400 μmol m�2 s�1 of PAR, photoinhibition was not
observed (i.e., up to 2000 μmol m�2 s�1). This is in agreement with the results of
Mohotti and Lawlor (2002) who showed that photoinhibition of tea is minimized,
but not completely eliminated, by abundant nitrogen supply. With abundant N
inputs, the rates of photosynthesis increased in comparison with low N and unshaded
conditions (Mohotti et al. 2000). The unshaded plant photoinhibition, during midday
of bright, clear days, was minimized with abundant N supply. In a study conducted
in China, the nitrogen metabolism was shown to be more efficient under 50% and
90% shade than under unshaded conditions (Shuobo et al. 1997).

8.2 Shade Effects on Physiology of Tea

Investigations on photosynthetic partial processes (i.e., light capture, electron trans-
port, photochemical and non-photochemical energy quenching, and carboxylation)
by Mohotti et al. (2000) and Mohotti and Lawlor (2002) have shown that the entire
photosynthetic apparatus of tea is shade-adapted.

Leaves of glass-house and field-grown tea plants under shaded conditions showed
a 40% higher maximum rate of photosynthesis compared with unshaded leaves in Sri
Lanka (Mohotti 2004), which was attributed to the higher efficiency of some partial
processes of photosynthesis. Under shaded conditions, along with a decrease in leaf
temperature, an increase in rate of total linear electron transport, direction of a larger
proportion of the electron transport products to CO2 fixation, and a smaller
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proportion to photorespiration occurred. Studies with young tea plants under con-
trolled environmental conditions have shown that shade increased photosynthesis by
increasing the efficiency of photosystem II and the rate of linear electron transport
(Mohotti et al. 2000). Higher N inputs improve the performance of unshaded plants,
as shown by increased rates of photosynthesis, compared with low N in unshaded
conditions. Several studies have shown that photosynthesis of tea decreases due to
photoinhibition when the light intensity increases beyond 1400–1500 μmol m�1 s�1

(Smith et al. 1993; Mohotti and Lawlor 2002). Karunaratne et al. (2003) indicated
that the midday depression of photosynthesis observed around 09:00 to 11:00 h local
time on clear days was less noticeable under shade.

Photoinhibition of the unshaded tea plants is a result of increasing irradiance, leaf
temperature, and vapor pressure deficit of the air, which decreased the stomatal
conductance. Mohotti and Lawlor (2002) observed that in field-grown mature tea,
the irradiance, leaf temperature, and vapor pressure deficits of the air increase with
the progress of the day toward midday with a correspondingly decrease of the
stomatal conductance and sub-stomatal CO2 concentration, which lead to reduced
RuBP carboxylation and photosynthesis. With low carboxylation, a greater percent-
age of excitation energy was directed towards non-photochemical quenching, and as
a result photoinhibition increased (Mohotti et al. 2000). Shade also increased the
stomatal conductance, thereby allowing greater CO2 influx, which resulted in
directing a greater proportion of excitation energy towards carboxylation (i.e.,
increased photochemical quenching), which in turn decreased photoinhibition
(Mohotti et al. 2000; Mohotti and Lawlor 2002; Karunaratne et al. 2003).

Several studies have shown that photosynthesis of tea decreases due to
photoinhibition when the light intensity increases beyond 1400–1500 μmol m�2 s�1

(Smith et al. 1993; Mohotti and Lawlor 2002; Wijeratne et al. 2008). In a study
carried out in China, the photosynthetic efficiency in tea increased up to 50% shade
during the summer and autumn and up to 30% in the spring (Shuobo et al. 1997).
The photosynthetic efficiency gradually decreased thereafter with further increase in
shade level. Owing to the lowered light intensity and temperature, shading decreases
respiration and transpiration. Wijeratne et al. (2008) showed that the photosynthesis
of tea was highest with 35% shade (approximately 12.2% higher than in unshaded
leaves), followed by 65% shade and unshaded plants. The stomatal conductance was
highest in the medium shade, followed by high shade (65% shade) and unshaded
plants. Accordingly, the photosynthetic apparatus of the tea plant is shown to adapt
to different shade conditions. The radiation use efficiency of tea was lowest when the
leaves were unshaded and it significantly increased with increasing shade as well as
with the depth of the canopy, showing its flexibility in adaptation to different light
environments. As tea is thought to have originated as an understory plant in the
tropical rainforests (Eden 1976), it is likely that its photosynthetic apparatus is
adapted to function with maximum capacity under shade.

The shade also decreases the air and leaf temperatures, which can have direct
effects on photosynthesis. Hadfield (1968) reported that the net photosynthesis
sharply declined at leaf temperatures above 35 �C. Between 39 and 42 �C, there
was no net photosynthesis. Respiration continued up to 48 �C above which
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temperature the leaf tissue was irrevocably damaged. Wijeratne et al. (2008) showed
that the leaf temperature significantly decreases with increasing shade treatment as
well as with increasing depth of the canopy.

8.3 Effects of Shade Trees on Anatomy of Tea Plants

In a study carried out in China, the thickness of the whole leaf, upper cuticle layer,
palisade, and spongy tissues decreased under shade but increased the ratio of
palisade to spongy tissue (Shuobo et al. 1997). In a study carried out in Sri Lanka
with mature, field-grown tea, unshaded plants exhibited typical “sun” characteristics,
i.e., significantly higher canopy depths and specific leaf weight (Wijeratne et al.
2008). Typical “shade” characteristics were observed in leaves of the shaded plants
as well as in the leaves in lower layers of the canopy. Leaf thickness and palisade
layer thickness decreased significantly with increased shade level and canopy depth.
However, the stomatal density and none of the photosynthetic pigments showed a
significant difference with the increased shade level and depth of the canopy in this
study.

8.4 Effects of Shade Trees on Growth and Yield

Besides the beneficial physiological effects of shade on tea, many workers have
reported different effects of shade on shoot growth, yield, and yield components.

In India, a rapid yield decline was observed from the second year of shade
removal although it has shown an increase in yield in the first year (Barua and
Gogoi 1979). In a series of experiments conducted under Northeast Indian
conditions with about 50% shade provided by bamboo screens, Barua (1961)
showed that the growth and yield and the weight of prunings of tea significantly
increased under shade. Hudson and Muraleetharan (1999) indicated that the optimal
light intensity that promotes growth of tea shoots is about 60% sunlight. In an
experiment carried out in Kenya, shoot extension, leaf water potential, and shoot
dry mass were highest under artificial shade compared to unshaded and under a stand
of Grevillea robusta planted at 12.1 m � 12.1 m spacing (Othieno and Ng’etich
1992). Aoki (1982) reported that the photosynthetic rates increased with leaf devel-
opment in unshaded leaves, but shading retarded this increase in growth. However,
the maximum leaf area was found to be under 35–50% light intensity and minimum
under full sunlight. In a study carried out in China, bud density (no. of buds/
1000 cm2 plucking table) decreased by 15.2% and 36.4% under 50% and 90%
shade, respectively, while the average bud weight was much higher with 50% shade
than with unshaded and 90% shaded conditions (Shuobo et al. 1997). The buds
under shaded conditions were much more vigorous than those under sun-lit
conditions. On the contrary, under the conditions of Malawi, the annual yield
without shade was found to be higher than that with shade (Grice 1989).
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In a tea plantation with Grevillea robusta at a high elevation (2130 m) in Kenya,
varying degrees of shade, yields have shown highly significant negative correlations
with shade (McCulloch et al. 1966). Increasing shade level decreased terminal bud
activity, the number and duration of active phases, the number and dry weight of
leaves, the number and length of side shoots, and girth of stem (Kulasegaram and
Kathiravetpillai 1980).

8.5 Effects of Shade Trees on Pests and Diseases of Tea

Among the multifold effects of shade trees, Hudson and Muraleetharan (1999)
emphasized that it also helps minimizing the incidence of pests, especially mites
and thrips. Shade decreased the red spider mite attack in India (Harler 1960). Having
shade could reduce the building up of mite populations in the dry season, although
some shade trees such as Grevillea are known to harbor some mite species attacking
tea, such as scarlet mite (Brevipalpus californicus) (Senaratne 2008). Banerjee
(1969) reported that removal of shade increased the numbers of red spider mite
(Oligonychus coffeae [Neitner]), scarlet mite (Brevipalpus phoenicis [Geijskes]),
pink mite (Acaphylla theae [Watt] Keifer), and purple mite (Calacarus carinatus
[Green]).

The branches of tea are highly vulnerable for sun scorch soon after pruning,
which provide good entry points for fungi causing wood rot (Arulpragasam 2008).
Such stems with wood rot can be invaded by pests such as live-wood termites (i.e.,
Glyptotermes dilatatus) or scavenging termites (Vitarana 2008). Therefore, shade
effects on preventing sun scorch of pruned branches help reducing pest infestations
such as live-wood termite. At lower elevations of Sri Lanka, the shade tree species
Gliricidia sepium can also act as a diversionary host for the low-country live-wood
termite (Ekanayake 2008) reducing the chances for termites to attack tea bushes.

There is a direct relationship between the shade and the incidence of blister blight
disease caused by the fungus Exobasidium vexans (Arulpragasam 2008). During
heavy rains and monsoon periods, presence of heavy shade can cause severe
economic losses due to the environmental conditions favoring the disease.

Despite its suitability as an ideal shade tree in tea plantations in higher elevations
of Sri Lanka, Grevillea robusta has recently been identified as quite vulnerable to
infestation by parasitic plants, particularly the mistletoeDendrophthoe falcata (Yapa
et al. 2018). Further, decline and death ofGrevillea trees have been recently reported
from many tea estates in Sri Lanka (Niranjan and Sinniah 2016). It is not yet clear at
this stage whether the primary cause of the decline is due to parasitic plants, but
declines of woody perennials have been reported due to the occurrence of parasitic
plants elsewhere (Dolezal et al. 2016).
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8.6 Effects of Shade Trees on Tea Quality

Flavonoids, which are secondary metabolites that possess protective roles in the tea
plant, play a major role in quality determination. Flavonoid biosynthesis often
increases in response to external stress factors such as excessive UV light, drought,
cold temperature, and pathogen infection (Wang et al. 2012). Light is an important
environmental parameter that drives photosynthesis and regulates plant growth and
development. It also can have profound effects on flavonoid biosynthesis and
subsequently on tea quality. However, the opinions on the effects of shade on tea
quality too seem to be divided.

Shade had notable effects on both flavonoid and lignin biosynthesis but had no
significant effect on anthocyanin accumulation (Wang et al. 2012). Color and
strength of the liquor was found to be better under shade in Assam, India (Rahman
et al. 1978). With orthodox tea manufacturing, artificial shade improved the tip
content, while infused leaf, quality, and briskness were better under unshaded
condition. With CTC manufacturing, none of the attributes were changed with
shade. Tea manufactured from tea bushes highly shaded by Grevillea robusta at a
high elevation (2130 m) in Kenya fetched much lower prices than that from
unshaded tea bushes (McCulloch et al. 1966). In China, shading increased the
contents of total amino acid, caffeine, chlorophyll, and nitrite compounds and
decreased the catechin and polyphenol contents. The shaded tea also produced
more succulent leaf with higher moisture contents in all the seasons. The overall
result was a decrease in quality (Shuobo et al. 1997). Owuor et al. (1988) reported
that chemical parameters such as theaflavin, thearubigins, and flavor index of CTC
tea in Kenya have been changed favorably with the presence of shade in tea.

9 Tea-Shade Tree Intercrop as an Agroforestry System

Although at the inception shade trees were considered important merely for provi-
sion of shade per se, it is clear from the above discussion that shade trees in tea
plantations can provide multitudinal benefits for physiological processes of tea,
yield, yield quality, etc. as summarized in Fig. 2. Further, with increasing contribu-
tion to the national tea production by smallholders who maintain their tea with many
tree species in combination, it is more appropriate to consider tea systems as
agroforestry systems. The tree species planted in smallholdings may serve
multipurposes, such as providing food/fruits [e.g., mango (Mangifera indica), avo-
cado (Persea americana), jak (Artocarpus heterophyllus), citrus, etc.], timber [e.g.,
mango, jak, toona (Toona ciliata), mahogany (Swietenia macrophylla), etc.], fuel-
wood (e.g., Gliricidia), medicinal [e.g., neem (Azadirachta indica), etc.], cash crops
[e.g., cloves (Syzygium aromaticum), nutmeg (Myristica fragrans), etc.], and wood
for other purposes such as fencing, etc. in addition to providing shade and green
manure. In a world with increasing population and decreasing land availability for
agriculture, increasing productivity of a unit land area (land productivity) is more
sustainable and the way forward. In that light, growing trees with multiple uses as
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shade trees in tea plantations will be an inevitable option in the future for ensuring
much needed ecosystem services.

However, other advantages of maintaining shade trees in tea plantations such as
the income generation from their products, for example, timber, fuelwood, and
bioenergy, level of carbon sequestration in the field, carbon trading opportunities,
and ecosystem services are little studied and estimated, yet extremely important.
This has been further stressed by increasing awareness of the environmental costs
associated with high-input monocultures and environmental hazards such as soil
erosion on sloping lands. Thus, in addition to direct benefits to the tea industry,
attention should be given to the contribution of shade trees for ecosystem services
such as maintaining biodiversity, carbon sequestration, carbon trading opportunities,
soil fertility management and rainwater harvesting, etc., as comprehensive assess-
ment of all such is currently lacking. This is mainly due to the lack of integrated and
holistic approach on the tea and shade tree system as one unit in many parts of the
world. Thus, it is timely to reevaluate the system using the agroforestry principles to
capture all such benefits.

9.1 Shade Trees as a Source of Nutrients/as a Source of Green
Manure/Organic Carbon

The lopping of shade trees provides large quantities of organic matter, which
improves the physical, chemical, and biological properties of soil (Ekanayake
2008). The medium shade trees serve a dual purpose by providing both shade and
green manure to the tea fields. Gliricidia could be lopped 2–3 times a year, and

Fig. 2 Components/interactions/benefits in a tea-shade tree system. The inner box shows direct
interactions, and the outer box, indirect interactions
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dadap and Calliandra could be lopped 1–2 times a year. Between rows of young tea,
green manure crops such as Crotalaria anagyroides, Sesbania sesban, or Crotalaria
usaromoensis could be grown.

The shade trees interplanted with tea had many benefits in terms of improving the
soil, in China (Shuobo et al. 1997). The shade trees improved soil aggregation, soil
organic matter content, availability of nutrients, and fixed N and decreased runoff
and soil erosion. Lopping of shade trees is known to add about 30 tons of organic
matter per hectare over a period of 4–5 years in India (Hudson and Muraleetharan
1999). In East Africa, total annual leaf fall from G. robusta shade trees and tea
bushes has been estimated at 6.5 tons dry matter per acre (Gogoi 1976). The leaf
litter from a stand of A. chinensis trees casting a shade of 50–60% of full sunlight is
reported to add 2.5–5 tons of dry matter per hectare per year (Hadfield 1974; Gogoi
1976). Such litter contains nutrient content of 63–126 kg N, 18–36 kg P2O5,
22–44 kg K2O, 32–64 kg CaO, and 16–32 kg MgO. Shade trees, mainly Albizia
chinensis, are assumed to produce tea yields equivalent to that produced by the
application of nitrogen at the rate of 100 kg ha�1 year�1 (Obaga 1984).

Planting of shade trees and application of sulfate of ammonia to tea lands in
Assam, Northeast India, has shown markedly high outturns (Harler 1960). It has
been reported that the planting of shade trees was preferable and safer than continued
application of large doses of sulfate of ammonia in the absence of shade.

9.2 Shade Trees in Climate Change Mitigation and Carbon
Sequestration

Climate change effects are experienced by all crops across the globe, and all major
tea-growing countries, i.e., Sri Lanka (Wijeratne et al. 2007), Kenya (Elbehri 2015),
India (Duncan et al. 2016), and China (Nemec-Boehm et al. 2014), have claimed
vulnerability of their tea lands to climate change (Marx et al. 2017). The tea-growing
agroecological regions of Sri Lanka with average temperatures above 22 �C, annual
rainfall below 2000 mm year�1 and high variability, and poor soil conditions are
considered as particularly vulnerable (Wijeratne et al. 2007). Further, tea yields
especially at low elevations are likely to reduce due to climate change.

Among many adaptation measures to minimize climate change impacts, diversi-
fication of marginal lands as energy/timber plantations, soil and moisture conserva-
tion, improvement of soil organic matter content, and planting/management of shade
trees have been identified as of prime importance. Of these, planting and manage-
ment of shade trees can be considered as extremely important, since it has many
other benefits such as soil and moisture conservation, organic matter addition,
carbon sequestration, etc. Shade trees help in mitigating climate change effects
mainly by reducing temperature and addition of soil organic matter. Further, shade
trees have a great carbon sequestration potential. When they are added to the tea
ecosystem, carbon sequestration potential of the overall tea plantation increases
tremendously (Wijeratne et al. 2014). The tea plantations in low country,
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mid-country, upcountry, and Uva regions of Sri Lanka had the potential of
sequestering 6659, 3497, 2344, and 5085 kg of C ha�1 year�1, respectively.

9.3 Classification and Estimation of Carbon Stocks of Shade
Tree-Based Agroforestry Systems

In order to visualize the importance of shade tree-based tea agroforestry system, it is
appropriate to classify the systems (i.e., high-density vs low-density shade, two
storied vs single storied, mixed vs line planting) using GIS-based techniques
(Premakantha et al. 2008) and to estimate its timber and carbon stocks using large
area inventory with GIS techniques (Premakantha et al. 2012). This helps estimating
the distribution of different tea-shade-tree-based agroforestry systems and their
potential benefits for necessary policy implications for the future. This will in turn
enhance the value of tea-based agroforestry systems.

For example, Premakantha et al. (2012) estimated a total wood volume of
2,935,791 m�3 in tea-based systems in the Nuwara Eliya district of Sri Lanka,
which comprised of 52.9% of the total wood volume of the district. The shade
trees provided a considerable amount of wood volume, of which G. robusta
provided 20.39 m3 ha�1, G. sepium 0.11 m3 ha�1, and C. calothyrsus
0.02 m3 ha�1. Estimated total carbon content in tea-based systems was 1524 Gg in
79,182 ha (19.2 t ha�1).

9.4 Shade and Ecosystem Services

Shade trees also can be considered as important agents in providing many ecosystem
services. For example, in a study done in coffee plantations across six agroforestry
and tree cover transition studies spanning in tropical/subtropical forest zones in three
continents, the absence of shade trees resulted in loss of native earthworm
populations, which in turn caused a reduction of 76% of soil macroporosity.
Increased tree cover contributed to 53% increase in tea crop yield, maintained
93% of crop pollinators found in the natural forest and nearby forest fragments,
and contributed to as much as 86% lower incidence of coffee berry borer (Barrios
et al. 2017). In a study carried out in Yunnan, China, where tea is traditionally grown
under forest, biodiversity, soil and water conservation, natural pest regulation,
climate regulation, contribution to carbon storage in trees, etc. were proven to be
significantly high in comparison with modern tea terraces (Liang et al. 2013).
However, detailed studies in tea-shade tree systems are still lacking.
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10 Conclusion and Way Forward: Shade Tree-Tea System
as a Climate-Smart Agricultural Landscape System

Present-day agriculture holds many challenges ahead in view of the ever-changing
needs of humans, rising populations, land fragmentation, limitation and competition
for resources, environmental degradation, climate change and its consequences, etc.
Although tea was traditionally grown in large monoculture plantations, present trend
across the world is to increase smallholder contribution. With these challenges
ahead, the tea landscape needs revisiting by following agroforestry principles and
adding value to the tea-based ecosystem with shade trees in climate-smart agriculture
(CSA) landscape models as the way forward. CSA has been considered for many
sectors in Sri Lanka (World Bank and CIAT 2015), and such models have also been
discussed and implemented in Kenya (Milder et al. 2015; Minang et al. 2015). In
CSA, integrated landscape management principles are applied to incorporate climate
change adaptation and mitigation goals into multifunctionality in rural landscapes. It
includes many field- and farm-scale widely used agricultural practices, such as
agroforestry, crop residue management, water harvesting and irrigation, indigenous
crop and agrobiodiversity conservation and use, etc. This is done by carrying out
landscape-scale planning, policy, land management, support activities, improving
coordination, and alignment of activities, policies, and investments among sectors
and scales.

Taking the ideal smallholder as the model, with all components in place, country-
and region-specific CSA models may have to be developed in the future. However,
as mentioned above, this will require proper planning, government policy-level
interventions, land management, and support activities such as development of
knowledge management systems. Evaluation of such existing models also will
provide wealth of information for development of perfect tea-shade tree systems
for future.
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Use of Biotechnology for Crop
Improvement in Sri Lanka: Current Status
and Future Prospects

P. C. G. Bandaranayake

1 Introduction

Recent crop breeding efforts and advances in agricultural practices have contributed
significantly to the annual gain of 0.8–1.2% in crop productivity in the world.
Nevertheless, further improvement is essential to keep up with demand for feeding
9.7 billion people in 2050. A linear increase of productivity is needed to achieve the
projected 100% increase in global demand for food, feed, and fiber by 2050 (Tilman
et al. 2011). For example, global production of major cereals, maize, wheat, and rice,
needs to be increased at the rate of between 1.16% and 1.31% annually (Hall and
Richards 2013; Fischer et al. 2014) to satisfy the 2% yearly increase in the world
population (FAO 2011). Nevertheless, such achievements are very challenging since
there is limited room to improve the harvest index further (Fischer and Edmeades
2010). The anticipated yield increments of crop plants are also challenged by the
escalating occurrence of adverse environmental consequences due to climate change
and the manifestation of more aggressive strains of pests and pathogens (Nelson
et al. 2014; Garnett et al. 2013).

Sri Lankan population is projected to increase by about 18%, from 20.3 to 23.9
million before plateauing it by 2050 (DCS 2012; UN 2012). Rice is the staple food of
Sri Lanka, and it comprises of approximately 40% of the total crop production (FAO
2018a). Sri Lanka has been self-sufficient in rice, producing 100% domestic con-
sumption since 2005 (DCS 2018; FAO 2018a). Several initiatives including high-
yielding varieties, paddy expansion, and increased use of irrigation and fertilizer
contributed immensely to increase rice production to meet the target (DCS 2018;
FAO 2018a). Nevertheless, a recent analysis has predicted that Sri Lanka may need
to increase water use and nitrogen fertilizer application by as much as 69% and 23%,
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respectively, to achieve self-sufficiency in rice in mid-century (Davis et al. 2016).
Currently, 90% of the total water withdrawals in Sri Lanka are used for agriculture
(FAO 2018b), and much of it are utilized for rice production (FAO 2018a). There-
fore, the challenge would be to maintain self-sufficiency in rice while utilizing lesser
amount of resources. Situation is more or less similar for other food crops. Therefore,
new crop varieties are needed to achieve higher productivity with less amount of
resources.

Genetic improvement or success of crop breeding has been described by the
concept of genetic gain. A linear progress of 2% genetic gain has to be achieved to
sustain the productivity (Ray et al. 2012). It is a huge challenge when crop yields
have reached a plateau in some regions in the world, due to the narrow genetic base
and lack of potential to increase harvest index within elite breeding stocks (Ray et al.
2012). Basically, genetic gain in a crop breeding program is determined by the
equation ΔG ¼ ihσA/L, where i is the selection intensity, h is the square root of the
heritability in the narrow sense, σA is the square root of the additive genetic
variance, and L is the length of breeding cycle interval or generation (Heffner
et al. 2010; Ray et al. 2012). Accordingly, introduction of new promising alleles
through rapid breeding cycles seems an efficient mechanism to improve the rate of
gain significantly, and it could help to achieve the goal of feeding the projected
population in 2050 (Reviewed by Li et al. 2018). There are many biotechnological
tools available and applied around the world for introduction of favorable alleles and
to speed up the breeding efforts. These can be broadly categorized into two major
approaches, viz., marker-assisted selection (MAS) and genetic modifications (GMs)
(Moose and Mumm 2008). This review discusses application of such key biotech-
nological tools in current food crop improvement programs in Sri Lanka. Further, the
discussion will be extended to the future prospects and major challenges faced in the
crop biotechnological research and development.

The research references included here are on major food crops, conducted in Sri
Lanka and published as full papers in peer-reviewed international or local journals
and proceedings. International journal articles and proceedings were accessed
through Web of Science, Google Scholar, and Scopus, while the local publications
were retrieved through the National Science Library and Resource Centre
maintained by the National Science Foundation of Sri Lanka. Further, publications
were collected from all science and agriculture libraries in major universities in Sri
Lanka and the Department of Agriculture, Sri Lanka.

2 Molecular Markers

Farmers first and the plant breeders later have been artificially selecting traits for
thousands of years aiming to shape plants for better growth and yield performance in
cultivated environments. These bulk breeding processes relied on transgressive
segregation, in which two genotypes would be crossed and breeders would select
offspring with better performance than their parents. This classical breeding process
has been repeated multiple times to produce the current elite varieties for most crops
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with many favorable alleles. Particularly, this process relied on the selection of
plants with desired phenotypes that have high heritability. Selection is done manu-
ally under field conditions across a number of generations. Generally, large breeding
populations are needed to achieve homozygosity of loci that encode desired traits,
and often more than six generations are required. It can therefore take more than
10 years to bring a new variety of crop to the market, and there is considerable
uncertainty about predicting the effects of combining phenotypes, which limits the
application of classical breeding to address global food security and meet the
challenges of food demands (Tester and Langridge 2010).

Molecular plant breeding on the other hand could improve the efficiency of the
classical breeding by using the marker-assisted selection (MAS) (Moose and Mumm
2008). For example, MAS is extensively used in crop breeding for indirect selection
of traits in progenies by monitoring genetic regions as markers associated with trait
of interest (Barabaschi et al. 2016). As a critical and effective method, MAS has
widely been applied to enhance crop yield, quality, and tolerance to biotic or abiotic
stresses (reviewed by Collard and Mackill 2008; Kaur et al. 2015; Kumar et al.
2011). Molecular markers also have other multiple roles to play in plant genetics and
breeding. For example, markers are vital for gene mapping and tagging, segregation
analysis, genetic diagnosis including pest and pathogen detection, genetic diversity
analysis, forensic examination, phylogenetic analysis, and many other biological
applications (Semagn et al. 2006; Lam et al. 2010; Singh et al. 2010; Sonah et al.
2011).

Nevertheless, in Sri Lanka, over 95% of the crop breeding programs still rely on
classical breeding approaches. Applications of markers are limited and used pre-
dominantly on genetic diversity assessments (Table 1) and pathogen detections and
identifications (Table 2). Identification of the genetic diversity in the existing
germplasm is the essential first step in plant breeding programs. Past breeding efforts
were mainly based on morphological characterization and screening of the existing
germplasm for particular trait. Molecular characterization can be done without
growing the plants in the field saving time and cost substantially. So far, majority
of genetic diversity studies were on rice (Table 1). This may be both due to existence
of a larger germplasm and the dynamic rice breeding program in the country.
Detection and identification of pathogens are important for crop improvement
programs. It is essential to know the pathogen or pest before designing efficient
resistance breeding program. Further, their population structures and evolutionary
mechanisms are important for developing resistant or tolerant crops. Molecular
detection and identification methods bypass tedious pathogen culturing steps, and
long procedures follow traditionally. This allows use of technology for routinely and
release of quality planting materials for breeding programs, commercial cultivations,
and exportation.

Several types of informative markers for DNA sequence polymorphisms have
been developed and used for decades (reviewed by He et al. 2014; Agarwal et al.
2008; Sonah et al. 2011). Among them, the most widely used techniques in Sri
Lanka include random amplification of polymorphic DNA (RAPD) introduced by
Williams et al. (1990), inter-simple sequence repeats (ISSRs) described by Bornet
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Table 1 Genetic diversity and characterization of germplasm

Crop Purpose Technique References

Capsicum
(Capsicum
spp.)

Diversity analysis SSR Chamikara et al.
(2014)

Carica
papaya

Identification of diseases Universal primers
for detection of
phytoplasma

Nadeeshani et al.
(2011)

Cashew
(Anacardium
occidentale)

Genetic diversity RAPD – five
primers

Ranathunge et al.
(2010)

Commercial
cultivars of
capsicum

Diversity analysis SSR Chamikara et al.
(2015)

Finger millet
(Eleusine
coracana)

Diversity analysis SSR Wakista et al.
(2015)

Mountain
papaya

Disease resistance to papaya
mosaic virus

Specific primers Rajapakshe et al.
(2017)

Mountain
papaya and
Carica
papaya

Characterization ISSR (2 primers)
and SSR
(11 primers)

Warnakula et al.
(2014)

Mountain
papaya and
Carica
papaya

Genetic diversity assessment SSR and ISSR Warnakula et al.
(2017)

Mung bean
(Vigna
radiata)

Genetic diversity in relation to
flowering behavior

SSR (3 primer
sets)

Thilakarathna et al.
(2016)

Onion (Allium
cepa)

Characterization RAPD – five
primers

Sumanasinghe
et al. (2005)

Papaya ring
spot virus

Detection, germplasm evaluation
for resistance

PRSV-specific
primers

Amalka et al.
(2015)

Pineapple
(Ananas
comosus)

Genetic purity RAPD – four
primers

Kondasinghe et al.
(2010)

Pomegranate
(Punicia
granatum)

Genetic diversity assessment ISSR – twenty
primers

Attanayake et al.
(2017)

Rice (Oryza
sativa)

Novel allele and protein structure
of mutated fragrant gene

Gene-specific
primers

Dissanayaka et al.
(2013)

Rice (Oryza
sativa)

Identification and characterization
of disease-resistant genes

R gene-specific
primers

Wijayalath et al.
(2005)

Rice (Oryza
sativa)

Screening for trehalose gene Trehalose gene-
specific primers

Perera et al. (2013)

Rice (Oryza
sativa)

Brown plant hopper resistance
and aroma

SSR Jayathilaka et al.
(2014)

Rice (Oryza
sativa)

Fragrance gene Allele-specific
primers

Anushka et al.
(2008)

(continued)

92 P. C. G. Bandaranayake



and Branchard (2001) and Reddy et al. (2002) and simple sequence repeats (SSRs)
introduced by Litt and Luty in 1989 (Tables 1 and 2). This could mainly be due to
simplicity of those techniques and cost-effectiveness.

In the past few decades, thousands of genes and tightly linked markers for various
agronomic traits have been isolated and characterized in many crops (Takeda and
Matsuoka 2008; Varshney et al. 2006; Collard and Mackill 2008; Kaur et al. 2015;
Kumar et al. 2011). However, the MAS breeding efforts in Sri Lanka are mostly
limited to rice (Table 3) and still at the research level: selection of markers from
published work elsewhere, optimization of PCR and screening process, and devel-
opment of breeding populations. Only few efforts are reported on identification of
new quantitative trait loci (QTLs) and marker development work (Dissanayaka et al.
2014; Gimhani et al. 2016). Single nucleotide polymorphism (SNP), introduced in
2002, is considered as the most abundant in a genome and suitable for analysis on a
wide range of genomic scales (Rafalski 2002; Zhu et al. 2003) and routinely being
used in plant breeding in other country lines (He et al. 2014). Surprisingly, the
SNP-based markers are not widely used so far in Sri Lankan breeding programs.

The genomic selection has been introduced as one of the most promising crop
breeding technologies for expansion of genetic gain (Crossa et al. 2017). Among
them, genotyping-by-sequencing (GBS) offers a definitive MAS tool to fast-track
plant breeding and crop improvement (reviewed by He et al. 2014). Latest develop-
ment of next-generation sequencing (NGS) technologies has led to whole genome
sequencing remarkably cheaper and efficient, enabling ultra-throughput sequences
to revolutionize plant genotyping and breeding including GBS (Crossa et al. 2017).
The GBS procedure starts with restriction digestion of genomic DNA, followed by

Table 1 (continued)

Crop Purpose Technique References

Rice (Oryza
sativa)

Seed storage SDS-PAGE Vithyashini and
Wickramasinghe
(2015)

Rice (Oryza
sativa)

Fragrant gene Allele-specific
primers

Wettewa et al.
(2011)

Rice (Oryza
sativa)

Fragrant gene – novel allele Allele-specific
primers

Dissanayaka et al.
(2013)

Rice (Oryza
sativa)

Characterization and selection of
phosphorus deficiency tolerance

SSR Aluwihare et al.
(2016)

Rice (Oryza
sativa)

Fingerprinting and
characterization

SSR Bandara et al.
(2009)

Rice (Oryza
sativa)

Diversity of cis-acting elements of
abscisic acid-responsive element-
binding protein

Bioinformatics Senavirathne et al.
(2017)

Rice (Oryza
sativa)

Salt tolerance RAPD Safeena et al.
(2003)

Yam
(Dioscorea
sp.)

Identification of different species RAPD – five
primers

Jayamaha et al.
(2006)
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the ligation of barcode adapter, PCR amplification, and sequencing of the amplified
DNA pool using Illumina sequencing technology and bioinformatics analysis. As an
efficient MAS tool and an economical technique, GBS has widely been used in many
counties for genome-wide association studies (GWAS), genomic diversity studies,
genetic linkage analysis, molecular marker discovery, and genomic selections.
Introduction of such efficient and cost-effective technologies (He et al. 2014)
would greatly benefit Sri Lankan crop breeding programs.

It is clear that Sri Lanka has more to explore in MAS, both in applications and
marker development research. Most of the applications so far are in rice breeding

Table 2 Detection and identification of pests and pathogens

Crop Purpose Technique References

16SiXI and 16SrXIV
phytoplasmas

Refinement of
taxonomy

Multilocus sequence
typing

Abeysinghe
et al. (2016)

Banana bunchy top
virus

Identification of
strains

Specific primers for
virus

Basnayake et al.
(2005)

Banana streak virus Identification of
strains

Specific primers for
virus

Gimhani et al.
(2005)

Begomoviruses
associated with
cucurbits

Molecular detection
and characterization

Specific primers Bandaranayake
et al. (2014)

Bipartite
begomoviruses
associated with
cucurbits

Molecular detection
and characterization

Specific primers Bandaranayake
et al. (2016)

Magnaporthe grisea Identification Repetitive element-
based PCR (rep-PCR)

Wimalasena
et al. (2009)

Papaya phytoplasma Identification –

dieback disease of
papaya

16S rDNA universal
primers for
phytoplasma

Abeysinghe
et al. (2014)

Papaya ring spot virus Detection, germplasm
evaluation for
resistance

PRSV-specific primers Amalka et al.
(2015)

Papaya ring spot virus Detection PRSV-specific primers Rajapakse et al.
(2016)

Phytoplasma in crops Detection Universal primers for
detection of
phytoplasma

Sarathchndra
et al. (2009)

Pineapple bacilliform
virus

Investigation of host
range

PCR with
PBV-specific primers

Kularathne
et al. (2005)

Seed potatoes Detection of
quarantine plant
pathogens

16S rRNA primers Fernando et al.
(2015)

Tomato spotted wilt Detection TSWV-specific
primers

Widana
Gamage et al.
(2014)

Virus in pineapple Virus indexing Mealybug wilt-
associated virus-
specific primers

Punchihewa
et al. (2009)
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Table 3 Marker-assisted selection

Crop Trait Type of marker(s) References

Rice
(Oryza
sativa)

Fragrant rice and decreased salt
tolerance

SSR Wijerathna et al.
(2011)

Rice
(Oryza
sativa)

Dehydration tolerance SSR Ranawaka and
Nakumara
(2012)

Rice
(Oryza
sativa)

Root traits SSR and SNP Saliha et al.
(2016)

Rice
(Oryza
sativa)

Root traits SSR Aberathna et al.
(2014)

Rice
(Oryza
sativa)

PUP 1 SSR Wijesekara et al.
(2013)

Rice
(Oryza
sativa)

Fragrant rice Fgr gene-specific primers Gunarathna
et al. (2009)

Rice
(Oryza
sativa)

Bacterial leaf blight pTA248 marker for Xa21 Gokarella et al.
(2009)

Rice
(Oryza
sativa)

Fragrant rice Fgr gene-specific primers Anushka et al.
(2008)

Rice
(Oryza
sativa)

Development of marker for the
badh2.7 allele – fragment rice

Cleaved Amplified
Polymorphic Sequences
(CAPS)

Dissanayaka
et al. (2014)

Rice
(Oryza
sativa)

QTL mapping of salinity
tolerance

SSR Dahanayaka
et al. (2017)

Rice
(Oryza
sativa)

Salinity tolerance – hybridity
assessment

SSR Gimhani et al.
(2014)

Rice
(Oryza
sativa)

Salinity tolerance Saltol QTL SSR Dahanayaka
et al. (2015)

Rice
(Oryza
sativa)

Submergence tolerance –
BC1F1

SSR Nawarathna
et al. (2014)

Rice
(Oryza
sativa)

Blast-resistant genes, Pikh, Pit
(p), and Pita

SSR Jayawardana
et al. (2015)

Rice
(Oryza
sativa)

Submerge tolerance – Sub-1 SSR Rathnayake
et al. (2012)

(continued)
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efforts. Currently, Sri Lanka is marginally self-sufficient in rice production and
needs to use 69% more water and 23% more nitrogen fertilizer to achieve self-
sufficiency of rice production in 2050 (Davis et al. 2016). However, there are limited
applications of MAS breeding in rice for water use efficiency and fertilizer use
efficiency (Table 3). Therefore, the rice breeders need to consider such traits and
accelerate breeding efforts to cater the demand. While other food crop breeders also
need to pay attention on application of MAS and improving the precision and the
efficiency of the breeding efforts, numerous challenges have been encountered in
adopting technology. For example, only several plant breeding stations at the
Department of Agriculture have at least basic biotechnology facilities such as a
PCR machine, equipment to run agarose gels, and a gel documentation system. No
lab in the country has robotic systems and high-throughput genotyping platforms.
Manual DNA extraction procedures (cetyltrimethylammonium bromide (CTAB) or
sodium dodecyl sulfate (SDS) based) with a large number of individuals, PCR with
several SSR markers, and loading and running polyacrylamide gels with those
samples are less attractive to the plant breeders. Therefore, such infrastructure
development would be the first and foremost effort toward application of MAS.
Further, most of the plant breeders in the country have not gained enough exposure
to new technologies.

3 Genetic Engineering

The advances in plant biotechnology have made it possible to identify and modify
genes responsible for specific characteristics. Crop genetic engineering, also called
GM, is a direct manipulation of crop genome using biotechnological tools (reviewed
by Schaart et al. 2016; Prado et al. 2014). The first GM crops were developed via
transgenesis – the process by which plants are engineered by inserting foreign DNA

Table 3 (continued)

Crop Trait Type of marker(s) References

Rice
(Oryza
sativa)

Phosphorus deficiency tolerance
Pup1

SSR Aluwihare et al.
(2016)

Rice
(Oryza
sativa)

Validation amylase content and
gel consistency

SSR Fernando et al.
(2015)

Rice
(Oryza
sativa)

Anaerobic germination-tolerant
QTL AG1

SSR Sartaj et al.
(2016)

Rice
(Oryza
sativa)

Discovery of salinity-tolerant
QTLs in a bi-parental population

SNP Gimhani et al.
(2016)

Rice
(Oryza
sativa)

Fragrant gene and growth
performances of fragrant rice

SSR Wijerathna et al.
(2014)
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sequences from different plant or other species that are sexually incompatible. In this
process, a gene or genes are inserted into a selected plant genome using precise
technologies. Transgenic crop plants are such genetically engineered plants with one
or more genes from another species (Francis et al. 2017). As this technology allows
the movement of genes from any source into any target plant, tremendous
opportunities exist to expand the genetic base used for improvement of quantity
and quality of yield. While crop genetic engineering started in 1983 by introducing a
bacterial gene to tobacco, the first transgenic food crop (i.e., Flavr Savr tomato) was
commercialized in 1994. Over the past 25 years, many transgenic crops and traits
have been commercialized. Most of the commercially successful GMs are transgenic
field crops, which account for greater than 90% of the soybean, 85% of the corn, and
90% of cotton, grown in the USA (Fernandez-Cornejo et al. 2014).

However, some critics and groups of general public were concerned about
integration of genetic materials into crops that cannot happen in natural ways. To
meet such concerns, two alternative genetic engineering methods, cisgenesis and
intragenesis, were developed (Schouten and Jacobsen 2008). In both methods, plants
are engineered only with genetic material derived from the same species or from
sexually compatible close relatives. However, unlike in cisgenesis, intragenesis
applications use hybrid genes, with genetic elements from different genes and loci
combined in vitro. Crops derived from both methods should not consist of foreign
sequences such as selectable makers and vector backbone. Currently, intragenic and
cisgenic crops are regulated as transgenic crops worldwide (European Food Safety
Authority (Committee 2012)). However, consumer surveys done with several
countries show higher public acceptance of intragenic and cisgenic crops compared
to transgenic crops (Delwaide et al. 2015).

RNA interference (RNAi) is a technique used to shut off or silence the transcrip-
tion of any native gene or genes. While the gene to be downregulated always belongs
to the same crop, the regulatory sequences may come from the same species, any
cross-breedable species, or any other living organism. Therefore, depending on the
sources of the regulatory sequences, the RNAi-based crops could be transgenic,
cisgenic, or intragenic. Non-browning apple and non-browning potato are two gene
downregulated crops recently entered to the US market (reviewed by Schaart et al.
2016; Parmar et al. 2017).

While our neighboring country, India, has been trying to resale Bt (Bacillus
thuringiensis) brinjal since 2009, Bangladesh deregulated Bt brinjal in 2014
(Choudhary et al. 2014), whereas Bt cotton has been released for commercial
cultivation in India. Sri Lanka is still developing the Biosafety Act and the necessary
legal framework for safe use of living modified organisms (LMO). Nevertheless, few
laboratory studies are being done in Sri Lanka on optimization of methodologies and
proof of concepts (Ratnayake and Hettiarachchi 2010; Ratnayaka et al. 2016; Peiris
et al. 2008). Genetic engineering research and development (R&D) is costly and
time-consuming. Intellectual property-related issues are also involved with already
patented technologies. Since the country has not materialized the legal framework
for R&D and future deregulation procedures, currently, the industry and government
entities are less likely to invest on GM crop development in Sri Lanka. Further, Sri
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Lankan consumers perceive GM food is having negative effects on human health
and prefer labeling (Senarath and Karunagoda 2012; Wijeratna and Bandaranayake
2014).

4 Gene Editing

The most recent tool added to the toolbox, gene editing technologies, allows
modification of a plant genome in a very precise manner. Often a single or few
bases in a genome is replaced or deleted and it is not different any means from the
frequently happening natural random mutations casing changes in the genome.
Similar to natural random mutations, consequences of genome editing are indistin-
guishable in the genome (Woo et al. 2015; Arora and Narula 2017). Genome editing
also allows for both intragenesis and cisgenesis, allowing scientists to replace genes
of one crop with another variety or close relatives, an essential goal in conventional
crop breeding as well. Therefore, genome editing allows to achieve the same
alterations as conventional breeding but much faster (Arora and Narula 2017;
Hussain et al. 2018; Schaart et al. 2016).

In the USA and many other countries, GM crops must be approved by regulatory
agencies before reaching the market. Since there are no physical, chemical, or
biological differences of random genetic mutations and gene-edited crops using
techniques such as CRISPR-Cas, scientists are of the view that there is no reason
for considering genome-edited crops as GMs (Huang et al. 2016). However, the
plants resulting from genome editing are analyzed carefully to document the precise
changes occurred and to confirm that no leftovers of foreign DNA remain, if such an
approach was used for genome editing process. Therefore, under the current US
regulation, when few nucleotides were edited in a crop with CRISPR-Cas or a
similar technique, to change one or more endogenous genes or pathways, the
resulting plant is not considered as a genetically modified organism (GMO). How-
ever, if the same technique was used to introduce an entire exogenous gene sequence
into a plant, the resulting plant would be considered a GMO. One such regulatory
body, viz., US Department of Agriculture (USDA), does not make the regulations
mandatory if crops do not contain “foreign” DNA. One such crop, a CRISPR/Cas-
edited white button mushroom developed by the Pennsylvania State University,
USA, became the headline of several leading publications (Waltz 2016a, b). White
button mushroom, which usually turns brown quickly, was engineered to resist
browning by making a small deletion in the specific polyphenol oxidase gene.
Many other crops are in the pipeline. Nevertheless, no published literature is found
in Sri Lanka, except a few at laboratory level.

Further, over time, introduction of genetically uniform crop varieties and selec-
tion for better traits would lead to deterioration of genetic diversity of crop plants.
With the available limited gene pool, conventional breeding alone would not satisfy
the growing demand for quality food and to face with the global challenges such as
climate change, as well as biotic and abiotic stresses. All crop plants have been
domesticated from wild relatives, and those close relatives of domesticated species,
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the crop wild relatives (CWRs), are a rich source of readily accessible genetic
material for crop improvement (reviewed by Brozynska et al. 2016; Kilian et al.
2011; Warschefsky et al. 2014). Sri Lanka being a country with rich biological
diversity including endemic wild relatives of crops such as rice has unique opportu-
nity to explore and use primary source of diversity for plant improvement. Recent
advances in NGS technologies, with a three million-fold increase in sequencing
throughput since 1975 and a million-fold decrease in cost over a decade (Bevan et al.
2017), provide us a venture for such initiatives.

Further, if the CRISPR-engineered crops are classified, as non-GM, the public
perception and distrust around GMOs would change. However, education of the lay
populace and communication with the public in an open and engaging way would be
the trail for success of integrating advance technologies for crop improvements.

5 Way Forward

To the best of my knowledge, only few research publications listed and discussed
above are gone beyond the research labs so far. For example, some pathogen
detection and identification systems developed and published by the Plant Virus
Indexing Centre are used for their regular testing purposes (Punchihewa et al. 2009).
While a considerable number of markers are validated for several traits in rice
(Table 3), only submerge tolerance (Nawarathna et al. 2014; Rathnayake et al.
2012) breeding program currently uses MAS. Further, no GM crop has gone beyond
proof of concepts. It is clear that Sri Lanka has barely exploited the potential of
biotechnology for crop improvement while the world is moving faster with new
technologies. There may be multiple reasons and limitations for less adaptability of
biotechnology in crop improvement efforts in Sri Lanka.

One of the major limitations is lack of trained personnel in the field. Even the
trained scientists with PhD or similar qualifications do not get further exposure to
technologies through continuous training to keep up with the fast growth in the field.
Therefore, the Sri Lankan government and the relevant authorities, such as the
University Grants Commission, the Department of Agriculture, the Department of
Export Agriculture, and other relevant line ministries should take this issue seriously
and invest more on human capacity building in agricultural biotechnology and
related areas. At the institutional level, the relevant leaders can implement activities
such as training of trainers, journal clubs, lab meetings, seminar presentations, and
online discussion groups to have continuous dialog with trained personnel and to
provide opportunities for others.

Physical capacity building is another important step toward application of new
technologies in crop breeding. For example, some regional-level research
institutions do not even have basic molecular biology lab facilities to implement
MAS. General molecular biology equipment such as thermal cyclers, gel documen-
tation systems, qPCR machines, freezers, etc. are needed for every molecular
biology lab. However, some high-end equipment such as high-throughput
genotyping systems, next-generation sequencing systems, metabolomics systems,
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etc. may be established in identified central facilities. It will also allow sustainable
use and good maintenance of high-end equipment.

Bureaucratic procurement system may also hinder the application of biotechnol-
ogy in crop improvement. In general, molecular biological chemicals and
consumables are expensive compared to regular analytical grade chemicals. Cur-
rently, all the biotechnological chemicals and consumables are imported to Sri
Lanka. There are several local businesses involved with importation. The govern-
ment research institutions and the universities are supposed to follow the established
procurement procedures. The local companies will only import after placing a
purchase order, which is the last step of the said procurement procedure. This
process can take several weeks to months. Options for addressing the above issue
would be to cut down lengthy procedures and have local storage at least for the
essential and most commonly used items.

Another noticeable factor is less interest and low investment of the private sector
in application of biotechnological tools for their breeding programs. The main
reason could be not having a proper legal framework for application and usage of
the technology. Establishing the Biosafety Act for safe use of recombinant DNA
technology would encourage private sector involvement. Further, the National
Science Foundation, the Coordination Secretariat for Science and Technology, and
the Ministry of Science and Technology have come up with the idea of establishing a
“biotechnology park,” with all the relevant industries and a government lab to
facilitate private-public partnerships. One more step forward, molecular biology
and recombinant DNA technology has recently been added to the high school
curriculum, and the applications such as crop improvement are highlighted (NIE
2017).

Taken together, biotechnology sector in Sri Lanka in general and application of
the technology in crop improvement specifically are growing slower than expected.
Much efforts and investments are needed to cope up with the demand for crop
improvement as well as regional and global technological advancements.
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SEM Second Inter-monsoon
SOM Soil organic matter
SSC Saturated soil culture
SWM South-West monsoon
Tb Base temperature
Tce Ceiling temperature
TGCs Thermal gradient chambers
Tmax Daily maximum temperature
Topt Optimum temperature
WP Water productivity

1 Introduction

Climate change is, generally, defined as a statistically significant change in the
overall state of the climate or a given climatic variable that has occurred over a
longer (usually >30 years) time scale (Stocker et al. 2013b). The state of the climate
over a given period can be defined in terms of means of different climatic variables
(e.g. temperature, precipitation, etc.) and their variability (e.g. coefficient of variation
of temperature, etc.). Therefore, climate change can involve either a long-term shift
in the mean or variability or both of a given climate variable. Measures initiated in
response to climate change can take one of two forms, namely, mitigation and
adaptation. Mitigation of climate change includes measures taken to reduce the
probability of future climate change by decreasing the emission rates of greenhouse
gases (GHGs) or by increasing the capacity of their storage sinks (e.g. forests). In
contrast, adaptation to climate change includes measures taken to reduce its impacts
(e.g. heat-tolerant crop varieties, modifications in crop management). Adaptation
also involves preparing for and adjusting to climate change.

Resilience to climate change can be defined as the ability to withstand the
impacts, particularly the adverse impacts, of climate change. In a stricter definition,
resilience refers to the ‘capacity of a system to absorb disturbances and still retain its
structure and function, while also keeping open the options to develop and change’
(Carpenter et al. 2011; Nelson 2011). With regard to cropping systems, a key
requirement for withstanding the adverse impacts of climate change is to ensure
long-term stability in crop yields while protecting their support systems. This
includes maintaining soil fertility and ensuring an adequate supply of external inputs
such as water and essential plant nutrients. As the availability of these inputs is
predicted to decrease with long-term climate change (Beddington et al. 2012;
Wheeler and Von Braun 2013), increasing the efficiency with which the crops use
external inputs to produce their yield constitutes another important aspect of climate
resilience in crops and cropping systems.

The two principal pathways of responding to climate change, adaptation and
mitigation, contribute to building climate resilience. As adaptation involves
minimizing the adverse impacts of climate change, effective implementation of
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adaptation measures leads to increased resilience of crops and cropping systems to
climate change. On the other hand, by reducing the drivers and causes of climate
change, mitigation measures slow down the rate of climate change and thereby allow
more time to develop effective adaptation measures and build resilience. The
interrelationships between resilience, mitigation and adaptation are illustrated in
Fig. 1.

2 Climate of Sri Lanka

The climate of Sri Lanka is essentially tropical, with three major climatic zones, the
‘wet’, ‘intermediate’ and ‘dry’ zones. In the Köppen-Geiger Climate Classification,
these correspond approximately to ‘equatorial rainforest, fully-humid (Af)’, ‘equa-
torial monsoonal (Am)’ and ‘equatorial savannah with dry summer (As)’ climates
(Kottek et al. 2006). Punyawardena (2009) and the website of the Department of
Meteorology in Sri Lanka (Anonymous 2018) provide concise descriptions of
essential features of the climate of Sri Lanka. Spatial and temporal variation of
precipitation, altitude and temperature are the key determinants in classifying the
agro-climate of Sri Lanka to 46 agro-ecological regions.

Fig. 1 Conceptual interrelationships between climate change mitigation, adaptation and increasing
climate resilience. (Adapted from ACT Information Leaflet, December 2015. www.
actiononclimate.today)
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3 Climate Change in Sri Lanka Within the Global Context

Observed historical trends of climate change in Sri Lanka since the 1870s when the
meteorological records began have largely followed the global trends for the
corresponding period. Therefore, a brief description of the main features of global
trends of past climate change is given to place the Sri Lankan trends within the global
context.

3.1 Global Climate Change

The clearest signal of climate change has been the sustained increases in
temperatures of the air, land and sea surface (Hartmann et al. 2013). Increased
atmospheric concentrations of greenhouse gases caused by human activities have
been the principal driver of increasing temperature in the earth’s climate system
(Rosenzweig et al. 2008; Shindell et al. 2009; Bindoff et al. 2013; Myhre et al.
2013). This increase has been shown not only in seasonal and daily mean
temperatures but also in maximum and minimum temperatures, at different spatial
scales such as global, regional and national (Karl et al. 2009; Sacks et al. 2010; Stott
et al. 2011; Donat and Alexander 2012; Hansen et al. 2012; Lobell and Gourdji
2012). Moreover, there has been a shift in the frequencies of climate extremes with
warm extremes becoming more frequent while cold extremes becoming less frequent
(Alexander et al. 2006; Lobell et al. 2007, 2011; Meehl et al. 2009).

In comparison to the clear trends towards a warmer climate, the historical
precipitation trends are less clear and show substantial spatial variation (IPCC
2013; Hegerl et al. 2015). While mid-latitudes in the Northern Hemisphere have
shown increasing precipitation trends, other latitudes exhibit both increasing and
decreasing trends, but with substantial inter-annual variability, thus decreasing the
confidence level in the observed trends (Stocker et al. 2013a). Trends in ocean
surface salinity have shown clear evidence that it has increased in areas where it is
already higher and decreased in areas where it is already lower, thus pointing to a
precipitation trend of wet areas getting wetter while dry areas getting drier
(Trenberth 2011; Collins et al. 2013; Hegerl et al. 2015). Analyses of long-term
precipitation data and simulation of coupled ocean-atmosphere climate models have
confirmed this trend, both globally and regionally (Liu and Allan 2013; Chou et al.
2013). Furthermore, the range between wet and dry season precipitation has
increased (Chou et al. 2013), owing to a greater increase in wet season precipitation
than a decrease in dry season precipitation. Similarly, the annual range between
maximum and minimum precipitation has increased in a majority of areas on a
global scale during 1979–2008, and simulations using a range of coupled ocean-
atmosphere models have predicted this trend to continue up to 2100 (Chou and Lan
2012).

The above asymmetry in the precipitation changes induced by global warming
means that even if the annual total of precipitation does not change, the frequencies
of excessively wet periods and droughts can increase. Furthermore, the frequency of
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excessive rainfall events has shown an increasing trend in many parts of the world,
probably as a result of a warmer atmosphere (Easterling et al. 2000; Groisman et al.
2005; Alexander et al. 2006; Klein Tank et al. 2006; Allan et al. 2010). The above
changes in the character of precipitation as induced by global warming have
increased the frequency and severity of drought. Based on the Palmer Drought
Severity Index (PDSI) (Palmer 1965), Dai et al. (2004) showed that, on a global
scale, areas categorized as ‘very dry (PDSI<-3)’ increased from 12% to 30% during
the last three decades of the twentieth century. Model simulations have shown clear
indications of increased frequency and intensity of droughts with future climate
change (Meehl et al. 2007; Sheffield and Wood 2008; Dai 2011).

3.2 Climate Change in Sri Lanka

There has been only limited work on the magnitudes of historical climate change in
Sri Lanka and its predictions for the future. All analyses of historical temperature
records, dating back to the second half of the nineteenth century, point to an
increasing trend in air temperature, with the magnitudes and rates of increase varying
in different climatic zones. As expected, precipitation shows much greater inter-
annual variability than temperature. Analysis of long-term precipitation records
shows declining trends in a majority of locations with a few showing increasing
trends. However, because of the greater variability, many of these long-term trends
are not statistically significant.

3.2.1 Temperature
De Costa (2008), in an analysis of the annual mean temperature (Ta) data from 1869
to 2007 from seven stations representing different climatic zones of Sri Lanka,
showed that decadal mean air temperatures in six out of the seven locations had
highly significant ( p < 0.001) increasing trends for the nearly 140-year period
(Table 1). Nuwara Eliya in the high-altitude (>900 m above mean sea level
(AMSL)) wet zone (>1200 mm year�1 of rainfall) showed a continuous decadal
warming at 0.106 �C per decade throughout the entire period. All locations except
Nuwara Eliya showed significant warming during the last three decades of the
nineteenth century, which was followed by a two- to three-decade period of cooling
at the beginning of the twentieth century. Thereafter, all locations except Kandy,
which is located in the mid-altitude (300–600 m AMSL) wet zone, showed a
continuous decadal warming trend up to the first decade of the twenty-first century.
Kandy showed a period of cooling during the two decades between 1950s and
1970s, which was followed by continuous warming, thus showing an overall cyclic
variation pattern over the 140-year period. The rates of warming during the nearly
80-year period (60-year period for Kandy) of continuous decadal warming ranged
from 0.065 (Ratnapura) to 0.195 �C (Anuradhapura) per decade. Notably, with the
exception of Ratnapura, the above rate of warming exceeded the global average of
0.74 �C per decade for the period from 1906 to 2005 (Solomon et al. 2007). By
analysis of frequency distributions, De Costa (2008) further showed that increases of
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Ta across its whole range rather than increases in the upper percentiles were
responsible for the above rates of warming.

3.2.2 Rainfall
A parallel analysis of decadal mean annual total precipitation (Pa) showed statisti-
cally significant declining trends in six out of the seven locations (Table 2) with
Nuwara Eliya showing the steepest decline at 51.6 mm decade�1. Periods of
continuous decadal precipitation could be identified in all locations, and the respec-
tive rates of decline ranged from 15.3 (Badulla, 1910–2007) to 120.6 (Kurunegala,
1970–2007) mm decade�1. Furthermore, in all locations, mean annual total precipi-
tation during 1990–2007 was lower than the corresponding means during
1950–1989, providing further evidence of precipitation decline. Analysis of fre-
quency distributions of Pa revealed that precipitation reductions in the highest and
lowest extremes contributed more to the overall reductions. Notably, a negative
correlation was observed between the amount of precipitation and its variability
(as measured by the coefficient of variation) across the whole range of locations,
indicating that rainfall variability is greater in the lower rainfall environments, thus
increasing the probability of drought. All seven locations showed significant nega-
tive correlations between annual mean temperature and annual total precipitation for
the whole 140-year period, with Nuwara Eliya showing the strongest (r ¼ 0.483,
p < 0.0001) with a rate of precipitation decline of 371 mm per 1 �C warming.

There is evidence that the frequency and intensity of drought in Sri Lanka will
increase with climate change (Eriyagama et al. 2010). De Costa (2009) showed
significant declining trends in the decadal mean annual total water balance, calcu-
lated as the difference between decadal mean annual total precipitation and potential
evapotranspiration, of six out of seven locations representing different climatic zones
over a nearly 140-year period from 1869 to 2008 (Table 3). The rates of decline
ranged from 22 (Kurunegala) to 55 mm (Nuwara Eliya) per decade. When the water
balances were calculated for different rainfall seasons, it was shown that the declines
in annual total water balance were primarily caused by significant declining trends in
the water balance during the South-West monsoon (SWM) and particularly during
the first 2 months of the SWM (i.e. May–June). Notably, water balance during the
North-East monsoon (NEM) did not show a significant trend at any of the locations,
while those during the First Inter-monsoon (FIM) and Second Inter-monsoon (SIM)
showed significant declining trends in only two (Anuradhapura and Badulla) and one
locations (Nuwara Eliya), respectively. In order to detect evidence of long-term
changes in the water balance, De Costa (2009) compared the average water balance
over three successive periods from 1869–1949 through 1950–1989 to 1990–2008.
Highly significant reductions in the average annual water balance (Table 4) and the
seasonal water balance during the SWM were shown with successive periods in all
locations except Colombo (Table 5). In contrast, significant reductions in the
seasonal water balance during the NEM over the three successive periods were
shown in only two (Anuradhapura and Kurunegala) out of the seven locations.
Notably, there was clear evidence that inter-annual variability in the annual and
seasonal water balances had increased across the three successive periods.
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Table 3 Long-term variation of decadal means of annual total water balance and the seasonal
water balance in the South-West monsoon during the period from 1869 to 2008

Location

Annual total water balance (mm)
Seasonal water balance in South-
West monsoon (mm)

Rate of changea � SE
(mm dec�1) R2

Rate of change � SE
(mm dec�1) R2

Anuradhapura �34�� � 10 0.49 �15��� � 3 (44%)b 0.64

Kurunegala �22� � 9 0.34 �12� � 6 (55%) 0.27

Kandy �31��� � 6 0.67 �25��� � 5 (81%) 0.67

Ratnapura �24� � 10 0.33 �19� � 8 (79%) 0.33

Badulla �29�� � 9 0.46 �9� � 3 (31%) 0.36

Nuwara Eliya �55��� � 7 0.86 �41��� � 6 (75%) 0.77

Colombo +14ns � 19 0.04 +13ns � 10 0.13

Source: De Costa (2009)
ns, non-significant at p ¼ 0.05; �significant at p < 0.05; ��significant at p < 0.01; ���significant at
p < 0.001
aSlope of the linear regression of water balance with time
bReduction of seasonal water balance during the South-West monsoon as a percentage of the
reduction of the annual total water balance

Table 4 Variation of annual total water balance of selected locations of Sri Lanka during three
defined time periods

Location

Annual total water balance � standard error (mm)

Probability for
significance

CV
(%)

1869–1949
(Period 1)

1950–1989
(Period 2)

1990–2008
(Period 3)

Anuradhapura �448 � 33 a �647 � 64 b �890 � 50 c
(99%)

<0.0001 �52

Kurunegala 330 � 53 a 305 � 61 a 9 � 74 b
(97%)

0.0046 127

Kandy 780 � 41 a 585 � 52 b 420 � 48 c
(46%)

<0.0001 40

Ratnapura 2113 � 57 a 1882 � 76 b 1845 � 104 b
(13%)

0.0083 22

Badulla 701 � 48 a 566 � 51 ab 407 � 70 b
(42%)

0.0082 60

Nuwara Eliya 1593 � 44 a 1268 � 56 b 1119 � 74 b
(30%)

<0.0001 25

Colombo 378 � 54 a 592 � 84 a 382 � 79 a n.s. 115

Source: De Costa (2009)
Note: For any given location, means with the same letter are not significantly different at p ¼ 0.05.
Mean separation was done with Duncan’s Multiple Range Test. CV coefficient of variation.
Percentage reduction of annual total water balance from Period 1 to Period 3 is given in parenthesis

Increasing Climate Resilience of Cropping Systems in Sri Lanka 115



4 Crops, Cropping Seasons and Cropping Systems in Sri
Lanka

Organized agriculture in Sri Lanka dates back to more than 2000 years. Despite its
relatively limited land area, a wide variety of crops and cropping systems can be
observed in Sri Lanka. The composition and distribution of these crops and cropping
systems are intimately linked to the highly heterogeneous climates that are found
across Sri Lanka. Two of the principal perennial crops, tea and rubber, are grown
mainly in the humid tropical climates of the wet zone. Coconut, the third major
perennial crop, is distributed throughout all three climatic zones, with the highest
concentration being in the intermediate zone. Because of its multiple products,
coconut is widely grown in home gardens so that it is distributed inland from the
coastal plains up to an altitude of ca. 300 m AMSL. Rice, the principal annual crop
and the staple food of Sri Lanka, is distributed across all three of its climatic zones.
Even though the well-distributed rainfall pattern of the wet zone can support rice
cultivation throughout the year, a major portion of Sri Lanka’s national rice produc-
tion comes from the dry and intermediate zones, where an elaborate network of tanks
and reservoirs makes rice cultivation possible during the drier period of the year. In
addition, a wide variety of annual crops are grown in the different climatic zones of
Sri Lanka. Grain legumes such as mung bean, cowpea, soybean and black gram are
confined largely to the dry zone with limited extents in the low elevations of the
intermediate zone. In contrast, the vegetable legumes such as common bean and

Table 5 Variation of seasonal water balance in the South-West monsoon in selected locations of
Sri Lanka during three defined time periods

Location

Seasonal water balance � standard error (mm)

Probability for
significance CV (%)

1869–1949
(Period 1)

1950–1989
(Period 2)

1990–2008
(Period 3)

Anuradhapura �656 � 21 a �716 � 22 a �844 � 27 b
(29%)

0.0002 �24

Kurunegala �85 � 31 a �89 � 32 a �254 � 51 b
(199%)

0.0143 �193

Kandy 287 � 29 a 124 � 30 b �26 � 24 c
(109%)

<0.0001 87

Ratnapura 1239 � 48 a 1097 � 61 ab 1018 � 91 b
(18%)

0.0249 31

Badulla �137 � 17 a �178 � 18 ab �238 � 35 b
(74%)

0.0197 �86

Nuwara Eliya 858 � 35 a 607 � 42 b 517 � 48 b
(40%)

<0.0001 39

Colombo 64 � 41 a 178 � 46 a 129 � 61 a n.s. 341

Source: De Costa (2009)
Note: For any given location, means with the same letter are not significantly different at p ¼ 0.05.
Mean separation was done with Duncan’s Multiple Range Test. CV coefficient of variation.
Percentage reduction of annual total water balance from Period 1 to Period 3 is given in parenthesis
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yard-long bean are grown in the mid- and upper elevations of the wet zone. A wide
range of vegetables belonging to families Cucurbitaceae and Solanaceae are grown
in all climatic zones. Some such as tomato are grown across the whole range of
climates, while others are more climate-specific. A majority of tropical vegetables
are largely grown in the dry and intermediate zones, while a limited number of
subtropical and temperate vegetables are grown in the mid- and upper elevations of
the wet and intermediate zones. Limited extents of potato are grown in the upper
elevations of the wet zone and in the extreme north during a 3-month window of the
year when the day-night temperature differential is large enough for adequate filling
of tubers. Sweet potato, cassava and a variety of indigenous yams are grown in lower
and mid-elevations of the wet and intermediate zones. A limited extent of sugarcane
is grown in the south-eastern and north-eastern intermediate and dry zones. The
tropical climate of Sri Lanka supports a wide range of tropical fruits across the whole
island. Except for a few widely consumed fruits such as banana and papaya, most
fruit species are confined to specific climatic zones which suit their phenology and
growth.

Cropping seasons in Sri Lanka are determined by its precipitation pattern, which
is primarily based on the two monsoons. The North-East monsoon (NEM) starts in
November and brings rain to almost the entire country and signals the beginning of
the major cultivation season, which is locally known as the maha season. The South-
West monsoon (SWM), beginning in May, brings substantial precipitation to the wet
zone, but only limited rain to the dry and intermediate zones. Consequently, the yala
season that begins with the SWM is a minor cropping season in the dry and
intermediate zones.

The above-described variation in the climate of Sri Lanka and the range of crops
grown therein gives rise to several specific cropping systems. The dry and interme-
diate zones, where a substantial portion of the production of rice and annual crops
takes place, have a rice-based cropping system. Where supplementary irrigation is
available during the yala season, it is a rice-rice cropping system. However, this is
only possible in the areas under major irrigation schemes. In the large majority of the
dry and intermediate zones, rainfed rice in the maha season alternates with a wide
range of annual crops of varying durations in the yala season depending on the
availability of rain and supplementary irrigation. The specific cropping system
present in a given location is determined by the undulating land form which is a
characteristic feature of the arable lands in Sri Lanka. The valley, which contains
poorly drained, clayey soils, belonging to the Great Soil Group Tropaqualfs known
as ‘Low Humic Gley’ in the local classification (Panabokke 1996), where water
accumulates during the rainy season, has a rice-based cropping system, i.e. rice-rice
or rice-annual crop. The upper catena containing the moderately well-drained soils
of varying textural composition often has a mixed cropping system, varying from
rice-rice to rice-annual crop, characterized by sequential cropping or crop rotations.
At mid- and upper altitudes of the wet and intermediate zones, rice is confined to
valleys, while most of the arable lands contain either perennial mono-cropping
systems of tea and rubber or multiple cropping systems of short-duration annuals,
particularly vegetables. The exact crop composition in a given season is often
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determined by the market demand and price for specific annual crops. In contrast to
the largely annual crop-based systems in the dry zone, the wet and intermediate
zones are characterized by perennial crop-based cropping systems. In the lower
elevations, coconut is intercropped with fruit crops (e.g. pineapple), while in the
mid-elevations, a wide variety of perennial spice crops (e.g. clove, cardamom,
nutmeg, pepper etc.) are mixed with tropical forest tree species in complex multi-
layered home gardens.

5 Approaches to Increase Climate Resilience of Crops
and Cropping Systems

Attempts to increase the adaptive capacity of crops and cropping systems in Sri
Lanka to anticipated climate change have taken two broad pathways. One pathway
has focused on formulating policies aimed at promoting a broad range of adaptation
options for different sectors with agriculture being one of the sectors (De Costa
2010a). The other pathway has focused on promoting research to generate new
climate adaptive technologies or to modify the existing agro-technologies to increase
the adaptive capacity of crops and cropping systems. The remainder of this chapter
gives a comprehensive description of the specific measures initiated within these two
principal approaches and a critical analysis of their strengths and weaknesses along
with a prognosis and recommendations for the near- and medium-term future.

6 Policy Initiatives to Increase Climate Adaptive Capacity
and Resilience

During the last decade, there have been three major policy initiatives in Sri Lanka to
address issues on climate change, its mitigation and adaptation. These are the
‘National Climate Change Adaptation Strategy (NCCAS) for Sri Lanka 2011 to
2016’ formulated in 2010 (Anonymous 2010), the ‘National Climate Change Policy
(NCCP) of Sri Lanka’ adopted in 2012 (Anonymous 2012) and the ‘National
Adaptation Plan (NAP) for Climate Change Impacts in Sri Lanka’ published in
2016 (Anonymous 2016). In addition, there is a miscellaneous collection of sector-
specific policy papers and action plans by various governmental, non-governmental
and international donor agencies.

6.1 National Climate Change Adaptation Strategy (NCCAS) for Sri
Lanka 2011–2016

The NCCAS contained an apparently detailed and prioritized framework for action
and investment during the 2011–2016 period to systematically increase the adaptive
capacity of different sectors of the economy and the people of Sri Lanka to both
gradual long-term climate change (e.g. increasing temperatures, sea level rise) and
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increased frequency of extreme climatic events (e.g. droughts, floods, cyclones,
landslides). Based on a sector-wise analysis, the overall adaptation strategy focused
on an integrated framework consisting of five cross-cutting strategic thrusts:
(1) mainstreaming climate change adaptation in to national planning and develop-
ment; (2) enabling climate-resilient and healthy human settlements; (3) minimizing
climate change impacts on food security; (4) improving climate resilience of key
economic drivers; and (5) safeguarding natural resources and biodiversity from
climate change impacts. In this overall strategy, increasing the climate resilience
of cropping systems has been identified under the third strategic thrust, which
included, in addition to agriculture, fisheries, irrigation and nutrition as well.
Under this strategic thrust, four thematic areas for action were identified with each
thematic area containing 3–5 priority adaptation measures. The four thematic areas
were (A) ensure ability to meet food production and nutrition demand; (B) ensure
adequate water availability for agriculture; (C) mitigate food security-related socio-
economic impacts; and (D) increase awareness and mobilize communities for
climate change adaptation. With the exception of the second thematic area, the
other three are very generic and diffuse. Even the second, while focusing on water
availability, is a naïve and ambitious goal given that the probability of increasing
droughts is identified in the NCCAS itself as part of climate change. Despite the
thematic areas being generic, the priority adaptation measures include some focused
activities. Especially, those proposed for ensuring adequate water availability for
agriculture include (1) promoting water-efficient farming methods and crops to
improve water productivity; (2) improving maintenance of existing tanks and
reservoirs including their watersheds and catchments; (3) adopting principles of
Integrated Water Resources Management (IWRM); and (4) constructing new
reservoirs and trans-basin diversions to meet demand.

6.2 National Climate Change Policy of Sri Lanka

The National Climate Change Policy (NCCP) of Sri Lanka was published in 2014 by
the Climate Change Secretariat in the Ministry of Environment in Sri Lanka. This is
a short document containing a total of 25 broad policy statements on action to be
taken in 6 areas related to climate change given as (A) Vulnerability, (B) Adaptation,
(C) Mitigation, (D) Sustainable consumption and production, (E) Knowledge man-
agement and (F) General statements. Policy Statement 5 under Section B aims to
promote adaptation of cropping systems to climate change by taking timely action to
address the adverse impacts of climate change on crops and minimize the impacts on
food production to ensure food security. Policy Statement 5 also encourages climate-
resilient, environmentally-friendly food production technologies. As part of ‘Con-
servation of water resources and biodiversity’, Policy Statement 6 promotes
integrated watershed management and efficient water use, which has the potential
to increase the adaptive capacity of cropping systems to climate change.
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6.3 National Adaptation Plan (NAP) for Climate Change Impacts
in Sri Lanka

Out of the three policy documents that deal with adaptation to climate change, the
NAP is the most comprehensive and detailed. It has identified adaptation needs in
nine key sectors vulnerable to climate change. In addition, it proposes a set of cross-
cutting national adaptation needs. Food security is the first among the nine vulnera-
ble sectors identified with the others being water, coastal sector, health, human
settlements, biodiversity, tourism and recreation, export development and industry-
energy-transportation. Because of the significant contribution of some of the agri-
cultural crops to export earnings (e.g. tea, rubber, coconut, spices, etc.), the sector on
estate development contains some adaptation measures which overlap with those
proposed under food security. Introduction of new stress-tolerant cultivars and
developing the capacity of research institutes are key common areas. In addition,
adaptation measures specific to export agricultural crops such as improved nursery
and plant management practices and sustainable cropping systems to increase
climate resilience of plantation crops have been proposed.

It is notable that while being comprehensive and detailed, the NAP also pays
limited attention to promotion of research that is essential for generation of most of
the technologies that it proposes.

6.4 Strengths and Weaknesses of Policy Initiatives in Sri Lanka
to Increase Climate Adaptive Capacity and Resilience

A major strength of two (i.e. NCCAS and NAP) of the three climate adaptation-
related policy documents described above is that they bring together a range of
relevant issues and information on climate change, climate vulnerability and possi-
ble adaptation pathways within the context of Sri Lanka and its different sectors. As
such these documents serve the purpose of creating awareness among a broad range
of stakeholders including law makers and governmental officials, professionals, civil
society and an interested few in the general public.

However, all three policy documents have the common weakness of being too
generic and thus not being able to provide sufficient guidelines for bringing about
effective climate resilience ‘on the ground’ and to the masses that represent all
sectors of the economy and layers of the society. Even though NCCAS has proposed
a prioritized framework for action and NAP has proposed priority actions, for a
subject specialist or a researcher, those proposals are too generic to be of much
specific use except perhaps for justification statements in specific research proposals
for funding. On the other hand, the NCCP does not even go as far as NCCAS and
NAP in providing policy guidelines for initiating climate change adaptation
measures. The 25 statements in the NCCP are even broader and more generic than
those of NCCAS and NAP.

Apart from being too generic and lacking in specific guidance, a fundamental
weakness in all three above-described climate change-related policies in Sri Lanka is
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that they include all possible options rather than providing guidance towards the
most effective and viable options. Formulation of policies that recommend such
viable and effective options among the many available requires an adequately
comprehensive knowledge base and in-depth analysis of the available options
(De Costa 2010a). These prerequisites for developing effective, high-quality policy
documents do not exist in Sri Lanka. Generation of such policies of high quality
needs a substantial investment in research to generate scientifically valid informa-
tion, both in the ‘hard sciences’ (i.e. subject-specific technological input) and ‘soft
sciences’ (i.e. a thorough analysis of the pros and cons of different policy options)
(De Costa 2012).

The foregoing discussion highlights the fact that the limited strengths of the
existing climate change-related policies are outweighed by fundamental weaknesses.
Proof of this is evident from the fact that implementation of policies and action
recommended therein has been very weak in Sri Lanka. Key decisions on climate
change-related issues such as decreasing vulnerability and increasing adaptive
capacity and resilience are often taken without referring to the relevant policy
documents. Therefore, it is argued that it will be the technological advances through
research, rather than elaborate policy discussions, that will bring about increased
climate resilience to Sri Lankan agriculture. Accordingly, the next sections of this
chapter will discuss the technological options that are available to increase climate
resilience of crops and cropping systems.

7 Technological Advances and Research to Improve
Adaptive Capacity of Cropping Systems in Sri Lanka
and Increase Their Climate Resilience

Similar to almost all Third World developing countries, Sri Lanka has lagged behind
the developed world in initiating research to increase climate resilience in its major
crops and cropping systems (De Costa 2010a, b, 2012). As a result, it was only
towards the end of the 1990s that research on assessing the impacts of climate
change on crops grown in Sri Lanka started getting in to the agendas of crop research
institutes and universities. Since then, research on the impacts of climate change on
all important crops in Sri Lanka has gradually taken an important and often visible
role during the last two decades. As development of new varieties through plant
breeding is a major activity in the research programmes of all crop research
institutes, screening to identify heat- and drought-tolerant germplasm has become
a prominent feature.

7.1 Development of Heat-Tolerant Crop Varieties

Introduction of heat-tolerant crop varieties constitutes the adaptation option that has
the greatest potential to increase climate resilience of crops and cropping systems in
Sri Lanka. As heat tolerance is incorporated at the genetic level, this option is not
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overly dependent on crop management technology or the economic status of the
farmers. At present, research programmes that aim to develop heat-tolerant varieties
run along two parallel lines: (a) identifying the impacts of heat stress on the yield and
yield-determining processes and (b) germplasm screening to identify tolerant
genotypes. A brief description of crop-specific research on development of heat-
tolerant varieties is given below.

7.1.1 Rice
Rice, the staple food of Sri Lanka and the cornerstone of its national food security, is
highly sensitive to heat stress at its panicle development stage (Wassmann et al.
2009). Air temperatures above 34 �C during the spikelet development stage, even for
a short period, have been shown to induce spikelet sterility in rice causing substantial
yield reductions (Prasad et al. 2006; Jagadish et al. 2007, 2012). It is notable that this
temperature threshold could be exceeded in many rice-growing areas in Sri Lanka,
especially in the dry zone during the yala season (Punyawardena 2009). Further-
more, Weerakoon et al. (2008) have shown that the adverse impacts of high
temperatures are exacerbated at the higher relative humidity (RH) levels by reducing
transpirational cooling and increasing spikelet temperatures (Abeysiriwardena et al.
2002). Even though RH levels in Sri Lanka are generally in the higher range
(i.e. >70%), the warm dry winds that occur during the period from June to August
decrease the RH levels down to around 55%, especially during the day in the dry
zone (Punyawardena 2009). As the June–August period coincides with the yala
season, the above reduction in RH could have a mitigating effect on the adverse
impacts of higher air temperatures on the spikelet fertility of rice.

Germplasm screening for development of heat-tolerant rice varieties in Sri Lanka
started at the Rice Research and Development Institute (RRDI) at Batalagoda in the
2008/2009 maha season and was continued over the next three seasons. The
screening was carried out in open-top chambers (OTCs) under field conditions.
Air temperatures inside the OTCs were elevated by 2 �C above the prevailing
ambient temperature by installing heating coils above the canopy level. In these
experiments, which included cultivars of all age groups, significant inter-varietal
variation was observed in the yield response to elevated temperature, with both
positive and negative responses in different varieties. Furthermore, the response to
elevated temperature by a given variety varied between different seasons, thus
showing significant genotype � environment (G � E) interaction in the yield
response to elevated temperature. This meant that currently cultivated rice varieties
may not provide clear indications of heat tolerance, thus making them ineffective in
being a genetic source for development of heat-tolerant varieties.

Subsequently, breeding lines known to contain genetic sources and traits of heat
tolerance were obtained from the International Rice Research Institute (IRRI) and
were screened for heat tolerance in thermal gradient chambers (TGCs). Breeders at
the RRDI have been able to identify genotypes having relatively greater heat
tolerance, which are being used as parents in crossing programmes.
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7.1.2 Other Field Crops (OFCs)
Screening of OFCs for heat tolerance has started recently at the Field Crops Research
and Development Institute (FCRDI), Mahailluppallama (MI). Initial screening has
been started with chilli and soybean. However, this work has been hampered by the
technical issue of controlling the temperature gradient in the TGC. This has been an
issue encountered with the TGC at Batalagoda as well. Germplasm screening for
heat tolerance in tomato and chilli has been carried out at the University of
Peradeniya using OTCs where the temperature elevation above the ambient was
4–5 �C. In chilli, the varieties MI-2, Galkiriyagama Selection and MI Varaniaya
were identified as relatively heat tolerant among the seven genotypes used in the
screening. On the other hand, variety KA-2, which was found to be the most tolerant
in the screening at MI, was classified as only ‘moderately tolerant’ in the screening at
Peradeniya. These findings again highlight the significant genotype x phenotype
interaction in the traits contributing to heat tolerance in crops. In tomato, varieties
Bathiya, Ravi and Tharindu were identified as relatively heat tolerant from among
17 genotypes.

7.1.3 Coconut
The Coconut Research Institute (CRI) of Sri Lanka has made appreciable progress in
investigating the impacts of heat and drought stress on the reproductive development
of coconut. This work has identified the 3-month period prior to flower opening as
the most critical period where heat and drought stress could significantly decrease
fruit setting and the subsequent nut yield of coconut. As such, the influence of heat
and drought stress on the quality of pollen and female flowers and its implications on
fruit setting have been studied in a comprehensive experiment involving two
hybrids, i.e. Sri Lanka Green Dwarf (SLGD) � Sri Lanka Tall (SLT) and
SLGD � San Ramon (SR). Using controlled hand pollination, fruit setting of all
possible combinations of stressed and unstressed pollen and female flowers was
quantified. As expected, fruit setting was highest in the unstressed pol-
len � unstressed female flower combination and lowest in the stressed pol-
len � stressed female flower combination. Interestingly, fruit setting, while being
lower than in the unstressed � unstressed combination, was greater in unstressed
pollen� stressed female flower combination in comparison to the stressed� stressed
and stressed pollen� unstressed female flower combination. This highlights the fact
that maintaining the quality of pollen is more critically important than maintaining
the quality of female flowers to minimize the adverse impacts of heat and drought
stress on fruit setting and subsequent nut yield of coconut. Notably, in rice also,
pollen has been shown to be more sensitive to heat stress than the female reproduc-
tive organ (Wassmann et al. 2009). Based on these findings, a pilot project has been
initiated to increase the production of hybrid seed nuts in seed gardens during
periods of heat and drought stress. Biochemical analysis of pollen and female
flowers has shown that their carbohydrate contents varied with heat and drought
stress intensity and are likely to play an important role in determining the quality of
these reproductive organs.
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Research conducted in the field and under semi-controlled environments has
identified a threshold temperature of 33 �C above which the pollination and fertili-
zation processes and consequently the nut setting and yield are significantly reduced.
Because of the critical importance of pollen germination and pollen tube growth to
ensure successful fertilization and nut setting, screening of coconut varieties for heat
tolerance has been conducted under in vitro conditions in controlled environmental
growth cabinets (Ranasinghe et al. 2018). Here, in vitro pollen germination and
pollen tube growth in several coconut hybrids have been observed under a series of
temperatures ranging from 16 to 38 �C varying at 2 �C intervals. This has enabled
identification of cardinal temperatures, the base (Tb), optimum (Topt) and ceiling
(Tce) temperatures, for pollen germination. The respective means and ranges of Tb,
Topt and Tce were 14.8 �C (13.8–16.4 �C), 27.9 �C (27.2–28.7 �C) and 40.1 �C
(38.4–43.0 �C). A principal component analysis showed Tmax for pollen germination
and Topt for pollen tube growth contributing most to heat tolerance in these pro-
cesses. Based on these two parameters, coconut hybrids with relatively greater and
lower heat tolerance have been identified.

The CRI has also carried out detailed, long-term investigations on the flowering
and fruit setting behaviour of mature coconut in the field. These studies have shown
that the fruit set of an inflorescence opened in a given month was negatively
correlated with the number of days on which the daily maximum temperature
(Tmax) exceeded 33 �C and positively correlated with the number of female flowers
produced (Ranasinghe et al. 2015). It was also found that female flower production
and fruit setting varied with month of the year and between different years and
locations and that part of this variation was probably caused by the temporal and
spatial variation of temperature and water availability.

7.1.4 Sugarcane
Research to quantify the impacts of climate change on sugarcane in Sri Lanka started
only recently at the Sugarcane Research Institute, Uda Walawe. In 2017, an experi-
ment started in open-top chambers (OTCs) to screen the response of eight cultivated
varieties to elevated temperature and elevated atmospheric carbon dioxide, with the
two factors varied both individually and in combination in different OTCs. Crops in
this experiment are currently in their ripening phase.

7.1.5 Overall Assessment of the Current Status of Research
on the Development of Heat-Tolerant Crop Varieties

The above description shows that work on the development of heat-tolerant crop
varieties in Sri Lanka is still at an elementary level. Except in rice and coconut, work
carried out so far has not progressed beyond initial screening of the available
varieties. Notably, no research on heat tolerance has been initiated as yet in some
of the agricultural crops of major economic importance such as tea, rubber and fruit
crops. Fruit crops are especially vulnerable to climate change as flowering, fruit
formation and their survival are highly sensitive to both higher temperatures and
greater variability in precipitation, which could cause both droughts and extreme
rainfall events.
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The current screening methodology in Sri Lanka often lacks precision and needs a
substantial technological input for improvement. The thermal gradient chambers
(TGCs) and open-top chambers (OTCs) have the advantage of being able to grow the
plants on natural soil under actual field conditions with adequate solar radiation.
However, lack of precise temperature control is their biggest current weakness and
requires improvement in temperature regulation technology. In particular, during
hot, dry periods (e.g. yala season in the dry zone), air temperatures inside both TGCs
and OTCs can exceed 38–40 �C during the hours around mid-day. While the crops
growing under open field conditions would also experience higher temperatures
during mid-day, it is rarely that the mid-day temperatures would reach 38–40 �C.
Such unusually high screening temperatures could induce abnormal effects on the
germplasm that is being screened, thus reducing the validity of results obtained from
screening experiments. At present, Sri Lanka does not have dedicated screening
facilities for screening for heat tolerance. In view of the urgent requirement for
identification of heat-tolerant germplasm in a range of important crops in Sri Lanka,
establishment of a field screening facility at a location in a high-temperature envi-
ronment is a priority to accelerate development of heat-tolerant varieties. It would
offer a relatively low-cost alternative to using expensive controlled environmental
chambers and imprecise semi-controlled environmental facilities such as TGCs and
OTCs. Hambantota in the south-east corner of Sri Lanka and Mannar in the north-
west corner, both of which have warm, dry climates, are ideal locations for
establishing a heat screening facility. Because plants at such a facility can be
grown in the field under actual farming conditions, the studies on heat stress impacts
and heat tolerance would be free from artefacts introduced by the un-natural experi-
mental conditions in fully or semi-controlled environments. Furthermore, it can be
noted that current research into development of heat-tolerant crop varieties in Sri
Lanka involves only a limited number of available varieties or germplasm. In
contrast, a dedicated heat screening facility at a high-temperature location would
allow screening of a much greater number of current germplasm and/or breeding
lines to be screened simultaneously thus enabling the deployment of modern high-
throughput methods of phenotyping (Wahid et al. 2007).

There is an urgent need for research work on heat tolerance of the major crops in
Sri Lanka to progress from elementary varietal screening to in-depth studies on
mechanisms of heat tolerance and their physiological and genetic basis. In most
screening studies, yield is the primary criterion that has been used to classify the
degree of heat tolerance/susceptibility of the genotypes that are being screened. The
only exception has been in rice and coconut, where the effects of heat stress on
fertility of reproductive organs have been studied (Weerakoon et al. 2008;
Ranasinghe et al. 2015). However, heat stress induces a wide range of physiological,
biochemical and metabolic effects at different levels of plant organization ranging
from cellular and tissue levels (Fig. 2) to whole plant and plant population levels
(Hasanuzzaman et al. 2013). Therefore, multiple processes and functions have to be
targeted when attempting to incorporate heat tolerance into existing varieties and
developing new varieties.
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7.1.6 Multiple Approaches to Develop Heat-Tolerant Crop Varieties
Development of heat-tolerant varieties should be done through a combination of
classical/conventional and molecular approaches of plant breeding using all avail-
able mechanisms of heat tolerance (Wahid et al. 2007). Classical plant breeding
primarily involves crossing of pre-identified relatively heat-tolerant genotypes
among themselves or into existing varieties having other desirable traits
(i.e. higher yield, acceptable grain characters and quality, adequate resistance to
major pests and diseases, consumer acceptance, etc.), evaluation of their progeny
and subsequent purification of identified heat-tolerant progeny over several
generations until a ‘pure’ line is obtained. In classical/conventional plant breeding,
yield is the major criterion that is used in evaluation of both existing germplasm and
progeny arising from crossing. In breeding for heat tolerance, fertility of reproduc-
tive organs (e.g. pollen) has also been used as a simple screening criterion when it
can be assessed relatively easily and rapidly. While being simple and straightfor-
ward, progress via conventional plant breeding could be slow, especially when
trying to develop stress-tolerant varieties. Furthermore, when yield is used as the

Fig. 2 Multiple effects of heat stress at different levels of plant organization. (Adapted from: Bita
and Gerats (2013) and Hasanuzzaman et al. (2013))
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main criterion for germplasm screening, lower-yielding genotypes and progeny,
which may be having higher levels of individual traits contributing to stress toler-
ance, could be discarded because of their lower yield performance. Therefore,
adoption of ideotype breeding (Donald 1968), an approach based on identification
of possible mechanisms and traits conferring stress tolerance and systematically
combining (‘pyramiding’) them into a single tolerant genotype, could be an
approach which could bring greater success in the development of heat-tolerant
germplasm. In trying to bring together multiple traits of heat tolerance into a single
genotype, both conventional and molecular approaches of plant breeding could be
used. It can be noted that at present in Sri Lanka, the limited amount of work that is
being carried out to develop heat-tolerant crop varieties employs the conventional
plant breeding approach with yield as the primary screening criterion.

Plant breeding based on the mechanistic approach requires identification of pro-
cesses and mechanisms of stress tolerance (Fig. 3) (Cossani and Reynolds 2012; Bita
and Gerats 2013; Driedonks et al. 2016). Three different mechanisms of heat
tolerance can be identified: (a) Heat escape includes mechanisms which enable
heat-sensitive processes to occur during relatively cooler periods (e.g. flower

Fig. 3 Different mechanisms of heat tolerance. (Adapted from: Hasanuzzaman et al. 2013)
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opening and pollination during the cooler, early morning periods of the day); (b) heat
avoidance includes mechanisms to maintain cooler tissue temperatures even when
the external temperatures are higher (e.g. transpirational cooling, increased leaf
reflectance); and (c) true heat tolerance includes mechanisms to maintain cellular
functions even when the tissue temperatures increase beyond their optimum range
(e.g. synthesis of heat shock proteins, antioxidant systems, osmoprotectants). While
mechanistic plant breeding can proceed using the conventional tools of crossing and
progeny evaluation based on individual traits or mechanisms of stress tolerance,
research programmes in the developed world to produce stress-tolerant crop varieties
employ a variety of modern approaches, which are based on the molecular-level
processes and functions.

The term ‘omics’ approaches has been coined to describe the range of approaches
currently used in investigating mechanisms of stress tolerance with the final aim of
developing stress-tolerant genotypes. The ‘genomics’ approach determines the
genes and the specific alleles present in the genome of a given genotype (e.g. a
variety) via high-throughput DNA sequencing. This enables identification of poly-
morphism at specific locations of the genome in the germplasm of a crop. Bioinfor-
matics enable information about genomic polymorphism to be correlated with
variation of putative traits of stress tolerance in a varietal/germplasm screening
under a given stress, thus enabling identification of genomic sequences
(e.g. quantitative traits loci (QTLs)) containing genes conferring stress tolerance.
The ‘transcriptomics’ approach investigates the changes in gene expression
(as indicated by the specific mRNA levels present) in a known stress-tolerant
genotype when it is subjected to a specific level of stress or at different levels of
stress during gradual stress development. Accordingly, up- and downregulated
genes in response to heat stress in a known heat-tolerant genotype (based on its
yield performance in high-temperature environments) and their possible functions
(found via homology search) provide indicators of pathways of stress tolerance.
Expression of a specific DNA sequence of a genome (i.e. a gene or a QTL) via
transcription into specific mRNA leads to synthesis of specific proteins via transla-
tion. They can be functional proteins such as enzymes, which regulate and control
specific steps in the pathways of stress response and stress tolerance, or structural
proteins, which may contribute to stress tolerance. The ‘proteomics’ approach
identifies and quantifies the specific proteins that are synthesized under stress.
Specifically, heat tolerance has been shown to be induced via heat shock proteins
(HSPs) which are synthesized in response to heat stress in tolerant genotypes
(Ahmad et al. 2016). Modern proteomic analytical techniques enable not only
identification of specific proteins that are induced but also quantification of their
amounts. When combined with knowledge on the functions of specific proteins in
different physiological and metabolic processes and pathways, proteomics could
lead to identification and elucidation of mechanisms of stress tolerance in a known
(‘phenotyped’) stress-tolerant genotype. Accordingly, proteomic analysis of HSPs
could identify key metabolic proteins involved in conferring heat tolerance. The
large and varied amount of biochemical products (both primary and secondary) that
are synthesized via the catalysis of biosynthesis pathways by proteins constitutes the
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‘metabolome’ and is analysed in ‘Metabolomics’. It includes a range of methods to
separate different primary (e.g. sugars, amino acids, etc.) and secondary
(e.g. carotenoids, phenolic compounds, etc.) metabolites via techniques such as
mass spectrometry and high-performance liquid chromatography (HPLC). There-
fore, the ‘omics’ approaches offer exciting possibilities for elucidation of
mechanisms of heat tolerance and determination of their genetic, physiological and
biochemical basis (Fig. 4) (Hasanuzzaman et al. 2013), which lays a firm foundation
for development of heat-tolerant crop varieties via biotechnology (Fig. 5) (Ahmad
et al. 2016).

7.1.7 Institutional Capacity in Sri Lanka to Embark on the ‘Omics’
Approaches

Exploitation of the vast potential of ‘omics’ approaches to develop climate-resilient,
heat-tolerant varieties of major crops in Sri Lanka requires a substantial improve-
ment of its institutional infrastructure and trained manpower (De Costa 2010a). This
is because the methodologies involved in ‘omics’ approaches require facilities for
high-throughput DNA sequencing and RNA analysis and sequencing. They also
require state-of-the-art facilities in electrophoresis, chromatography and mass spec-
trometry for detailed proteomic and metabolomics analysis. All ‘omics’ approaches
require a significant input from Bioinformatics to process the large amount of

Fig. 4 Pathway for elucidation of mechanisms of heat tolerance using ‘omics’ approaches.
(Source: Hasanuzzaman et al. (2013) Reproduced with permission)
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genomic, transcriptomic, proteomic and metabolomics data that is generated, to
determine their interrelationships and compare them with the ever-expanding base
of similar data. At present, Sri Lanka has only limited institutional and infrastructural
capacity in all areas of ‘omics’ research.

7.2 Crop Management Options to Increase Climate Resilience
of Cropping Systems in Sri Lanka

While heat-tolerant crop varieties contribute to increased climate resilience at the
genetic level, crop management options aim to modify the crops’ growing environ-
ment in a way which would mitigate the adverse conditions resulting from climate
change (e.g. increased air temperatures) or to provide conditions/resources to the
crops to counter the adverse conditions created by climate change (e.g. reduced
water availability). A review of the research projects carried out in the national
agricultural research institutes in Sri Lanka during the last two decades clearly
highlights the fact that their research agenda is heavily biased towards development
of new crop varieties through plant breeding. Improvement, optimization and
increased precision of crop management have received much less attention than
varietal improvement. Therefore, while efforts to develop heat-tolerant crop varieties

Fig. 5 Pathway for elucidation of mechanisms of heat tolerance and engineering heat tolerance.
(Source: Ahmad et al. (2016) Reproduced with permission)
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could start from a relatively strong existing foundation of knowledge and expertise
(at least in conventional breeding), efforts to increase climate resilience through
modified crop management have to start from a much weaker level of existing
knowledge and expertise. Furthermore, even after overcoming the institutional
bias, the transfer of new or modified crop management technologies to the
farmers/growers is much more difficult and complex than providing the seeds of a
new heat-tolerant variety.

7.2.1 Increase of Tree Cover
Canopy cover of trees provides protection to shorter crops from the heat energy
contained in incoming solar radiation and thereby reduces development of higher
tissue temperatures, especially in the leaves. Also, by decreasing the radiation energy
reaching the microenvironment above the foliage canopy of a short, annual crop, the
tree canopy further decreases the possibility of developing higher leaf temperatures.
By reducing the amount of radiation energy incident on both the foliage canopy and
the soil, shade provided by a tree canopy overhead reduces evapotranspiration and
thereby slows down the development of water stress, in the soil and plant tissues.
Shade has also been shown to increase radiation use efficiency (i.e. amount of
biomass produced per unit of radiation intercepted) of C3 crops (Marshall andWilley
1983; Kasim and Dennett 1986), thus making the biomass production process more
energy-efficient. Certain crops such as tea are routinely grown under shade. It has
been shown that the reduction of irradiance on the tea canopy due to the presence of
shade overhead decreases photo-inhibition (i.e. irreversible damage of chloroplasts
due to accumulation of excess radiation energy) in tea leaf tissue (Mohotti and
Lawlor 2002). Similar protection from photo-inhibitory damage could occur in
other C3 crops as well when tree cover is increased.

Most fields in which shorter annual crops (e.g. rice and other field crops) are
grown in Sri Lanka have only scattered trees, especially in the dry and intermediate
zones. Therefore, there is scope for increasing the tree density in these two zones,
which have a higher vulnerability to climate change than the wet zone, where the tree
cover in annual crop fields is higher. When increasing tree cover, the possibility of
planting of indigenous fruit trees could be explored. Especially, the potential of
indigenous tree species which are tolerant to drought (e.g. woodapple, Limonia
acidissima, etc.) could be considered.

Despite the above-mentioned advantages, increasing tree cover in annual crop
fields has to be done with caution, because of several potential negative feedbacks.
Firstly, decreased radiation energy on the foliage canopy of the annual crop could
potentially reduce its photosynthesis, biomass production and yield. However, in C3

plants, which form the large majority of agricultural crops, photosynthesis of
individual leaves is light-saturated at irradiances which are around 50% of full
sunlight (Lawlor 1993; De Costa 2004a). Therefore, increasing shade up to a
threshold is not likely to have a negative impact on photosynthesis and yields of
annual crops, especially in environments of high irradiance levels (e.g. dry zone in
the yala season). Secondly, when grown in a mixture with annual crops, tree species
can compete with annual crops for essential resources (e.g. water and nutrients)
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causing yield reductions. Therefore, it is essential that tree species which absorb
water and nutrients from deeper layers of the soil profile are selected to ensure
adequate separation in the zones from which trees and annual crops obtain their
resources. Thirdly, incorporation of trees, either as rows or individual trees, into
annual crop fields in which trees were not present alters the air flow and aerodynam-
ics of the entire landscape (Brenner 1996). This could have both positive and
negative impacts. Reducing the velocity of wind flow above the foliage canopy of
the annual crop could decrease evapotranspiration (Long and Persaud 1988) and
conserve water in the soil and plant tissue, thus contributing to drought avoidance.
On the other hand, reduced wind flow across the field could cause accumulation of
heat energy within the field, thus causing a feedback increase in air temperature at
the landscape level. Similarly, the vapour pressure deficit of the air above an annual
crop could increase (Carr 1985) or decrease (Brown and Rosenberg 1971) depending
on the magnitudes of changes in temperature and vapour pressure occurring as a
result of introducing trees.

An attempt to incorporate trees into annual crop fields was made in the 1980s via
the introduction of alley cropping (also known as hedgerow intercropping) to the dry
zone of Sri Lanka. In alley cropping, annual crops were grown in alleys created by
parallel rows of tree species. Leguminous tree species such as Gliricidia sepium,
Erythrina lithosperma and Calliandra calothyrsus and non-leguminous species such
as Cassia spectabilis were used in the alleys in which crop species such as maize and
grain legumes were grown. The principal objective of introducing trees in the annual
crop fields, particularly in the dry zone, was to improve soil fertility and ensure
adequate crop yields in the uplands. This was expected via incorporation of tree
loppings as green manure, by capturing additional nitrogen via biological nitrogen
fixation and improved nutrient recycling via deeper rooting trees. Furthermore, the
tree rows were expected to reduce soil erosion by acting as a physical barrier and
reducing the length of the slope (Dharmasena 1994). Greater input of organic
material in alley cropping was expected to improve soil physical properties such
as the aggregate stability (Mapa and Gunasena 1995). In addition, loppings from tree
rows were expected to provide a mulch (Van Noordwijk 1996) and thereby conserve
soil moisture via reduced soil evaporation. Furthermore, tree hedges were expected
to reduce weed growth during the fallow period between two cropping seasons by
providing additional shade and also provide fuelwood and fodder. Accordingly,
alley cropping was introduced as part of ‘conservation farming’ and ‘sustainable
agricultural practices’ (Weerakoon and Seneviratne 1984; Weerakoon and Liyanage
1987; Somasiri et al. 1990). In the 1980s, alley cropping was promoted as a
sustainable agroforestry practice in many other tropical countries in Asia and Africa
(Kang et al. 1990; Kang 1993). A similar hedgerow intercropping system known as
the ‘Sloping Agricultural Land Technology (SALT)’was proposed and tested for the
sloping lands in the mid- and high-elevation humid zones of Sri Lanka. Here, double
hedgerows of the same tree species along with a few additions (e.g. Flemingia
congesta and Eupatorium inulifolium) were grown along contours thus forming
physical barriers against soil erosion and encouraging terrace formation in the long
run. This technology was recommended and tested for both short-duration annual
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crops and perennial crops such as tea (Ekanayake 1994), which occupies a substan-
tial land area in the sloping highlands of Sri Lanka.

However, despite the demonstration of many of the expected benefits in terms of
reduced soil erosion and improved soil physical parameters (Keerthisena 1995),
alley cropping did not progress beyond the research stations either in Sri Lanka or
elsewhere, primarily because of poor farmer acceptance (Senaratne 2003). Similarly,
SALT also has not been adopted widely either in the tea plantations or annual
cropping systems of the sloping highlands of Sri Lanka. Both biophysical and
socioeconomic factors have contributed to the poor farmer acceptance of alley
cropping and SALT. Significant competition for resources (i.e. light, water and
nutrients) by the tree hedges has been shown to cause resource limitation and yield
reductions in both annual crops (De Costa and Chandrapala 2000a, b) and tea
(De Costa and Surenthran 2005a, b). Increased labour requirement for hedgerow
establishment and maintenance and occupation of 15–25% of the farm area by
hedgerows and inadequate extension have been identified as the socioeconomic
causes of poor farmer acceptance (Keerthisena 1995; Samarakoon and
Abeygunawardena 1995; Senaratne 2003). Broadly, the same biophysical and
socioeconomic causes have been identified as being responsible for poor farmer
acceptance of alley cropping/hedgerow intercropping in other parts of the world as
well (Francis and Atta-Krah 1989; Kang et al. 1990; Cannell et al. 1996). It has been
shown that alley cropping is an agroforestry system where the tree-crop interface
(i.e. the land area shared by both trees and crops) is longest, thus increasing the
probability of resource competition. In comparison, scattered trees in farmlands are a
system where the tree-crop interface is shorter, thus minimizing tree-crop
competition.

7.2.2 Shifting of Crops
Each agricultural crop has a specific range of temperatures under which yields would
be near maximum, if properly managed with adequate resources. Increasing
temperatures could shift the temperatures of certain growing environments above
the upper boundary of the optimum temperature range of certain crops. This could
cause significant yield reductions in those crops in a future warmer climate unless
new heat-tolerant varieties become available in the future. Therefore, the existing
cropping systems may have to be modified by shifting certain heat-sensitive crops
from the currently grown locations to locations where the future temperatures would
still be within the optimum range. Likewise, certain locations which are too cold for
growing certain crops could become suitable in the future due to increased
temperatures. Therefore, a systematic modification of the composition of existing
cropping systems via shifting of crops to environments within their optimum
temperature ranges in a future climate could ensure climate resilience. As the
magnitudes of historical temperature increases have been different in different
agro-ecological regions of Sri Lanka (De Costa 2008), modification of existing
cropping systems via crop shifting should be done based on adequately comprehen-
sive predictions of future temperature and rainfall profiles.
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Therefore, a substantial investment in climate modelling is required to generate
predictions of future climate in Sri Lanka along with its spatial and temporal
variation (De Costa 2012). At present, there is only limited capacity in terms of
expertise in climate modelling in the Department of Meteorology of Sri Lanka and in
the university faculties. Even though predictions of future climate are available from
global-scale modelling work (Collins et al. 2013; Stocker et al. 2013a), they do not
capture the spatial variation within Sri Lanka, which occupies only a few ‘grid cells’
in a global-scale Earth System Model or General Circulation Model. Accordingly,
climate modelling which specifically focuses on downscaling predictions from
global-scale models is an area in which Sri Lanka needs to develop its expertise
urgently. Such downscaled predictions of future climate in Sri Lanka would provide
an invaluable basis in designing climate change adaptation measures not only in the
agriculture sector but also in all other sectors as well. A limited amount of results are
available from such downscaling work done at the Department of Meteorology and
elsewhere (Das et al. 2015; Patabendige et al. 2016; Dorji et al. 2017; Pattnayak et al.
2017).

7.2.3 Shifting of Planting Times
At present, planting times of rainfed annual crops in Sri Lanka are predominantly
based on the availability of water as determined by the rainfall patterns. Based on the
available evidence of historical changes in rainfall patterns in Sri Lanka (De Costa
2008), it is likely that planting times may have to be shifted to be in synchrony with
future changes in the onset of rainfall seasons (e.g. Second Inter-monsoon and the
North-East monsoon for maha planting and First Inter-monsoon and the South-West
monsoon for yala planting). Here also, predictions with acceptable accuracy of the
onset of rainfall seasons is required to shift planting times and improve climate
resilience of future cropping systems in Sri Lanka. For cropping systems under
major and minor irrigation schemes, planting time is preceded by the release of water
from reservoirs and tanks for land preparation. Therefore, any shift in planting times
has to be accompanied by changes in the scheduling of supporting services such as
irrigation as well. Recently, the Department of Agriculture in Sri Lanka has
recommended that land preparation be done with the rains received from the First
and Second Inter-monsoons in yala and maha seasons, respectively. This would
allow water from reservoirs and tanks to be released for planting, thus saving
appreciable amounts of valuable irrigation water. Furthermore, earlier planting
would reduce the probability of crops getting caught in adverse environmental
conditions (e.g. drought, excessive rainfall) during the latter part of the seasons.

Shifting of planting times could also take into account the future increases in
temperature, if they become available through improved climate modelling. While
adjusting the planting time to be in synchrony with future changes in rainfall
patterns, adjustments could also be possible so that heat-sensitive processes such
as reproductive organ development, flowering and fertilization avoid periods of
higher temperatures. This requires development of new varieties and/or careful
selection of suitable existing varieties whose phenological development matches
the temperature and rainfall regime of the growing environment. Therefore, a fine-

134 W. A. J. M. De Costa



tuning of the existing crop management practices and an effort to move towards
‘precision agriculture’ are needed to improve climate resilience of cropping systems
in Sri Lanka.

Durations from planting to flowering and maturity are determined by develop-
mental processes which are controlled by temperature, with increasing temperatures
generally decreasing the durations (De Costa 2004a). Hence, temperature increases
in a future climate could modify the timing of key developmental events such as
panicle/cob initiation and flowering and alter the total crop duration. These
alterations also will have to be taken into consideration when adjusting planting
times, selecting crop varieties for cultivation in different agro-ecological regions and
developing new crop varieties via plant breeding.

7.2.4 Introduction of a Third Season
A third season of crop cultivation has been introduced in selected agro-ecological
regions in Sri Lanka during the last decade. This is a short cropping season which
utilizes the residual soil moisture at the end of one cropping season to cultivate a
short-duration crop prior to the commencement of the next major season. The third
season often comes between the end of yala and the beginning of maha. Therefore,
the residual moisture from the South-West monsoon is used to establish the crop, and
water coming from the Second Inter-monsoon supplements the crop water require-
ment. Grain legumes such as mung bean are the most common among crops grown
in the third season.

The third season could increase climate resilience of a cropping system by
providing an option to compensate for crop losses in a major season due to any
factor of climate change (e.g. supra-optimal temperatures) or increased climate
variability (e.g. drought).

7.2.5 Conservation of Soil Moisture
Even before climate change and its possible impacts on water availability started
being highlighted, measures for conservation of soil moisture had formed an integral
component of cropping systems in environments where water was a limiting
resource. Possible changes in precipitation patterns, increases in evapotranspiration
rates and increased probability of drought have raised even further the importance of
soil moisture conservation in a future warmer climate. Soil moisture conservation
could be achieved through minimization of soil evaporation and optimization of
irrigation by minimizing losses.

Mulching of crops is an age-old practice of conserving soil moisture. Tradition-
ally, mulching has been done with plant-based material such as straw and prunings
of hedgerows, shrubs or trees. Mulching with synthetic material such as polythene
has come into practice in recent times, especially in crops grown in protected
facilities such as polytunnels. While the benefits of mulching are well-known to
farmers and extension workers, it is not practised extensively in Sri Lanka. This
could be due to several reasons such as shortage of suitable mulching material,
additional labour required and lack of proper guidance through extension. A series of
multi-locational long-term field experiments conducted recently across a natural
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temperature and rainfall gradient in Sri Lanka involving several upland crops
(i.e. maize, mung bean, chilli, tomato and potato) clearly showed that mulching
combined with a 30% reduction of water input could achieve similar or greater yields
than unmulched crops receiving 30% more water (Abhayapala et al. 2014;
Malaviarachchi et al. 2014, 2016; Abhayapala 2017). These results were confirmed
in the farmer fields in the Northern Province of Sri Lanka (Eeswaran 2018), which is
identified as a region of high climate vulnerability (Punyawardena et al. 2013).

Apart from mulching, loss of soil moisture could be minimized by adopting an
optimum density and planting arrangement and ensuring that the crop achieves
canopy closure within the minimum possible time after planting. Here again,
extension and technology transfer services in Sri Lanka can play a significant role
in raising farmer awareness of optimum spacing/density requirements of their crops
and of crop management practices required to achieve canopy closure quickly. These
include optimum fertilizer and water management and increasing the precision of
their application (e.g. split application of fertilizer).

Practices such as minimum tillage and zero tillage that minimize disturbance of
soil during land preparation and crop establishment are being promoted in many
countries as a means of increasing climate resilience of cropping systems by
minimizing loss of soil moisture and arresting the decline of soil fertility (The
Royal Society 2009). However, despite being aware of these practices during the
last four decades, neither the extension workers nor the farmers in Sri Lanka have
been keen on transferring and adopting these technologies. Some of the specific
problems associated with the crops and soils in Sri Lanka probably contributed to
low adoption of minimum and zero tillage. For example, soils belonging to the Great
Group Rhodustalfs, known as ‘Reddish Brown Earth’ in the local soil classification
(Panabokke 1996), which dominates the dry zone, are difficult to work with because
they are sticky when wet and hard when dry. In many cropping systems, the working
corridor is too narrow. Furthermore, minimum and zero tillage are heavily dependent
on synthetic herbicides for weed control. In the prevailing socio-cultural environ-
ment in Sri Lanka, there is widespread scepticism against agrochemical-intensive
agriculture. Therefore, it is unlikely that these practices would be adopted widely in
the near- or medium-term future in Sri Lanka.

7.2.6 Modified Water Management
There is a high likelihood that the amount of water available for crops would
decrease significantly in a future climate. While statistically significant declining
trends in annual total precipitation have been shown only in a limited number of
regions and locations, both globally (IPCC 2013) and locally (De Costa 2008), there
has been clear evidence of increased rainfall variability (Hartmann et al. 2013;
Stocker et al. 2013a). Such increased rainfall variability is likely to increase the
frequency of both extreme precipitation events and the frequency and length of rain-
free periods during successive precipitation events. Increased frequency of high-
intensity precipitation causes soil erosion which in turn increases reservoir siltation.
This results in reduced capacity for water storage and decreased volume of water
available for irrigation. Furthermore, increased demand for water for other activities
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(e.g. human consumption, hydropower generation, industrial purposes, etc.) is likely
to further reduce the amount of water for irrigation. All these changes that are taking
place at present, and are likely to be accelerated with climate change in the future,
necessitate a paradigm shift in irrigation and water management of crops. Because of
the high dependence of Sri Lankan agriculture, especially rice cultivation, on irriga-
tion, a major shift in the rationale and methodology of water management is required
in Sri Lanka as well.

At present, irrigation of both lowland rice and upland crops in Sri Lanka is done
predominantly using surface irrigation, which utilizes large volumes of water at
relatively lower efficiency. In lowland rice, standing water is maintained for almost
the entire crop duration until 2 weeks before harvesting, incurring substantial losses
via direct evaporation, deep drainage and lateral seepage (Bouman et al. 2007). In
upland crops, substantial losses of applied irrigation water occur via deep drainage
and surface run-off. Furthermore, surface irrigation has very little control over the
distribution of water within a field, often causing uneven irrigation. Therefore, in a
scenario of limited water availability for irrigation, water-saving irrigation
technologies have to be explored.

7.2.7 Water-Saving Irrigation Methods in Rice Cultivation
Rice is a crop which requires large quantities of water with irrigated lowland rice
cultivation requiring 2500–3000 m3 of water to produce 1 ton of rice grain (Bouman
2001). This is much higher than the corresponding value of 1000 m3 of water per
1 ton of wheat grain. As 75% of global rice production comes from nearly 79 million
ha of irrigated lowland rice, shortages of water in a future climate could have
significant negative impacts on global rice production. A similar situation exists in
Sri Lanka as well.

Water-saving irrigation technology in lowland rice cultivation is based on reduc-
ing the time period during which standing water is maintained and on reducing the
downward hydrostatic pressure of standing water, thereby aiming to reduce evapo-
ration and percolation (i.e. deep drainage) losses (Bouman et al. 2007). Three water-
saving irrigation methods have been tested as alternatives to the current practice of
maintaining standing continuously. These are (a) saturated soil culture (SSC),
(b) alternative wetting and drying (AWD) and (c) aerobic rice culture. In SSC, the
soil is maintained as close to saturation as possible without having standing water so
that percolation and evaporation losses are minimized. Soil saturation is maintained
by frequent shallow irrigations. In a compilation of 31 experiments, Bouman and
Tuong (2001) estimated water savings ranging from 5% to 50% with an average of
23% saving relative to continuous standing water. Even though some yield
reductions ranging from 0% to 12% (average 6%) were observed, the improvement
of water productivity (WP) (i.e. amount of grain produced per unit of water input)
meant that more grain could be produced with less water. However, SSC requires a
high degree of control in the irrigation operation at the field level to enable frequent
shallow irrigations (Tuong and Bouman 2003). This capability may not be present in
most developing countries in Asia, including Sri Lanka, where lowland rice cultiva-
tion is predominantly practised. Furthermore, SSC is labour-intensive so that it may
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not be possible in situations where labour is scarce and expensive such as in Sri
Lanka.

Alternative wetting and drying allows the soil water to decrease below saturation
down to a certain level by withholding irrigation for several days after the disap-
pearance of standing water from the previous irrigation. Irrigations, which are
scheduled at longer time intervals than in SSC, are done to obtain a standing water
depth of 2–5 cm. Substantial savings of irrigation water have been achieved in AWD
via reductions in percolation, lateral seepage and evaporation (Cabangon et al. 2004;
Belder et al. 2007). However, yield reductions have accompanied reductions in
water input. Bouman and Tuong (2001) reported that yield reductions ranging
from 0% to 70% were observed in 92% of their 31 experiments. However, they
also reported that proportional yield reductions relative to maintaining continuous
standing water were always less than proportional reductions in irrigation water
input, thus increasing WP. The magnitude of increase in WP with AWD in rice
varies with the number of days between successive irrigations and the soil and
hydrological conditions of the growing location/region. For example, on heavy
clay soils with shallow water tables, the magnitudes of water saving and increase
in WP are higher than in lighter soils with deeper water tables.

The Rice Research and Development Institute (RRDI) of Sri Lanka has
recommended AWD to farmers and has provided practical guidelines on how to
determine the timing of irrigation. Because of the high sensitivity of the reproductive
development of rice to water stress, the reproductive phase (i.e. from panicle
initiation to heading) is excluded from AWD, with either standing water or SSC
recommended during this phase. AWD in rice cultivation is widely practised in
China and has been recommended for North-West India indicating that it is a mature
technology which is gradually gaining farmer acceptance.

Despite its capability to save irrigation water and increase WP, AWD is not
without drawbacks. Firstly, reductions in absolute yield, in spite of the increase in
WP, could have a negative impact on total rice production at the national scale, thus
reducing food security. Secondly, periods without standing water, especially during
the vegetative phase of the rice crop, could promote incidence of weeds, which in
turn could reduce yields. Therefore, AWD has to be combined with effective weed
control, which will have to be predominantly via selective herbicides as the standard
weed control method of maintaining continuous standing water is absent in AWD.
Thirdly, periods without standing water could promote the emission of nitrous oxide,
a potent greenhouse gas contributing to global warming and climate change. Nitrous
oxide emissions could be higher in rice crops receiving high doses of nitrogen
fertilizers. However, it should be noted that periods without standing water, while
enhancing nitrous oxide emission, reduce emission of methane, another greenhouse
gas, which has a higher global warming potential (GWP) than carbon dioxide, but a
lower GWP than nitrous oxide.

Aerobic rice culture (ARC) involves growing lowland rice as an irrigated, upland
crop enabling 30–50% reductions in water input while incurring 20–30% yield
reductions in comparison to continuously flooded lowland rice (CFLR) culture and
thereby achieving increases in WP (Bouman and Tuong 2001). Evaporation losses in
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ARC are reported to be 50–75% lower than those in CFLR. Successful ARC requires
development of varieties which combine the superior yielding ability and input
responsiveness of newly improved lowland rice varieties with some of the typical
characteristics of upland rice varieties such as the ability to grow under upland soil
conditions and drought tolerance. Development of ARC for lowland rice
environments is still at an early stage and requires overcoming some major
challenges for its increased adoption (Tuong et al. 2005). These challenges include
(1) breeding of suitable varieties, (2) development of effective weed control
strategies, (3) measures to counter increased emission of nitrous oxide and (4) arrest-
ing the yield decline that has been observed after 3–4 years.

Germplasm screening to identify genotypes that have superior yield performance
under different SSC and ARC was conducted at the RRDI, Batalagoda, Sri Lanka,
during four consecutive seasons using germplasm from drought screening nurseries
(DSN) and the International Network for Genetic Evaluation of Rice (INGER) of the
International Rice Research Institute along with cultivated rice varieties of Sri
Lanka. Genotype performance under different water management methods showed
variation across seasons, indicating the presence of significant genotype x environ-
ment interaction. However, a few genotypes which showed consistently superior
performance under SSC and ARC have been identified.

7.2.8 Water-Saving Irrigation Methods in Upland Crops
The current strategy of predominantly surface-based irrigation with little control
over the amount and distribution of water applied would not be sustainable in a
future climate of limited water availability for irrigation. Hence, irrigation
technologies for upland crops have to move from surface irrigation to more water-
efficient micro-irrigation technologies such as drip irrigation. During the last two
decades in Sri Lanka, adoption of drip irrigation has gradually spread to large-scale
commercial plantations of perennial crops such as fruits (e.g. mango) and to com-
mercial vegetable production in protected culture facilities. However, adoption of
drip irrigation by small-scale farmers, especially in the dry and intermediate zones,
has been slow because of the high initial capital cost and certain field problems such
as clogging of drip nozzles due to hardness of water.

Improved precision in land preparation by using laser-guided land levelling could
improve uniformity and efficiency of surface irrigation. Similarly, irrigation sched-
uling based on real-time soil moisture measurements has the potential to provide the
exact water requirement of a crop at a given time. However, such advanced technol-
ogy is beyond the reach of subsistence upland farmers who form the majority of the
upland farming community in Sri Lanka. On the other hand, there has been a slow
increase of larger upland farms mainly focused on cultivating high-value fruit crops
(e.g. mango and banana) in the sub-humid dry and intermediate zones. These farms
and their growers represent a platform to promote advanced irrigation technology
because of their greater capacity for investment. If successful adoption could be
demonstrated in these larger farms, there is a possibility that at least a section of the
smaller farming community would follow suit with adequate institutional support via
financial incentives, extension and training.
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7.2.9 Paradigm Shifts in Irrigation Strategy of Upland Crops

Deficit Irrigation (DI)
In addition to adoption of more efficient delivery methods, a paradigm shift is
needed in determining the amount of water to be applied through irrigation, espe-
cially in a future climate of water scarcity. At present, determination of the irrigation
requirement is based on bringing the soil up to field capacity by replacing the amount
of water that is lost during the period from the last irrigation, with adjustments made
to account for any natural water inputs via precipitation. However, in many parts of
the world including Sri Lanka, there may not be enough water to provide this full
requirement in the future, especially because of the projected water scarcity. Fur-
thermore, for some crops at least, it has been shown that there is no need to provide
the full irrigation requirement (Fereres and Soriano 2007). This offers the possibility
of reducing the water input to certain crops without reducing the yield (Morison et al.
2008). This strategy is called ‘deficit irrigation (DI)’, which represents a paradigm
shift for Sri Lankan farmers who are keen on flooding the soil with scant regard for
large volumes of water required and substantial losses incurred before (i.e. losses
during conveyance from source to field including evaporation) and after application
(i.e. percolation, run-off, seepage and evaporation losses).

The concept of DI as shown in Fig. 6 seeks to apply water only up to the point
(Idef) at which water productivity (WP) begins to decline. This could represent a
substantial saving of water when compared with irrigation up to full saturation and
beyond (Imax), which is currently the common practice among Sri Lankan farmers/
growers. It can be noted from Fig. 6 that DI incurs a certain amount of yield loss.
However, the yield obtained is produced at a higher WP, thus making the cropping
system more climate-resilient, especially in a future climate of water scarcity.
Furthermore, with the saved water, an additional area which is currently rainfed
can be brought under DI. As the yields under DI are highly likely to be higher than
rainfed yields, yield gains from the additional area brought under DI could compen-
sate for the possible yield losses incurred when moving from irrigation up to full
saturation to DI.

In addition to the above, DI can have multiple advantages. Firstly, irrigation up to
full saturation would often induce a shallow root system as there is no need for the
crop to divert additional assimilates to develop a deeper root system when water is
readily available in the top soil. In contrast, DI induces a deeper root system, which
is a clear advantage. A deeper root system not only extracts water that may be
present in the deeper layers of the soil profile but also recaptures part of the water that
percolates downwards from the top soil. Secondly, irrigation up to full saturation
keeps the turgor pressure of leaf cells at maximum, thus allowing maximum leaf
expansion rates leading to development of a large canopy with a high transpiration
rate. In contrast, DI restricts cellular expansion rates, even if the leaf cells have
maximum turgor pressure, by the partial inhibitory action of abscisic acid (ABA),
which is translocated from root cells to the leaf via the xylem stream when roots
experience water deficits in the soil (Davies and Zhang 1991). The ABA signalling
from roots to shoots during DI also keeps the stomata partially closed (Wilkinson
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and Davies 2002), which constitutes a third advantage of DI. The combination of
restricted leaf expansion and stomatal opening decreases transpiration losses under
DI in comparison to irrigation up to full saturation. This reduces the risk of water
stress development within leaf tissue and allows regulated use of the limited pool of
water in the soil. It has been shown that physiological water use efficiency (also
called transpiration efficiency), defined as the amount of photosynthesis per unit of
water transpired, is higher when stomata are partially closed (Jones 1976; Condon
et al. 1990; Loomis and Connor 1992; De Costa 2004b). As stomata are partially
closed in crops experiencing DI, photosynthesis occurs with a proportionately lower
water loss, which could contribute to greater WP.

Deficit irrigation can take either of two forms: sustained deficit irrigation (SDI)
practiced throughout the life cycle of a crop and, regulated deficit irrigation (RDI)
practiced during selected periods of the crop’s phenology, avoiding the critical
periods (e.g. reproductive development phase) in which water deficits could have
substantial negative impacts on yield. Therefore, while SDI would generally be more
suitable for perennial crops and relatively drought-tolerant annual crops, RDI would
be more appropriate for annual crops, especially those which are drought-
susceptible. In addition to the nature of the crop, specific climatic and soil conditions
in a given location/region determine which form of DI is most appropriate in a given
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Idef Imax

Water used 
with higher 
efficiency

Water used 
with lower 
efficiency

Yield

Water 
wasted

Yield loss due 
to deficit 
irrigation

Fig. 6 Generalized relationships between applied irrigation water and crop grain yield. Idef
indicates the point beyond which the productivity of irrigation water starts to decrease, and Imax

indicates the point beyond which yield does not increase any further with additional water applica-
tion. (Adapted from: Fereres and Soriano 2007)
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situation. It is encouraging to note that increased water use efficiency has been
reported by using RDI on maize in North China (Du et al. 2010).

Partial Root-Zone Drying (PRD)
Partial root-zone drying (PRD) is a novel strategy of irrigation where, at any given
time, only one half of the root zone is irrigated, while the other half is kept
un-irrigated (Kang and Zhang 2004). Irrigation of the two halves is alternated at
10–14-day intervals depending on the crop characteristics (e.g. extent of the root
system), the prevailing atmospheric demand for water and the water holding capacity
of the soil. By irrigating only half of the root system, the PRD achieves a 50%
reduction of the irrigation water requirement. In comparison to the current practice of
irrigation of the whole plant, PRD also represents a paradigm shift in irrigation
strategy.

The rationale for PRD comes from a series of split-root experiments conducted by
Davies and his co-workers (Blackman and Davies 1985; Zhang et al. 1987; Gowing
et al. 1990; Davies and Zhang 1991). By growing a plant in a specially designed pot
with two hydrologically separated compartments with the root system evenly
distributed in both (i.e. a split-root experiment), Davies and his co-workers showed
that keeping one compartment irrigated was sufficient to fulfil the entire water
requirement of the plant and maintain maximum turgor pressure in its functional
tissues (e.g. leaves). Interestingly, it was also shown that despite maintaining
maximum turgor in its leaf tissue, gradual stomatal closure occurs when the
un-irrigated compartment of the pot starts drying out gradually. It was shown that
hormonal signals, specifically ABA, originating from roots of the un-irrigated
compartment are responsible for inducing stomatal closure when they are
translocated to the shoot via the xylem stream. These findings allowed the design
of PRD which attempts to achieve a balance between reduced water input and
maintenance of normal plant functioning to ensure minimum reduction in growth
and yield (Davies et al. 2002). The hormonal signals induced from the un-irrigated
half of the root system also exert a control on leaf expansion, thus restricting canopy
growth and preventing the development of a plant/crop with a high water demand.
Thus, when practised as an irrigation strategy, in crops grown under protected
culture where compartmentation and separate irrigation of two halves of the root
system are possible, PRD has the advantages of (1) regulating the water loss from a
crop while ensuring an adequate water supply to essential physiological processes
(e.g. photosynthesis, reproductive organ development, etc.); (2) reducing excessive
vegetative growth; and (3) increasing physiological water use efficiency due to
partial stomatal closure.

The advantages of PRD are partly dependent on the rate at which ABA is
translocated in the xylem flow from root to shoot to induce partial stomatal closure
and restrict leaf expansion (Stoll et al. 2000). It can be noted that xylem flow would
be faster during periods of greater atmospheric demand for water, which occurs
during warm, sunny periods with lower atmospheric relative humidity. These
conditions are usually associated with periods of drought. Faster xylem flow could
bring ABA to the shoots faster and induce greater stomatal closure, thus helping in
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conserving the limited water that would be available during a drought period (Davies
et al. 2002). On the other hand, rate of xylem flow and root-to-shoot ABA transfer
would be slower during periods of lower atmospheric demand characterized by
cooler atmospheric conditions with higher relative humidity. Stomata respond
directly to atmospheric humidity by increased opening when relative humidity is
higher (Sheriff 1979; De Costa 2004b). Furthermore, slower ABA transfer would
also allow greater stomatal opening during these periods, thus facilitating greater
absorption of carbon dioxide and greater rates of photosynthesis. Accordingly, PRD
achieves a balance between water conservation during stress periods and greater
photosynthesis during milder periods. Therefore, PRD has considerable potential as
a novel irrigation strategy to increase climate resilience of selected crops in a future
climate of lower water availability. In North China, water use efficiency of maize
(Du et al. 2010) and cotton (Du et al. 2006) has been increased with PRD practised
by alternate furrow irrigation.

7.2.10 Home Gardens and Climate Resilience
Home gardens have been an integral part of the Sri Lankan society over its long
history. Their structure and species diversity vary predominantly with the climate
regime under which they have evolved (Hitinayake et al. 1996). Home gardens in the
mid-elevation humid zone (mid-country wet zone, according to the local classifica-
tion), which are also known as Kandyan Home Gardens, have high species diversity
which includes both woody perennials and annuals, some of which are agricultural
crops (Hitinayake et al. 1996; De Costa et al. 2006). The mixture of perennial and
annual crops in Kandyan Home Gardens constitutes a complex multi-layered canopy
structure, which is typical of multi-layered home gardens in the humid tropics
elsewhere in the world (Kumar and Nair 2004, 2006). In contrast, home gardens in
the lower-elevation, sub-humid dry zone of Sri Lanka are lower in plant density and
species diversity and have lower vertical stratification (Pushpakumara et al. 2012).

Because of the presence of a limited amount of agricultural crops, home gardens
have been touted as a possible means of ensuring food security in the face of climate
change in Sri Lanka. However, a closer examination reveals that this claim is largely
exaggerated and highly optimistic. At present, home gardens provide only a limited
portion of the food supply of the majority of the Sri Lankan population, and that also
is only on a seasonal basis. Furthermore, the scope for expanding home gardens is
limited in areas where a majority of the Sri Lankan population lives. The presence of
trees is expected to provide shade to the agricultural crops in a home garden and
thereby reduce evapotranspiration and conserve soil moisture. De Costa et al. (2006)
showed that trees in Kandyan Home Gardens have substantially high transpiration
rates. Therefore, increasing productivity of home gardens of Sri Lanka in a warmer
and drier climate in the future would be just as challenging as increasing productivity
in large-scale agriculture in open fields.

7.2.11 Small Tanks, Cascade Systems and Climate Resilience
In Sri Lanka, crop production in the low-elevation sub-humid, dry and intermediate
zones is supported by a large number of small and medium tanks, which are
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constructed according to a cascade system along elevation gradients (Udawattage
1985). These act as reservoirs of excess rainfall that is received predominantly from
the North-East monsoon. As the South-West monsoon brings only limited rainfall to
dry and intermediate zones, water stored in the tanks supports crop production in the
yala season. As such, this network of tanks provides a buffer against rainfall
variability and therefore contributes to climate resilience in the cropping systems.

In spite of their importance, a considerable number of small tanks and cascade
systems have been destroyed during the establishment of large-scale, multipurpose
irrigation schemes. Many of the remaining tanks have been neglected and reduced in
capacity due to siltation (Dharmasena 1989), infestation of aquatic weeds and
consequent eutrophication. Furthermore, increased frequency of high-intensity rain-
fall has caused increased soil erosion in almost all farming areas in Sri Lanka. This
has had an adverse impact on tanks and reservoirs which have had to act as
repositories of eroded soil particles leading to siltation and loss of capacity. There-
fore, rehabilitation and restoration of the small and medium tanks need to be
undertaken as an urgent priority to increase climate resilience of cropping systems
in the dry and intermediate zones.

7.2.12 Management of Flooding and Water Logging in Crop Lands
Excess water in uplands during certain periods of the year is a regular occurrence
even in the present climate. These periods include (a) the onset of maha season in
low-elevation, sub-humid dry and intermediate zones where a high proportion of the
annual precipitation is received within a short period of the Second Inter-monsoon
and the North-East monsoon and (b) first half of the yala season in the low-elevation
humid zone (i.e. ‘wet zone’) where substantial precipitation is received from the
South-West monsoon. With increased frequency of extreme precipitation events in a
future climate, incidence and duration of flooding and water logging in crop lands
and consequent crop losses could increase. Therefore, management of water logging
constitutes an important component of climate resilience in cropping systems in Sri
Lanka.

Only limited options are available for combating the adverse impacts of water
logging on crops. Development of flood-tolerant varieties in rice and varieties
tolerant to limited periods of water logging in upland crops is the most promising
option. Considerable progress has been made in this regard in rice where a flood-
tolerant variety Bg455 has been released recently for the flood-prone regions in the
wet zone. Molecular biological work to incorporate the quantitative trait locus (QTL)
Submergence 1 (known as Sub1) (Perata and Voesenek 2007), which confers flood
tolerance in rice, to Sri Lankan rice germplasm is in progress at the Rice Research
and Development Institute, Batalagoda. Flood tolerance in rice is principally
conferred by two mechanisms, i.e. tolerance of complete submergence and culm
elongation with increasing depth of flood water to keep the foliage canopy above the
water level (Sripongpangkul et al. 2000). The Sub1 locus, which is located on
chromosome 9 of rice, is responsible for submergence tolerance via an ethylene
response factor (ERF), whose differential expression controls genotypic variation in
flood tolerance (Fukao et al. 2006; Xu et al. 2006). However, apart from the work on
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rice, no research has been done in Sri Lanka to develop flood-tolerant varieties of
other field crops or vegetables.

7.2.13 Crop Insurance Schemes
With increased climate variability and greater frequency of extreme climatic events,
the importance of crop insurance schemes comes into focus as a means of protecting
the farmer livelihoods, especially of the low-income subsistence farmers. In Sri
Lanka, a government-funded indemnity-based crop insurance scheme is in place
for rice and five other field crops (i.e. potato, big onion, chilli, maize and soybean).
Farmers are paid up to Sri Lankan rupees 10,000.00 per acre for crop losses due to
adverse climatic conditions such as droughts and floods. This insurance scheme is
funded from a 1% levy on the profits of banks, financial institutions and insurance
companies. However, farmer participation in crop insurance schemes was low in Sri
Lanka until it was made mandatory for obtaining the government-sponsored fertil-
izer subsidy. Lack of awareness and trust on insurance schemes and reluctance to
follow required procedures have been principal causes of low voluntary adoption of
crop insurance schemes.

Crop insurance schemes based on climatic indices have been proposed as an
alternative to schemes which compensate incurred crop losses (Biswas et al. 2009).
Here, insured farmers in a defined area are compensated for their potential crop
losses when predefined climatic thresholds are exceeded in a given season. Such
index-based crop insurance schemes eliminate the need for crop loss assessment at
the individual farmer level while removing ‘insurance cheating’ and lowered moti-
vation on the part of the farmers to initiate adaptation measures to overcome climate-
related crop losses. However, crop insurance linked to climate indices requires an
adequately extensive network of climate monitoring stations covering the entire
cropping area along with established relationships between climatic parameters
and crop yields. None of the above two requirements are fulfilled currently in Sri
Lanka. Therefore, it is likely that crop insurance schemes in Sri Lanka will continue
to be indemnity-based for the foreseeable future.

7.2.14 A Holistic Approach to Management of Cropping Systems
in a Future Climate

The foregoing discussion identified several options to increase climate resilience of
crops and cropping systems in Sri Lanka along two broad parallel pathways, i.e. the
‘soft science’ option of initiating action via policies, strategies and action plans and
the ‘hard science’ option of initiating technological advances via research. Techno-
logical advances could proceed along the parallel pathways of developing heat-
tolerant crop varieties and modifying crop management. While each of these options
has merit in their own right, their co-ordinated implementation with a holistic view
of the entire farming system represents the best strategy of increasing climate
resilience of cropping systems in Sri Lanka. Because of the diversity of climates
and farming systems (Sect. 4) in different climatic zones of Sri Lanka (Sects. 2 and
3), a single model would not be universally applicable. Different holistic models
which take into account the specific cropping systems, the natural landscape, its
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climate, the soil and the resource base along with socioeconomic and cultural factors
have to be formulated to fit specific farming systems and natural environments in
different agro-climatic zones.

Work on ‘conservation farming’ carried out by the DoA during the 1980s and
1990s represents an example of such a holistic approach to increase productivity and
sustainability of small reservoir watersheds in the low-elevation, sub-humid dry
zone of Sri Lanka. Conservation farming focused on the large number of minor
watersheds in the dry zone which supported a farming system consisting of lowland
rice and upland field crops via a small reservoir (called the ‘village tank’), which
collected its catchment run-off during the major rainfall season from the Second
Inter-monsoon (SIM) and the North-East monsoon (NEM) in the maha season.
Traditionally, shifting cultivation had been practised in the uplands for over
2000 years. However, with increasing populations and the consequently shorter
rotation times and fallow periods, soil fertility and land productivity had declined.
Furthermore, high soil erosion due to shifting cultivation had reduced the storage
capacity of the village tanks due to siltation. Climate change could exacerbate many
of the problems that the conservation farming approach was trying to address at a
time when climate change had not yet become a topical issue. For example,
increased frequency of high-intensity and highly erosive rainfall could accelerate
soil erosion and siltation of small reservoirs. Increased air and soil temperatures
increase decomposition rate of soil organic matter (SOM), which in combination
with greater soil erosion could accelerate loss of soil fertility and land productivity.
Therefore, agronomic and soil management practices that were promoted under
conservation farming could have even greater relevance in the present times and
the future when climate change is certain to impose substantial negative impacts on
processes influencing soil fertility and land productivity in farming systems of small
reservoir watersheds in the dry zone of Sri Lanka.

The conservation farming approach consisted of introducing practices (a) to
reduce soil erosion, especially during fallow periods between cropping seasons;
(b) to increase infiltration and soil water storage in the uplands so that the probability
of upland crops experiencing water stress is minimized; (c) to increase catchment
run-off during the high-precipitation period of the SIM and NEM so that water
storage in the reservoir is maximized; and (d) to reduce the fallow period of uplands
that had been used for shifting cultivation by incorporating practices which help
regenerate their soil fertility. It can be noted that a delicate balance has to be achieved
between increasing infiltration and soil water storage in uplands (which entails
reduced run-off to the reservoir) and increasing catchment run-off to maximize
water storage in the reservoir. In order to achieve the above goals, the following
practices were evaluated in conservation farming: (1) zero tillage to reduce soil
disturbance during crop establishment and thereby reduce soil erosion; (2) mulching
with plant material to increase SOM content and thereby improve its water holding
capacity and associated physical properties such as aggregate stability; and (3) alley
cropping (discussed earlier in Sect. 7.2.1) to obtain a range of benefits such as
reduced soil erosion and soil evaporation, improved SOM and greater overall land
productivity.
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Conservation farming experiments conducted in the dry zone demonstrated
substantial benefits of mulching and alley cropping, while zero tillage appears to
have received less attention. For example, maintaining a permanent live mulch as
0.75-m-wide strips spaced at 5 m apart along contours (i.e. ‘strip-mulch farming’)
provided 80% protection against soil erosion in comparison to shifting cultivation,
while alley cropping with Gliricidia sepium hedgerows at 4–5 m spacing provided
86% protection (Dharmasena 1994). Rice straw mulch applied at 4 t ha�1 increased
cowpea yields by 36% (Weerakoon and Seneviratne 1984) and reduced soil loss and
run-off in a maize field by 80% and 53%, respectively (Dharmasena 1992), in
comparison to unmulched fields. Alley cropping increased maize and sesame yields
by 168% and 87% above their respective mono-crops (Handawala and Kendaragama
1991). More importantly, Dharmasena (1994) demonstrated that strip-mulch farm-
ing and alley farming have specific rainfall-run-off relationships which are able to
achieve the required hydrological balance by maximizing infiltration and soil water
storage while also allowing greater catchment run-off during high rainfall periods.
Climate change induces changes in precipitation patterns and in soil processes
influencing soil fertility. Careful management of this hydrological balance becomes
critically important to ensure sustainability and climate resilience of cropping/farm-
ing systems in small reservoir catchments in the dry zone of Sri Lanka. Therefore,
revisiting the findings of conservation farming experiments carried out in the 1980s
and 1990s could yield important guidelines for holistic approaches of soil, land and
water management to ensure climate resilience of cropping systems of Sri Lanka in a
future climate.

8 Constraints to Implementation of Measures to Increase
Climate Resilience of Crops and Cropping Systems in Sri
Lanka

It was mentioned earlier in this chapter that implementation of policy initiatives to
increase climate resilience in Sri Lanka has been weak at best. Implementation of the
different technological advances described above is also constrained by several
factors, some of which have been described already in relation to Sri Lanka’s current
institutional and human resource capacity to develop heat-tolerant crop varieties.
Many of these constraints apply equally in the development of crop management
solutions to increase climate resilience through research and their subsequent intro-
duction to the farmers via extension and technology transfer (ETT). Some of these
constraints are described below.

8.1 Suboptimal Research Capacity and Inadequate Seed
Production Capability

With a few exceptions, research at the crop research institutes of the public sector,
especially those of the Department of Agriculture (DoA), proceeds at suboptimal
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levels because of severe shortages of manpower with expertise and an acute shortage
of state-of-the-art research facilities. Even if the plant breeders were to be successful
in developing relatively heat- and/or drought-tolerant crop varieties in the next few
years, it would take several more years for the seeds of such varieties to reach the
farmers. This is because seed production of new crop varieties that are coming
through breeding programmes (towards which a major portion of institutional
resources are channelled) is a major ‘bottleneck’ in Sri Lanka. The seed production
capacity of the state sector seed farms has been scaled down substantially during the
last two to three decades. Therefore, the DoA, the major organization which carries
out development of new varieties, has to depend on the private sector organizations
to multiply, produce and distribute adequate amounts of seed of the new varieties to
the farmers.

8.2 Inadequacies in the Extension and Technology Transfer (ETT)

Farmers are often unaware of the new crop varieties that are being released for
cultivation because of inadequacies in the ETT system of the DoA and the Provincial
Directorates of Agriculture. This creates a vicious cycle, especially in a situation
where the DoA has to depend on the private sector for adequate seed production.
Lack of awareness and inadequate ETT do not create an adequate market demand for
a particular variety for the private sector to produce adequate quantities of seed.
Unavailability of seeds, in turn, prevents the variety being adopted by the farmers.

Farmer adoption of the crop management options to increase climate resilience is
also constrained by weaknesses of the ETT system. There are several inherent
weaknesses in the current ETT system in Sri Lanka. First and foremost, it is
disjointed and lacks co-ordination because ETT is handled by several organizations
within the state sector. In contrast to research which is under the purview of the
Department of Agriculture, the responsibility of ETT is devolved to Provincial
Councils, with their respective Provincial Departments of Agriculture as the respon-
sible authority. There is only limited collaboration and co-ordination between the
respective organizations of the Central Government and the Provincial Councils.
While the respective research institutes of the DoA also have a few extension
workers, they are severely inadequate to carry out effective ETT at the national
scale or even at the regional scale. Similarly, the respective Provincial Departments
of Agriculture are severely under-staffed in terms of trained and experienced ETT
personnel. Therefore, the entire ETT system requires a major overhaul, both at the
national and provincial levels. Recent initiatives of cyber extension through collab-
oration between the DoA and local mobile IT service providers have shown promise
and indicate a pathway for ETT in the future.
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9 Concluding Remarks

The foregoing description of the range of options available for increasing climate
resilience in the crops and cropping systems of Sri Lanka and how they have
progressed during the last two to three decades brings out the following key
messages for future action: (a) Efforts to develop heat- and drought-tolerant crop
varieties require substantial acceleration and upgrading with more precise screening
methodology while harnessing the recent advances in molecular biology including
the ‘omics’ approaches; (b) importance of crop management options to increase
climate resilience has to be recognized and accorded the same level of priority as
varietal improvement to be pursued through research and development; (c) a sub-
stantial investment is required to improve research capability of research institutes
and universities via infrastructure and human resource development; (d) a major
re-structuring of the extension and technology transfer network is needed for
effective transfer of the technological advances generated through research to the
farmers; and (e) capacity of seeds and planting material production in the state sector
needs to be upgraded urgently to accelerate the transfer of seeds of improved crop
varieties to farmers.
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Microbial Pesticides Towards Eco-friendly
Agriculture: Present Status and Future
Prospects in Sri Lanka

D. M. De Costa

1 Pesticides as an Integral Part of the Present-Day
Agriculture

Based on the current projections, the present world population of 7.6 billion has been
predicted to reach 9.8 billion by 2050 (UN 2017). In order to meet the requirements
of the growing population, the Food and Agriculture Organization (FAO) of the
United Nations has forecasted the need of a 70% increase of food production by
2050 (Alexandratos and Bruinsma 2012). Scarcity of arable land and water, drastic
changes of climatic conditions and emerging threats due to pest and diseases have
become critical factors limiting the crop cultivation, worldwide. Nevertheless,
agriculturists have to meet the global food requirement, which is a Herculean task,
and, therefore, compelled to use intensive agriculture with high inputs such as high-
yielding varieties, synthetic fertilizer and irrigation water which are the hallmarks of
the Green Revolution. However, crops grown under high-input agriculture are prone
to numerous types of biotic threats (i.e. pests, diseases and weeds) and reduce the
potential crop yield. According to Oerke (2006), worldwide loss of potential yield
due to pests at preharvest stage has been estimated to be 35%, and an additional 35%
crop loss has been estimated to occur at the postharvest period. As reported by Oerke
(2006), 70% of the crop yield could be lost if pesticides are not applied. Even with
pesticide application, 30% of the theoretical yield is lost due to absence of effective
pest management methods around the world in a uniform manner. Further, when the
overall crop productivity is low and crop protection is limited to a certain extent of
weed control, the losses due to pests account for more than 50% of the attainable
production (Oerke 2006). These findings highlight the necessity of pesticides for
achieving the targets of the agriculturists without sacrificing the crop yields.
According to Popp et al. (2013), the crop yield per unit area can be increased by
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efficient control of biotic stress factors rather than increasing the yield potentials.
Hence, the use of pesticides has been increased dramatically since the early 1960s,
and along with the increased use of pesticides, the average yield of major calorie
crops (e.g. wheat, rice and maize) has been more than doubled.

2 Impact of Pesticide Usage

Worldwide consumption of pesticides has been reported to be 2 million tons per year
(De et al. 2014), and of it, 47.5, 29.5, 17.5 and 5.5 percentages account for
herbicides, insecticides, fungicides and the other types of pesticides, respectively.
Even though the effect of pesticides in high-input intensive agriculture is impressive,
use of pesticides is associated with numerous environmental and health issues.
Accumulation and contamination of soil, water, air and food by pesticides have
been reported as the harmful effects of abiotic components on the environment.
Phytotoxicity, genetic/developmental disorders, non-infectious diseases, issues
related to reproduction and physiological deformities in non-target animals are the
negative impacts caused by pesticides to biotic components of the environment
(Kumar 2015).

Direct impact of pesticides on humans and animals, contamination of food
commodities, soil, surface and ground water and air, and direct/indirect effect on
beneficial soil organisms and non-target organisms have been elaborated by Aktar
et al. (2009) and Carvalho (2017) by providing examples from many corners of the
world. Cancer risk of Vietnam war veterans and workers who were occupationally
exposed to herbicides or dioxins, death of over 100 people in India due to consump-
tion of wheat flour contaminated with parathion and drastic decline of the global bat
population and near extinction of river dolphins in China and Pakistan due to
exposure to organochlorine pesticides are to name a few of those examples (Aktar
et al. 2009). In addition, examples on mass killings of nonhuman biota, such as bees,
birds, amphibians, fish and small mammals, due to application of pesticides have
been elaborated by Carvalho (2017) in the recent review on ‘pesticides, environment
and food security’. According to Carvalho (2017), approximately 25 million agri-
cultural workers worldwide experience unintentional pesticide poisoning annually.
Exposure to pesticides and many other agrochemicals has been related to cancers
(especially prostate cancers), obesity, endocrine disruption and many other diseases
in human (WHO 2017). In spite of food contaminations due to pesticides, the highest
number of suicides by young Chinese women and Sri Lankan men and women has
been reported due to self-poisoning of pesticides (Sri Lankan Ministry of Health
1995; WHO 2001). However, based on the recent statistics on suicides by WHO, Sri
Lanka is presently ranked 22nd in the global league table of suicide incidence, which
is a considerable improvement in comparison to previous decades (Knipe et al.
2015). Strict regulations related to availability of pesticides imposed by Sri Lanka
have been considered as the major reason for the above reduction of pesticide-related
suicides (Gunnell et al. 2007). Annually, a large wealth of information is being
accumulated on contamination of the environment and toxic effects on all forms of
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biota due to pesticides, hence considerable efforts have been made to mitigate the
problem by designing new chemicals, improving pesticide formulations and appli-
cation devices and using degradable nanoparticles to deliver pesticides, which is a
trendy area of research in pesticide technology (De et al. 2014). To this end,
biopesticide is in the limelight.

3 Biopesticides and the Position of Microbial Pesticides

Even though biopesticides have been defined by different authors/organizations in
different ways, according to US Environmental Protection Agency (USEPA), they
are the pesticides derived from natural materials such as animals, plants,
microorganisms and minerals. The definition of biopesticides proposed by USEPA
is not used globally. For example, the International Biocontrol Manufacturer’s
Association (IBMA) and the International Organization for Biological Control
(IOBC) encourage the use of the term ‘biocontrol agents (BCA)’ instead of
biopesticides (Guillon 2003). Hence, BCA is an alternatively used term for
biopesticides. According to USEPA, biopesticides are classified into three major
groups based on the type of active ingredient it contained, namely, biochemicals,
plant-incorporated protectants and microbial pesticides (USEPA 2008). Ingredient
(s) in biochemical pesticides have been extracted from natural sources or synthesized
to have the same structure and function as the naturally found chemical. Biochemical
pesticides can interfere the mating behaviour of insect pests, attract the pest to trap
plants and repel them from the crop plant. Plant-incorporated protectants or geneti-
cally modified crops express a deliberately introduced gene into the plant with a
pesticidal action; hence the genetically modified plant possesses an in-built protec-
tion against the pest/pathogen attacks. Microbial pesticides contain the active ingre-
dient of naturally occurring organisms or genetically modified organisms either in
their live form or as their products or byproducts which have pesticidal activity.
According to IBMA classification, BCA are grouped as macrobials, microbials,
natural products and semiochemicals (chemicals modifying insect behaviours).
Microbial pesticides suppress the target pests through a number of modes of action
which have a direct or indirect impact on the pest concerned. The direct impacts by
the microbial pesticides are competition, antibiosis, lysis and hyperparasitism, and
induced host plant resistance is an indirect type of mode of action posed by microbial
pesticides (Bonaterra et al. 2012).

4 Role of Microbial Biopesticides in Integrated Pest
Management

All types of harmful agents of crop plants (i.e. insect pests, mites, plant pathogens,
weeds) can be collectively considered as ‘pest’. Integrated pest management (IPM)
relies on combining of different crop protection practices, in a compatible manner,
with careful monitoring of pests and their natural enemies or antagonists in general
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to overcome the limitations of any individual practice (Bajwa and Kogan 2002). The
most significant feature of IPM is not to eradicate pest populations but to manage
them below the levels that cause economic damage, except in the situations of
production of propagative material such as seeds, seedlings and clones. Accordingly,
the different pest management strategies that can be included in an IPM programme
are, namely, selection of crop cultivars/varieties with complete or partial resistance,
use of appropriate agronomic practices, use of physical methods, use of biological
control agents, use of synthetic pesticides that have a high level of selectivity and are
classified by the regulatory bodies as low-risk compounds whenever essential, use of
decision supporting tools and use of biotechnological approaches to modify the
genetic makeup of the host plant or biocontrol agent (Chandler et al. 2011).

According to a comprehensive study reported by Pretty (2008), 62 IPM research
and development projects done in 26 countries, covering more than five million farm
households, revealed the ability of IPM to reduce pesticide usage substantially. Over
60% of the studied projects resulted in an average of 70% reduction of pesticide
usage while giving a 40% increase of the yield. In contrast, 20% of the farm projects
resulted in a 60% reduction of pesticide usage but with a 5% yield loss. Even though
some less successful results have been shown by the IPM systems practised for
outdoor arable crop fields, use of IPM has been highly successful with protected crop
cultivation (i.e. greenhouse crops). Therefore, over 90% of the greenhouse-grown
tomato, cucumber and sweet pepper production in the Netherlands and almost all
greenhouse-grown crops in the UK depend on IPM with a major contribution by
biological control (van Lenteren 2000).

5 Natural Sources to Harness Microbial Antagonists

Microbial pesticides contain naturally occurring or genetically modified microbes,
namely, bacteria, fungi, algae, virus, nematodes and protozoans (Mishra et al. 2015),
either in their vegetative or reproductive stages (i.e. spores/cysts). These microbes
suppress the growth or development of pest population or kill the population through
their selective modes of action. Depending on the target pest, microbial pesticides
can be of many forms: biofungicides, bioinsecticides, bioherbicides, bionematicides,
bioalgaecides, biobactericides, bioacaricides, etc. Microbes dwell on or in many
natural habitats either as epiphytic, endophytic and phoretic organisms. For example,
rhizosphere, the narrow zone surrounding and influenced by plant roots, is a hotspot
for a wide range of organisms, namely, bacteria, actinomycetes, fungi, oomycetes,
nematodes, protozoans, algae, virus, archaea and arthropods (Mendes et al. 2013),
due to the secretions of root exudates. In addition, microbial communities live on the
aerial plant parts which are largely covered by the foliage and collectively referred to
as the phyllosphere (Bulgarelli et al. 2013). Being one of the largest microbial
habitats in the world, phyllosphere predominantly accommodates fungi, algae,
bacteria, actinomycetes, archaea, yeast and bacteriophages and to a lesser extent
of nematodes and protozoans. However, compared to the other types of microbiota,
bacteria are the most prevalent group present on the phyllosphere which has been
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estimated to be approximately 106–107 microbial cells per cm2 of leaf area (Lindow
and Brandl 2003). Microbial inhabitants are prevalent in the endosphere of plants
(inside the leaves, roots or stem tissues) and are termed as endophytes (Turner et al.
2013). As reported by Bulgarelli et al. (2013), in general, rhizosphere and root
endosphere contain bacterial densities of 106–109 cfu/g and 104–108 cfu/g, respec-
tively. Collectively the whole microbial community in or on the rhizosphere,
phyllosphere or endosphere is termed as the plant microbiome or plant microbiota.
In addition, microbes dwell in harsh environmental habitats, in aquatic bodies and in
air samples. Virtually, there is no place free from microbes.

5.1 Plant Microbiome: A Gold Mine of Microbial Antagonists

Even though rhizosphere, phyllosphere, endosphere and many other phyto-habitats
are heavily colonized with microbes, the microbial density and diversity of them
have not been estimated accurately, especially by conventional culture-dependent
methods. This is purely due to unculturable nature of the majority of microbes. With
the introduction of culture-independent techniques including 16S rRNA gene
sequencing, microarray, fluorescent in situ hybridization-confocal laser scanning
microscopy and metagenomics, it has been estimated that 1 g of soil can harbour
more than one million distinct bacterial genomes, which is a value exceeding several
orders of magnitude than the previous estimates by culture-dependent methods
(Gans et al. 2005).

Majority of the bacteria and fungi that dwell in the rhizosphere are capable of
producing metabolites that have the ability to inhibit the growth or activity of
competing microorganisms in the same habitat (Brakhage and Schroeckh 2011).
Trichoderma sp. and Agrobacterium radiobacter are examples each for a fungus and
a bacterium, respectively, which has the capability of producing antibiotics (antimi-
crobial compounds). Some rhizosphere microbes are capable of producing
metabolites having low molecular weight and high vapour pressure. These are
named as volatile organic compounds (VOCs). Various bacterial species, namely,
Stenotrophomonas maltophilia, Serratia plymuthica, Pseudomonas trivialis, Pseu-
domonas fluorescens, Bacillus subtilis and Burkholderia cepacia, are reported to
produce VOCs that can inhibit mycelial growth of fungal pathogens (Mendes et al.
2013). Rhizosphere microbiome has been reported to induce host plant resistance by
modifying the plant’s immune responses against pathogens. Phyllosphere-inhabiting
bacteria such as P. fluorescens strain A506 and Pantoea agglomerans strains can
inhibit colonization of Erwinia amylovora, the fire blight pathogen, once the
phyllosphere is prior colonized by the bacterial inhabitants (Stockwell et al. 1999).
Studies done on different grass species have identified Azoarcus, Burkholderia,
Gluconacetobacter, Herbaspirillum and Klebsiella spp. as endophytic bacteria. It
is also reported that inoculation of endophytic bacteria such asG. diazotrophicus and
Herbaspirillum protects the inoculated plants from phytopathogenic fungi and
bacteria through systemically acquired resistance (Monteiro et al. 2012).
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6 Reasons to Introduce Microbial Pesticides as an
Alternative to Synthetic Pesticides

Since the inception of Green Revolution, despite the benefits gained, negative
impact caused by pesticides on human and other non-target organisms has been
highlighted by many authors. Dating back to Carson (1962), through her book Silent
Spring, a wealth of data is being accumulated on contamination of food and the
environmental resources by pesticides (Aktar et al. 2009; Carvalho 2017;
Nøstbakken et al. 2015), acute toxicity leading to death, potential health risks to
human by chronic effects of pesticides (International Agency for Research on
Cancer 2016, 2017), accumulation of pesticide residues and mass killing of benefi-
cial non-target biota (WHO 2017; Paoli et al. 2015) caused by pesticides.

6.1 Sri Lankan Scenario

In parallel to the studies done globally, a reasonable number of pesticide-related stud-
ies have been done in Sri Lanka. To name a few, they include the assessment of
pesticide usage in vegetable cultivation in the upcountry of the island (Jayetilleke
and Bandara 1989; Padmajani et al. 2014), mobility patterns of pesticides in water
resources (Aravinna et al. 2017), detection of pesticide residues in some selected
vegetables collected from markets (Lakshani et al. 2017; Sharaniaya and Loganathan
2015), assessment of the residues of chlorpyrifos in selected vegetables (Marasinghe
et al. 2011), health issues faced due to occupational exposure to
acetylcholinesterase-inhibiting insecticides (Smit et al. 2003), pesticide poisoning
in Sri Lanka (Jeyaratnam et al. 1982) and contamination of well water due to
pesticides (Aponso et al. 2003).

Findings have revealed that majority of vegetable farmers in Sri Lanka are not
practising the preharvest safety period (Sharaniaya and Loganathan 2015), use of
pesticides containing active ingredients belonging to not permitted class (ib) and
restricted use category (class (ii)), overdosing of the pesticides and use of cocktail
mixtures of pesticides (Padmajani et al. 2014). Pesticide residue levels exceeding EU
maximum residue levels (MRLs) have been reported for cabbage, capsicum and
tomato available at the market or with wholesale dealers (Lakshani et al. 2017).
According to a study done by Watawala et al. (2010), 45% of the upcountry farmers
involved with intensive cultivation prefer to use more than the recommended amount
of pesticides and also in higher frequencies, to avoid high risk of crop losses and to
ensure a higher yield. Though lower than the MRLs, presence of residues of
propineb, tebuconazole and chlorothalonil has been reported in milk samples col-
lected from upcountry Sri Lanka and potential threat of having unidentified
agrochemicals in those milk samples (Chaminda et al. 2012). Extremely high risk
levels and high toxicity levels have been reported from ground and surface water of
potato-cultivating areas of Sri Lanka due to heavy use of fungicides (Watawala et al.
2010). Hence, use of such water for human consumption poses health risks, and
bioaccumulation of the chemicals in aquatic fauna is a concern.
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Global and Sri Lankan scenario provide ample evidence of potential health and
environmental threats posed due to complete dependence on pesticides in plant
protection. Considering the alarming nature of those threats, it is a timely need to
explore alternative options to synthetic pesticides, and microbial pesticides have
become a prospective alternative.

7 Present Status of Microbial Pesticides

According to FAO (2017), the global pesticide production has been increased at a
rate of about 11% per year (i.e. from 0.2 million tons in the 1950s to more than
5 million tons by year 2000). Sri Lanka has been ranked as the 4th pesticide user
among the Asian countries with 114 active substances and nearly 440 agricultural
pesticides (Lakshani et al. 2017). Therefore, public concern on usage of synthetic
pesticides has been growing, and attention has been diverted to biological control of
crop pests. Out of the total biopesticides used today in the world, 90% constitutes the
microbial pesticides, the largest group of broad-spectrum biopesticides which are
pest specific hence having no or less harmful impacts on non-target organisms (Koul
2011). Owing to the environmentally benign characteristics of microbial pesticides,
worldwide microbial pesticide usage has been reported to be 60% bacterial
biopesticides, 27% fungal biopesticides, 10% viral pesticides and 3% others such
as nematode biopesticides (Mishra et al. 2015). Bacterial, fungal, viral, nematode
and protozoan microbial pesticides available globally as commercial products are
listed by Koul (2011), Chandler et al. (2011) and Mishra et al. (2015). As reported by
Marrone (2007), there are about 1400 biopesticide products in the market, and
68 biopesticide-active substances are registered in the European Union (EU) and
202 in the USA. The EU biopesticides consist of 34 microbial pesticides,
11 biochemicals and 23 semiochemicals (EUPD 2010). Among the biopesticides
registered in the USA, 102 are microbials, 52 are biochemicals, and 48 are
semiochemicals. Even though there are registered microbial pesticides in Asia, the
information is variable (Koul 2011). In general, the available biopesticide products
represent 2.5% of the total pesticide market. As reported by Mishra et al. (2015),
worldwide biopesticide use and market share percentage are dominated by the USA
and Canada (44%), while the lowest use and the market share (3%) are reported from
Africa. Europe, Asia, Australia and New Zealand and Latin America report 20, 13,
11 and 9 as the global biopesticide use and market share %, respectively.

8 Advantages of Microbial Pesticides in Comparison
to Synthetic Pesticides

According to Koul (2011), in comparison to the growth of chemical pesticide market
(which is about 1–2% per year), the growth of microbial pest control has been
reported as 10% per year. Advantages of the microbial pesticides over the synthetic
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pesticides must be contributing to the increased growth rate of the use of microbial
pesticides worldwide.

As reported by Koul (2011), the biggest strength of microbial pesticides is their
non-toxic and nonpathogenic nature on non-target organisms. Since microbial
pesticides are specific to a single group or species of pest, they have no or less
negative effects on the beneficial organisms such as natural enemies of pests,
namely, predators, parasitoids and pathogens. Further, the microbial pesticides can
be used in many habitats such as aquatic bodies and indoor settings where chemical
pesticide usage has limitations. Due to the non-hazardous nature of the residues of
microbial pesticides, they can be applied without maintaining longer safety periods.
As elaborated by Bonaterra et al. (2012), the fate of the microbial antagonists once
they are applied to natural habitats such as rhizosphere, phyllosphere and fruit
surfaces (for the management of postharvest pathogens) has been studied by many
researchers. Declining of population density of the artificially introduced microbial
antagonists more or less rapidly after the inoculation is a common observation, and
dominating the introduced microbial population over the natural microbial commu-
nity is a rare phenomenon. Therefore, imbalance of the microbial community and
residual effects of the microbes are remote chances. Microbial pesticides can be used
not only for the management of pathogens but also against the vectors responsible
for transmitting the pathogens. Remote possibility to develop pest resistance, no
detection of harmful residues and biodegradable nature are other desirable attributes
possessed by the microbial pesticides (Sarwar 2015).

9 Limitations of Microbial Pesticides

Some of the advantages of microbial pesticides eventually become their own
disadvantages. For example, due to the specific action of microbial pesticides, they
are antagonistic against only a particular group of the pests present in the field.
Therefore, a broad-spectrum control cannot be achieved. Environmental factors such
as temperature, UV radiation, rain and wind can have negative influence on the
efficiency of microbial pesticides, especially when they are applied to crops grown in
open fields. Microbial pesticides which are applied to above-ground plant parts
against foliar pathogens/insect pests are more susceptible to the effect of harsh
environmental factors than those applied to soil for the control of soilborne
pathogens/insect pests. Therefore, special care has to be paid on formulation, storage
and delivery system to improve the efficiency of the microbial pesticides.
Incorporation of water-soluble adjuvants, oils, stickers, emulsions and UV
protectants with the antagonistic microbes is done at formulation stage to minimize
the detrimental effects by the environmental factors (Kumar et al. 2014). Shelf life of
the microbial pesticide is one of the major desirable attributes which determines
successful commercialization of the product. Being organisms, it is the general belief
and experience by the users that microbial pesticides are not long-lasting as the
synthetic pesticides. Generally, the microbial antagonists which were multiplied in
organic food base have longer shelf life than those who have been multiplied in inert
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or inorganic food bases (e.g. talc, vermiculite, kaolin). Shelf life of Trichoderma
spp., a fungal antagonist against a wide range of plant pathogens, has been reported
to be more than 18 months when multiplied in coffee husk (Kumar et al. 2014).
Bulky nature and possible contaminations during the storage are some other
limitations of the quality of microbial pesticides. Longer time taken to show a
response and lack of consistence of the final effect of the microbials on target
pests (due to the effect of crop, season, location, farming system, etc.) are some of
the less attractive attributes of microbial pesticides in comparison to synthetic
pesticides. Possible risks of clinical opportunistic infections have been reported for
some of the microbial antagonists (e.g. Burkholderia cepacia, Stenotrophomonas
maltophilia, Pseudomonas aeruginosa) effective against plant pathogens. However,
phenotypic and genotypic studies conducted on such strains have not revealed
differences between environmental and clinical isolates. Hence it demonstrates the
ability of any given strain to grow freely in natural habitats and cause opportunistic
infections which are encoded within them (Bonaterra et al. 2012). Moreover, most of
the microorganisms that have been branded as potential opportunists in human are
inhabitants of edible plant parts (e.g. Stenotrophomonas maltophilia in rice seeds,
Escherichia coli in lettuce leaves). Accordingly, plants have been natural reservoirs
of endophytic microorganisms; hence, they have been an integral part of our diet for
a long time (Berg et al. 2015). Even though a microbial biological control agent that
is nonpathogenic on non-target species is the ideal, it is a goal far from easy to
achieve (Hayward et al. 2010). As such, the negative effects of such microbial
endophytes should be insignificant. Less enthusiasm of the growers to use microbial
pesticides and reluctance to use microbial pesticides by farmers as they contain live
organisms are some other contributory factors to create a limited market for micro-
bial pesticides. Therefore, investments on commercial products of microbial
pesticides are limited.

10 Development of Microbial Pesticides

Development of a microbial pesticide from a plethora of microbes dwelling at
numerous habitats is a complex task. To this end, a number of criteria, namely,
antagonistic efficiency, ecological fitness, toxicological profiles, ability of mass
production and legal and marketing aspects, have to be evaluated (Köhl et al.
2011). In general, the sequence of events essential to follow when developing a
microbial pesticide has been summarized by Montesinos (2003), and the
requirements of the current European Union regulation in developing microbial
pesticides have been highlighted by Kiewnick (2007). The stepwise screening
procedure of microorganisms for commercial biological control of plant pathogenic
fungi and bacteria and evaluation criteria at various screening steps have been
introduced more comprehensively and in a straightforward way by Köhl et al.
(2011). Details related to each step of the screening procedure are discussed in
Sect. 10.1.
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10.1 Screening Steps

The procedure of development of a microbial pesticide starts with the screening of
potential microbial antagonists, namely, bacteria, fungi, virus, protozoans and
nematodes. To this end, sampling can be done from various sources such as
environmental samples (rhizosphere, phyllosphere, anthosphere, endosphere, sup-
pressive soils, water, etc.) and biological samples (e.g. insect and mite cadavers,
infected live insects and mites, animal tissues, etc.). Choice of the sampling source
and number of samples will give a better chance of hunting for a potential biological
control agent with a broad spectrum of antagonism. Therefore, sampling from a
broad range of geographical regions, crops managed under different management
practices, different varieties of crops and crops subjected to seasonal variations
would represent a wider range of microbial antagonists (Köhl et al. 2011).

Isolation of the biological control agent, from the sample, as a pure culture will be
the next step. When isolating a biological control agent from environmental samples,
use of selective or semi-selective culture media (e.g. Veens semi-selective medium
for Metarhizium spp., selective media for Beauveria spp. and starch casein agar for
Streptomyces spp.) and diagnostic media (e.g. to isolate fluorescent Pseudomonas
spp.,) would be convenient for the researcher, especially with the samples rich with
microbial density and diversity. Insect bait technique is a widely used tool for
specific isolation of entomopathogenic fungi from environmental samples, where
larvae of wax moth (Galleria mellonella), which is a highly susceptible and easy-to
rare host, are used (Meyling 2007).

Ability of an organism to isolate onto and culture in synthetic medium will be a
practical advantage; hence culturable microbes have a higher prospects towards
commercialization than the unculturable microbes. Ability of Bacillus thuringiensis
(Bt), Pseudomonas fluorescens and Trichoderma spp. to culture in simple media
under in vitro conditions is one of the main desirable attributes of them to proceed
successfully through the pipeline of development of biopesticides. In comparison,
Pasteuria penetrans, a promising biological control agent (an obligate prokaryote)
of root-knot nematodes (Meloidogyne spp.), and insecticidal virus have restrictions
towards commercialization due to their unculturable nature in synthetic media.

Once isolated and grown in pure cultures, the culturable microorganisms can be
identified and characterized and subjected to bioassays and pilot tests as parallel
activities (Montesinos 2003; Kiewnick 2007). However, according to Köhl et al.
(2011) procedure, identification of a potential microorganism would be complete
when a microorganism had cleared the barriers of the preliminary assessments in
rapid throughput screening systems. Spore production on agar, cell production in
broth, germination at 37 �C, mycotoxin risks and survival on UV radiation are some
of the criteria related to biomass production and safety features and ecological
characteristics of the candidate microorganisms assessed by rapid throughput screen-
ing systems.

Identification of the candidate microorganism at species level needs to be done,
and with the advanced molecular biological techniques and DNA sequencing and
homology search available at present, this can be done more reliably than by
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depending on the morphology of the candidate microbe. Information gathered on the
identity can be used to navigate the available databases to find in-depth details of the
microorganism. For example, medical and microbiological databases such as the
German Collection of Microorganisms and Cell Cultures (http://www.dsmz.de) and
regulations (European Commission 2000) are searched for information to judge the
safety and potential risks on human pathogenicity, allergenicity and toxicity
(Brimner and Boland 2003). At this stage, it is worthwhile to check for the already
patent-protected microbial antagonists, so that further attempts can be terminated.

In general, candidates satisfying the required expectations will be less than 1% of
the originally isolated number of microbes from environmental samples (Montesinos
2003). The less number of microorganisms which has more promise needs to be
tested under real field conditions and different combinations of conditions. The goal
of this step will be to select a group of antagonists with moderate to high level of
antagonism under a range of representative environmental conditions without high
variation among batches of the microbial pesticide.

Pilot experiments on mass production have to be started for the microorganisms
that have satisfied the above desirable features. Biomass production and spore
production are measured under solid-state fermentation for fungal microbial
antagonists, and liquid fermentation will be used to measure the production of
biomass and spores for bacterial and yeast antagonists (Köhl et al. 2011). Despite
the proper blend with industrial biotechnological techniques, if the candidates are
not producing sufficient quantities of biomass and spores and if the production cost
is very high, such candidates are not worth considering for the next steps of the
development of microbial pesticides.

Once the microbial candidates that can be successfully mass-produced are
identified, formulation has to be done. Vegetative cells and/or spores are formulated
as dry powders, granules or wet formulations such as concentrated emulsions.
Viability and shelf life of the microbial antagonist are the key parameters assessed
at this stage. Köhl et al. (2011) have suggested more than 80% viability and
12 months of shelf life as reasonable criteria in decision-making. In parallel to the
viability and shelf life studies, compatibility to synthetic pesticides and preliminary
toxicological studies (using non-vertebrates) are to be conducted.

Based on the results of viability, shelf life and toxicological profiles of the pilot-
produced formulations, field experiments will be conducted in environments which
are conducive for pests. Then, the mass production of the microbial candidates
showing promising results under field conditions will be upscaled, and cost will be
assessed. As the final step of the screening, microbial pesticides will be integrated to
existing cropping systems.
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11 Sri Lankan Scenario on Microbial Pesticides: A Bibliometric
Analysis on Research Related to Microbial Pesticides

Sri Lankan agriculture has an intimate relationship with the use of naturally available
bioresources and timely use of cultural practice and religious rituals
(Widanapathirana and Dassanayake 2013) for protection of crops from pests. How-
ever, such indigenous and nature-friendly practices have been continued by the
farmers by tradition but without having a scientific basis on the underlying
mechanisms. Even though some literature is available on the nature-friendly
approaches practised by Sri Lankan farmers in different agricultural systems, use
of microorganisms as an eco-friendly strategy has not been in the attention.

In this study, an attempt was done to capture the nature and the trend of scientific
research conducted in Sri Lanka with a special emphasis on microbial pesticides. To
this end, standard bibliometric methods practised elsewhere have been used (Sinha
2012). For a comprehensive coverage of the present topic, major keywords such as
‘biopesticides’, ‘microbial pesticides’, ‘biological control’, ‘Sri Lanka’, ‘global
trend’, ‘trend of usage of microbial pesticides’, ‘research on microbial pesticides’,
‘biopesticide market’, etc. were used. All the words were connected with Boolean
operators (e.g. ‘OR’, ‘AND’, ‘NOT’) to have two-word keywords. In addition,
keywords related to sub-disciplines were also used (e.g. ‘fungal’, ‘bacterial’,
‘viral’, ‘nematode’, ‘Trichoderma spp.’, ‘Bacillus spp.’). Biological control done
on pathogens specific to different crops was also used as a search criterion. The
web-based queries were run in Google search engine only. In addition, library
material on undergraduate and postgraduate research conducted by national
universities and postgraduate institutes and research conducted in major national
research institutes of Sri Lanka were searched. This includes proceedings of research
symposia, thesis, research reports/bulletins and newsletters. The information gath-
ered was manually analysed on different criteria of interest. The information
included research work related to various stages of the development procedure of
microbial pesticides. Due to the dynamic nature of the discipline concerned and due
to difficulties in accessing the information, there is a possibility to have some
omissions of research work done in Sri Lanka on microbial pesticides or microbial
biological control agents in general.

11.1 Research Towards Microbial Pesticides Against Insect Pests

Sri Lanka has a more than century-long history on biological control of insect pests
using microorganisms. According to the review by Evans (1999), entomopathogenic
fungi such as Cordyceps barnesii Thw., a pathogen of cockchafer or lamellicorn
larva of coffee; C. dipterigena Thw., a widespread pathogen of dipterans; and
Verticillium lecanii (Zimm.) (now renamed as Lecanicillium lecani) Viégas, a
pathogenic fungus on green scale insects of coffee, have been reported more than
one and half century ago from Sri Lanka. Since then, potential of several
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entomopathogenic fungi in controlling major pests of plantation crops and ornamen-
tal crops has been investigated by several researchers (Table 1).

Limited number of research has been reported on the use of bacterial antagonists
for the management of insect pests. Commercial preparations of Bacillus
thuringiensis have been used against coconut caterpillar, Opisina arenosellaWalker
(Kanagaratnam et al. 1983), and tea tortrix, Homona coffearia (Danthanarayana
1967). In addition, an entomopathogenic nematode (Heterorhabditis spp.) has been
used against the low-country live-wood termite (Glyptotermes dilatatus) of tea
(Danthanarayana and Vitarana 1987) and upcountry live-wood termite,
Postelectrotermes militaris (Amarasinghe and Hominick 1993; Amarasinghe et al.
1994; Amarasinghe 2008).

11.2 Research Towards Microbial Pesticides Against Plant
Pathogens

Google search results revealed that the research on microbial antagonists against
plant pathogens in Sri Lanka has been started in the early 1990s. From year 2000, the
research on microbial antagonists against plant pathogens has shown an exponential
growth, and it appears that still the research relevant to biological control of plant
pathogens in Sri Lanka is exponentially-increasing (Fig. 1).

Percentage-wise breakdown of the research related to the type of microbial
antagonist of plant pathogens is given in Fig. 2. The highest percentage of research
has been done with fungal antagonists (35%) followed by the combination of fungal
and bacterial antagonists (33%). Trichoderma spp. (e.g. T. viride, T. polysporum,
T. harzianum, T. viride, T. koningii, T. asperellum) have dominated the research on
fungal antagonists. Bacillus subtilis, Pantoea agglomerans, Flavobacterium sp.,
Burkholderia spinosa, Bacillus megaterium and Pseudomonas syringae
pv. phaseolicola have been reported as the bacterial antagonists used for the
management of plant pathogens. Research on the potential of bacteriophages in

Table 1 Research conducted in Sri Lanka on biological control of insect pests by
entomopathogenic fungi

Crop Pest Entomopathogenic fungus References

Coconut Oryctes rhinoceros Metarhizium anisopliae
(Metschn.) Sorokin

Fernando et al. (1995)

Coconut Aceria guerreron is Hirsutella thompsonii Edgington et al. (2008)

Coffee Hypothenemus
hampei (Ferrari)

Beauveria bassiana
(Balsamo)

Yapa et al. (2007),
Subasinghe et al. (2013)

Tea Oligonychus coffeae Fungal isolate
(unidentified)

Amarasena et al. (2011)

Queen palm
(Livistona
rotundifolia)

Root borer
(Parapoynx
stratiotata)

Nomuraea rileyi Svinningen et al. (2010)
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controlling the bacterial plant pathogens has only been focused on Ralstonia
solanacearum, the bacterial wilt pathogen. Yeast spp. such as Candida oleophila
and Aureobasidium pullulans have been attempted on management of postharvest
pathogens of fruits. The potential of using an actinomycete (Pasteuria penetrans)
has been investigated for the control of root-knot nematodes (Meloidogyne spp.).

The information collected in the present study on microbial biocontrol agents of
plant pathogens was analysed with reference to diseases in different crops (Fig. 3).
Accordingly, in Sri Lanka, 91% of the research on microbial biocontrol agents has
been focused on plant pathogens of horticultural crops, namely, fruits, vegetables,
root crops and leafy vegetables. The rest of the 9% of research has been focused on
diseases of rice and plantation crops. Table 2 summarizes different types of diseases
for which the research on microbial antagonists was conducted. Accordingly, it is
evident that 67% of the research conducted so far has been focused on the control of
soilborne diseases by microbial antagonists.
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Fig. 1 Cumulative number of
research on microbial
pesticides/microbial
biological control agents to
control plant pathogens in Sri
Lanka during 1990–2017.
(Based on information
compiled by the methodology
described in Sect. 11)

Fig. 2 Percentage-wise
breakdown, based on the type
of microbial antagonist in
microbial pesticide-related
research against plant
pathogens conducted in Sri
Lanka as reported during the
period of 1990–2017
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12 Research Towards Microbial Pesticides Against Weeds

A limited number of attempts have been reported on microbial control of weeds in
Sri Lanka. Kelaniyangoda and Ekanayake (2010) have reported the potential use of
Puccinia melampodii Diet. and Holow as a fungal biocontrol agent of Parthenium
hysterophorus, a troublesome weed introduced to Sri Lanka in 1999. The efficiency

Fig. 3 Microbial pesticide-related research conducted in Sri Lanka during the period of 1990–2017
with reference to diseases in different crops

Table 2 Different types of plant diseases for which the research on microbial antagonists was
conducted in Sri Lanka during the period of 1990–2017

Type of
pathogen Diseases

Fungi Collar rot, rust, grey mould, white root rot, crown rot, sheath blight, black rot,
stem end rot, corm rot, damping off, anthracnose, root rot, bulb rot, leaf twister
disease, green mould, blister blight, fungal wilt, leaf spot

Bacteria Bacterial wilt, bacterial soft rot

Nematodes Root-knot nematodes
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of using fungal pathogens, namely, Alternaria alternata, Cercospora rodmanii,
Aspergillus sp. and Trichoderma sp., as potential fungal antagonists for the control
of water hyacinth (Eichhornia crassipes), a noxious invasive aquatic weed in Sri
Lanka, has been reported by Queene et al. (2016). Further, Ekanayake et al. (2018)
have identified fungal isolates showing pathogenic effects on water hyacinth and
identified them as Alternaria sp., Acremonium sp., Myrothecium sp. and
Fusarium sp.

13 Case Studies Related to the Development of Microbial
Pesticides in Sri Lanka: Personal Experiences

13.1 Biological Control of Rice Sheath Blight

Sheath blight of rice, caused by Rhizoctonia solani Kühn AG1-1A, is a considerable
biotic threat to many rice-growing countries worldwide, and Sri Lanka is not an
exception. Yield losses due to rice sheath blight are considerable under high-input
cropping systems, and cultural practices to manage the disease are not very effective.
Further, rice cultivars resistant to sheath blight are not available. Therefore, apart
from few fungicides, measures to manage the disease are limited. A study was
initiated to screen potential microbial antagonists by exploring the microflora
inhabiting on the phyllosphere of traditional and newly improved varieties of rice
(De Costa et al. 2008a) as a non-chemical option to manage R. solani. Among a total
of 196 bacterial and 91 fungal isolates, 12 bacterial and 2 fungal isolates showed
more than 50% growth inhibition of R. solani under in vitro conditions; hence, they
were tested for the in vivo antagonism under pot experiments. Out of the
14 antagonists, 6 bacterial and 1 fungal isolates reduced the disease incidence and
severity more than 82% and 92%, respectively, for BG94-1 and IR8 varieties under
pot experimental conditions (De Costa et al. 2008a). Field efficiency of the six
bacterial and one fungal isolates was evaluated, and one of the bacterial isolates and
the fungal isolate resulted in a 50% and 61% reduction of sheath blight severity,
respectively, under field conditions for two consecutive seasons when applied as
spore suspensions (De Costa et al. 2008a). The above bacterial isolate and the fungal
isolate were identified as Bacillus megaterium and Aspergillus niger, respectively.
Two bacterial antagonists (i.e. Bacillus megaterium and B. subtilis) and A. niger
performed well under in vitro, in vivo and field conditions were subjected to mass
culturing of spores (Soe and De Costa 2012). Spore-based formulations of the three
antagonists (individual antagonist or combination of the antagonists) were prepared
using talc as a formulating material, and the efficiency of the formulations in
reducing rice sheath blight incidence was determined under pot experimental
conditions. Soil applications and foliar applications of the talc-based formulations
(as individuals or mixtures of antagonists) showed 45% reduction of the disease
incidence (Soe and De Costa 2012). Spore viability and shelf life of the talc-based
formulations were determined. It was revealed that spore containing talc-based
formulations retained the spore viability over a period of 6 months when stored
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under refrigerated conditions or ambient temperature, and that was longer than the
viability shown by spore suspensions (Soe and De Costa 2012). Treatment of a range
of rice varieties with the microbial antagonists increased the level of defence
enzymes such as β-1,3-glucanase and chitinase in rice sheath tissues indicating the
ability of the microbial antagonists to induce host plant resistance (Soe and De Costa
2012).

13.2 Biological Control of Postharvest Diseases of Banana

Dessert-type banana (Musa acuminata) is highly susceptible to a range of posthar-
vest diseases, namely, anthracnose, crown rot and blossom end rot. Some of these
postharvest decays are latent infections, and some are wound infections.
Colletotrichum musae is the causal fungal pathogen of banana anthracnose, and it
is one of the causal agents of crown rot and blossom end rot of banana. Considering
the consumer concerns on usage of fungicides, alternative non-pesticidal approaches
were investigated to manage the postharvest diseases of banana. To this end,
potential use of indigenous microbial antagonists for managing the postharvest
pathogens was investigated. A bacterial antagonist was isolated from the fruit peel
of banana (var. Seenikesel) (De Costa et al. 1997; De Costa and Subasinghe 1998),
and it was identified initially as a non-fluorescent Pseudomonas spp. by conven-
tional methods. Later metabolic fingerprinting methods such as fatty acid analysis
identified the antagonist as Burkholderia cepacia GCB group (De Costa and
Erabadupitiya 2005), and the BIOLOG identification system (MicroLog 1 4.2 ver-
sion) gave the highest similarity index with Burkholderia spinosa (De Costa et al.
2008b). Molecular identification based on recA sequence analysis identified the
isolate as a member of Burkholderia cepacia complex, but not an already identified
species of the B. cepacia complex (De Costa and Erabadupitiya 2005; De Costa et al.
2008b). In vivo studies using different banana cultivars showed the ability of the
bacterial isolate to control several postharvest diseases of banana either as a sole
method (as a postharvest dip) or in combination with hot water treatment (at 50 �C
for 3 min) (De Costa and Erabadupitiya 2005). A suspension of B. spinosa (105 cfu/
ml) containing Tween 20 (0.02% v/v) was effective in controlling anthracnose and
blossom end rot of a range of dessert banana varieties (87–95% and 81–82% disease
reductions, respectively), while a concentration of 104 cfu/ml with Tween 20 (0.02%
v/v) was sufficient to have a 86–98% control of crown rot (De Costa et al. 2008b). In
vitro and in vivo studies have shown the broad-spectrum ability of B. spinosa to
control several other postharvest pathogens, namely, Colletotrichum
gloeosporioides, Botryodiplodia theobromae, Thielaviopsis paradoxa, Ralstonia
solanacearum and Erwinia carotovora (De Costa et al. 2008b; Gunawardana and
De Costa 2016; Subasinghe and De Costa 2017). Edible parts of banana and carrot
which were treated with B. spinosa as a postharvest treatment were free from the
antagonist (De Costa et al. 2008b; Samaranayaka et al. 2017). At a molecular level
analysis of recA gene by PCR-RFLP (Polymerase Chain Reaction- Restriction
Fragment Lenght Polymorphism) revealed a unique profile of DNA fragments for
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B. spinosa which discriminated it from human pathogenic genomovar of
Burkholderia cepacia complex (De Costa et al. 2008b).

14 Research on Trichoderma spp. Conducted in Sri Lanka

As per the Google search results and literature available from research symposia and
undergraduate and postgraduate theses/dissertations, it is clear that majority of the
research on biological control agents against plant pathogens has been done using
Trichoderma spp.. Table 3 highlights the research conducted in Sri Lanka using
different Trichoderma spp. for the management of a range of plant pathogens. It is
evident that research has been conducted over a period of three decades on screen-
ing, identification, determination of in vitro and in vivo antagonism, mass production
and formulation of Trichoderma spp. (Table 3).

15 Potential to Commercialize Microbial Pesticides in Sri
Lanka

The rich diversity of climate, geology, topography and soils in Sri Lanka contributes
to the species richness of its fauna and flora and to possess a wide array of
ecosystems (Evans 1999). Therefore, Sri Lanka has been world renowned as one
of the top biological hotspots in the globe. As each species and each environmental
habitat harbour a guild of naturally dwelling microbes in the form of epiphytes,
endophytes and saprophytes, harnessing of microorganisms having antagonistic
ability against agricultural pests, among the natural inhabitants, is not a practical
limitation. Hence, use of indigenous biological control agents for the management of
crop pests is a possibility. For example, presence of a wide range of Trichoderma
spp. (i.e. T. asperellum, T. longibrachiatum, T. harzianum, T. viride, T. virens,
T. polysporum, T. koningii, T. erinaceum) highlights the species richness of the
given biological control agent in different locations of the country (Table 3).

Increased public concern on the health and environmental hazards associated with
synthetic pesticides has become a catalytic factor for developing alternative
measures for the management of agricultural pests in Sri Lanka. Further, in compar-
ison to the pesticide imports of 2013, an abrupt decline in pesticide imports (a 30%
decline) has been reported in year 2014 (Lakshani et al. 2017). This is due to the
stringent control over high-volume pesticides and banning of some weedicide
formulations. Hence, 18% reduction of all pesticide formulations of imports to the
country has been reported (Department of Agriculture 2015).

A growing interest on research related to biological control of agricultural pests in
Sri Lankan researchers is clearly evident. Researchers of state universities, postgrad-
uate institutes, Department of Agriculture, Sri Lanka and national research institutes
have prioritized biological control research in their agenda. It is more interesting to
note that the number of research involved with novel molecular biological
techniques is being increasing and researchers are using these non-conventional
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Table 3 Research conducted in Sri Lanka using different Trichoderma spp. for the management of
a range of plant pathogens

Trichoderma spp. Pathogen Crop References

T. harzianum
RU01

Uromyces appendiculatus Phaseolus
vulgaris

Abeysinghe
(2009a)

T. harzianum Rigidoporus microporus Hevea brasiliensis Jayasuriya and
Thennakoon
(2007)

T. harzianum (TrH
40)

Botryodiplodia theobromae,
Colletotrichum gloeosporioides
and Gliocephalotrichum
microchlamydosporum

Nephelium
lappaceum

Sivakumar
et al. (2002)

T. harzianum
RU01

Rhizoctonia solani Solanum
melongena and
Capsicum annuum

Abeysinghe
(2009b)

T. harzianum and
T. viride

Pythium aphanidermatum Solanum
lycopersicum

Jeyaseelan
et al. (2012)

T. asperellum Thielaviopsis paradoxa
(telemorph ¼ Ceratocystis
paradoxa), Colletotrichum
gloeosporioides

Ananas comosus,
Nephelium
lappaceum

Wijesinghe
et al. (2010a, b,
2011)

T. asperellum,
T. longibrachiatum

– – Rajapakse et al.
(2016)

T. viride Meloidogyne spp. Centella asiatica Shamalie et al.
(2011)

T. viride Colletotrichum
gloeosporioides, Fusarium
oxysporum f. sp. cepae

Allium cepa Naguleswaran
et al. (2014)

T. viride Sclerotium rolfsii – Emerson and
Mikunthan
(2015)

T. viride and
T. koningii

Sclerotium rolfsii Chlorophytum
comosum ‘Iaxum’

Priyadarshani
and
Kelaniyangoda
(2013)

T. viride and
T. harzianum

Fusarium oxysporum Crossandra
infundibuliformis
var. Danica

Jegathambigai
et al. (2009a)

T. viride and
T. harzianum

Helminthosporium sp. Chrysalidocarpus
lutescens

Jegathambigai
et al. (2009b)

T. viride,
T. polysporum and
T. harzianum

Ceratocystis paradoxa – Kannangara
et al. (2017)

T. erinaceum,
T. virens and
T. asperellum

Fusarium oxysporum,
Rhizoctonia solani,
Colletotrichum
gloeosporioides, Curvularia
lunata, Corynespora cassiicola,
Rigidoporus microporus and
Phytophthora meadii

– Herath et al.
(2015, 2017)

(continued)
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techniques to reveal the in-depth information related to biological control at molec-
ular level.

Even though there is no direct connection with the microbial biopesticides, Sri
Lanka has previous experiences on successful biological control of agricultural
pests, namely, Salvinia molesta, an aquatic weed; Promecotheca cumingi, the
coconut leaf miner; and Aceria guerreronis, the coconut mite. These experiences
will have a positive impact on the willingness to use microbial biopesticides by
growers and invest on microbial pesticides by manufacturers.

16 Present Status of Development of Microbial Pesticides
in Sri Lanka

Literature available shows that Sri Lanka has largely focused on microbial
antagonists against plant pathogens in comparison to insect pests and weeds.
Among the microbial antagonists, the biggest attention has been centred on
Trichoderma spp., and potential of yeast, bacteriophage, nematode, virus and proto-
zoan antagonists has not been explored yet. It is evident that research on microbial
pesticides in Sri Lanka has been still limited to the initial steps of the development
procedure, namely, isolation, screening, culture maintenance, identification and
in vitro and in vivo antagonism. Very few microbial antagonists have passed the
steps of mass production and formulation. No information is available on toxicolog-
ical studies on non-target species and environmental impact of the potential micro-
bial antagonists. Further, no microbial pesticide having an indigenous origin has
been registered in the country yet. Until recently, the identification of the antagonists
was solely based on conventional methods (morphology, biochemical tests). How-
ever, from the recent past, application of molecular methods for identification has
been used. In addition to accurate identification of the antagonists, molecular
methods can be used for evaluating the environmental impact, traceability and fate
of the microbes in the environment and for improving the antagonistic efficiency of
microbes against their hosts.

When the microbial pesticide market of the neighbouring countries in Asia is
considered, China has 327 registered biopesticides as per the records till 2008. Out
of them, 270 bacterial biopesticides have been obtained from 11 microbial species,
mostly from B. thuringiensis. There are 22 registered fungal biopesticides in China

Table 3 (continued)

Trichoderma spp. Pathogen Crop References

Trichoderma spp. Rigidoporus lignosus Hevea brasiliensis Wijesundara
et al. (1991)

Trichoderma spp. Sclerotium rolfsii Zamioculcas
zamiifolia

Jegathambigai
et al. (2010)

Trichoderma spp. Fusarium sp. Allium cepa Gunaratna et al.
(2014)
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originated from 6 fungal species. In addition, 35 registered viral biopesticides can be
found, and 14 out of them have been developed from Heliothis armigera nuclear
polyhedrosis virus (NPV) (ICAMA 2008). When the Indian biopesticide market is
considered, most of the microbial pesticides have been developed using
Trichoderma spp., B. thuringiensis and Pseudomonas fluorescens. Viral
biopesticides contain NPV and granuloviruses (GV) (Rabindra 2005). By the year
2006, there were 12 registered microbial pesticides in India (Gupta 2006).

17 Future Directions

Based on the available literature, a substantial level of increase of the interest,
knowledge and technology related to development of microbial pesticides has
been observed over the past three decades in Sri Lanka. Despite these improvements,
Sri Lanka has not been able to release a commercial product of microbial pesticide
yet. To this end, a joint venture has to be undertaken by the researchers,
manufacturers, government authorities and end users. Research should be continued
till the commercialization without limiting to the research related to initial steps of
the development procedure of microbial pesticides.

As microbial pesticides contain the whole organisms or their vegetative or
reproductive units, maintaining the quality with respect to their antagonistic ability,
viability (shelf life), purity and safety is of paramount importance for the physical
and economic sustainability of the product. Similarly, mass culturing of the micro-
bial antagonist is a must, to produce the final product in large quantities, to meet the
demand. As microbes have diverse nutrient requirements, tailor-made mass culturing
protocols with reference to the type of culture medium and equipment needed by
them have to be determined. Further, mass culturing should be a cost-effective
exercise to reach higher profit margins, from the manufacturer’s point of view.
Further, continuous monitoring of the product is needed to maintain the originality
of the microbial pesticides, particularly due to the ‘living nature’ of it. Therefore, to
release a successful final product of a microbial pesticide and even after the release, a
heavy involvement of research studies is essential.

It is evident through the literature available that a reasonable number of labora-
tory studies on biological control of plant diseases have been done by Sri Lankan
researchers with reference to isolation, identification, in vitro screening and a certain
extent of in vivo screening. Considering the time, effort and resources spent on these
findings, establishment of a national repository of the valuable microbial antagonists
is a timely need.

Awareness of the end users on microbial pesticides needs to be promoted, and
attitudinal changes have to be created in all strata of the society on the use of
microbial pesticides for the management of crop pests in comparison to the use of
synthetic pesticides. Though outcomes are not rapid and microbial pesticides do not
result in a zero-level reduction of pest population, advantages of introducing micro-
bial pesticides as an effective component in integrated management programmes
need to be educated. Dissemination of such knowledge should be targeted from
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primary education to every stratum of the society; hence incorporating such infor-
mation as appropriate to school curricula would be an effective modality. Most users
are of the view that microbial pesticides can reach the targets as a sole measure of
management. Considering the possible health and environmental threats of synthetic
pesticides, government has to take the leading role in promoting and making
available of microbial pesticides. Setting up an acceptable regulatory framework
(while preserving the quality, safety and profit), encouraging the use of biological
control through providing incentives/subsidies, establishing model farms and
identifying model farmers/leader farmers are some of the options available to the
government authorities. Considering the growing threat posed on health and envi-
ronment due to complete dependence on synthetic pesticides, Sri Lanka should focus
on a long-lasting country policy on the promotion of microbial pesticides/
biopesticides, and it should not be faded away by political changes.

In Sri Lanka, the industrial biotechnology sector is in its infancy. As industrial
biotechnology has an intimate relationship with the mass production of quality
microbial pesticides, government support is needed in this regard. If private
manufacturers are hesitant to manufacture microbial pesticides, government author-
ity or a government-supported institute should get the responsibility of
manufacturing while assuring the quality of the product. To this end, we can learn
a lot from neighbouring countries. For example, even with less sophisticated tech-
nology, India has been successful in developing biopesticides at small scale to meet
the local requirements by joint efforts of local sugar mills, cooperatives, state
agricultural departments, integrated pest management centres and national
universities (Alam 2000). Further, Shukla and Shukla (2012) elaborate the Indian
scenario with reference to promoting research, production, registration and adoption
of biopesticides in India in collaboration with the supporting organizations and
schemes such as the Department of Biotechnology, Indian Council of Agricultural
Research, National Agriculture Technology Project, National Centre for Integrated
Pest Management and State Biocontrol Laboratories. Shukla and Shukla (2012)
further highlight that amendments were done to Insecticide Act in 1968, for speeding
up the development and production of biopesticides and their registration in India.
Government should channel more funds on research related to microbial pesticides
and human resource development. To this end, public-private partnership research
grants have been promoted by some of the Sri Lankan research funding agencies.
Farmers/growers should be patient enough to reap the advantages of the use of
microbial pesticides, and consumers should be willing to accept cosmetic defects of
food commodities treated with microbial pesticides if there are any. Such a collective
effort definitely will be helpful to see the light at the end of the tunnel.
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Statistics for Furtherance of Agricultural
Research in Sri Lanka

S. Samita, T. Sivanathawerl, and L. D. B. Suriyagoda

1 Introduction

In almost all areas of research, use of statistics at the planning stage and analysis
stage is essential to ensure that conclusions are valid. With recent advancements in
information technology, access to use of statistics is quite high, and thus it is good to
see an increasing trend of using statistics in research of all areas of work in general.
Experimentation in agriculture and the use of statistics in agricultural research in Sri
Lanka began with the establishment of the government organizations such as the
Department of Agriculture (DOA), Tea Research Institute (TRI), Rubber Research
Institute (RRI), and Coconut Research Institute (CRI) in the early twentieth century.
Research results generated from those organizations have then been documented and
published mainly through the journal of Tropical Agriculturalist (TA) published by
the DOA from the early part of the twentieth century. Apart from that, the first
Faculty of Agriculture (FOA) in the university system in Sri Lanka was established
in 1948 at the University of Peradeniya. Researchers attached to the Faculty of
Agriculture started contributing to experimentation in agriculture from 1948
onwards. Many of the graduates of the Faculty of Agriculture later became research
officers at the DOA. Statistics became an integral part of the Faculty curriculum from
1974 onwards. In 1975, the Postgraduate Institute of Agriculture (PGIA) was
established to offer taught and research-based higher degrees in agriculture, and
PGIA also began publishing its research journal by the name Tropical Agricultural
Research (TAR) from 1990 onwards. Thus TA and TAR together is the showcase of
agricultural research that took place from the past to present. A good understanding
of evolution of agricultural research in Sri Lanka can be obtained by analyzing
articles in those two journals. This work was initiated to look into that aspect,
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especially with respect to use of statistics in agricultural research. The specific
objectives of this article were to understand, (i) the type of research that the DOA,
other key research institutes and PGIA have conducted, (ii) the use of statistics in
their research, and (iii) identify the areas requiring improvements with respect to use
of statistics, based on the published research work in those two journals. Specifically,
the focus was on articles published during the period 1998–2017, and the number of
articles published during this period by TAR and TAwere 604 and 100, respectively.

2 Types of Research Conducted

Major areas of research conducted by the researchers from the DOA and PGIA are
given in Table 1. Most of the research results published were on agronomy (22%)
followed by genetics and breeding of crops, animal science, and social sciences in
the descending order. Agronomy mostly consisted of crop management and eco-
physiology-related research focusing toward ensuring sustainability of agricultural
systems. Varietal screening, diversity/germplasm evaluation, and/or crop
improvement-related research were the most common within the area of genetics
and breeding. Experimental results published in the areas of floriculture, forestry and
agroforestry, biostatistics, and climate science were relatively low (<2%). This may
be due to the lack of interest that existed among the public on these themes in the past
(Hall et al. 2009; Moss et al. 2010; Puri and Nair 2004; Spilsbury and Nasi 2006).
However, the importance on these themes has recently been increased than ever
(Luken et al. 2012; Moss et al. 2010; Turner et al. 2002). For instance, 11% articles
(Table 1) related to pest and disease management has been published in the recent
past.

Table 1 Major areas of
research published in TA
and TAR (1998–2017)

Area of research Number %

Agronomy 158 22.4

Genetics and breeding 111 15.8

Animal science 66 9.4

Social science 53 7.5

Food science 48 6.8

Environmental science 45 6.4

Economics 43 6.1

Pest management 43 6.1

Pathology 37 5.3

Postharvest management 34 4.8

Soil science 27 3.8

Biostatistics 11 1.6

Climate science 11 1.6

Forestry and agroforestry 10 1.4

Floriculture 7 1.0

Total 704 100
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Key areas of interest in agronomic experiments included the evaluation of growth
and development of different crops (or selected varieties of a crop) under different
management systems such as types and/or rates of soil amendments including
fertilizers and water management. In the sub-area of genetics and breeding, evalua-
tion of germplasm of different crop species had been made aiming to improve the
yield, pest and disease tolerance or resistance, and adaptability to environment using
field and/or pot experiments. Similarly, molecular biological applications and varie-
tal developmental results included in this sub-area were basically based on labora-
tory and pot trials. Animal science research consisted of productivity improvement
through management, quality improvement of farm products, environmental
impacts, behavioral studies, animal welfare, and disease prevention. Moreover,
this included both terrestrial and aquatic animal farming systems.

Research findings are available for different crops ranging from annuals to
perennials (Table 2). The highest number of research papers published was on
rice, amounting over 21% of the total number of papers published in TA and
TAR. Other crops which received higher attention were vegetables, fruits, and
ornamentals (flowers and foliage) as groups of crops. Large range of vegetables,
fruits, and ornamentals had been studied under each group, and thus statistics on
individual crops are not presented. Tea, tomato, coconut, onion, and chili were
among the single crops which received much attention after rice, vegetables, fruits,

Table 2 Crops studied in
research work of the articles
listed in Table 1

Crop Number %

Rice 93 21.5

Vegetables 47 10.9

Fruits 32 7.4

Ornamentals 31 7.2

Tea 27 6.3

Tomato 19 4.4

Coconut 18 4.2

Onion 17 3.9

Chili 15 3.5

Trees 15 3.5

Maize 12 2.8

Sugarcane 12 2.8

Cowpea 8 1.9

Potato 8 1.9

Mung bean 7 1.6

Weeds 5 1.2

Rubber 4 0.9

Soybean 4 0.9

Cinnamon 4 0.9

Othersa 54 12.5

432 100
aBlack gram, cassava, coffee, ginger, grasses, groundnut, home
gardens, lime, medicinal plants, millets, mushroom, oil palm, pepper,
pigeon pea, sorghum, sunflower, tobacco, yams
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and ornamentals. Among the plantation crops, the number of articles published on
rubber was fewer compared to tea and coconut. Despite the importance in sustain-
able cropping system management and contribution to national economy pulses such
as mung bean, cowpea, soybean, and black gram, spices such as cinnamon and
weeds have received considerably less attention (Table 2). Moreover, despite the
adaptability to diverse range of environmental conditions, nutritional quality, and
health benefits, millets, yams, and many other spices have gained less priority in
their research programs. Crops in Table 2 represent a diverse range of species found
in home gardens and forests with both agronomic and ecological importance. In
summary, reasons for the observed variability in the number of publications
presented for different crops in TA and TAR can be of diverse nature, such as
priorities given to those individual crops, infrastructure available to conduct
research, workload and directives given to research officers, life cycle of crops,
availability of financial resources, and the relevance to publish those research
findings in TAR and TA. Therefore, careful assessment and understanding is needed
when interpreting this variability.

Most of the designed experiments were field experiments (59%) followed by
laboratory and greenhouse (Table 3). As most of the experiments were field
experiments, results generated from those experiments would have direct relevance
and applicability to farmer field conditions. In addition, surveys for sociological
aspects of agriculture; protocol, methodology, or product development research in
sub-areas of animal science and food science; and computer-based research in
sub-areas of statistics and climatology have also been conducted. The decision on
the type of experiment/survey to be conducted is determined by the types of crop
and/or aspects to be studied, i.e., objective of the experiment/survey.

3 Experimental Designs Used: Strengths and Weaknesses

In order to test the relevant hypotheses and draw valid conclusions, experiments
should be conducted using the most appropriate experimental design, data should be
collected on relevant variables, and data analysis should be done using appropriate
statistical methods. The above aspects of the research reported in Table 1 were
explored in this study.

Randomized complete block design (RCBD) was the most widely used experi-
mental design for the studies (Table 4). Apart from that, completely randomized
design (CRD) and split–plot design have also been used, but with a relatively less
abundance. Most of the experiments were either single-factor experiments or

Table 3 Conditions in
which designed
experiments were
conducted

Condition Number %

Field 162 51.4

Lab 109 34.6

Greenhouse 44 14.0

315 100.0
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two-factor factorial experiments, and thus CRD or RCBD had been used. However,
there were instances where a large number of treatments or treatment combinations
were tested in agronomic experiments or in genetic material evaluation trials
(Ranawake and Amarasinghe 2014; Aluwihare et al. 2016; Kekulandara et al.
2018). In such occasions, the appropriateness of using RCBD is questionable as
the heterogeneity within a block can be increased due to the requirement of a large
block size (Gomez and Gomez 1984; Cochran and Cox 1977). In such instances, the
use of incomplete block designs (IBD) should be thought of, if it is a single-factor
experiment, or the concept of confounding should have adopted if it is a factorial
experiment (Cochran and Cox 1977). However, most researchers have ignored this
necessity when selecting appropriate experimental designs. In fact, only one research
was found with the use of IBD, and there was none using confounding. It is possible
at least some experiments were modified by changing the objectives just to avoid the
use of more sophisticated but appropriate design. With confounding, not only
confounding of 2n but 3n and 4n can also be easily thought with standard objectives
of experiments. In fact, when all 2n treatment combinations are not practically
possible to be used, the experiment can be conducted using only a fraction of 2n

combinations using fractional factorial designs. A special case of fractional factorial
design is a Taguchi design (Diamond 2001). In addition, when several continuous
variables are studied with more than 2 levels considered for each variable, then it is
not practicable to have all combinations used in the experiment, and response surface
designs (Sreenivas et al. 2008) pave the way to conduct the experiment only with
some combinations. It was surprising to see that the Latin square design had not been
used at least in a single experiment although it is one of the effective designs that can
control variability in field experiments. Another useful design recommended for
field experiments, especially in genetic studies of varietal evaluation trials with a
large number of varieties, is lattice design, and it has never been used in any of those
research. Other common weaknesses observed with respect to design of experiments
were as follows:

(i) Use of different locations as blocks in multi-locational experiments without
replicating within locations. In the absence of replicates within locations,
neither the location effect nor location � treatment interaction effect can be
examined.

(ii) Consideration of interaction between location and other experimental factors
when treatments are nested within location in multi-locational experiments.
When factors are nested within locations, factor levels have to be compared by
fixing locations, and nested designs have to be used to test the effects.

Table 4 Use of different
experimental designs in
published research work

Design used Number %

RCBD 100 49.8

CRD 84 41.8

Split–plot 17 8.5

Total 201 100.0
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(iii) Use of RCBD in situations where split–plot and strip–plot designs are more
appropriate in the presence of factors requiring large plots as well as small
plots; using RCBD leads to poor estimation of all effects. By adopting split–
plot design, high precision can be obtained at least for small plot factors.
Similarly, by adopting strip–plot design, high precision can be obtained at
least for the interaction effect.

(iv) Ignoring establishing blocks and arranging the experiment according to CRD
when external heterogeneities (criteria to establish blocks) are available. Field
experiments are often exposed to high heterogeneity, and thus use of CRD
under such circumstances leads to imprecise estimates.

(v) Use of conventional designs to determine the optimum spacing for crops
without using systematic designs (Thattil and De Costa 1988). Although
there is evidence for the use of fan design, two-way and three-way parallel
row designs for spacing trials of some field crops, use of systematic designs was
very minimal due to their complexity of the analysis. Conventional designs
have limited use for spacing trials because a large number of spacing levels
cannot be tested using conventional designs.

(vi) Use of repeated measures as a factor. Since time such as 2 weeks and 3 weeks
cannot be randomized, time cannot be used as a factor in experimental designs.
Such situations should be handled by the analysis rather than by the design.

4 Statistical Methods Used: Strengths and Weaknesses

Even if the experimental design is appropriate for the study, unless the most relevant
statistical method is used for data analysis, valid conclusions cannot be made.
Different statistical methods require different assumptions to be satisfied. Thus if
the data do not satisfy those assumptions, the interpretations from those analyses
may not be valid. Apart from that, some researchers have used inappropriate designs
when analyzing data such as (i) use of different sites as blocks from multi-locational
experiments, (ii) consideration of time as an explanatory variable (i.e., factorial
experiment) or as a blocking variable when repeated measurements were taken,
(iii) ignoring the block effect and analyzing data as from a CRD, and (iv) ignoring
covariate analysis when needed. Prior to 1996, recommendation of rice varieties to
different locations was done using only the mean yield. However, Thattil et al.
(1996) showed how stability analysis can be used for this purpose. Possible reasons
for such incorrect decisions would be due to the lack of awareness on statistical
methods and/or non-consultation of a statistician. Therefore, consultation of a
statistician at the planning stage is essential to conduct a successful experiment.

Widely used statistical methods for data analyses by agricultural researchers are
summarized in Table 5. Most of the researchers have used parametric and univariate
statistical methods such as analysis of variance (ANOVA) and regression,
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amounting 51% and 13%, respectively. The use of contingency tables (two-way
tables) and chi-square test for testing associations was prominent among nonpara-
metric approaches (8.5%). Moreover, 2.7% of the researchers have used log-linear
models to find associations of multiway tables. Only 2.7% of the researchers have
used logistic regression for binary data analysis, and 4% have used rank data analysis
approaches. This reflects the type of data that researchers have generated from their
experiments, i.e., mostly of interval and ratio data, and the least was ordinal-type
data.

With two-way tables, chi-square test is appropriate only if the two variables are
nominal. In case if the variables consist of ordered categories (ordinal), then the
ordered nature of the variable should be taken into account. The ordinal model
(log-linear model) is not saturated, while the corresponding nominal model is
saturated. Thus, the association can be taken into account while retaining some
degrees of freedom (df) for the goodness of fit test except for 2 � 2 table. For
instance, if both variables are ordinal, linear-by-linear association model (Goodman
1979) is appropriate, and if only one variable is ordinal and the other is nominal, then
row-effect or column-effect model is appropriate (Goodman 1979). With multiway
nominal tables, if the objective is to visualize the observation in two-dimensional
space, correspondence analysis can be performed (Greenacre 2007).

With a clear response variable, logit models are more appropriate compared to
log-linear models. If the response variable consists of two categories, then the
appropriate model is binomial logit model, and according to Table 5, it is good to
see substantial use of that model in the research work of that period. However, no
situation had been reported with response variable having more than two categories.
The appropriate model for those situations is the multinomial logit model (Greene
2012). Within this too, if the response variable is nominal, baseline category model

Table 5 Statistical
methods used for data
analyses

Analysis methods Number %

Univariate

ANOVA/GLM 243 51.4

Regression 82 17.3

Chi-square analysis (two-way table) 40 8.5

Rank data analysis 19 4.0

Log-linear model 13 2.7

Logistic regression 13 2.7

Multivariate

Cluster analysis 31 6.6

Principal component analysis 25 5.3

Discriminant function analysis 3 0.6

MANOVA 3 0.6

Factor analysis 1 0.2

Total 473 100

Statistics for Furtherance of Agricultural Research in Sri Lanka 193



(McCullagh and Nelder 1989) would be a good choice. If the categories of the
response variable have some order, then cumulative logit such as proportional odds
model, adjacent logit model, or continuation ratio logit can be thought of depending
on the objective of the research (Agresti 2002). In case if different subjects have
access only to certain choices, and explanatory variable values vary depending on
the choice (called characteristics of the choices) compared to ordinary explanatory
variables where explanatory variable values do not vary depending on the choice
(called characteristic of the choosers), the appropriate model is discrete choice model
(Lovreglio et al. 2014).

The methods listed above require observations to be independent. For a two-way
table with dependent observations, McNemar test is an alternative to chi-square test.
When modelling match pairs, conditional logistic models have to be fitted instead of
logistic model.

Occurrence of clustered binary and multinomial responses is quite common in
studies, and standard binomial and multinomial logistic models are often found to be
not appropriate for such data. Random effect models (Collett 1991) or mixed models
(generalized linear mixed models (GLMMs)) such as beta-binomial model
(Williams 1975) and logistic normal binomial models (Pierce and Sands 1975;
Samita 1995; Hughes et al. 1998) are possible alternatives for such data. Quasi-
likelihood methods such as Williams method (Williams 1982) are also used as
alternatives for clustered categorical responses. Item response models and Rasch
models (Rasch 1961; Bock and Aitkin 1981; Holster and Lake 2016) are specific
GLMMs that model situations such as with a battery of T questions, where the
probability that ith subject makes the correct response to question t depends on
overall ability of ith subject and easiness of question t.

Categorical repeated measures (longitudinal data) can also arise in studies, and
standard logistic models are not appropriate for such situations either. A model that
has been suggested for such situation is generalized estimation equations (GEE)
(Liang and Zeger 1986; Nooraee et al. 2014).

It is important to note that more than 13% of the researchers have used multivari-
ate methods for data analysis. Out of different multivariate methods, the use of
cluster analysis for grouping individuals and principal component analysis (PCA)
for grouping variables based on correlations were prominent. Despite the use of
cluster analysis as the most common among multivariate methods, statistical signifi-
cance of those identified clusters had not been tested, and it is useful in verifying
such clusters using a follow-up analysis. Only in one instance researchers have used
MANOVA for such purposes (Table 5). This indicates that researchers were not
fully aware of the outcomes generated and interpretation of results, particularly from
multivariate analysis. Another deficiency found with respect to use of multivariate
methods was that sometimes the study is multivariate but separate univariate
techniques have been used for the analysis. The biggest advantage of multivariate
techniques is that inference is made by considering all response variables simulta-
neously, and thus possibility of identifying effects is higher with the use of multi-
variate techniques compared to use of separate univariate analysis. It is important to
highlight that, if the awareness of researchers on multivariate statistical approaches
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can be improved, more precise and informative outcomes could be generated.
Therefore, measures should be taken to improve the knowledge of researchers on
data analysis and/or establish formal access to statisticians.

5 Statistical Software Used

Researchers have used different statistical software for data analyses. The most
widely used statistical software was SAS (over 58%), while other software were
Minitab and SPSS (Table 6). Therefore, more than 89% of the researchers have used
widely accepted statistical software for data analyses, indicating that the researchers
have the access to statistical software as well as knowledge of that software. Only
3% of the researchers have used MS Excel for their data analyses without using
standard statistical software. Moreover, the use of an alternative software such as
Stata, Polo Plus, MegaStat, Systat, PowerMarker, Amos, Genstat, and R was rare.
Most of this alternate software are new and are tailor-made to be used by specific
group of researchers. Therefore, unless proper training has been given, beginners
may have difficulties in using such software. However, widely used statistical
software such as SAS, SPSS, and Minitab have facilities to analyze a diverse
range of data, and the algorithms they use are well accepted. Moreover, the sophisti-
cated software such as SAS and R, which are open source, should encourage the use
of comprehensive statistical analysis.

6 Misuse of Statistics

Misuse of data analysis in some instances was also detected as follows:

(i) Many researchers have used ANOVA procedures for count or proportion
(percentage) data without testing for normality of those original variables. In
situations where data transformations were made to reach normality, arcsine
and square root transformations had commonly been used. However, none of
the researchers have tested whether the transformed data have reached normal-
ity before performing ANOVA. In fact, transformation may not be necessary if
appropriate nonparametric methods can be used depending on the type of data.

Table 6 Widely used
statistical software for data
analyses

Software used Number %

SAS 174 58.4

SPSS 47 15.8

Minitab 44 14.8

Excel 9 3.0

Othersa 24 8.1

298 100
aStata, Polo Plus, MegaStat, Systat, PowerMarker, Amos, R, Genstat
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(ii) When measurements were made in successive time intervals, time was not
treated as a repeated measure and instead was considered as another factor.

(iii) Initial differences in treatments were not recognized as covariates in situations
where needed.

(iv) Even the percentages from binary responses were used with ANOVA to
compare treatment effects.

(v) In situations where nonlinear relationships were suited, only linear
relationships were generated in regression analysis.

Apart from the misuse of data analysis approaches, researchers also performed
inadequate data analyses in some instances, e.g., though the use of log-linear models,
logistic regressions, and multivariate methods was possible and appropriate, those
attempts had not been made to generate meaningful results and reduce dimensional-
ity. This information highlights that the awareness improvement programs on
statistics and collaboration with statisticians are needed.

Widely used mean separation methods are presented in Table 7. Researchers
abundantly used Duncan’s new multiple range test (DNMRT) and least significant
difference (LSD) representing 59% and 33%, respectively. The use of Dunnett’s and
Tukey’s methods was not common among the researchers. This may be due to the
lack of awareness about these methods. Though these mean separation techniques
have their own advantages (strengths) and disadvantages (limitations), it was appar-
ent that the researchers are not aware of it. Therefore, the most appropriate mean
separation method for the study had not been used in some instances. Despite its
importance, the use of least square means (LSmeans) procedure was rare (2.4%). It is
important to highlight that most of the agricultural experiments ended up with
incomplete datasets (missing data) due to the occurrence of unexpected events by
nature. In such situations, though the use of LSmeans procedure for the mean
separation is advisable, researchers have used it occasionally. Researchers had
used typical, stereotype mean separation techniques without knowing the strengths
and weaknesses of those approaches. Similarly, there were hardly any group
comparisons. Perhaps such analysis had not been performed due to lack of knowl-
edge on implementing them through software. Orthogonal contrasts can be
performed under such situations, and thereby useful and meaningful comparisons
can be done.

Table 7 Mean separation
methods used

Mean separation methods Number %

DNMRT 99 59.3

LSD 55 32.9

Tukey 6 3.6

LSmeans 4 2.4

Dunnett’s 3 1.8

Total 167 100
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7 Concluding Remarks

It was good to see statistics have been used in almost all research. This indicates that
researchers are aware of the importance of the use of statistics as well as aware that
the use of them is essential. However, according to the findings, there is a huge
potential to improve the use of statistics in research work. Use of most appropriate
design and statistical technique are key areas to be improved. Huge improvement of
these publications could have been achieved with improvements in the use of
statistics. In fact, some very useful findings may have been concealed due to
improper use of statistics. Researchers have to be more informed about this fact,
and a culture of researchers having an effective dialogue with a statistician from
planning to publishing the research work should be established. Authorities should
also seriously address this issue and make attempts to provide and facilitate these
requirements. For instance, having a qualified statistician at every research station
should be made compulsory, and thereby access to statisticians can effectively be
enhanced. Altogether a collective attention of researchers and authorities on these
aspects is essential to assure furtherance and sustainability of agricultural research in
Sri Lanka.
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Paddy Field and Constructed Wetland:
The Equivalencies

M. I. M. Mowjood, K. B. S. N. Jinadasa, and B. F. A. Basnayake

1 Introduction

Wetlands are among the most productive bio-system on the Earth (US-EPA 1995). It
provides services such as food production, flood control, drought mitigation,
groundwater recharge, biodiversity, pollution control, and nutrient recycling.
Paddy fields (PF) and constructed wetlands (CW) are man-made ecosystems (Plate
1) that mimic natural wetlands used for rice production and pollution control,
respectively. In spite of their different purposes, both systems have been originated
from the same concept of ecosystem that is submerged. These systems have been
extensively and inclusively studied and improved for decades with the main
objectives of increasing paddy yield and improvement of water quality, respectively.
However, these man-made ecosystems are yet to reach its potential to deliver more
than what we can achieve now, thus requiring an out-of-box thinking.

Paddy fields and CW are characterized by unique biotic and abiotic components
and processes. Agronomic practices in PF and design and operation of CW decide
the components and processes of each systems. The present practices in both
bio-systems on water/effluent management, paddy varieties/plant species, chemicals
usage, and other agronomic practices may positively or negatively contribute toward
the basic approach in natural wetland management. For example, weeds and insects
are not considered as unwanted in the natural wetland system but in PF or CW
management. Therefore, this paper reviews the components and functional
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equivalencies of PF and CW with natural wetland so that each ecosystem can be
synergized for its higher potential.

1.1 Natural Wetlands and Its Importance

Wetlands are identified as areas that are inundated or saturated by surface or
groundwater at a frequency and duration sufficient to support a prevalence of
vegetation typically adapted for life in saturated soil conditions. Stormwater col-
lected in wetlands is temporarily retained for a period and slowly released into
downstream or permeates underneath to groundwater. Therefore, it attenuates and
provides lag time for peak flow, thus playing a major role in mitigation of flood and
drought and climate change scenarios.

Water is a universal solvent and thus dissolves almost everything and gets
contaminated easily. The contaminants are removed through biotic and abiotic
processes when they flow through natural wetlands. Therefore, wetlands are consid-
ered as the “kidney” of the Earth.

Wetlands are also called as “biological supermarkets” as it is a meeting place for
all biological components and bio-functions. It provides habitat for various fauna
and flora and enhances biomass production and nutrient recycling. The average
biomass production in wetland is comparable to the rain forest and coral reefs.
Ramsar convention identified six wetland sites in Sri Lanka out of 2309 locations
in the world as protected considering their importance in the biodiversity (https://
www.ramsar.org/).

1.2 Paddy Field

Paddy fields are man-managed ecosystems (anthropogenic habitats) with variable
degree of intensity (Bambaradeniya 2000; Bambaradeniya and Amerasinghe 2003)
and as man-managed temporary wetlands (Lupi et al. 2013).

Plate 1 Paddy field (left) and constructed wetlands (right)
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Paddy fields are characterized by the presence of standing water that is seasonal.
However, it can be operated under three water regimes:

– Continuous flood (free surface water)
– Intermittent flood
– Non-flooded (subsurface water or aerobic)

Continuous flooding is a common practice in rice cultivation for various reasons
such as weed control, reduction of the loss of nutrients, and warming the soil. PF are
irrigated in rotation that leads intermittent flooding in field to meet the crop water
requirement which varies with the growth stage and vegetative, reproductive, and
ripening phase. Accordingly, the fauna, flora, and biological niches vary within the
season (Kirinde et al. 2017).

1.3 Constructed Wetland

Constructed wetlands are engineered systems (anthropogenic habitats) which are
designed and constructed for treating wastewater, utilizing the same processes as in
PF involving vegetation, soils, and associated microbial assemblages. In the early
stage, the application of CW was mainly for treating domestic and municipal
wastewater. At present, the use has significantly expanded to purify agricultural
effluents, industrial effluents, landfill leachates, polluted rivers & lakes, and urban
highway & stormwater runoff.

CWs are designed to take advantage of many of the same processes that occur in
natural wetlands within a more controlled environment. Some of these systems have
been designed and operated with the sole purpose of treating wastewater, while
others have been implemented with multiple uses such as aesthetic and restoration of
wetland habitat for wildlife use and environmental enhancement.

Several types of CWs with varying hydrology and hydraulics have been used
(Table 1). Free water surface flow systems are with the water flowing over the soil
surface at shallow depths. On the other hand, subsurface flow systems are designed
to create subsurface flow through a permeable medium, keeping the water being
treated below the surface, thereby avoiding the appearance of water. The hydraulic in
CW can be horizontal (HF) or vertical (VF) flow depending on the inflow and
outflow arrangement. Several combinations of HF, VF, and its combination in
sequence as hybrids have been used for different purposes and type of wastewaters
(Tanaka et al. 2006). All types maintain ponded or saturated substrate as seen in
PF. The pollutant removal efficiency varies with the type of hydraulic regime
(Truong et al. 2011). These efforts basically bring both systems closer to the natural
wetland which undergoes varying combination of water regime for the betterment.

Free water surface CW closely resembles to PF with continuous flooding. Sub-
surface vertical flow hybrid CW has shown high pollutant removal efficiency
comparable to that in alternative wetting and drying cycle in PF with higher nutrient
uptake (Sasikala et al. 2010; Weerakoon et al. 2013, 2016; Sellathurai 2015).
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Nutrient removal by plants plays a major role in both PF and CW systems under
aerobic and anaerobic conditions which facilitate the mineralization.

2 Components of Paddy Fields and CW

Figure 1 shows the components of PF and CW. PF can be designed on existing land
surface where the CW can be built at, below, or even above the existing land surface
depending on the site topography.

Table 1 Types of CWs

Conventional CWs Hybrid CWs
Enhanced
CWs

Free water surface
flow
Subsurface water
flow

Horizontal flow
(HF)
Vertical flow (VF)

Multistage HF + VF
VF + VF + HF
VF + HF + VF

Artificial
aerated
Baffled flow
Variable
loading
Circular flow

Drainage

Inflow
Constructed Wetland

Media

Out Flow

Bund

Topsoil

Paddy Field

Irrigation Canal

Fig. 1 Schematic diagrams of PF (above) and CW (below)
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Boundaries Considering the large extent of area, PF are made into plots by earthen
bunds with the height of 30–40 cm to hold the water up to 10–20 cm depth. Smearing
is practiced to the bunds by clays to seal the cracks and reduce seepage. In the case of
CW, the side boundaries are earthen, if it is placed in natural depression. Cemented
masonry walls also have been used to reduce the seepage. The bunds play a major
role for providing place for several fauna and flora. The bottom of the PF is sealed by
plow layer formed by compaction due to the action of plow bottom and machine use
in land preparation. In most cases, the bottom of the CW is cemented or lined to
hydrological isolation of the unit from local groundwater.

Media
The existing soil is used as media in PF. Because of the plowing, puddling, and
leveling by primary and secondary tillage, the larger soil particles settle at the
bottom. Higher silt and clay content can be found in top layer in PF. Natural soil,
aggregates, and other filter materials are used as media in CW (Weragoda et al.
2010). A good horizontal or vertical flow is expected through media filled in
CW. Thus, larger aggregates are arranged at the bottom, while soil is refilled at the
top. This media is very important for microbial community in PF and CW.

Plants
Rice plants occupy the entire plot in mono-cropping. Other field crops are not
incorporated in PF due to their susceptibility to submerged condition. However,
weeds (defined as unwanted plants) which grow along the rice plant are reduced
considerably using weedicide in early stage as they compete with rice and reduce
yield. On the other hand, selected plants have been used in CW depending on the
tolerance and potential to remove the target contaminants. Three types of plants have
been used depending on the growth position in relation to water level as shown in
Fig. 2 (Tanaka et al. 2006, 2011; Jinadasa et al. 2008; Sewwandi et al. 2010):

– Floating plants: Pistia stratiotes (water lettuce), Lemna minor (duckweed), and
Eichchornia crassipes (water hyacinth)

– Submerged plants: Hydrilla verticillata
– Emergent: Typha latifolia L., Typha angustifolia L., and Phragmites australis

Microbial Community
Both ecosystems comprise of microbial communities which are attached to the
surfaces of the aquatic plants and aggregates or soils. Decomposers such as bacteria,
fungi, and actinomycetes are active in any wetland. A portion of the microbial
community is adapted to the aerobic surface water and uppermost soil layer, while
some microbes are active in anaerobic condition in subsoils. The facultative
microbes are also found because of the diurnal or seasonal changes in the water
table. This varying oxygen regime makes the wetland highly vibrant system for
nutrient dynamics.
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3 Functions/Processes

Paddy fields and CW consist of complex processes involving physical chemical and
biological means. It can also be categorized as abiotic (physical and chemical) and
biotic processes.

3.1 Abiotic Processes

3.1.1 Hydrological Processes
Figure 3 shows the hydrological processes identified in PF same as in
CW. Precipitation, infiltration, surface runoff, seepage, evaporation, and

Fig. 2 Types of plants used in CW

Evapotranspiration

Evaporation

Precipitation

Irrigation Canal

Drainage

Seepage

Percolation

Plowsole

Fig. 3 Hydrological processes in PF
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evapotranspiration are considered as major components of the hydrological process.
Water flows into the wetland through irrigation/influent, precipitation, surface water,
and also the groundwater. Water losses from the wetland are due to evapotranspira-
tion, surface runoff, subsurface water outflow, and percolation. The water movement
through and from the wetland affects the temporal fluctuations in water levels and
controls the water balance and the water storage within a wetland. The changes in
water regime determine the hydraulic retention time, one of the important parameter
that influences the nutrient removal.

3.1.2 Chemical Processes
Various chemical transformations occur in wetlands. Decomposition, transforma-
tion, and adsorptions are the main chemical processes in PF and CW. Oxidation and
reduction occur depending on the availability of oxygen in submerged condition
(Reddy and Patrick 1974). Rice and reed plants have shown the ability to transfer
atmospheric oxygen to root zone (Brix 1993; Iijima et al. 2017). Several researches
have been conducted on media selection for CW particularly for its ability to adsorb
heavy metals (Sewwandi et al. 2012, 2013). Types of clay mineral and organic
matter increase Cation Exchange Capacity in PF and CW.

3.2 Biotic Processes

3.2.1 Mineralization
Conversion of complex substances into simple components through microbial
processes is called as mineralization. Dissolved biodegradable material is
decomposed by microorganisms.

Organic matters are the main “skeleton” for biological system. Both PF and CW
are able to accumulate higher organic carbon due to fixing capacity of atmospheric
CO2 and release O2 by photosynthesis (Mowjood and Kasubuchi 1998, 2002; Usui
et al. 2003). On other hand, both systems usually show a low Biochemical Oxygen
Demand (BOD) due to higher rate of decomposition by microbes.

Nitrogen is a major nutrient to be added in PF and major element to be removed
from CW. Biochemical cycling of nitrogen is a complex process involving
interconversions between different nitrogen species and transfer between various
stores. Ammonification, volatilization, nitrification, and denitrification are major
processes in nitrogen dynamics (Kaldec and Knight 1996) as shown in Fig. 4.
This transformation depends on oxic and anoxic conditions, C:N ratio, and avail-
ability of supplementary nutrients in the system for microbial growth.

Aquatic plants play an important role in supporting the mineralization processes.
Certain aquatic plant species transport atmospheric oxygen into their submerged
stems, roots, and tubers (Brix 1993; Iijima et al. 2017). Oxygen is then utilized by the
microbial decomposers.
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3.2.2 Ecological Processes
Successful performance of PF and CW depends on ecological functions that are
similar to those of natural wetlands, which are based largely on interactions within
plant communities. PF and CW provide high-quality habitat for fauna and flora.
Fishes, amphibians, reptiles, mammals, monotremes, insects, and invertebrates are
the major components in fauna in PF and CW. The flora includes variety of aquatic
and macrophytes. Other major species that can be seen in the wetlands are algae
which can vary in size and color.

Benthic invertebrates play an important role in the ecology of both ecosystems.
They release dissolved nutrients by their feeding activities, excretion, and burrowing
into sediments and increase the rate of decomposition of particulate matter (Covinch
et al. 1999). Benthic invertebrates are considered key components of rice field
fertility due to its significant roles in nutrient translocation and organic matter
decomposition (Roger et al. 1987).

The composition of benthic macrobenthos showed that insect larvae were the
most abundant in PF. The predominance of insects in PF was reported from Sri
Lanka (Bambaradeniya and Amerasinghe 2003; Bambaradeniya and Edirisinghe
2008), Ethiopia (Desta et al. 2014), and Japan (Yosihiro 2010). The availability of
more protected habitable niche by paddy plants would have favored the insect to
thrive. The vegetative and reproducing growth stages of the rice plant such as
tillering, booting, and flowering stages attract a variety of insects (Bambaradeniya
and Edirisinghe 2008).

As paddy plants grow, sunlight penetration to the bottom of the paddy field
reduces, thus reducing decomposition rates and resulting in decrease in detritus
quantity. Further, the growth of paddy plants leads to the increase in paddy root
structures; thus, gradually decreasing habitable area for benthic fauna results in
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decreased abundance as the crop season progressed. Similar trends were reported in
CW also (US-EPA 2000).

Growth of the plant and the mineral composition of plant parts have been studied
in PF as well as in CW. Sashikala et al. (2005) reported the suitable harvesting time
for bulrush (Scirpus grossus) and regrowth responses to leachate in CW with coir-
based media. Somaweera et al. (2016) reported the nutrient uptake and its
partitioning in different portion of rice plant under continuous flooding, alternate
wetting, and drying conditions. A similarity in partitioning of nutrient or mineral is
observed in both PF and CW.

4 Engineering Options

4.1 Design

The design of PF and CW should mimic the natural wetland in general. PF are
designed largely to target for higher efficiency of inputs such as water, plants,
chemicals, machine, and labor. Plot size and orientation toward irrigation and
drainage channel, land level, height of the bund, and water control structures are
the main components to be designed (Mizutani et al. 1999). In the case of CW, the
designs are largely governed by wastewater characterization and effluent quality
requirements. Both designs are driven for better plant growth through various
processes and easy operations.

4.2 Operation and Maintenance

All engineered systems have to be effective throughout the growth stages of the
plants. The management of water, media, biota, and other basic components affects
the effectiveness of ecosystems. Irrigation and drainage schedule, application of
agro-chemicals, and harvesting are the main operations in PF, while wastewater
inflow and outflow and harvesting of biomass are the major operations in CW. Land/
media preparations, planting, and other infrastructure maintenance are carried out in
between the two harvestings in both systems.

Crop water requirement has been used to estimate the water duty in irrigation
schedule in PF, while required hydraulic retention time decides the inflow rate
in CW.

5 Issues and Concerns

5.1 Food Security

The increase in population creates demands for food production as well as wastewa-
ter treatment. With the green revolution, paddy production has been increased with
the compromise to the environment over the time. Application of synthetic fertilizer,
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especially P-contained fertilizer, may increase the accumulation of Cd in paddy soil
(Chandrajith et al. 2012). There is a tendency of plants to uptake heavy metals that
may subsequently transfer into the food chain. The ability of heavy metals to persist
in nature, bioaccumulation, and biomagnifications led to eco-toxicity to plants,
animals, and human beings. Therefore, the application of nature-based approaches
becomes popular in most parts of the world. However, there is a debate on how the
world population can be catered without intensive agriculture.

Toxic chemicals should be trapped before it reaches the food chain. The CW with
nonedible plant species plays a greater role in translocation of toxic chemicals such
as heavy metals.

5.2 Biodiversity

The rice fields, being agroecosystems, are managed with a variable degree of
intensity through different agronomic measures and practices that affect the abun-
dance and composition of the biotic community (Halvart and Kaule 1996). Use of
modern high-yielding rice varieties responsive to fertilizers and pesticides and the
increase in the number of crops grown per year by planting short-duration varieties
are the features in modern agriculture. The use of pesticides has been an important
contributor to improve rice productivity. Farmers and policy makers consider
pesticides as a guarantee against crop failure and a necessary input for rice produc-
tion. The widespread promotion and indiscriminate use of insecticides and the
introduction of a limited number of rice varieties on a very large scale to replace
the diverse array of varieties grown previously have been the major factors respon-
sible for the rapid multiplication of rice pests and diseases (Bambarandeniya et al.
2004).

Although insecticides are known to have rapid curative action in preventing
economic damage, indiscriminate use of insecticides has led to the destruction of
natural enemies, causing the resurgence of new pest species and the development of
insecticide-resistant pest populations. Composition of the ecosystem mainly depends
on the inputs used, management practices, and variety (Duru et al. 2015). Therefore,
it is very important to evaluate ecosystems including their biotic (flora and fauna)
and abiotic (soil and water) components under different farming systems.

5.3 Urbanization

Wetlands are among the most productive as well as most threatened ecosystem on
the Earth. Worldwide, the extent of natural wetlands continues to decline as land is
converted to accommodate the demand for increasing populations and development.
Continuous conversion of PF into nonagricultural activities is having an increasing
trend. This creates an imbalance in natural drainage system and causes drought and
floods. PF in the urban landscape serve as substitute for wetlands for its services.
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5.4 Greenhouse Gas Emission

The carbon dioxide and methane are the two most potent greenhouse gases, which
contribute largely to global warming (IPCC 2007). Submerged condition as in PF
and CW are potential for methane emission. However, it is also reported that PF and
CW are fixing carbon. Mowjood and Kasubuchi (1998) have shown that dissolved
oxygen increases in the daytime due to photosynthesis in PF. Usui et al. (2003) have
shown that dissolved CO2 decreases in the water in paddy field in the daytime.
Bhattacharyya et al. (2013) have reported that the lowland flooded rice ecosystem
has the capacity to store carbon in soil and can behave as net carbon sink. Carbon
distribution pattern in lowland flooded rice ecology revealed that carbon entered into
the system mainly through net ecosystem production of rhizome deposition, algal
biomass, lost from the system through crop harvest, dissolved organic carbon
leaching, and methane emissions. Further studies are needed to elucidate the carbon
fixing in PF and CW.

6 Lessons Learned and the Way Forward

Design Wetland design has been based on design equations used for wastewater
treatment systems. Constructed wetlands are complex systems in terms of biology,
hydraulics, and nutrient recycling. Decisions are made on design parameters by
aggregating performance data from a variety of wetlands, which leads to
uncertainties about the validity of the parameters. On other hand, design parameters
of PF are more or less on agronomic perspective than engineering perspective.

Oxygen Dynamics Oxygen is critical in submerged condition. Constructed
wetlands can be designed to remove nitrogen, if sufficient aerobic (open water)
and anaerobic (vegetated) zones are provided. Constructed wetlands have been used
in conjunction with aerobic treatment processes that can nitrify to remove nitrogen.
Open windows (open water areas) increase the oxygen exchange from atmosphere
and also facilitate the penetration of solar radiation for photosynthesis of submerged
plants and algae as reported by Mowjood and Kasubuchi (1998) and Sewwandi
et al. (2012).

Water Regime The water regime is critical for plant growth and pollutant removal
in both PF and CW. The impact of continuous flooding and alternative wetting and
drying (AWD) in terms of mineralization and nutrient uptake by plant is reported
(Junzeng Xu et al. 2013). Somaweera et al. (2016) have studied uptake, accumula-
tion, and allocation of nitrogen, phosphorus, and potassium in different tissues of a
rice plant under different soil moisture management conditions. Alternative wetting
and drying reduced root growth in the early growth stage and enhanced after
flowering. Alternative wetting and drying after flowering resulted in better uptake
of N, P, and K in comparison to continuous flooding. Sellathurai (2015) identified
the impact of AWD cycle in paddy field on soil organic matter and soil nitrogen.
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Shorter dry spells (4 days) enhanced the organic matter accumulation compared to
longer dry spells (12 days). The nitrogen in pore water was higher in 12 days
compared to 4-day dry spell. This shows that 12-day dry spell is adequate to create
aerobic condition for nitrification followed by denitrification.

Habitat Manipulation/Ecological Intensification In most instances, the
species richness and abundance of the predator populations may be greater than
those of the pest populations when little or no insecticides are used (Way and
Heong 1994). In Sri Lanka, more than 50% of the terrestrial arthropod species in
rice fields have been shown to consist of predators, with spiders as the dominant
predatory group comprising 60 species (Bambaradeniya and Edirisinghe 2008).
The use of CW also has a concern on plant growth without pest damage. Therefore,
an approach on habitat manipulation or ecological intensification may decrease
the pest damage in both cases without use of pesticides. Food production and
environmental quality can be improved with ecological friendly practices in both
PF and CW.

7 Conclusions

Almost all studies in PF and CW for improvement of the systems can be considered
as efforts toward the natural wetland system. Hybrid system, variable hydraulic
loading, alternative wetting and drying, and heterogeneous biological composition
show better performance compared to conventional practices in both PF and
CW. More studies are required for engineered ecosystem with the cyclic pattern of
wet and dry condition. The lesson learned in design, water regime, oxygen dynam-
ics, and ecological intensification in both systems warranted focus for further
capitalization of compromised benefits as in wetlands.
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Integrated Plant Nutrient Management
in Major Agricultural Soils of Sri Lanka: A
Review of the Current Status and the Way
Forward

W. S. Dandeniya and R. S. Dharmakeerthi

1 Introduction

Being exposed to the tropical hot and humid climate, majority of the soils in Sri
Lanka is highly weathered. Soil erosion, high rates of organic matter decomposition,
leaching of basic cations, and removal of nutrient at a high rate through biomass
produced under moist environmental conditions are common natural processes in
such climatic regions resulting in low inherent soil fertility. Thus, supplying inputs
externally to replenish soil nutrient pools is crucial to maintain or enhance crop
productivity on these soils. Low productivity in agricultural lands usually leads to
less agricultural inputs by farmers, which in turn aggravated the soil fertility
depletion. To minimize land degradation through nutrient impoverishment and
increase the productivity, fertilizers are applied since 1940s, under numerous sub-
sidy schemes, as many farmers are not in a financially sound position to afford the
cost of fertilizers. The mineral fertilizers, such as rock phosphates and dolomite, and
chemical fertilizers, such as urea, muriate of potash, and triple superphosphate,
which are collectively referred to as synthetic fertilizers hereinafter, are the most
popular external nutrient inputs used for cropping in Sri Lanka. Fertilizer
recommendations in the country have evolved, integrating synthetic and organic
fertilizers in nutrient management programs over the years (Nagarajah 1986; Palm
and Sandell 1989). Yet, overapplication of fertilizers polluting the environment and
underapplication causing nutrient mining are often observed in farmers’ fields
(Kendaragama 2006). Although self-sufficiency in some crop sectors has been
achieved in Sri Lanka due to the introduction of improved varieties periodically,
subsidized fertilizers, and related technological advances in the agriculture sector,
sustenance of the achieved productivity levels is becoming increasingly challenging.
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It is estimated that more than 50% of the arable land in the country are subjected to
soil fertility deterioration due to poor nutrient management (Nayakekorale 1998).
Decrease in area for food crop production with changes in land use, population
increase, and rapid urbanization creating sinks for agricultural produce are
continuing, forcing the agriculture sector in Sri Lanka to increase productivity of
land while being conscious on environmental quality. At present, the per capita
arable land extent in Sri Lanka is only 0.16 ha, and it is one of the lowest in Asia
(FAO 2017). To bring marginal lands back to successful crop production, it is vital to
address soil fertility issues hindering crop productivity. In this chapter, the history of
soil fertility management in Sri Lanka is examined along with currently adopted
management practices, lessons learned, and the way forward for environmentally
sustainable soil fertility and plant nutrition management.

2 Management of Soil Fertility and Plant Nutrients:
Paradigm Shift

Low productivity of agricultural lands is a major contributing factor to inadequate
food production and poor nutritive value of food resulting in undernourishment and
malnutrition among the people in developing countries, whom accounts to nearly
two-third of the world’s population. Soil fertility decline is one of the key reasons for
reducing the productivity of arable lands in many countries including Sri Lanka
(Sanchez 1997; Nayakekorale 1998). Traditionally, soil fertility is viewed as the
ability of a soil to support plant growth. This concept has a long history as proven by
the writings dating back to 2500 B.C. of ancient Mesopotamians. Historical
evidences indicate Chinese, Greek, Indian, and Egyptian civilizations, among others,
practiced manure application to increase productivity of agricultural lands. Some of
them used green manure crops, wood ash-like materials, and closely available
mineral salts. However, the precise role of nutrients on productivity of land was
not established until Justus Von Liebig (1803–1873), the father of modern fertilizer
industry, has scientifically proven the value of mineral elements found in soils for
plant growth.

With the dawn of fertilizer industry, nutrient availability in soil was identified as
the major factor deciding plant growth, which may have led to overlook the other
fertility parameters. It was expected that a fertile soil should be able to provide all
essential mineral nutrients for plants in available forms, in quantities, and in a
suitable balance. Hence, soil fertility management mainly focused on management
of plant nutrient supply from the soils. Different types of fertilizers started being
manufactured and applied in Europe since late 1800s, and manufacturing processes
improved commencing from early 1900s. A number of fertilizers were available for
the research work that initiated for “green revolution” by the 1930s. Thus, after
World War II, in postwar period (1950s) with “green revolution,” the application of
external inputs, supplying nutrients mainly via synthetic fertilizers, emerged as the
first soil fertility management paradigm in the modern history (Sanchez 1994).
Synthetic fertilizers together with improved germplasm during “green revolution”
increased the crop production in the world as never seen before. By the 1970s,
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synthetic fertilizer usage has become popular in many parts of the world. The
significant impact of the fertilizers had on crop production made it the silver bullet
people seek for soil fertility improvement for any crop for a few decades to come.
However, failure of this concept in improving yields under resource poor settings
such as in sub-Saharan Africa and increased notion toward sustainable agriculture
and conscience on environmental health urged a paradigm shift in soil fertility
management (Sanchez 1997; Bationo 2009).

With advancements in knowledge on soil nutrient dynamics and the interactive
role of soil physical, chemical, and biological properties on plant performances, the
scope of soil fertility has expanded resulting in a second paradigm shift in soil
fertility management in the late 1980s (Sanchez 1997). Accordingly, an integrated
soil fertility management (ISFM) approach that encourages the use of both synthetic
and organic fertilizers/amendments was introduced to minimize the total reliance on
synthetic fertilizers. In addition, social, cultural, and economic challenges like
availability of inputs, cost, technical feasibilities, etc. in adopting soil fertility
management under different settings were also considered in ISFM (Sanchez
1997; Bationo 2009). Although still an external input paradigm, the second para-
digm is viewed as more appropriate due to numerous benefits the approach had on
physical, chemical, and biological aspects of soil fertility and socioeconomic feasi-
bility. In parallel to ISFM, site-specific soil fertility management addressing the
spatial and temporal heterogeneity in soil fertility status also started to evolve.

At present, the soil fertility management research is at the verge of a third
paradigm shift, in which enhancing the nutrient-supplying power of soil with
renewable soil fertility replenishment strategies is being looked into (Sanchez
1997; Ajayi et al. 2007). These approaches include relying more on biological
processes (adapting germplasm to adverse soil conditions, enhancing soil biological
activity, optimizing nutrient cycling to minimize external inputs and maximize the
efficiency of their use, crop rotations with legume crops, etc.) and improving soil
organic carbon pool through C sequestration with deep-rooted crops, use of carbo-
naceous compost, biochar application, etc. to improve overall soil fertility. The
paradigm shift in soil fertility management is illustrated in Fig. 1. Considering
these developments, conceptualizing soil fertility as the capacity of a soil to receive,
store, and transmit energy to sustain plant growth as indicated by Food and Agricul-
ture Organization of the United Nations (FAO) is more meaningful.

2.1 A Historical Account on Plant Nutrient Management
Approaches in Sri Lanka

The present land use pattern in Sri Lanka is a legacy of land policy of the colonial
past where export-based commercial plantation agriculture was superimposed on a
traditional subsistence farming system (Mapa 2003). Before being colonized by the
British in late seventeenth century, Sri Lankan farmers used organic inputs, crop
rotations, shifting cultivation, and crop diversification like practices and biodynamic
farming techniques for maintaining or improving crop productivity. Such organic
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and biodynamic means of farming were continued until the 1940s for all the crops
except for large-scale tea and rubber plantations established under the British
governance. With the postwar recession in economy in the 1950s, food shortage in
the world limiting importations, and increase in population, there was a clear need to
increase crop yields, thus making synthetic fertilizers a popular choice for soil
fertility management. During the 1940s to 1960s, the traditional crop breeds/
varieties that performed well under biodynamic means of farming at subsistence
scale were replaced with nutrient-responsive high-yielding varieties cultivated at
commercial scale in many parts of the country, demanding a change in the means of
plant nutrients management. This change came as countrywide adoption of synthetic
fertilizer application for nutrient management, and under this context, Sri Lanka
reaped the benefits of green revolution on one hand (Nagarajah 1986; Palm and
Sandell 1989). On the other hand, some farmers used integrated approach in nutrient
management by combining biodynamic methods and organic farming techniques
they have used for generations with synthetic fertilizer application.

Government institutions in Sri Lanka such as Department of Agriculture and
Plantation Crop Research Institutes and universities are conducting research related
to soil fertility and plant nutrition in parallel to other parts of the tropics since long.
However, changes in fertilizer recommendations to reflect the paradigm shift in soil
fertility and plant nutrient management happened at a very slow pace in Sri Lanka
due to various socioeconomic challenges. The integrated soil fertility management
(ISFM) approach appeared in nutrient management recommendations in late 1990s,
nearly a decade later from its introduction in other parts of the world. The nutrient
recommendations being practiced for many crops, including rice, tea, rubber, and
coconut, are still based on yield targets defined by agroclimatic conditions or
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Fig. 1 Paradigm shift in the approaches of soil fertility and plant nutrient management highlighting
the main factors considered and inputs used at different stages
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irrigation management than site-specific soil fertility constraints. Table 1
summarizes the evolution of soil fertility and plant nutrient management approaches
in Sri Lanka. Details of the recommendations for nutrient management are discussed
later in this chapter.

3 Fertility Status of Soils of Sri Lanka

Agricultural landscapes are often very diverse in terms of cropping patterns, geo-
physical environments, input usage, resource availabilities, etc. Plate 1 depicts a
specific situation related to the hill country where cropping systems and their
management vary within a very small area. Further, soil resource also shows high

Table 1 A historical account on soil fertility and plant nutrient management approaches in Sri
Lanka

Soil fertility
management approach Introduction Remarks

Natural means for
replenish soil fertility

Precolonial
era

Natural methods were used to replenish soil fertility
Used organic inputs, crop rotations, shifting
cultivation, and crop diversification like practices and
biodynamic farming methods

External input
paradigm

1940s Bone meal, a natural fertilizer, first introduced as an
external nutrient input for rice, tea, and rubber

1950s Synthetic fertilizers were introduced for rice farming
and plantation crops as blanket recommendations
Countrywide adoption of synthetic fertilizers for
nutrient management in annual crops

1970s Blanket fertilizer recommendations changed into
more specific recommendations;
Rice: Based on soil types, climatic regions,
agroclimatic regions and yield targets
Plantation crops: Soil types/region
Other crops: Blanket recommendations

Integrated soil fertility
management (ISFM)

1990s Site-specific fertilizer recommendations containing
both synthetic and organic sources were introduced;
Rice: Agroclimatic region/water management
method/yield target and soil test based
Plantation crops: Soil series level and field level using
soil and foliar analysis (rubber) and later for coconut
and tea

2018 Other crops: Blanket recommendations with organic
and synthetic fertilizers as sources of nutrients
Site-specific nutrient requirements decided based on
soil test kits are under investigation

Renewable soil fertility
replenishment

2010 Related technologies are mostly at research level and
still not appearing as recommendations

Sources of information: Amarasiri (1986), Nagarajah (1986), Yogaratnam and Silva (1987), TRI
(2000), Bandara et al. (2003), CRI (2008), DOA (2013), Sirisena et al. (2015), Sirisena and
Suriyagoda (2018)
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spatial heterogeneity. Thus, soil fertility constraints are spatially variable, and the
ISFM programs should acknowledge and address this heterogeneity by identifying
site-specific constraints in order to be successful. As in other parts of the tropics, Sri
Lanka has problem soils such as acid sulfate and saline soils, which are not suitable
for cropping under their natural state. Problem soils present a unique set of soil
fertility constraints, hence requiring special management approaches. The focus of
this chapter is limited to soil fertility constraints in agricultural lands that do not
encompass problem soils.

Many tropical soils are impoverished in mineral nutrients (Tiessen et al. 1994),
and agricultural soils of Sri Lanka are no exception. Analysis of soil from different
parts of Sri Lanka under different crops revealed deficient status of macro-, second-
ary, and micronutrients (Indraratne and Thilakarathne 2009; Kumaragamage and
Indraratne 2011). In a study conducted using soil samples from 52 locations of Sri
Lanka, Indraratne and Thilakarathne (2009) reported that most of the tested soils are
deficient in available N, P, K, Ca, Mg, Cu, Zn, S, Mn, and B for plant growth. Low
availability of N is largely due to poor organic matter content, and high losses of N
due to leaching, volatilization, and denitrification (Kumaragamage 2010). High
fixation reduces the availability of P in soil (Withana and Kumaragamage 1995).
Alfisols, the dominant agricultural soils in the dry and intermediate zones, may
display deficiencies of sulfur and cationic micronutrients such as copper (Cu) and
zinc (Zn) (Kumaragamage 2010), whereas Ultisols, the main agricultural soils in the

Plate 1 Diversity of an agricultural landscape under intensive cultivation in hilly Nuwara Eliya
District, Sri Lanka, showing high spatial heterogeneity. (Photo credit: Dr. R.S. Dharmakeerthi)
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wet zone, generally have low cation exchange capacity and base saturation, are
acidic in nature, and often exhibit deficiency of potassium (K) and magnesium
(Mg) (Kumaragamage et al. 1999) and Al toxicity. The use of high inputs in
intensive cultivation of soils having high infiltration rates such as sandy regosols
in Kalpitiya and red latosols in Jaffna Peninsula, and soils with shallow depth to
groundwater, leads to pollution of water with nutrients that leach through soil, which
has serious implications on human and environmental health (Kuruppuarachchi
2010; Young et al. 2010; Jayasingha et al. 2011). Studies conducted in coastal
sand aquifers under intensively cultivated vegetable cropping systems have revealed
that the buildup of nitrate is quite dramatic and indicated that intensive vegetable
cultivation is a major source of nitrate to groundwater (Kuruppuarachchi 2010;
Jayasingha et al. 2011). According to a study conducted over a 2-year period
using 58 sampling locations, Jayasingha et al. (2011) reported that nitrate-N in
well water in Kalpitiya ranged from 0.60 to 212.40 mg/L in the dry seasons and
0.20 to 148.50 mg/L in rainy seasons with 50% of the samples in each season
exceeding WHO standards for nitrate-N in drinking water (10 mg/L).

In tropical soils, the cation exchange capacity (CEC) is very low due to many
reasons, which includes, but not limited to, the dominance of iron and aluminum
oxides and kaolinite minerals (Indraratne 2006), low soil organic matter
(OM) contents, and low pH values. Because of the low CEC, applied nutrients are
rapidly leached below the root zone of annual crops. To increase nutrient use
efficiency in annual crop production, techniques must be developed to retain applied
nutrients in the root zone of the crop. Restoring and maintaining soil OM content in
the long term is essential to enhance soil physical, chemical, and biological fertility
aspects and thereby improve nutrient-supplying power.

Intensive cultivation without adopting any soil fertility restoration mechanisms
exploits soil resource resulting in decline in soil fertility and depletion of the
nutrient-supplying power of soil (Kendaragama et al. 2001). Continuous cropping
and removal of harvest deplete soil nutrient pool, and this is more of a concern for
annual crops than perennials, since most annual crops produce high amount of
biomass within a short period of time, thus removing large quantities of plant
nutrients from the soil. For instance, the removal of P from soil with the harvest of
some popular crops such as capsicum, cabbage, tomato, carrot, and potato cultivated
in the wet zone of the country is recorded as 5, 18, 18, 24, and 27 kg/ha, respectively
(Wijesundara 1990). Nearly 20 kg of P per season is estimated to be removed with
the harvest of lowland rice at an average yield of 6 t/ha (Suriyagoda et al. 2014). The
soils are not always replenished with nutrients via fertilizer application since the
decision on nature and amount of fertilizer applied with the next cropping is affected
by number of factors like availability of material, willingness of the farmer to pay,
market value of the crop, risks taken, etc. (Wjewardana and Amarasiri 1990; Sirisena
and Suriyagoda 2018). When applied at recommended dosages, the nutrient input to
soil via fertilizers for vegetable crops is higher than the nutrient removal with the
harvest of these crops since the recommendations allow a compensation for the
nutrient unavailable for plant uptake due to fixation in soil and losses due to runoff
and leaching. For example, P input with synthetic fertilizer recommendation for
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vegetable crops ranges from 50 to 70 kg/ha (Wijewardena 2005), whereas removal
of P with the harvest is only 5 to 30 kg/ha (Sirisena and Suriyagoda 2018). In one
hand, many commercial-scale vegetable producers in up-country wet zone are
known to apply synthetic fertilizers, foliar fertilizers, and animal manures, at or
above the recommended dosages, when they cultivate high-value crops, sometimes
leading to building up of nutrients such as P (Kendaragama et al. 2001; Sirisena and
Suriyagoda 2018) and heavy metals like Cd, Cu, Zn, Ni, and Pb in soils
(Premarathna et al. 2005). Wijesundara (1990) reported 68% of the intensively
vegetable-cultivated fields had soils with available P (Olsen P) contents greater
than 100 mg/kg, whereas in general, the optimum value of Olsen P ranges from
10 to 24 mg/kg depending on the crop. On the other hand, most of the low-value
vegetable crops (pumpkin, radish, lettuce, etc.) and other field crops (maize, millets,
sorghum, etc.) receive only partial amount of the recommended fertilizer dosage
(Wjewardana and Amarasiri 1990; Nayakekorale 1998) leading to nutrient mining
from soil. Depletion of nutrients negatively affects biological activity in soils, which
in turn lowers physical fertility aspects such as aggregate stability, moisture holding
capacity, etc., thus deteriorating overall soil fertility.

4 Inputs for Plant Nutrient Management: Use of Synthetic
Fertilizers

The use of synthetic fertilizers has become an essential crop management practice in
present-day agriculture. Synthetic fertilizers are applied with the sole objective of
increasing plant available nutrient levels in soil. Even though 14 elements are
identified as essential plant nutrients supplied by soil (N, P, K, Ca, Mg, S, Fe, Mn,
Zn, Mo, Cu, B, Cl, and Ni), the major plant nutrients that are being supplied as
chemical fertilizers in Sri Lanka are N, P, K, and Mg, while Zn, Cu, and B are also
supplied under specific conditions for tea (TRI 2000), paddy (DOA 2013), or fruits
and other annual crops (Wijewardena 2005).

Marking the history of introduction of fertilizers for crop nutrient management,
the government of Sri Lanka freely issued bone meal, an organic fertilizer containing
3% N and 22% P2O5, to rice growers in the 1940s (Nagarajah 1986). Since then,
synthetic fertilizers as straight fertilizers (a source targeting to supply one macronu-
trient) and different fertilizer mixtures (a source targeting to supply more than one
nutrient at a time) have been used in the country depending on the evolution of
fertilizer recommendations. For example, the fertilizer recommendation for rice
changed 11 times from 1950 to 2013, fertilizer mixtures were recommended in
three instances (1950, 1971, and 1980), and straight fertilizers were recommended in
other eight events (Nagarajah 1986; Sirisena and Suriyagoda 2018). An account on
evolution of fertilizer recommendations and the types of synthetic fertilizers used for
plantation crops, rice, and other annual crops until 1985 is presented in Volume 4 of
Soil Science Society of Sri Lanka Journal published in 1986 and discussed later in
this chapter.
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4.1 Sources of Phosphorous (P)

Prior to 1970, use of “low-analysis fertilizer” such as rock phosphate (RP) and bone
meal, which in general has less than 30% of the total available primary nutrient, was
a common feature not only in perennial crop sectors but also for annual crops such as
paddy (Wijewardena 2005). Bone meal was recommended for rice farming in 1940
as the P source. Fertilizer recommendations for rice in 1950, 1956, 1967, and 1971
included rock phosphate and triple superphosphate as P sources, and the
recommendations in 1959 and 1964 included only rock phosphate as the P source.
With the increased adoption of new improved varieties, which are highly responsive
to fertilizers, superphosphates and fused phosphates became the sole source of P
since 1980. At present, the most popular P source in annual cropping systems is TSP.
In the plantation crop sector and other perennial cropping systems, P is supplied as
phosphate rock powder. The imported rock phosphates (IRP) were replaced gradu-
ally by locally produced Eppawala rock phosphate (ERP) since the discovery of this
ore at Eppawala (8.1456� N, 80.4048� E), Sri Lanka, in 1971. Being an igneous
and/or metaigneous rock, apatite in this ore shows low solubility in water and in
citric acid (Zoysa et al. 2001). Much research has been conducted over the last few
decades to increase the P availability of ERP for annual crops. Selectively mined and
powdered Eppawala apatite crystals are marketed as high-grade ERP (HERP) which
has about 35–42% P2O5 content (Dahanayake et al. 1995). Mixing ERP or HERP
with peat (Dahanayake et al. 1991; Rathnayake et al. 1993), composts
(Mawalagedera et al. 2012), P-solubilizing microorganisms (Tennakoon et al.
2016; Hettiarachchi et al. 2017), organic wastes, or acid-forming N fertilizers
(Zoysa et al. 2001) to increase P availability has been tested and gained varying
degrees of success at laboratory or greenhouse studies. However, the effectiveness of
such technologies under field conditions with different ecophysiological situations
needs confirmation through further research. Single superphosphate had been pro-
duced by acidulating ERP (ESP) by using nitric acid (Tennakone and Weragama
1992) or using sulfuric acid by the Lanka Phosphate (Pvt) Ltd. Field evaluations
have been carried out on this product during 2010/2011 by the Department of
Agriculture and have confirmed that ESP can be used as an effective P fertilizer
for paddy-growing soils in Sri Lanka (D.N. Sirisena, Personal Communications).
However, it has still not been produced at commercial scale.

4.2 Sources of Nitrogen (N)

In the early 1960s, ammonium sulfate was used as the N fertilizer; however, during
the period of 1967–1978, urea became the major source of N, because of its low cost
per unit of N and also due to severe soil acidification observed under application of
ammonium sulfate in wet zone soils (Wickremasinghe et al. 1981; Dharmakeerthi
and Thenabadu 1996). Since the 1980s, the fertilizer research in Sri Lanka focused
more on improving fertilizer use efficiency and reducing groundwater and surface
water pollution. In order to increase the efficiency of urea in paddy-growing soils,
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prilled urea was introduced in 2013. Slow-releasing N fertilizers like sulfur-coated
urea and IBDU are available in international market but have not been introduced to
Sri Lanka yet. At present, research is being conducted on producing slow-released
fertilizers using nanotechnology to improve the N fertilizer use efficiency in agricul-
tural systems (Kottegoda et al. 2011, 2016).

4.3 Sources of Potassium (K), Magnesium (Mg), and Calcium (Ca)

Muriate of potash (MOP) is the most commonly used K source in the country since
the late 1960s. In nursery formulations in the plantation crop sector, and for some
Cl-sensitive crops such as tobacco, sulfate of potash (SOP) is being used. Dolomite
is another fertilizer that is locally produced and used as both Mg supplement and
ameliorant of soil acidity. Dolomite also supplies Ca. This is mostly used as a liming
material in tea plantations and vegetable production systems in the up-country of Sri
Lanka and also known to provide benefits in upland cropping systems in low country
dry zone of Sri Lanka (Eeswaran et al. 2016). The use of kieserite and Epsom salt as
Mg supplement can be observed under nursery conditions or to correct Mg defi-
ciency in plants.

4.4 Fertilizer Formulations

Both urea and ammonium sulfate (SA) readily release N, increasing plant available
N contents in soil, and since most of the arable lands have N-deficient situations for
crop growth, plants respond quickly when N fertilizers are added. This sometimes
led to mismanagement of fertilizers by farmers (Nagarajah 1986). Overapplication of
N fertilizers beyond recommended dosage and disregard of application of P and K
sources due to lack of visible response from the crop for these two nutrients resulted
in introduction of fertilizer mixtures (formulations) as recommendations for most
crops (Amarasiri 1986; Nagarajah 1986). However, when fertilizer formulations are
used, it is difficult to address site-specific issues related to nutrient imbalances, and
that results in risk of overloading or underapplying a nutrient to soil environment and
difficulty in matching nutrient supply with crop growth requirement. Thus, fertilizer
formulations could lead to poor fertilizer use efficiency (Nagarajah 1986). The
formulations were removed since the 1990s from fertilizer recommendations of
annual crops.

In the plantation crop sector, fertilizer mixtures have been formulated predomi-
nantly using urea and/or SA, ERP, and MOP. Even when the nutrient requirement
for a specific field is identified through soil and foliar analysis, a fertilizer mixture for
that NPK ratio is often formulated in plantation crop sector to minimize application
cost, and it ensures correct proportions and quantities of NPK that is required for the
optimum growth of the plant in that field. Fertilizer formulations are also popular in
floriculture and home gardening, which operate at comparatively less diverse agro-
ecological conditions compared to annual cropping systems. The formulations

222 W. S. Dandeniya and R. S. Dharmakeerthi



prepared at present for floriculture and home gardening purposes contain number of
nutrients in addition to N, P, and K, and the composition depends on the targeted
growth stage of the crop and mode of application (to soil or foliar).

4.5 Present Situation of Synthetic Fertilizer Usage in Sri Lanka

Although a number of plant nutrients are deficient in Sri Lankan soils
(Kumaragamage and Indraratne 2011), most commonly used chemical fertilizers
are urea, SA, TSP, ERP, MOP, and dolomite, supplying only N, P, K, Ca and
Mg. The use of chemical fertilizers containing micronutrients is often less than the
recommended levels. Quantities of major fertilizers imported into the country during
the last two decades are given in Fig. 2. The quantities imported have a direct
influence from changing government policies on fertilizer subsidy scheme
(Weerahewa et al. 2010; Wijetunga and Saito 2017). In 2015, Sri Lanka had
imported nearly 816,000 tons of synthetic fertilizer which dropped by about 33%
in 2017 (Fig. 4.1) mainly due to a policy change from a material subsidy to a cash
subsidy. From the imported synthetic fertilizers, 54% was urea and about 20% was
MOP. The proportion of TSP importation dropped continuously from 14% in 2012
to about 7% by 2017.

From the total chemical fertilizer usage in the country in 2017 (0.6 million tons),
30% was consumed by rice cultivation (0.8 million ha) and 24% by the tea
plantations (0.2 million ha) followed by 12% by vegetable crops (0.1 million ha)
(Table 2). Similar proportions could be observed in other years as well. Hence,
fertilizer usage in Sri Lanka vary between 80 and 700 kg/ha depending on the crop
sector, with a national average of about 270 kg/ha.

Fig. 2 Imported quantities of NPK fertilizers [urea, ammonium sulfate (SA), triple superphosphate
(TSP), muriate of potash (MOP)] and Zn sulfate (ZS) during 2000 to 2017. (Source: National
Fertilizer Secretariat, Sri Lanka 2017)
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4.6 Regulation of Synthetic Fertilizer Usage in Sri Lanka

Out of many synthetic fertilizers required to improve crop growth and yield in Sri
Lankan soils, only rock phosphates and dolomite are locally produced, which
account for only 9% of the total fertilizer usage (Table 2). All others are imported
to the country by state-owned and private companies under the strict regulation set
by the government. Fertilizer formulations are prepared locally from the imported
raw materials by private sector and state-owned companies. The importation, for-
mulation, and distribution of chemical fertilizers in the country are regulated by the
Regulation of Fertilizer Act No. 68 of 1988. The Fertilizer Advisory Committee,
which comes under the purview of the National Fertilizer Secretariat according to
this law, has the sole authority to recommend the fertilizers to be imported to Sri
Lanka. Currently, the importation of bio- and organic fertilizers is not allowed except
for research purposes, and this move aims to protect the biodiversity in the country.
Any chemical fertilizer imported to Sri Lanka should abide by quality standards set
forth by the Sri Lanka Standards Institute (SLSI), and this is implemented by the
National Fertilizer Secretariat. A comparison of quality standards for potentially
toxic trace elements adopted by some countries is given in Table 3.

5 Inputs for Plant Nutrient Management: Use of Organic
Fertilizers

Organic materials have an important place in soil fertility management due to their
short-term effect on nutrient supply and long-term contribution to soil organic matter
replenishment (Lal 2004). Increase of soil organic carbon pool in degraded soils
increases crop yields through beneficial effects on nutrient supply, biological
activities, water holding capacity, and soil structure (Chathurika et al. 2015;
Mariaselvam et al. 2016; Chathurika et al. 2016). According to Lal (2004), an
increase of 1 ton of soil carbon pool of degraded cropland soils may increase

Table 2 Distribution of some important chemical fertilizers in different crop sectors in Sri Lanka
in 2017

Crop

Urea SA TSP ERP MOP DOL ZS Other Total

------------------------------‘000 Mg -----------------------------------

Paddy 142.9 2.6 14.1 <0.1 18.8 <0.1 0.03 2.27 180.7

Tea 73.5 27.1 0.4 21.6 32.1 3.0 0.40 10.7 168.8

Rubber 4.4 0.9 <0.1 3.0 2.3 0.3 0.00 0.8 11.7

Coconut 17.4 3.3 2.4 7.8 15.1 2.8 <0.01 1.2 50.0

OFC 2.3 2.4 2 <0.1 2.2 0.3 <0.01 1.5 10.7

Vegetable 17.6 22.7 10.5 1.4 13.9 2.8 0.11 8.29 77.3

Other 46.2 12.3 11.1 5.4 16.8 3.0 0.44 5.16 100.4

Total 304.3 71.3 40.5 39.2 101.2 12.2 0.98 29.92 599.6

SA ammonium sulfate, TSP triple superphosphate, ERP Eppawala rock phosphate,MOP muriate of
potash, DOL dolomite, ZS zinc sulfate, OFC other field crops
Source: National Fertilizer Secretariat, Sri Lanka. Sector-wise Fertilizer Distribution Report (2017)
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maize yield by 10–20 kg/ha. An increase in soil organic C (SOC) stock leads to
increased crop yield even in high-input agriculture (Bauer and Black 1994) but
especially in SOC-depleted soils (Johnston 1986).

5.1 Conventional Organic Fertilizers

Animal manures and green manures are conventional organic inputs utilized by
farmers. These amendments, generally of high quality, contain low amounts of
lignin- and phenol-like compounds, release nutrients quickly, and are known to

Table 3 Maximum permissible levels (total content mg/kg) of the five potentially toxic trace
elements for synthetic fertilizer in some countries

Country Cd As Pb Cr Hg References

Brazil (For simple
mineral fertilizers
and compound
fertilizers
containing macro
and micro
nutrients)

4–57 2–500 20–
1000

40–
500

0.05–
10

Goncalves Jr. et al.
(2014) DOI: https://
doi.org/10.5772/
57268

USA (Texas) (Any
type of fertilizer)

39 41 300 17 NA Goncalves Jr. et al.
(2014) DOI: https://
doi.org/10.5772/
57268

EU countries
(Phosphate
fertilizers)

50–275 NA NA NA NA

New Zealand
(Phosphate
fertilizers)

280 NA NA NA NA

Canada (Any type
of fertilizers)

20 75 500 NA NA

Australia (Any type
of fertilizers)

10–300 NA 100 NA 5 National Code of
Practice for Fertilizer
Description and
Labelling – Australia
(2011)

Japan (Phosphate
fertilizer)

343 50 100 5 NA Goncalves Jr. et al.
(2014) DOI: https://
doi.org/10.5772/
57268; Journal of
Scientific Research
and Reports (2014):
Vol 3(4): 610–620,
JSRR.2014.007

China (Any type of
fertilizers)

8 50 100 500 5

Sri Lanka (Any
type of fertilizers)

0.2–3.0 0.3–25 0.2–30 3–50 0.1–1.0 Sri Lanka Standards
Institute, 2014 (SLS
644, 748, 812, 1104)

NA not available, a range of values indicate different standard limits for different types/categories of
fertilizers
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improve soil fertility and crop yield. The decomposition rates of animal and crop
residues are high in soil and, thus, should be added repeatedly and in high quantities
to achieve significant improvement in soil fertility and carbon sequestration
(Sommerfeldt et al. 1988; Sukartono et al. 2011). Crotalaria juncea, Tithonia
diversifolia, Calliandra calothyrsus, Gliricidia sepium, and Vigna radiata are
examples of commonly used green manure crops in Sri Lanka (Palm and Sandell
1989). In addition, in the plantation crop sector of Sri Lanka, particularly in rubber-,
coconut-, and oil palm-grown soils, the cultivation of leguminous cover crop species
such as Pueraria phaseoloides, Desmodium ovalifolium, and Mucuna bracteata is a
common practice to conserve soil from erosion. An additional advantage of this
practice is the addition of organic matter by cover-crops into soils.

Cattle manure is popular among Sri Lankan farmers even before the introduction
of synthetic fertilizers. Poultry farming is more organized and happens at a large
scale in the country under intensive management practices compared to cattle
farming. Therefore, poultry manure (i.e., litter mixed with feces and urine of
chickens) is more available and cheaper than cattle manure; thus, poultry manure
is the most commonly used animal manure in the country. Application of untreated
poultry manure could lead to spread of antibiotic resistance in the environment,
which is an emerging threat to human health management (Martinez 2009; Herath
et al. 2016). High rates of manure application can cause water pollution due to
nutrients and greenhouse gas emissions.

Compost is another popular organic fertilizer in Sri Lanka. With the government
interventions in the late 1990s to recycle solid waste at municipal council level,
several composting stations were established in the country. As quality control
measures, standards for compost produced from municipal solid waste and agricul-
tural waste were introduced in 2003 by Sri Lanka Standards Institution (SLSI
1246:2003). A few companies are producing compost at large scale in the country,
and several small-scale producers are also contributing to the market. Compost is a
popular organic fertilizer applied in floriculture industry, nursery management, and
home gardening but not widely used in commercial-scale cultivation of annual and
perennial crops.

5.2 Carbon-Rich Organic Soil Amendments

Carbonaceous organic soil amendments having high C/N ratio contain high level of
recalcitrant C, release C to the soil slowly over time, and retain in the soil for a long
time. Such materials are added with the objective of increasing overall soil fertility
than as sources of nutrients; hence, it is better to refer to as organic soil amendments.
Further, these materials give the best results when incorporated in IPNM along with
synthetic fertilizers (Mariaselvam et al. 2014).

Common high C/N ratio amendments such as rice straw, sawdust, and rice husks
can be used as soil amendments to retain C for a long period. However, due to low N
content in these high C/N amendments, N immobilization may occur soon after the
application to soils. Rao and Mikkelsen (1976) found that when soil and rice straw
were not incubated prior to planting rice seedlings, applied N was immobilized,
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causing inhibition of plant growth and low N content in plants. Mariaselvam et al.
(2014) studied different C-rich mixtures prepared using cattle manure, rice straw,
wood shavings, and sawdust in fresh and incubated forms on nutrient release from an
alluvial soil (Entisol) and a red-yellow podzolic soil (Ultisol) to identify their
suitability as soil amendments. They found that some organic materials mineralize
faster (rice straw-based materials) than the others (wood-based materials). Further,
the contribution of wood-based materials to long-lasting C pools in soil is higher
than rice straw-based materials. Therefore, all organic materials are not equally
suitable as organic soil amendments to improve soil carbon sequestration. The
results further indicate that the organic materials affect nutrient cycling in soil, and
the effect of the material on short-term nutrient cycling should be considered when
selecting a material as an amendment. Otherwise, crop growth may impede due to
temporary nutrient immobilization in soil when C-rich material is added.

Recently, application of biochar is being promoted to arrest fertility degradation,
and even to revert degraded agricultural soils in the tropics, because of number of
positive characteristics in biochar (Lehmann 2007; Dharmakeerthi et al. 2015). High
in porosity, specific surface area, charge density, and pH as well as being a source of
plant nutrients together with high recalcitrant organic C content are the main features
of biochar that enhance soil physical, chemical, and biological fertility in many soils
(Enders et al. 2012; Vasujini et al. 2014). But the quality of biochar varies with the
pyrolysis conditions and feedstock used (Enders et al. 2012; Vasujini et al. 2014).
Slow-release fertilizers are being developed using biochar and N fertilizers to
increase the fertilizer use efficiency in Sri Lankan agricultural soils (Gamage et al.
2013; Kottegoda et al. 2011, 2016). However, lack of effective technologies to
produce good-quality biochar in large scale has delayed the adaptation of this
technology in Sri Lankan agriculture.

It has been suggested that amending soils with biochar could arrest, or sometimes
even revert, degradation of tropical agricultural lands (Kimetu et al. 2008). Different
application rates of biochar tested in alluvial (Entisol), reddish brown earth (Alfisol),
and reddish brown latosolic (Alfisol) soils from Sri Lanka indicated that soil fertility
status could be improved by adding biochar at the rate of 1 Mg/ha. Cattle manure and
sawdust mixed and incubated for 2 months (CSi) and applied at 2 Mg/ha rate has
given comparable results to biochar at 1 Mg/ha with respect to soil fertility and
productivity (Chathurika et al. 2015). In nursery rubber plants, Dharmakeerthi et al.
(2012) observed a significant growth improvement (26–61%) when an acidic Ultisol
is amended with 1% (w/w) rubber wood biochar in combination with N and Mg
fertilizers.

A major constraint for commonly used or presently recommended organic soil
amendments like compost, green manure, and animal manure is their unavailability
to apply at the recommended rate (10 Mg/ha) in each season. Further, the availability
of materials shows high variability in regional scale. Thus, requirement of material at
a lower rate (nearly ten times) with long-lasting effects on soil are positive traits
related to biochar and CSi. Moreover, sawdust, which is the base material in both
organic soil amendments, is a waste product in timber mills with little economic
value. Use of sawdust to produce these organic amendments will be a solution to
manage waste of one industry. The concern on contaminants, pests, and diseases that
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could be introduced through these two organic amendments is minimal in compari-
son to other alternatives like compost.

5.3 Biofertilizers

Another important group of organic fertilizers that is being researched in Sri Lanka is
biofertilizers (Palm and Sandell 1989; Seneviratne et al. 2011). Nitrogen-fixing
inoculants were introduced in the late 1980s but did not become popular due to
restrictions of supply of the material to farmers and need of repeated application,
among other reasons (Granhall et al. 1987; Palm and Sandell 1989; Catroux et al.
2001). Further, the inoculant did not show significant advantage over the use of
synthetic fertilizers, and the effects on crop performance were inconsistent over field
and with time (Granhall et al. 1987). The nature of indigenous microbial population
of soil, the inoculation rate, the adaptability of the inoculants to environmental
stresses, the purity of the inoculants, and the shelf life of the formulations affect
the significance of the impact of using biofertilizers in agriculture (Catroux et al.
2001; Herrmann and Lesueur 2013). Thus, the features of biofertilizers such as
successful inoculation and maintenance of quality in processing and storage have to
be improved in order to promote adoption of biofertilizers for nutrient management
(Catroux et al. 2001; Herrmann and Lesueur 2013). A number of success stories
exist from different countries on the use of plant growth-promoting bacteria
inoculants and mycorrhizal fungi as biofertilizers to improve crop productivity,
soil fertility, and plant tolerance for stresses in sustainable agriculture (Adesemoye
et al. 2009; Mahdi et al. 2010; Bhardwaj et al. 2014; Gracia-Fraile et al. 2015). In a
study conducted in Auburn, USA, supplementing 75% of the recommended fertilizer
rate with inoculants to a tomato crop resulted in yield and nutrient uptake statistically
equivalent to the full fertilizer rate without inoculants (Adesemoye et al. 2009).
Ability to reduce synthetic fertilizer usage when applied with biofertilizers without
sacrificing crop productivity under tropical conditions has been observed in many
other studies as summarized in reviews by Bhardwaj et al. (2014) and Garcia-Fraile
et al. (2015).

In Sri Lanka, since 2003, several products to increase decomposition of straw,
solubilize ERP, and fix P forms in soil, and N2 fixation, were researched and tested at
different scales for annual crops (Seneviratne et al. 2009; Kumari et al. 2010;
Rajapaksha 2010; Rajapaksha et al. 2011; Katulanda and Rajapaksha 2012) and
plantation crops (Seneviratne et al. 2011; Hettiarachchi et al. 2014, 2017; Tennakoon
et al. 2016) with the participation of Department of Agriculture and various research
institutes. Based on greenhouse-scale and field-scale experiments with rice cultiva-
tion, Rajapaksha et al. (2011) reported that 50% of TSP could be substituted with
ERP along with seed inoculants formulated with Enterobacter gergoviae, Bacillus
mycoides, and Bacillus pumilus. These products, if successful, are along the line of
third paradigm of soil fertility and plant nutrient management. Improvement of soil
fertility under the application of biofertilizers has been observed (Rajapaksha 2010;
Seneviratne et al. 2011). The diversity with respect to soil conditions creating diverse
ecological conditions for microbial communities and the diversity in farming
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systems (input usage, agronomic practices, crop rotations, etc.) stand as challenges
in developing effective biofertilizers because the microorganisms used show niche
specificity (Granhall et al. 1987; Catroux et al. 2001; Rajapaksha 2010; Herrmann
and Lesueur 2013). A few government-funded projects to formulate biofertilizers for
annual crops (rice, vegetables) and plantation crops (tea and rubber) are in progress
at present.

6 Fertilizer Recommendations in Sri Lanka

Fertilizer application for different crops was initially based on experiences of the
growers on ad hoc fertilizer applications. Therefore, initial fertilizer
recommendations were based solely on crop demand and yield goals. Systematic
fertilizer trials conducted later for different crop-soil systems revealed variable
responses of plant growth and yields to added fertilizers (e.g., Constable and Hodnett
1953 for rubber). Although initial fertilizer recommendations comprised of synthetic
fertilizers, only with the adoption of ISFM approach organic fertilizer inputs were
introduced to fertilizer recommendations of most crops (Yogaratnam and Silva
1987; Bandara et al. 2003). The rates of organic fertilizers to be applied in integrated
nutrient management approach vary across crops, and this is discussed under the
section on integrated plant nutrient management in this chapter.

Even though fertilizer recommendations for different crop sectors initially started
as blanket application irrespective of soil variability, most of the synthetic fertilizer
recommendations developed at present encourage soil test-based nutrient manage-
ment (Bandara et al. 2003; Weerasinghe 2017). However, detailed information
generated through soil survey and classification efforts (Moorman and Panabokke
1961; Mapa 2005; Mapa et al. 1999, 2009) have not been effectively utilized in
fertilizer recommendations for any crop in Sri Lanka.

6.1 Plantation Crops

From the plantation crops, rubber was the first to incorporate soil series-based
fertilizer recommendations. By the late 1970s, the Rubber Research Institute of Sri
Lanka introduced a site-specific fertilizer recommendation based on soil and foliar
analysis for mature rubber plants (Yogaratnam and Silva 1977). For example,
fertilizer recommendation for rubber (Hevea brasiliensis L.) varies according to
the K status of the soil (Yogaratnam et al. 1984). Similarly, tea and coconut research
institutes in Sri Lanka later introduced soil- and foliar-based fertilizer
recommendations for mature plantations (CRI 2008; TRI 2000).

The second highest chemical fertilizer consumer in Sri Lanka is tea plantations,
consuming about 24% of the imported fertilizer. Fertilizer usage in rubber
plantations is low, with about 240–675 kg of NPK fertilizer/ha/year depending on
the soil type and the age (Samarappuli 2001), while fertilizer use in tea plantations is
the highest among traditional plantation crops, with 350–1750 kg of NPK fertilizer/
ha/year depending on the age and yield target (TRI 2000). The very high rates of N
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fertilizer use, initially as sulfate of ammonia and currently as urea, have contributed
to soil acidification in tea-growing areas. Hence, these soil require special manage-
ment practices such as the application of 1–2 Mg of dolomite/ha once in every
3 years. Fertilizer requirement in coconut plantations in Sri Lanka varies from 230 to
600 kg of NPK fertilizers /ha/year depending on the age of the palm, soil type, and
cycle of replanting. Low productivity in coconut lands of the acidic wet zone soils of
Sri Lanka has been due to Mg deficiency, and as a prophylactic measure, application
of 240–320 kg of ground dolomite is usually recommended for wet zone soils (CRI
2008). However, the application of chemical fertilizers by coconut growers in Sri
Lanka is very low. Compared to tea, rubber, and coconut, the extent under oil palm is
low and only 8000 ha in Sri Lanka, but because of the labor scarcity and very high
profit margin, there is a tremendous pressure on converting rubber plantations in the
wet zone of Sri Lanka to oil palm cultivation. The government aims to increase the
total extent under oil palm up to 20,000 ha by year 2020. The fertilizer requirement
of oil palm is very high due to high nutrient removal from the fields (Goh 2004).
Even though there is no fertilizer recommendation as such for oil palm in Sri Lanka,
commercial planters apply between 420 and 2100 kg of NPK fertilizers per ha per
year (Prof. A Nugawela, personal communications). Residual effects and environ-
mental impacts when high doses of chemical fertilizers are applied to oil palm
plantations need to be assessed critically.

6.2 Paddy

Paddy consumes a large proportion of the imported fertilizer, i.e., 45–55% of urea,
35–55% of TSP, and 15–35% of MOP, and the recommended rate is around 225 to
340 kg of NPK fertilizers per hectare per season (Weerasinghe 2017). In comparison
to fertilizer usage in other countries, this is a moderate amount. However, fertilizer
for paddy cultivation in Sri Lanka is provided free or at a very high subsidy since the
1940s (Nagarajah 1986; Weerahewa et al. 2010); thus, actual chemical fertilizer
usage in some farmer fields could be much higher than the recommended rates.
Kendaragama (2006) observed that in rice-based cropping systems, the actual
fertilizer usage has ranged from 50 to 300% of the recommended rates. The low
rates were observed in rice-rice cropping systems in the coastal areas and in some
up-country rice-vegetable cropping systems.

Fertilizer recommendation for rice cultivation has been revised from time to time
since its first tentative recommendation in 1950 (Nagarajah 1986), considering
research findings, farmer experience, and/or government policies. Because of very
low yield response to added P fertilizers, application of TSP has now been
recommended once in two seasons. This could be partly due to P buildup in soil
due to continuous application of P fertilizers (phosphate rocks until the 1990s and
concentrated superphosphate thereafter). However, measurement of available P may
not be helpful to explain the low responses to added P in soils with very low Olsen P
levels and/or positive response in soils with high Olsen P. Sirisena and Suriyagoda
(2018) speculated that the degree of P saturation may be a better indicator to predict
crop response to added P. Moreover, the basal application of N fertilizer has now
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been shifted to 2 weeks after transplanting in order to increase the fertilizer use
efficiency (DOA 2013). Since the burning of rice straw in paddy fields is
discouraged, the amount of K fertilizer requirement could be decreased up to 50%
(Sirisena et al. 2015) without affecting the crop yield. Zn is deficient in most rice-
growing soils, and therefore application of 5 kg of ZnSO4 has been recommended to
all soils as a precaution, but only a few farmers have adopted this recommendation.

6.3 Other Annual Crops

Considering the nutrient requirement of different crops, various fertilizer mixtures
have been introduced in the first fertilizer recommendations released for cereals,
vegetables, and fruit crops in 1980 (Nagarajah 1986). Basal application from the
relevant NPK mixture varied depending on the crop species from 125 kg/ha (soy-
bean) to 625 kg/ha (vegetables) to 1500 kg/ha (up-country potato). Generally,
vegetables and potato, which consume the highest amount of chemical fertilizers in
this category of crops, are cultivated in steeply dissected hilly landscapes in the
up-country wet zone of Sri Lanka and/or sandy soils in the dry zone that has a
shallow ground water table with quick recharge. Vegetable and potato cultivation is
a year-round practice in these areas, and cropping at least three times a year has
become a common practice. In order to minimize the rate of soil fertility degradation
due to intensive cultivation of high nutrient-demanding crops without adopting
proper soil conservation practices, farmers in these areas apply large quantities of
organic manures in addition to the recommended doses of chemical fertilizers.
Application of around 10 Mg of poultry manure/ha/season that is rich in P and
readily available N or composts made using such manure or solid wastes is popular
among these farmers. For example, Kendaragama et al. (2001) observed that chemi-
cal fertilizer usage in vegetable cropping systems in these areas is about six to nine
times higher than the recommended rates. High levels of available P (Mehlich-3
extractable P ranging from 17 to 298 mg/kg with 95% of analyzed soils having
values greater than 45 mg/kg) and P sorption capacity (as indicated by single-point
adsorption capacity, P150, of soils ranging from 185 to 1167 mg/kg with a mean
value of 665 mg/kg) are reported for up-country intensively cultivated vegetable
fields (Amarawansha and Indraratne 2010). High levels of NO3-N (300 ppm) in the
ground waters of the vegetable-cultivated areas with sandy soils (Kuruppuarachchi
2010) have been observed. For food crop sector, a soil test-based fertilizer recom-
mendation was first introduced in 1993 in order to minimize the excessive building
up of nutrients and increased productivity (Weerasinghe 2017).

7 Integrated Plant Nutrient Management

Effective and efficient management of plant nutrients can be achieved only when the
nutrient management plan addresses the physical, chemical, and biological fertility
aspects of soils simultaneously (Chathurika et al. 2015; Mariaselvam et al. 2016).
Identification of soil fertility constraints and selection of soil amendments and/or
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corrective measures to improve soil fertility should be essential in a nutrient man-
agement plan (Chathurika et al. 2015; Mariaselvam et al. 2016). Improving soil
organic matter pool is essential in most of the degraded tropical soils. Lal (2015)
suggested that restoration of soil organic C to threshold levels of at least 11 to
15 g kg� 1 (1.1–1.5% by weight) within the root zone is critical to reducing soil and
environmental degradation risks.

Understanding the importance of soil organic matter pool on sustainability of Sri
Lankan agriculture, application of organic amendments is highly encouraged for all
cropping systems. From plantation crops, rubber and coconut adopt the establish-
ment of leguminous cover throughout its life span, in addition to recommending the
application of composts and organic residues as mulches around tree (Samarappuli
2001; Tennakoon and Bandara 2003). Cover crops minimize the erosion of organic
matter containing top soil while helping to provide organic matter through its litter.
In tea cultivations, rehabilitation of tea lands by growing Mana or Guatemala grasses
for 2 years prior to replanting, burying of prunings, and application of compost at
replanting has been recommended in addition to the synthetic fertilizer application
(TRI 2000, 2016). For rice fields, returning paddy straw back into the field and
application of 6 Mg of compost/ha/year have been recommended on top of the
synthetic fertilizer inputs. Recently, the application of 0.6 Mg of partially burnt
paddy husk/ha/year has been encouraged among paddy farmers. In most of the
annual cropping systems managed with synthetic fertilizer inputs, application of
10 Mg of organic manure has been recommended (Wijewardena 2005). Most of
these recommendations rather help to arrest further degradation of soil organic
matter reserves than increasing the reserves up to the sustainable limit suggested
by Lal (2015) for developing countries in the tropics.

Biochar is being considered as an organic soil amendment that can be effectively
used in ISFM approach. Under Sri Lankan conditions, application of synthetic
fertilizers along with biochar has decreased soil acidity, increased nutrient availabil-
ity (Dharmakeerthi et al. 2012), improved soil physical properties (Gamage et al.
2016), and enhanced soil carbon pool and crop yields (Mariaselvem et al. 2014;
Chathurika et al. 2016). In addition to organic and synthetic fertilizers, the use of
rock powder as soil amendment to improve soil fertility status has been reported in
the tropics (Silva et al. 2013; Chathurika et al. 2015). Improvement in maize yield
with the inclusion of rock powder in ISFMwas observed by Chathurika et al. (2015).

8 Way Forward in Soil Fertility Management

More than 75 years have passed since the introduction of synthetic fertilizers for
plant nutrient management. Yet the use efficiency of the synthetic fertilizers remains
around 10–50% under farm field condition. Strategies to improve N fertilizer use
efficiency up to 40% was introduced by the Rice Research and Development
Institute (DOA 2013), but it is not being practiced by majority of rice farmers yet
due to number of environmental, social, political, and technical reasons. Therefore,
soil fertility and plant nutrition management plans should be researched and devel-
oped to maximize the resource use efficiency in agricultural systems, which will
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provide additional benefits such as reducing the indirect costs on recovering from
environmental and health issues created due to agricultural pollutants.

Cultivation of same crop(s) in a plot of land and application of synthetic fertilizers
over several decades have changed the soil fertility in most agricultural lands.
Therefore, man-made spatial heterogeneity is becoming more prominent among
farmer fields than the inherent heterogeneity. Soil test-based fertilizer recommenda-
tion is effective under these conditions. However, lack of effective soil testing
mechanism for farmers, together with very high fertilizer subsidy, hinders the
adoptability of this site-specific technology and harnessing the positive impacts on
soil and the environment. Soil fertility evaluations and land suitability for cropping
are conducted by only a few large-scale agro-industries. Research should be carried
out to develop a farmer-friendly soil test kit and quick and easy way to obtain the
fertilizer recommendations by a farmer to his field. The Department of Agriculture is
developing a farmer-friendly fertilizer management protocol using soil test kits and
plant sap test kits to determine nutrient status of plants and available nutrients in soils
(mainly N, P, and K) based on colorimetric assays. This research program was
initiated in 2017, and now the protocol is being tested at pilot scale.

The soil testing is currently carried out by the Department of Agriculture, or
respective crop research institutes with the mandate, or by some private sector
companies that are still limiting their analysis for available nutrients, pH, and
electrical conductivity and occasionally for soil texture. These analyses would reveal
only the potentially available level of nutrients to support plant growth in the short
run. Therefore, a package of soil analyses that warrant the understanding of overall
soil fertility (chemical, biological, and physical fertility) at an affordable price to the
farmers should be developed, and farmers should be encouraged to keep records on
soil health for crop production. This is being effectively practiced in some European
countries and in North America, which encourages the farmers to be accountable and
environmentally conscious.

Development of soil fertility management apps aiming for e-agriculture could be
more effective in the present-day farming. Moreover, further research is required to
improve the currently adopted algorithms and/or to develop new algorithms where
required, to determine the optimum fertilizer rates for a given soil-crop system based
on the soil test values. A better understanding on soil fertility constraints and their
spatiotemporal variability is required to support the development of effective site-
specific nutrient management strategies.

Applying fertilizer inputs to a degraded soil or to a soil having restrictions for
crop growth such as compaction, poor drainage, poor biological activity, and
nutrient toxicities is not cost-effective. Soil physical and biological fertility are
relatively new concepts to the stakeholders involve in management of soil fertility
and plant nutrition in Sri Lanka. Thus, a consorted effort should be taken to educate
farmers, agricultural officers, and other stakeholders about the environmental
consequences related to improper soil fertility management and to encourage con-
scious adoption of best management practices to enhance productivity in the long
run with environmental consciousness.

Incorporation of organic fertilizers or organic soil amendments is beneficial in
soil fertility and plant nutrition management (Sirisena et al. 2015). Development of
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soil-crop system-specific technologies to increase soil organic matter pool above a
critical level in Sri Lankan agricultural lands should be encouraged. Moreover,
technologies to produce organic soil amendments in required quantities by recycling
agricultural and urban wastes need to be developed or made available to the farmers.
Effective N-fixing, P-solubilizing, and/or plant growth-promoting soil
microorganisms have been already isolated from various soil-crop systems; how-
ever, their commercialization needs to be promoted. Regulations with respect to
quality of external inputs should be developed to safeguard the environment and
enhance the food safety, especially when animal manures and compost from munic-
ipal solid wastes are being used. These regulations should not be limited to nutritive
composition but extend to assessing the contamination levels by potentially toxic
trace elements (Cd, Pb, Co, As, Hg, etc.) and antibiotics and biocides. Moreover,
policies on fertilizer usage in the country should be focused not only to increase the
productivity of the land but also to safeguard the environment. Therefore, the
material fertilizer subsidy given to farmers needs to be critically evaluated, and a
better environmental-friendly policy should be adopted.
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Geo-informatics: Contribution from Spatial
Sciences for Agricultural Development
and Food Security

N. D. K. Dayawansa and Ranjith Premalal De Silva

1 Introduction to Geo-informatics and Allied Technologies

Geo-informatics is a science and technology which utilizes spatial data to find
answers to the real-world problems. It integrates different disciplines which are
dealing with spatial information (Srivastawa 2014). Karimi (2009) defines
geo-informatics as a science and technology in gathering, analyzing, interpreting,
and using geo-referenced or spatial data. The Encyclopedia of Information Science
and Technology (2015) defines geo-informatics as an academic discipline or career
of working with geographical data for better understanding and interpretation of
human interactions with the earth. It further defines the term broadly as a number of
different technologies, approaches, processes, and methods to interpret issues and
controversies relating to the earth’s surface for collaborative decision-making.
Development of remote sensing technology for the collection of spatial data
followed by GIS and GPS made significant changes in surveying and cartography.
Subsequent developments in this technology pushed the academia and industry to
bring these disciplines under one umbrella of geo-informatics (Srivastawa 2014).
Since spatial data or geographical data are heavily involved in finding answers to
simple to very complex real-world questions, geo-informatics and allied disciplines
are flourishing in recent times. The main components of geo-informatics are remote
sensing, Geographical Information Systems (GIS), and Global Positioning Systems
(GPS). In addition, surveying, cartography, and photogrammetry also play a major
role. Remote sensing is the oldest out of these technologies developed with the
objective of collecting geographical or spatial data remotely. Aerial photography and
satellite remote sensing technologies have achieved a vast development during the
past 100 years. A large number of satellite systems with varying capabilities are
orbiting around the earth collecting very useful spatial information. The latest
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addition to remote sensing is drone technology which can be easily used to acquire
spatial information in a relatively small area at low altitudes. There are many
definitions to remote sensing. According to Lillesand et al. (2014), remote sensing
is the science and art of obtaining information about an object, area, or phenomenon
through the analysis of data acquired by a device that is not in contact with the
object, area, or phenomenon under investigation. According to Sabins (1996),
remote sensing is the science of acquiring, processing, and interpreting images that
records the interaction between energy and matter. According to Campbell and
Wynne (2011), remote sensing is the practice of delivering information about the
earth’s land and water surfaces using images acquired from an overhead perspective,
using electromagnetic radiation in one or more regions of the electromagnetic
spectrum, reflected or emitted from the earth’s surface. In this definition, they
identified that it is not universal and stresses the omission of meteorological and
extraterrestrial remote sensing in the definition.

Geographical Information Systems (GIS) is the most popular among all and is
widely used in analyzing spatial data and producing maps. Different scientists have
defined GIS based on its technological capabilities as a spatial data analysis tool,
database approach, or usefulness in various applications. Burrough (1996) and
Burrough and McDonnel (1998) define GIS as a powerful set of tools for collecting,
storing, retrieving at will, transforming, and displaying spatial data from the real
world for a particular set of purposes and can be considered as the most widely used
definition of GIS. Cowen (1988) defined GIS as a decision support system which
involves integration of spatially referenced data in a problem-solving environment.
According to Devine and Field (1986), GIS is a Management Information System
(MIS) that allows map display of general information. Maguire (1991) provides an
overview of GIS and describes the difficulty of providing a proper definition to GIS.
He has analyzed different definitions of GIS to comment on that all of them are
general definitions with a common feature of GIS as a system which deals with
spatial information. He suggests three views of GIS: as map view which focuses on
cartographic aspects of GIS, database view which emphasizes the usefulness of well-
designed and well-implemented database, and the spatial analysis view which
focuses on the usefulness of spatial analysis. In addition, the application view of
GIS identifies the technological capability of GIS to deal with global scientific
problems.

Global Positioning Systems is a satellite-based navigation system originally
designed by the United States for military navigation purposes. The Global Posi-
tioning System (GPS) is the only fully functional Global Navigation Satellite System
(GNSS). Utilizing a constellation of at least 24 medium earth orbit satellites that
transmit precise microwave signals, the system enables a GPS receiver to determine
its location, speed, direction, and time. GPS has enabled the collection of spatial
information on the dynamics of the earth surface as they occur. At present, GPS is a
very essential component of everyday life.

Integration of remote sensing, GIS, and GPS with other allied disciplines such as
cartography, photogrammetry, and surveying has made a significant progress during
past few decades. The availability of high-resolution spatial and spatiotemporal data
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provides immense opportunities to gather new knowledge and to understand the
complex geographical problems effectively (Guo and Mennis 2009). Mapping has
become an integral part of day-to-day work with the integration of multiple sensors
and multiple platforms for fast acquisition and processing of spatial data. Tao and Li
(2007) explain that the availability of Internet and wireless communication networks
and advances in sensors has made mapping process mobile and dynamic. Develop-
ment of big data analytical capabilities also has positively impacted on working with
remotely sensed data. According to Chi et al. (2016), a large number of space and
airborne sensors provide a massive amount of remotely sensed data every day, and
they discuss the opportunities and challenges that big data analytics bring in the
context of remote sensing.

2 Usefulness of Location-Enabled Data in Agriculture

Spatial data can be identified as data collected at a specific location with one or more
attributes. Spatial data are special due to their characteristics, namely, all of them
have a specific location on the earth, carry attributes to describe them, and create
spatial relationships with the surrounding objects. In addition, spatial data are
subjected to change with time and also consist of metadata. In day-to-day life,
majority of problems that come across are spatial in nature. Knowingly or unknow-
ingly, people use a huge amount of spatial data in their routine activities. As
examples, spatial data are essential in natural resources management, transportation,
retail site selection and customer analysis, vehicle tracking and routing, agricultural
activities, epidemiology, criminology and defense activities, etc.

Spatial data play a major role in agriculture from site selection for suitable crops,
crop establishment, management, harvesting, and postharvest handling to food and
nutritional security assessment. All geo-informatics technologies deal with location-
enabled data, and they provide capabilities for improved decision-making through
location-specific data analysis. Real-world applications provide evidences of the role
of remote sensing, GPS, and GIS in agriculture. Pakistan has developed a crop
forecasting and estimation system using GIS and remote sensing for wheat, rice,
cotton, sugarcane, maize, and potato (Ahmad et al. undated). Winter wheat yield has
been estimated using remote sensing in the United States (Salazar et al. 2007). To
support improved irrigation scheduling in the Syr Darya basin, Uzbekistan, the
ISAREG model integrated with GIS has been used (Fortes et al. 2005). Agricultural
land use suitability analysis using GIS has been widely applied in many countries
(Akinci et al. 2013; Zolekar and Bhagat 2015; Joshua et al. 2013).

3 Methodology Adopted for Review

This paper presents an overview of the use of geo-informatics technology in
agriculture and food security in Sri Lanka based on a review of published articles
during a limited period. The review is based on relevant research articles found in
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journals, proceedings, World Wide Web, and other documents and has been limited
to the published literature on Sri Lankan studies after 2000. Within the selected
period, the review was restricted to some selected articles which have a considerable
contribution from geo-informatics technology to agriculture directly or indirectly.

4 Natural Resource Management and Geo-informatics

Agriculture and natural resources have a strong nexus, and soil and water resources
are important components of agricultural systems. Natural resources management is
a vast subject area which is heavily involved with spatial data. Natural resources are
subjected to change with time due to natural causes and human influences. Hence,
most up-to-date data is required for making decisions correctly. Remote sensing,
GIS, and GPS technologies definitely help in managing natural resources success-
fully since they help to capture frequent changes in natural resources and analyze the
data in multidimensional space considering diverse factors which may influence on
resources and resource management. Management of watersheds helps to protect
land and water resources which are vital for the success of agriculture.
Geo-informatics technologies are very much helpful to identify critical issues in
watershed scale such as soil erosion, land use changes, hydrological properties,
water pollution, etc. (Panday et al. 2007; Chowdary et al. 2009; Basanyat et al.
2000). A number of studies have been carried out in Sri Lanka at watershed scale to
estimate hydrological processes, soil erosion, land use changes, etc. De Silva (2005)
has estimated spatial distribution of groundwater recharge in Deduru Oya catchment
using remote sensing and GIS. Rainfall and acute evapotranspiration data have been
derived from NOAA satellite data at 10-day interval for a year, and a simple water
balance equation was used to estimate recharge. Since satellite data helps to derive
rainfall and evapotranspiration basin wide, it was possible to estimate the spatial
distribution of recharge in the basin. The author identified a number of limitations in
the study and highlighted the usefulness of using remotely sensed data for better
spatial representation of recharge compared to point measurements. The use of GIS
is not highlighted in the methodology. Water sampling and spatial interpolation
techniques were used in groundwater quality assessment and mapping in selected
river basins (Piyadasa et al. 2006).

Soil erosion and land degradation (Manawadu and Karunarathne 2004;
Jayarathne et al. 2010; Jayasekera et al. 2018) and land use changes and their impacts
(Gunawardena et al. 2004; Adikari 2004; Kumarihamy and Dayawansa 2009) were
key studies carried out under natural resources. Kumarihamy and Dayawansa (2009)
explained a participatory GIS approach for sustainable land use planning at catch-
ment scale. Majority of soil erosion studies have followed a similar methodology by
using Universal Soil Loss Equation (USLE) with the help of GIS to derive required
data layers and to integrate them to find soil loss at watershed scale. Jayarathne et al.
(2010) coupled USLE-derived soil erosion map with socioeconomic factors such as
population density, land/man ratio, agro land/man ratio, and beneficiaries of social
benefits to improve the land degradation assessment. Wijesundara et al. (2018) used
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Revised USLE to estimate soil erosion in Kirindi Oya basin. Overlay analysis in GIS
is common across all these studies in integrating diverse spatial data layers. Aerial
photography and satellite remote sensing have been used in assessing land use
changes. Lack of accuracy assessment in land use identification can be highlighted
as a limitation in majority of these studies. Also it is obvious that the advanced
spatial data analysis functionality has not been used in most of the methodologies
and the entire spatial analyses have been confined to overlay analysis.

Integration of GIS into distributed hydrological models helps input of spatially
varying data into these models. A number of hydrological modeling attempts using
GIS were identified. A study conducted in a small watershed in Walawe river basin
utilized remote sensing and GIS technology for hydrological modeling with Soil
Water Assessment Tool (SWAT) model and HEC-HMS lumped model (Weragala
2004). The SWAT was used to simulate flow at the watershed outlet, and since it is a
distributed parameter model, GIS has played a major role compared to HEC HMS.
SRTM Digital Elevation Model has provided topographic information to the model,
while Landsat 7 satellite images were used to derive land use information. GIS has
been used to derive other required spatial data layers. In a study by Jayasekera et al.
(2005) of hydrological modeling in Upper Uma Oya catchment using SWAT model,
GIS was used to generate basin spatial data layers required as input data to the
model. IRS satellite data was used to derive land use information. Muthuwatta and
Jayakody (2006) also used SWAT in mesoscale hydrological modeling with GIS.

In hydro-geological modeling of Samanalawewa watershed, Jayawardena and
Gunatilake (2005) used surface analysis and 3D analysis capabilities of GIS together
with remotely sensed data to identify and locate the fractures, joints, and fault
patterns. A number of map layers related to geological properties and leakage
problems in the areas were developed and analyzed using GIS. Delineating ground-
water recharge potential sites in Ambalantota, Senanayake et al. (2015) also adopted
a similar approach. Land use, soils, geology, geomorphology, drainage density,
topography, and lineament density maps were developed using surface and 3D
analysis techniques in GIS. Weighted overlay analysis was employed to develop
an index to identify and map recharge potential zones. Rainfall map for the study
area was developed using surface interpolation without mentioning the technique
used. Kumar et al. (2016) also used overlay analysis in GIS to identify groundwater
potential zones in Kilinochchi.

Few studies have been conducted in Sri Lanka on the use of GIS and remote
sensing in mapping climatic parameters such as rainfall and water resources man-
agement including agriculture-related pollution. Ten-day estimates of actual evapo-
transpiration in Sri Lanka were derived using NOAA AVHRR satellite images
supplemented with ground-based estimations (Chandrapala and Wimalasuriya
2003). Those estimates together with soil moisture status estimated with satellite
images and rainfall data were incorporated in a GIS. The authors stated that this is a
solid basis for understanding water consumed by environment and agriculture and
also helpful in understanding the efficiency in major irrigation systems. Bastiaanssen
and Chandrapala (2003) described a new procedure for hydrological data collection
and assessment for agricultural and environmental water use. The variability of
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annual water balance in Sri Lanka was derived with measured rainfall and remotely
sensed actual evaporation rates. In the study, the annual water balance of 103 river
basins in Sri Lanka was presented. The results identified that the total agricultural
water use and net environmental system use are 15% and 51% of the net water
inflow, and the consumptive use of rain-fed and irrigated agriculture is approxi-
mately equal. A study conducted by Jayasinghe et al. (2011) used GIS to map the
spatial and temporal variation of nutrient pollution of groundwater in the unconfined
sandy aquifers of Kalpitiya peninsula where intensive agriculture is practiced.
Vegetation growth zonation for improved water resources planning was carried
out by Muthuwatta and Chemin (2013) using NOAA-AVHRR satellite data.
Satellite-derived vegetation indices are useful tools to monitor vegetation dynamics.
In this study, they identified the usefulness of actual observations from satellite
imagery on vegetation growth over estimated vegetation growth derived using
multiple data layers such as soil, slope, climate, etc. in conventional agroecological
zoning. They highlighted the usefulness of these vegetation growth zones in land use
and water resources planning.

Ecosystem health is a key factor for successful agriculture. Degradation of
ecosystems can adversely affect the soil and water resources to bring negative
impacts on agriculture. Also, the vital ecosystems can be adversely affected due to
poor agricultural practices. In addition, urbanization and development activities also
lead to damage to the important ecosystems such as wetlands. Spatial sciences can be
used to monitor, analyze, and map the vulnerability of these ecosystems and identify
the risk factors.

Dahdouh-guebas et al. (2002) studied the land use changes in Pambala-Chilaw
lagoon complex to identify the impact of shrimp farming on mangrove ecosystem.
The study used aerial photography and GIS to identify the land uses and to assess the
land use change. Samarasinghe and Dayawansa (2013) used remote sensing and a
GIS-based approach to study the degradation risk of Kolonnawa marsh. Risk
mapping was carried out using an index, and it was helpful to prioritize the areas
for conservation. Gunawardena et al. (2014a) used satellite images from ALOS
(AVNIR2) and Landsat ETM+ sensors for identification, evaluation, and change
detection of highly sensitive wetlands in South Eastern Sri Lanka. In a study
conducted in Horton Plains to map the plant and animal habitats, IRS LISS III
satellite images were used to identify the land use. Other spatial data layers such as
slope, aspect, soil, elevation (using Digital Elevation Model), and agroecological
regions were derived using GIS. GIS helped to integrate the data layers to identify
the land forms which are helpful in identifying habitats of plants and animals. The
study reveals the usefulness of high spatial resolution satellite images to identify the
presence of some animals in open areas such as grasslands. It highlights the
usefulness of integrating remote sensing and GIS in this type of studies (Jayarathne
et al. 2005) where an in-depth analysis is required combining ecosystem conditions
and requirements for wildlife. A considerable number of studies in forestry sector
also have been carried out. The studies include mapping of forest cover, assessment
of biomass content (Gunawardena et al. 2008; Gunawardena et al. 2014b),
Gunawardena et al. 2016), etc.
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Soil plays a major role in agriculture, and spatial and attribute information on
soils are useful in land management in agricultural systems. Remote sensing and GIS
coupled with soil surveys are very helpful approaches in collecting, storing, and
presenting spatial and temporal variations of soil properties. Use of geo-informatics
technology in developing soil databases, mapping soils, and identifying soil suit-
ability in agriculture is well documented (Zhu et al. 2001; Sculla et al. 2003;
Liengsakul et al. 1993). GIS technology coupled with extensive fieldwork was
used to develop a digital soil database for dry, wet, and intermediate zones of Sri
Lanka (Mapa et al. 2004, Mapa et al. 2006). This database has been used to classify
and map the soil in these climatic zones. The potential uses of this database were
identified as suitability mapping, management of problem soils, erosion hazard
assessment, agroecological zoning, land use planning, and mathematical simulation
of processes as solute or pesticide movement in groundwater. Soil salinity can
adversely affect crop growth. To identify the spatial variation of salinity levels,
salt-affected soils were mapped using interpolation of field sampled data taken at
different soil depths in Hambantota district (Gunasena et al. 2006). Nayanaka et al.
(2010) have mapped the agronomically important soil properties in paddy growing
Alfisols in Pulasthigama in Polonnaruwa district of Sri Lanka. Rathnayake et al.
(2016) have mapped the organic carbon concentration of paddy growing soils in
Northern Sri Lanka (2016). Geostatistical mapping of chemical properties of red
latosols in Puttalam district was done by Eranga et al. (2015). Spatial variability of
soil properties in an Alfisol soil catena was studied by Rosemary et al. (2017). In all
these studies, the authors have identified the usefulness of mapping spatial
variability of soil parameters to guide site-specific fertilizer applications,
intercropping and other management practices, irrigation and tillage operations,
land use planning, developing a national carbon accounting system, etc.

Climate change can bring positive and negative impacts on agriculture depending
on the nature of change. Hence, knowledge on possible changes in future climate
will help the decision-makers in planning and management of land and water
resources. Geo-informatics coupled with mathematical models is widely used all
over the world in predicting and mapping climate change-related scenarios. A
limited number of studies have been carried out in Sri Lanka on changes of climate
using geo-informatics. De Silva et al. (2007) used HadCM3 model to assess the
impact of climate change on irrigation water requirements of paddy in Sri Lanka.
Rainfall and paddy irrigation requirement were mapped using GIS to identify the
spatial variation of these parameters.

5 Land Suitability Analysis for Agriculture

Agricultural land suitability assessment is the process of assessing the suitability of
land for different crops. This involves a large amount and variety of spatial data.
Selecting an appropriate location is related to multicriteria decision-making since it
involves a large number of attributes and various criteria (Joerin et al. 2001;
Reshmidevi et al. 2009). GIS is a very useful tool in handling this vast amount of
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spatial data and integrating them together to identify suitable land parcels. Studies on
land suitability assessment for agriculture in Sri Lanka using GIS are limited.
Jayasinghe and Machada (2008) conducted a study to develop a web-based online
consultative system with crop land suitability analysis for Kandy, Nuwara Eliya,
Badulla, and Matale districts of Sri Lanka. Requirement factors for crops such as
rainfall, soil, topography, temperature, and land use were developed using GIS, and
weighted overlay was performed to identify the crop suitability classes. This study
developed a flexible and user-friendly online crop consultation system using web
GIS tools. Senanayake et al. (2017) also developed a geodatabase to recommend
suitable crops at village level in Sri Lanka. Authors mentioned that the “CROPREC”
desktop software helps offline access of the database, while web portal is for online
access to provide location-based agriculture information. Suthakar (2015) used GIS
and multicriteria analysis to assess the land suitability for some selected crops in
Jaffna peninsula in Sri Lanka. Author mentioned that the integration of multicriteria
decision-making (MCDM) techniques with GIS considerably improves decision-
making through conventional map overlay technique, and as a result, much attention
has been paid to utilize MCDM techniques in GIS to assess land suitability for
different purposes.

6 On-Farm Resource Management Through Geo-informatics

Optimal levels of water and nutrients are essential for a satisfactory crop growth. In
this regard, timely and frequent availability of data is of paramount importance.
Collection of data using field surveys is costly and time-consuming. Hence, remote
sensing, GIS, and GPS technologies are very much helpful in collecting data at farm
or system level. According to Goswami et al. (2012), precision agriculture is the
application of technology to improve agricultural productivity as compared to
conventional methods and to reduce the impact on environment. Goswami et al.
(2012) carried out a review on the use of geo-informatics technology on precision
agriculture and commented on the usefulness of GIS, remote sensing, and GPS in
collecting and analyzing spatial data in the field. Few studies have been carried out in
Sri Lanka with respect to assessment of agricultural systems and agricultural
resource management with geo-informatics tools. Bandara (2003) used NOAA
satellite data to assess three large irrigation systems in Sri Lanka. The study used
satellite images to compute land surface parameters for actual evapotranspiration,
potential evapotranspiration, and biomass for the command area of three irrigation
systems. The crop in the systems is different varieties of paddy. The author men-
tioned that the examination of spatial variation of irrigation system parameters is
difficult with the 1.1 km spatial resolution of NOAA AVHRR data due to small
irrigation extents.

Drought is a complex and recurrent phenomena which bring adverse impacts on
human and nature (Burcheld and Gilligan 2016). There are different classifications to
drought. Meteorological drought occurs due to reduced rainfall, agricultural drought
is a result of soil moisture stress, reduced canal flow and reservoir storage brings
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hydrological drought, and restricted water access caused by economic or political
power results in socioeconomic drought (Heim 2002). Burcheld and Gilligan (2016)
used remote sensing and GIS to assess the agricultural adaptation to drought in dry
zone of Sri Lanka. To identify double-cropping agricultural communities, the study
used MODIS satellite data by deriving enhanced vegetation index. In this study,
remotely sensed data helped to identify large-scale pattern of cultivation. Remotely
sensed data analysis was then coupled with a GIS utilizing the characteristics of
agricultural communities to identify communities with similar structural
characteristics. Priyadarshanee et al. (2013) assessed the performance of Mahaweli
System C in GIS environment using socioeconomic indicators. The education
attainment, quality of housing, access to household consumer durables, access to
vehicles in households, and income level of household were selected as indicators
for performance analysis. A hamlet was taken as the smallest spatial unit to collect
data and for mapping. The overall performance index was calculated by summing up
the set of indicators by providing relative weights. Indicator values were used to map
the spatial variability of the performance of farming communities. A GIS-based
decision support system was developed in managing tea plantations in St. Coombs
Estate in Talawakelle, Sri Lanka (Wellala et al. 2012). Digital spatial data layers on
fields, land use, drainage, buildings, soils, and socioeconomic data were integrated
into the database. Proximity and overlay analysis tools available in GIS were used to
identify the areas that need protection.

7 Harvesting and Postharvesting Operations Through
Geo-enabled Data

Remote sensing is widely used in assessing crop health and forecasting yields. In
most studies, yield forecasting is based on statistical-empirical relationships between
yield and vegetation indices. Normalized Difference Vegetation Index (NDVI) is the
most commonly used for this purpose (Lopresti et al. 2015; Prasad et al. 2006; Wall
et al. 2008). Delecolle et al. (1992) explain that it is questionable to use remote
sensing for direct estimation of crop production due to indirect link between remote
sensing and crop state variables. Authors suggested that crop models can be used
together with remotely sensed data. Spatial modeling of crop production is important
since soil conditions, weather, and management interventions can be spatially
varying (Priya and Ryosuke undated; Nagamani and Mariappan 2017). In many
crop production models, GIS is used to input required data and to present results. A
limited number of studies have been conducted in Sri Lanka related to crop yield
estimations and forecasting using remote sensing technologies. Sirisena and
Dammalage (undated) used MODIS 8-day composite images to identify paddy
cultivated areas and yield forecasting using NDVI and Enhanced Vegetation Index
(EVI2) in Kurunegala district of Sri Lanka. They have identified the paddy cultivated
land with an accuracy of 77% and commented that it can be improved with the use of
high-resolution satellite data. The authors identified that both NDVI- and EVI2-
based models provide more accurate yield estimations at 80 days after transplanting.
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Extraction of phonological parameters such as transplanting, panicle initiation, and
flowering is useful in the purpose of irrigation water and nutrient management, yield
prediction, and crop yield mapping (Jayawardhana and Chathurange 2016).
Jayawardhana and Chathurange (2016) have used MODIS 16-year time series data
to extract phonological parameters of paddy in Sri Lanka. A GIS-based methodology
and field-collected data were used to assess the productivity of potato in Nuwara
Eliya and Badulla districts in Sri Lanka (Fernando and Premasiri 2006). Available
natural resources and conditions for potato production such as soil properties,
climatic parameters together with yield, cost of production, cropping pattern, etc.
collected at field level were integrated in GIS to map the potato production
characteristics in the study area. However, the paper has not detailed how the
decision support system was developed and functioned.

8 Transportation, Distribution, and Marketing
of Agricultural Produce Using Geo-informatics Tools

Identification of most cost-effective routes and suitable market centers is important
in marketing agricultural produce. Geo-informatics can play a significant role in this
subject area. Network analysis capability in GIS is used to assess the transport routes
to identify travel time and distances of haulage routes (Devlin et al. 2008). Identifi-
cation of suitable market centers and management of transportation networks can be
carried out with geo-informatics tools more effectively. However, there is no
published related literature in Sri Lanka found during the period considered for
this review.

9 National Food and Nutritional Security
with Geo-informatics Resource Base

Food and nutritional security assessment in a county is important to identify vulner-
able areas which need government interventions. Huge quantity of spatial data is
required for this purpose. Hence, geo-informatics tools can play a significant role in
assessing food and nutritional security. A study conducted in Anuradhapura district
in Sri Lanka developed Knowledge-Based Scoring (KBS) approach to classify
Grama Niladhari Divisions (smallest administrative unit in Sri Lanka) based on
food insecurity (Satharasinghe and Sheinkman 2005). A vulnerability index was
calculated for each GN division to map the spatial variation of food insecurity. The
authors highlighted the usefulness of these maps for prioritization of GN divisions
for development and poverty eradication programs without conducting baseline
studies. Wijerathne (2005) assessed the spatial dimensions of poverty in Udawalawe
left bank irrigation development project. Poverty can make a significant impact on
food security of people. In this study also, GN division was used as the smallest
spatial unit for analysis. Study collected poverty-related data through a household
survey to estimate the poverty levels. Poverty maps at GN level were created by
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clustering households. This study has used GIS only for the mapping purpose. The
study identified the usefulness of mapping spatial variation of poverty and identified
the access to water as a key factor which makes these changes. Ranasinghe et al.
(2005) demonstrate that basic GIS applications can be effectively used to identify
vulnerable populations/areas using secondary data available with health authorities
to develop and optimize nutrient surveillance system in Sri Lanka. This study used
nutrition indices to map the spatial variability of nutrient levels of pregnant mothers
and children. Dassanayake et al. (2007) discussed the use of GIS for spatially
targeted interventions to control child malnutrition at district level. This study
focused on mapping pockets of child malnutrition which is important in targeting
interventions. The study highlighted the usefulness of GIS in evidence-based deci-
sion-making. All the above four studies have used GIS only for the mapping
purposes. De Silva (2007) has conducted a detailed food security and vulnerability
assessment for Sri Lanka using a large number of spatially distributed variables.
However, the spatial details of this study have been confined to district level, and
factor analysis has been used to reduce the dimensionality of the data within the
spatial boundaries. In general, these studies demonstrate the power of GIS in
displaying spatial variability of important parameters.

10 Conclusions and the Way Forward

A review was conducted to identify the application of geo-informatics tools in
agriculture and allied disciplines in Sri Lanka based on some published literature
after 2000. It was evident that the published literature on application of
geo-informatics in agriculture is limited in Sri Lanka. The published literature is
mostly based on isolated studies conducted as academic exercises or on personal
interest. A wide range of applications are published on natural resources manage-
ment with the use of remote sensing and GIS technologies. Out of these studies, most
relevant applications related to agriculture are soil erosion assessment, land use/land
cover change assessment at watershed scale, development of soil databases and
maps, and hydrological studies. Application of USLE with overlay functions in GIS
is the most common method applied in estimating soil erosion. Hydrological studies
in watershed scale have attempted to use models coupled with GIS. Majority of
studies have used GIS for spatial analysis and mapping, while use of remote sensing
is limited. Few attempts have been made to derive some climatic parameters to
estimate water budget in agricultural systems using remotely sensed data.

Though there is a vast potential of using geo-information technology in agricul-
ture from planting of crops up to the consumer, available literature suggests that Sri
Lanka has so far not utilized the potential. Also, there is a possibility of not
publishing studies or projects conducted by some organizations due to various
reasons. Land suitability assessment for different crops for crop diversification,
irrigation and fertilizer management at system level, identification of market
facilities, optimum transportation root selection, food security, and nutrition man-
agement are some of the most potential and useful applications of geo-informatics
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technology in agriculture. Since spatial data plays a key role in decision-making in
agriculture, it is a timely need to enhance the use of geo-informatics in government
and corporate sector institutions in Sri Lanka. The capacity on this subject area has
been developed during the past few decades through short-term and postgraduate
level training obtained within and outside the country by government and nongov-
ernment officers. With this background, the country is equipped with required
knowledge, expertise, opportunities, and resources to work with this advancing
technology especially in the agriculture sector development. As a vision for the
future, use of this technology should not only be limited to basic mapping exercises
with GIS but should include the use of remote sensing and other allied disciplines if
needed with much improved analytical capabilities.
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Experiences of Biochar Applications
for Sustainable Agriculture in Sri Lanka

B. F. A. Basnayake, R. T. K. Ariyawansha, D. A. S. Gamage,
and A. K. Karunarathna

1 Introduction

We were learning the art of cultivating a “chena,” when we stumbled on an
abandoned one, way back in 1979. It was a revelation. We called it the “Kala
Pola” (jungle market). It had flourishing and lushes growth of many types of
peppers, tomato, pumpkin, and aubergine in clusters. They were from seeds that
had sprouted from the previous cultivations. The immediate response was to exam-
ine the soil, and we were astonished to find the soil rich in very small particles of char
and nuggets of char sparsely spread across these dense clusters. The Center for
Agricultural Machinery, Land, Water, and Forestry Management (CEMAGREF) in
France welcomed the idea of making char from agricultural wastes. They were
interested in using it for fueling gasifiers to run tractors, while our intention was
for replacing fertilizer for increasing agriculture productions.

At that time, commercial use of charcoal was not known, but there had been the
use of it throughout history. The well-known discovery in the Amazon basin of Terra
Preta de Indio (Black Soils of the Indians) by the Spaniards came to light only in the
recent past in 2001 (Bezerra 2015), because that civilization got wiped out
contracting diseases that the Spaniards had brought with them from Europe. It is
believed that the ancient Indians engineered the poor tropical soils with the additions
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of biochar, or they crafted the properties of char into biochar. These soils have
biochar, pot pieces, and animal skeletons; thus, they were formed under the trash
piles of the indigenous people 2 m deep, 7000 years old, much more fertile than the
surrounding soil (Fig. 1). There are reports of replenishing back soils of the Indians.
These fertile soils are mined for commercial use now, and they find that these soils
are especially helpful as a natural growing medium. In other words, the soils expand.
Perhaps the microcosms in those soils have evolved to recycle and also adsorb CO2

from the atmosphere as the substrate, perhaps undergoing at some later stage
anaerobic conditions in this Amazon basin to utilize CO2 as an energy source as
well as for cell growth, a mechanism for their survival.

Although we do not have historical evidence of char use in Sri Lankan agricul-
ture, the influence of Portuguese in Sri Lanka was similar to the report of Francisco
de Orellana, the Spanish conquistador in 1542. He had ventured along the Rio
Negro, one of the Amazon basin’s great rivers, hunting for a hidden city of gold,
and his expedition found a network of farms, villages, and even huge-walled cities
(https://www.youtube.com/watch?v¼0Os-ujelkgw). According to Sanderatne and
de Alwis (2018), in Sri Lanka, the high death rate in the nineteenth century and
early twentieth century was primarily due to several infective and parasitic diseases,
unhygienic living conditions, and inadequate medical services. Incidences of dysen-
tery, tuberculosis, cholera, typhoid, and malaria were exceedingly high. One should
wonder, what happened in the fifteenth century? We would have lost the actual craft
of engineering very similar ferruginous soils like in the Amazon basin and the know-
how of making charcoal. Instead, they were driven to clearing jungles, and they

Fig. 1 Oxisol and Terra Preta. (Source: B. Glaser cited by https://www.geozentrum-hannover.de/
DE/Gemeinsames/Nachrichten/Veranstaltungen/2009/Hauskolloquium_2009_2010/2009_10_06_
abstracts.html)

256 B. F. A. Basnayake et al.

https://www.youtube.com/watch?v=0Os-ujelkgw
https://www.youtube.com/watch?v=0Os-ujelkgw
https://www.geozentrum-hannover.de/DE/Gemeinsames/Nachrichten/Veranstaltungen/2009/Hauskolloquium_2009_2010/2009_10_06_abstracts.html
https://www.geozentrum-hannover.de/DE/Gemeinsames/Nachrichten/Veranstaltungen/2009/Hauskolloquium_2009_2010/2009_10_06_abstracts.html
https://www.geozentrum-hannover.de/DE/Gemeinsames/Nachrichten/Veranstaltungen/2009/Hauskolloquium_2009_2010/2009_10_06_abstracts.html


cultivated a chena in isolation, preventing diseases from spreading. One of the
farmers, whom we met in Kalawewa many years ago, recounted his experiences of
settling in Kalawewa from a village in Kandy after the restoration of the reservoir
during the time of British rule. When they found many of the settlers succumbing to
numerous diseases, including malaria, they fled and survived in the forest,
cultivating chenas. He was not surprised when we narrated the observations of
“Kala Pola,” and we still find that most farmers are aware of the importance of
char, but they are unable to quantify its exact value to cultivation. So are most
scientists, researchers, students, and administrators or some are not willing to accept
alternatives to inorganic fertilizers because of self-interests in exploiting farmers for
monetary gains.

This review is a testimony in quantifying the importance of biochar for sustain-
able agricultural productions. It entails laboratory investigations to determine kinetic
properties, testing of an “engineering model” to determine the gas flow
characteristics of straw bales with and without pyrolytic conditions. Mathematical
expressions from these results were developed for simulating the pyrolysis front in
the design of a 1 Mg/h pyrolyzer. Test runs were done to optimize the thermal
process conditions and the products. We describe the potential use of the technology
by arresting the polluting practice of straw burning and the twin benefits of biochar
and power generations from paddy straw. We describe the development of
pyrolyzers in Sri Lanka and the issues related to investments for promoting the
developed technologies. From a scientific point of view, it was necessary to examine
the quality of biochar in relation to the behavior of nutrients, particularly nitrogen
and phosphorus. We describe field experimentations that were conducted firstly in
order to reduce the use of inorganic fertilizer and secondly to demonstrate the role of
biochar in enhancing phosphorus movements in rice cultivation. We then conclude
convincingly that biochar is essential for sustainable agriculture productions in poor
tropical soils of Sri Lanka.

2 Development of a Mobile Pyrolyzer (Carbonization)

Pyrolysis is a thermal decomposition process, requiring a supply of heat, preferable
without oxygen or any excess oxidizing agent in the media of supplying heat until
the biomass is converted to char, pyrolysis gases, pyrolysis products, and water. The
product yield during the thermochemical conversion of biomass depends on temper-
ature, pressure, time, reaction conditions, rate of heating, and added reactants or
catalysts (Paul 1982; Demirbas and Kucuk 1997). The degree of equilibrium attained
between these products will depend on the rate of heat supplied. Fast thermal transfer
at higher temperatures maximizes the production of bio-oil and/or gases, while slow
thermal transfer at lower temperatures maximizes the yield of carbon/charcoal. The
rate of heating of 10 �C/s, <500 �C, is ideal for biochar productions. It is an
endothermic reaction requiring the supply of heat at a specific rate of heating or
variable, which will depend on the reactor configuration. In the thermal decomposi-
tion process, depending on the temperature regime as given in Table 1, the biomass
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undergoes drying, torrefaction, carbonization, and gasification. We find that the
structure of the biomass, consisting of hemicelluloses, cellulose, lignin, and other
substances, including various inorganic matter, vastly influences the quality of the
char and the pyrolysis products. In the design of equipment required for any of these
processes, it is important to determine the kinetics of pyrolysis, including the rate of
pyrolysis at a given supply of heat, and it will depend on the size of particles,
isothermal or non-isothermal reactor configurations, and the type of biomass. We
can observe the mass reductions in an isothermal thermobalance (Fig. 2) at a given
temperature of different particle sizes as shown in Fig. 3 (Basnayake 1986).

Each of these particles has undergone a first-order rate reaction, and we can
express the unit mass reduction for a single run as:

m ¼ Mt �M f

Mi �M f
ð1Þ

where Mi ¼ initial mass, Mf ¼ final mass, and Mt ¼ mass reduction at time t.
The first-order rate reaction is expressed as

dm
dt

¼ �k m½ � ð2Þ

where k ¼ the rate constant.
Integrating Eq. 2 gives

m ¼ m0e
�kt ð3Þ

We can substitute Eq. 3 in Eq. 1 to give

dm
dt

� k:moe
�kt ð4Þ

We can then plot a graph of ln(m) vs time. The slope of the straight line gives –k
for that temperature, and we could denote it as k1. If we then do the same for the same

Table 1 The mean post-pyrolysis feedstock residues resulting from different temperatures and
residence times (IEA Bioenergy 2007)

Mode Conditions

Products (%)

Liquid Biochar Syngas

Fast pyrolysis Moderate temperature, around 500 �C, short
hot vapor residence time ~ 1 S

75 12 13

Intermediate
pyrolysis

Moderate temperature, around 500 �C,
moderate hot vapor residence time ~ 10–20 S

50 20 30

Slow pyrolysis
(carbonization)

Low temperature, around 400 �C, very long
solid residence time

30 35 35

Gasification High temperature, around 800 �C, long vapor
residence time

5 10 85
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mass of particle for different temperatures, k2, k3, k4, . . . ..kn can be obtained. The
energy activation value can be obtained if ln(k) is plotted against 1/T, where T1, T2,
T3, T4. . . ..Tn are the temperatures corresponding to k1, k2, k3. . .kn values. The slope
of the straight line is equal to �ΔE

RT , and the factor of frequency is the intercept, thus
giving

k ¼ k0e
�ΔE

RT ð5Þ
Therefore, Eq. 5 can now be inserted in Eq. 4 to replace k. We found that the

energy of activation is about 1050 kJ/kg for most materials. But it will depend on
heat transfer characteristics of the materials under investigation. The pyrolysis
products can be used for supplying the required energy. Therefore, the products
leaving the reaction zone can be written as

mp ¼ mo � moe
�kt ¼ m0 1� e�kt

� � ð6Þ

If the required quantity of the products is recycled and combusted to provide
adequate energy for the endothermic reactions of pyrolysis, a system can be designed
to continuously produce char from biomass. We wanted to develop a carbonization
reactor to pyrolyze bales of straw, and we needed to find out the pressure losses
encountered to send high-temperature flow of fumes using a high-temperature
centrifugal fan. At high temperatures, there could be preferential passages through

Fig. 2 An isothermal thermobalance (Basnayake 1986)
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a bale of straw, but if the bales are replenished on a continuous basis, the preferential
paths get filled with char or fresh straw. It was conceptually perceived to have a
pyrolysis front as shown in Fig. 4.

Therefore, we built an engineering model to determine the characteristics of the
gas flow. In the first instance, ambient air was used to determine the pressure loss,
and it amounted to

Fig. 3 The mass reductions in an isothermal thermobalance at a given temperature of different
particle sizes (mass % vs time (s) of straw at 600 �C) (Basnayake 1986)

Fig. 4 Conceptual pyrolysis front (Basnayake, 1986)
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ΔP ¼ λ1vþ λ2v
2 ¼ 510vþ 470v2 ð7Þ

where ΔP ¼ pressure loss in N/m2 and v ¼ velocity of air flow m/s and λ1 and λ2 are
coefficients describing porosity of the material.

The first term depends on the potential energy, thus along the length of the
passage and average diameter of the passages of the straw bales. The second term
is the kinetic energy of entry and exit losses. λ1 and λ2 get modified, if the tempera-
ture increases due to changes in viscosity, the average diameter of passages through
the bales, Reynolds number, and the changes in density ρ. We verified the predicted
pressure losses with combusted gasses being sent through the bales. The pyrolysis
front should be a diagonal, if there is a cross flow as shown in Fig. 5. The energy
contents as given in Table 2 were used to determine the mass balances of the reactor,
and the predicted performances were found to be similar to the experimental results
of the mobile pyrolyzer. Test runs were done to optimize the thermal process
conditions and the products by observing the pyrolysis front for automation of
feeding. The granulation techniques of small particles were one of the aspects of
product development.

3 Potential Use of Technology in Sri Lanka

We were very keen in transferring these developed technologies and know-how to
interested parties in Sri Lanka. Unfortunately, none of the companies in Sri Lanka
were interested in the production and conversion of char into fertilizer. A concerted
effort was made to popularize and industrialize the processes by conducting trials
and even obtaining the first patent titled “Discovery of a process to retard the release
of nitrogen fertilizer by using charcoal and manioc” (Basnayake 1994). Although the
Department of Agriculture advocates use of straw for composting, the necessary
technology transfer of straw baling and know-how to store and preserve it have not
been forthcoming. Therefore, farmers still continue to burn the straw by spreading
the cut straw over the stubble. This practice seems to have some major effects,
namely, weed suppression, pest control (John 2013), and the stubble getting
converted to char. It is estimated that 50% of the paddy straw is burnt in Sri
Lanka. The remaining 50% is now converted to compost, animal feed, and other
uses with 20% decomposing in the fields contributing to methane productions.
Therefore, residue burning is still widely practiced although officially banned in
most countries, including Sri Lanka. However, most of the straw is burnt and blown
away, and the amount of char remaining in the field is less than 10%, considering the
high ash content in paddy (Ariyawansha et al. 2014). The burning is contributing to
air pollution (Putun et al. 2004), human health problems (Iranzo et al. 2004; Kadam
et al. 2000), and substantial nutrient losses (Haefele et al. 2011). There is a valid case
for using straw for biochar productions and the excess heat used for power genera-
tion. It was estimated that just over 100 MW of power generation from small power
plants within a radius of a collection area of 5 km can be a feasible project for Sri
Lanka. The environmental costs of 108.5 million USD annually can be avoided in
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this twin system. Most of all, the saving on fertilizer applications is 153 million USD
annually (Ariyawansha et al. 2014).

We were hoping to introduce straw balers to Sri Lanka and launch the long-
awaited project of making char with a similar but more advanced reactor than an
earlier one at CEMAGREF. We even experimented on several smaller units to
convert paddy husk to char. It was an inclined reactor without recycling of pyrolysis
gases and tar/oil by giving just about enough air for combusting part of those
products as illustrated in Fig. 6 (Manel 2010; Gamage et al. 2012). A much larger
unit was designed and was made operational with selected materials from municipal
solid waste (MSW). It had a capacity of 100 kg/hr (Fig. 7). A gasifier was used to
supply energy for drying and pyrolysis, such that the pyrolysis gases were to be used

400
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Temperature 
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8 10 12
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meT
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Temperature gradient for the points X4, X5, X6, X7, X8 for time (minutes)  ti+2, 
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Fig. 5 Experimental pyrolysis front (Basnayake 1986). (Note: ti initial time, Tin inflow tempera-
ture, Tout outflow temperature)
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for even a larger reactor, thus having a series of them (Fig. 8). In the unit that was
built, recycling of gases was tried by cooling and filtering the pyrolysis products.
The tars/oils that condensed within input materials were pyrolyzed once more in the
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Fig. 6 Pyrolyzer. (a) A schematic diagram of the front view of the pyrolyzer. (b) Constructed
pyrolyzer (Manel 2010; Gamage et al. 2012)

Fig. 7 Fabricated biochar plant at Gohagoda MSW disposal site (a) biochar plant, (b) biochar plant
at operation (c), (d) producer gas flame from gasifier
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tall reactor, thus encountering fewer problems in blockages of pipes and valves. It
was necessary to maintain temperatures >150 �C inside the reactor to continuously
drive off moisture out of the reactor so that water will not accumulate but condense
in the heat exchanger pipes. A steam-releasing system was incorporated to ensure
safety. We eventually used a very old cast iron-cased centrifugal fan, discarded from
a tea estate because the un-condensable gases still had some considerable amount of
sensible heat, causing problems for most low-temperature fans readily available in
the market.

Unfortunately, the government agencies and private companies turned down
biochar proposals. It became very apparent that industries, agricultural officials,
and academics preferred chemical applications rather than promoting effective
cultivation techniques with biochar applications for sustainable development. It
was naive in their part because throughout history, charcoal has been used in
agriculture. At the same time of the work at CEMAGREF, a handful of scientists
recognized the value of charcoal and had published few papers on the subject
(Kishimoto and Sugiura 1985; Santiago and Santiago 1989). However, after the
advent of discovering biochar use in ancient civilizations of the Amazon region in
2001, there have been considerable research and development to industrialize the
processes and apply biochar (Lehmann and Joseph 2009). In most of the research
studies, particularly in the tropical belt, benefits of biochar applications are well
documented. Nevertheless, there are pessimistic points of view on biochar use cited
in one or two review papers (Mukherjee and Lal 2014).

Fig. 8 Conceptual design of series of pyrolyzers
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4 Quality of Biochar

Different points of view on the use of biochar arise from fundamental principles of
defining the quality parameters for biochar. In our experience, if we use newly made
char, particularly with condensed tar, having high concentrations of polyphenolic
compounds, there will be detrimental effects of phytotoxicity of charcoal on
establishing or growth of plants. We perform a bioassay to determine the level of
phytotoxicity using germination tests for very sensitive seeds by using different
proportions of char to sand contents as shown in Fig. 9. Therefore, very tarry chars
require much more mixture of soil than chars with very high porosities and specific
surfaces. However, such types of char mixed in correct proportions can be used to
deter insects and pests. Pyrolysis of highly dense feedstock at low temperature as
mentioned before will produce char with less porosity and low specific surface than
straw. The latter produces unstable char but is very useful in the seeding and planting
stages of growth. These chars made under very high compression of impact loading
become dense and behave similar to chars made from materials like coconut shells.
However, the coconut shell chars can last for decades or even thousands of years.
Also curing of stable (dense) char with soil over a period of time reduces
phytotoxicity and increases the nitrogen content. Such chars can then be termed
biochar. The microbial actions in the mixture of char and soil are enhanced with a
carbon source like compost. If we use green manure mixed with char and soil, and
then cured, it will have very different properties. Whenever a phase of curing has
taken place or by allowing the char to remain in the soil for a period without causing
phytotoxicity, we could use the term “biochar.” However, it is best to define the
terms as accepted by the international community. According to Lehmann and
Joseph (2009), biochar is a charcoal carbon product derived from biomass that can
enhance soils, sequester or store carbon, and provide useable energy. Biochar is
produced by thermal decomposition of organic material under limited supply of
oxygen (O) and at relatively low temperatures (<700 �C) (Lehmann and Joseph
2009). Therefore, it is defined as charcoal made for the application in soils.
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Rice husk charcoal-coated urea can potentially be used as a slow-releasing
nitrogen fertilizer which reduces leaching losses of urea. It also helps to reduce the
phosphate and potassium from leaching. The cyclic effect of phosphate release is an
important finding, which could be the central issue in defining microbial behavior in
soils. The fluctuations of phosphate may have cyclic effects of 28 days. Charcoal-
coated urea also increased the pH and redox potential value of the soil up to the
desired levels (Gamage 2015). Sometimes, municipal solid waste compost cannot be
used directly as a fertilizer, due to the presence of pathogens, unwanted materials,
and toxic compounds such as heavy metals (Zucconi et al. 1985; Gajdos 1997), but it
can be pyrolyzed to char reducing the mobility of heavy metals (Paz-Ferreiro et al.
2014) and getting rid of pathogens (Bond et al. 2017). The proximate analysis for
this study is given in Table 3. The inorganic content in this charcoal showed a higher
pH value of 9.1 due to a high ash content.

We did an interesting experiment to develop a biocatalyst char (BCC) activated
with market wastes and Eppawala rock phosphate (ERP) in aerobic and anaerobic
reactors mixed in water and then applied to garden wastes to make compost. The
addition of charcoal when needed was the method used to control the pH; thus, the
activation level of the digesting slurry was controlled, before adding the slurry into
garden wastes. The catalyst-added compost was relatively high in nutrients com-
pared to the control compost. In addition, aerobic catalyst-added compost had high
phosphorus content than anaerobic catalyst-added compost, but the ammonium
nitrogen content was high in anaerobic catalyst-added compost than others. The
level of decomposition was higher in the compost with the aerobic catalyst
(Gunasekara 2014). Biochar and biochar-biocatalyzed fertilizer notably having
high pH can be used to neutralize acidic soils in most parts of the country and
world, thus eliminating the use of lime which is an abiotic resource or transportation
of alkaline soils that have less nutrient value than biochar-based fertilizers. In other
words, such fertilizer neutralizes acid soils while providing nutrients in one
application.

Table 3 Properties of
MSW compost and biochar
(Manel 2010)

Parameter MSW compost Charcoal

MC (%) (w.b) 13.37 0.33

Volatile matter (%) (d.b) 32.62 24.91

Ash (%) (d.b) 65.60 72.61

Fixed carbon (%)(d.b) 1.78 2.48

pH 7.5 9.2

Temperature (�C) 22.9 19.5

Conductivity (μs/cm) 6560 1087

Salinity (%o) 3.6 0.5

Bulk density (kg/m3) 1090 620
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5 Field Experimentations

Apart from the differences in biochar quality, it was essential to determine the effect
of char as a replacement for urea. Therefore, we undertook a study knowing the fact
that the rice cultivars in Sri Lanka require very high nitrogen contents and thus
respond best to inorganic fertilizers. It certainly did for the plots with recommended
inorganic fertilizers (1) giving highest yields in the Yala season (Table 4), whereas
the plots with inorganic fertilizers mixed with compost (3) gave a better yield than
inorganic alone in theMaha season (Table 5). In that season, the plots with charcoal
and 30% w/w recommended inorganic fertilizers (2) performed better than inorganic
alone but with much less nitrogen. The yields were not significantly different in the
Yala season between (1), (3), and (4). Namely, (4) were the plots with charcoal,
paddy straw compost, and 30% (w/w) recommended inorganic fertilizers in the Yala
season (Gamage 2015). The paddy straw compost was processed in a simulation
lysimeter of a landfill bioreactor (Thivyatharsan et al. 2012). The study aimed at
maximizing methane emission from a mixture of rice straw, cow dung, and green
materials and evaluating the quality of the resulting compost. The color of the
compost was very dark brown, and it did comply with SLS guidelines for quality
of compost. The study shows that there is a high potential of producing compost
from landfill bioreactors using rice straw (Gamage et al. 2010).

We wanted to promote vegetable cultivation with biochar that can be grown
under coconut in the Hambantota district. We selected Amaranthus oleraceus for the
field experiment with six treatments including soil as control (Ariyawansha et al.
2013). The charcoal was prepared using the traditional pit method; thus, lighter
materials oxidize to form ash that get mixed with made char. We observed that the
quality of biochar had an influence on plant growth and yield. There were consider-
able differences between treatments. The best performance including the highest
yields of plant growth was observed from treatment 3, biochar made from coconut
shells, and it has followed an ideal growth curve as shown in Fig. 10. Such high
yields obtained from inter-cultivation under coconut have symbiotic benefits, such as
it increases the productivity of coconut lands and consumption of Amaranthus
oleraceus, thus reducing the extent of cultivation required in a small country like
Sri Lanka. Both the statistical analysis and kinetic studies indicate a significant
difference of biochar application with organic and inorganic fertilizer applications.
The biochar which was produced with coconut husk and Gliricidia sepium
sticks showed growth retardations due to inhibitions caused by high ash content.
Total fresh weight recorded per plot can be ranked as highest from being from
coconut shell biochar (CSB) (4.36 kg) followed by coconut husk biochar (CHB)
(2.78 kg), then biochar made from Gliricidia sepium sticks (2.4 kg), recommended
fertilizer (2.08 kg), compost (1.82 kg), and lowest the control (1.27 kg). This study
proved that a localized production of nutrient supply by biochar applications reduces
the cost of production.

We conducted another study to investigate the possibility to use coconut-based
biochar as soil amendments in integrated Zea mays cultivation in a coconut land
(Waduge 2011). There were five treatments. The best mean yield was obtained from
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CSB with recommended fertilizer (RF), and it reduces in the order of RF, CHB with
RF, CHB, and least of all CSB (Table 6). The results show that the quantity of
fertilizer can be reduced. This study also revealed that we can optimally use the
applied chemical fertilizers by adding a stable form of biochar to the soil
(Ariyawansha et al. 2013).

We conducted a field experiment with ten treatments to evaluate the effect of
biochar applications with 30% of recommended inorganic fertilizer on Cucumis
sativus growth (Weerasekara et al. 2013). It was a collaborative research project
with HJS Condiments Limited. The combined effect of biochar and inorganic
fertilizer gave the best yield (Fig. 11) in comparison to other treatments as a result
of reduction of N fertilizer leaching from the soil, similar to reported by Chan et al.
(2009). Several mechanisms contribute to the decrease in nutrient leaching which are
related to increased nutrient use efficiency by increased water and nutrient retention
(residence time in the root zone) and availability. It is likely to be related to an
increase in internal reactive surface area of the soil-biochar matrix, thus decreasing
water percolation below the root zone. Notably, the conditions were favorable for
increased plant water use (increased evaporative surface) and increased plant nutri-
ent use through enhanced crop growth (Basnayake et al. 2011). In relation to pest
and disease attacks, the biochar treatments withstood well to aphid attack and downy
mildew in comparison to the use of inorganic fertilizers. The least of the attacks was
observed in the biochar with inorganic recommended fertilizers. Biochar may have a
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Table 6 Summary of Zea mays yield (Waduge 2011)

Treatment Average seed weight/cob(g) Total seed weight (kg)

T1 – Recommended fertilizer (RF) 88.24 3.00

T2 – Coconut Shell biochar (CSB) 24.41 0.83

T3 – CSB + RF 99.26 3.37

T4 – Coconut husk biochar (CHB) 41.91 1.42

T5 – CHB + RF 76.03 2.58
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positive impact on plant resistance to disease due to its suppressive effect on soil
pathogens (Matsubara et al. 2002).

The replacement of inorganic nitrogen with nitrogen-rich plants or even trapping
available nitrogen in composting processes was the focus of recent research. The
field experiments conducted with developed fertilizer of granules made with active
phase composting with biochar show very promising results. In a pot experiment, we
grew Solanum lycopersicum (tomato) (Chularathna 2015). The plant heights were
best with the developed fertilizer (1) and in order of lesser heights were 70%
developed fertilizer with 30% recommended fertilizer (2), recommended fertilizer
(3), and lastly the control with only soil (4). However, the mixed treatment gave
highest yields followed by developed organic fertilizers and then recommended
fertilizers and finally the control. The high vegetative growth could be attributed to
available nitrogen, but the phosphorus and potassium would have been limiting for
producing more fruits. As we have reported, the cyclic effect of phosphorus could be
the central issue in defining microbial behavior in soils. Soil microorganisms act as
sink and source of phosphorus (P) and mediate key processes in the soil P cycle, e.g.,
P mineralization and immobilization (Oberson and Joner 2005). The genetic and
biochemical mechanisms of these transformations are not yet completely understood
(Ohtake et al. 1996).
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Fig. 11 Grade 1 (export quality) yields of the treatments in Block 4 (Weerasekara et al. 2013).
Note: T1 ¼ control (growing on soil), T2 ¼ standard practices recommended by HJS Condiments
Ltd., T3 ¼ soil + inorganic fertilizer (IF) recommendation, T4 ¼ soil + BC (BC replacing all
recommended inputs on dry weight basis (db)), T5 ¼ soil + BC + compost (BC replacing all IF on
db), T6 ¼ soil + BC + IF (replace compost with BC on db), T7 ¼ soil + BC + compost + IF – urea
(replace urea with BC), T8 ¼ soil + BC + IF – urea (replace compost + urea with BC), T9 ¼ soil
+70% BC+ 30% IF and compost, and T10 ¼ soil + BC + compost + IF
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6 Sustainable Agriculture Productions with Biochar
Applications

The sustainability of agriculture is very much dependent on the availability of
phosphorus. In fact, the cumulative annual yields of paddy plotted against cumula-
tive annual phosphorus and potassium applications follow a hyperbolic function than
a straight line indicating exhaustion and degrading soils and poor cultivation
practices (Basnayake et al. 2011). In applying biochar, we can overcome reductions
in yields and increase productions, because our finding of cyclic effect of phospho-
rus is the key factor in differentiating soils ameliorated with biochar being better and
more effective media for plant growth as opposed to only soil. The results of the
studies throughout the world indicate that the role of biochar can be defined as
materials with varying degrees of promoting optimum soil microcosms to provide
nutrients while functioning as a “receptor,” which makes it a “nutrient regulator.” It
has many diverse properties unlike the effects of one-way nutrient supply in inor-
ganic fertilizer applications. Therefore, it requires in-depth research to find the
mechanisms of fixing both carbon and nitrogen in biochar at required levels of
nutrients like phosphorus availability to the plant while mobilizing it from the soil. In
response to enhancing the property of “nutrient regulator,” the development of new
biochar-based fertilizers should focus on finding types of substrates needed for
microcosms to anchor phosphorus in the matrix of biochar structures and release it
when needed by the plant, thus functioning as supplier and receptors. It is then
necessary to introduce new cultural practices rather than rely on continuous fertilizer
applications, since the buildup of receptors every season will eventually fix adequate
nitrogen and carbon from the atmosphere, while phosphorus remains available to
microcosms, like Terra Preta de Indio.

In view of disseminating the findings, it will depend on biomass generation,
gathering and processing systems, making available enough feedstocks for advanced
thermal conversions in different ecological regions in the country. Increasing the
biomass generations of intercropping, including so-called weeds between cultivation
seasons, is useful in fixing large quantities of nitrogen, which are mostly lost in
current cultivation practices. We hope that the academics, scientists, researchers,
engineers, administrators, and politicians understand the usefulness of land consoli-
dation in sustainable development and formulate a policy with a sound strategy and a
planning process to implement large-scale use of paddy straw for making fertilizer.
Therefore, the use of paddy straw bales, cow dung, and green manure is a “need of
the hour” for firstly producing energy and refrigeration requirements for preserving
seeds and processing of food and secondly extracting valuable compost from landfill
bioreactors for making biochar-based fertilizer that can contribute toward self-
sustainability of the farming communities. Moreover, the findings in 1994 are still
valid and proven beyond doubt with enhanced and matured knowledge bases in the
country to assist small and medium enterprises in partnership with the farming
communities to generate electricity that can be supplied to the national grid while
producing fertilizer. It is better than relying on large trading companies to drive the
miserable and ailing third world economy of this country.
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Taking Trans Fats Out of the Food Supply

Terrence Madhujith and Subajiny Sivakanthan

1 Introduction

Lipids are a group of chemically diverse compounds which are soluble in organic
solvents and insoluble in water (Fahy et al. 2011). Food lipids are classified based on
their physical state at ambient temperature. Food lipids in solid forms are termed fats,
while liquid forms are named oils. Food lipids also can be classified based on their
polarity as nonpolar lipids (e.g. triacylglycerols and cholesterol) and polar lipids
(e.g. phosphoacylglycerols) indicating the differences in their solubility and func-
tional properties. Foods vary in their quantity and the composition of lipids
(Damodaran and Parkin 2017).

Lipids are made up of fatty acids and glycerol. Fatty acids are carboxylic acids
carrying mostly an even number of carbon atoms in aliphatic chain, a carboxylic
acid, and a methyl group at two ends (Fig. 1). Fatty acids with odd number of carbon
atoms can be found in minute quantities in some microorganisms and dairy fats.
Aliphatic chain of the fatty acids may contain double bonds; thus, fatty acids are
classified as saturated and unsaturated (monounsaturated and polyunsaturated)
(Lannes and Ignácio 2013; Chatgilialoglu et al. 2014). Majority of the naturally
occurring unsaturated fatty acids occur in cis forms (Valenzuela and Valenzuela
2013). Most dietary trans fats are generated by the partial hydrogenation of unsatu-
rated vegetable oils. Partial hydrogenation is carried out in order to increase the
oxidative stability and thereby to extend the shelf life and to enhance the physico-
chemical properties of foods. The lipids modified through partial hydrogenation can
potentially replace animal fats such as lard, tallow, and butter (Puligundla et al. 2012;
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Lannes and Ignácio 2013). Epidemiological studies have reported that there is a
strong positive correlation between the intake of industrially produced trans fatty
acids and cardiovascular diseases (de Souza et al. 2015). However, the conjugated
linoleic acid (CLA), a type of trans fats with conjugated double bonds naturally
present in the ruminant meat and milk, is known to possess a myriad of health
benefits (Wannamethee et al. 2018).

As a result of scientific findings indicating the adverse health effects, trans fat
becomes one of the centers of focus in the food industry. Several high-income
countries commenced restricting trans fat contents of foods; however, low- and
middle-income countries failed to mitigate trans fats in their food supplies. Studies
on trans fat consumption in Sri Lanka is lacking; however, it is suspected that a
considerable number of food items commonly consumed in the country contain high
levels of trans fat. Therefore, there is a timely need to urge the regulatory authorities
to take necessary actions to mitigate the trans fat levels in the Sri Lankan diet. In this
backdrop, this chapter reviews the chemistry and health effects of trans fats, global
scenario on regulations on trans fat levels, and the possible measures to mitigate
trans fats in Sri Lankan food supply.

2 Chemistry of Trans-Fatty Acids

Trans-fatty acids are unsaturated fatty acids with at least one ethylenic double bond
in the trans geometrical configuration. However, for labelling purposes, restricted
definitions have been proposed for trans fats which exclude fatty acids containing
conjugated double bonds which are known to possess health benefits (Ledoux et al.
2007; Silva et al. 2014). Fatty acids with cis configuration carry the hydrogen atoms
on the same sides of the molecule providing a “V” shape, and this is considered the
usual form of fatty acids naturally found in foods. On the other hand, the fatty acids
with trans configuration bearing the hydrogen atoms on the opposite sides of the
molecule leading to a near linear configuration (Fig. 2) (Żbikowska 2010), are more
rigid and straight molecules with a higher melting point than their cis counterparts
(Remig et al. 2010).

3 Classification of Trans Fats

Trans fatty acids can be classified as naturally occurring and industrially produced
(artificial). Trans fatty acids are produced by the gut flora of ruminant animals via the
process known as biohydrogenation; thus, trans fatty acids occur naturally in minute
quantities in meat and milk derived from ruminants such as cattle, sheep, and goats.

O

R OH

Fig. 1 Structure of fatty acid
(R denotes aliphatic chain)
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However, the origin of most of the trans fats in the human diet is not ruminant
products. The main sources of trans fatty acids are partially hydrogenated vegetable
oils, margarines, shortenings, other fat spreads produced through partial
hydrogenation, baked goods, and frying fats and fried products. In addition, refining
of edible oils, frying, and food irradiation also lead to formation of considerable
amounts of trans fats in foods (Martin et al. 2007).

3.1 Natural Trans Fats

3.1.1 The Origin
The microflora found in rumen of ruminants carry isomerases, which isomerize
naturally existing form of fatty acids (cis) into trans form. Biohydrogenation of
18-carbon polyunsaturated fatty acids such as linoleic acid forms primarily vaccenic
acid (11-trans-octadecenoic acid) and conjugated linoleic acid (CLA) (9-trans,
11-cis-octadecadienoic acid). Trans-fatty acids generated in the rumen of ruminants
are transported to milk and muscles where they are deposited in fat (Żbikowska
2010; Remig et al. 2010). As these trans fats occur naturally, it is impossible to
eliminate trans fats completely from these sources. However, the amount of trans
fats arising from the ruminants is less likely to cause adverse health effects (Uauy
et al. 2009; Downs et al. 2013b). In fact, to the contrary, CLA is known to provide a
myriad of health benefits (Silva et al. 2014); thus, it is encouraged to have CLA in the
diet (Fig. 3).

3.1.2 Health Benefits of Natural Trans Fats
Even though there are sufficient evidences to suggest the adverse health effects of
trans fats, recently, a paradox arises that the natural trans fats produced by ruminants
such as vaccenic acid and CLA do not harm the human health. In the past decade,
CLA gained much attention due to their potential health benefits (Wannamethee
et al. 2018). It is proven that CLA possesses therapeutic potential such as
antiatherogenic, antidiabetic, anti-inflammatory, and anti-oncogenic effects and
immune-modulating properties (Silva et al. 2014; Wannamethee et al. 2018).
Thus, the definition of trans fat in the Codex Alimentarius standard, as well as

Fig. 2 Configuration of trans-fatty acid (a) and configuration of cis fatty acid (b)
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definition by some other countries such as the United States, Canada, and Denmark,
has been amended to exclude trans fatty acids containing conjugated double bonds
for labelling purposes (Gebauer et al. 2011).

Both human and animal studies have suggested that CLA possesses cardiovascu-
lar health benefits (Wannamethee et al. 2018). Recent research on humans suggested
that CLA would act to reduce adiposity via modulation of lipid metabolism (Lehnen
et al. 2015). The possible mechanisms of action of CLA to alter the body composi-
tion involve metabolic changes favoring the reduction of the lipogenesis and the
potentiation of lipolysis, together with the increased oxidation of fatty acid in the
skeletal muscles because of increased carnitine palmitoyltransferase-1 activity
(Churruca et al. 2009). A study on Wistar rats to supplement CLA at a rate of
2.0% and 4.0% with respect to the daily feed intake reported 18% reduction in body
fat (Botelho et al. 2005). A recent study has reported an inverse association between
serum CLA level and risk of heart failure in older men (Wannamethee et al. 2018).
The anticarcinogenic properties of CLA have been studied experimentally. It has
been reported that animal studies show a beneficial effect of CLA in mammary
cancer (Gebauer et al. 2011).

3.2 Formation of Industrial Trans Fats

3.2.1 Partial Hydrogenation of Oils
Hydrogenation is a process of adding hydrogen to the double bonds of unsaturated
fatty acids in the presence of catalyst, in general nickel. The intermediate product
with only one hydrogen added does not contain double bond, thus rotating freely.
Thus, the double bond can re-form as either cis or trans, of which trans is energeti-
cally more stable. During complete hydrogenation, all unsaturated fatty acids get
saturated leading to hard fat; thus, it does not lead to generation of trans fatty acids.
As a result, trans fat is produced as a by-product of partial hydrogenation only.
Partial hydrogenation affects mostly the 18:1 isomers while reducing the amount of
polyunsaturated fatty acids (PUFA) in the original oil (Ledoux et al. 2007). Elaidic
acid (trans-9-octadecenoic acid) and linolelaidic acid (trans-9,12-octadecadienoic

OH

OH

O

O
a

b
Fig. 3 Structure of conjugated linoleic acid (9-trans, 11-cis-octadecadienoic acid) (a) and vaccenic
acid (11-trans-octadecenoic acid) (b)

280 T. Madhujith and S. Sivakanthan



acid) are the major trans fatty acids produced during partial hydrogenation, which
are estimated to be found in partially hydrogenated vegetable oils at 85–95 and
8–22%, respectively (Żbikowska 2010) (Fig. 4).

During the partial hydrogenation process, oil is hardened, which, when used in
food products, enhances its texture and other sensory qualities and increases the shelf
life and tolerance to repeated heating. The proportions of industrially produced trans
fats are usually much higher in processed foods than in natural foods (WHO 2015).

Partially hydrogenated fats may contain up to 50% of trans isomers (Guillén and
Cabo 1997). Amount of trans fat depends on PUFA composition of the native oil,
type and amount of the catalyst used in the hydrogenation process, final hardness,
and other hydrogenation conditions such as temperature, length of treatment, pres-
sure, and stirring intensity (Ledoux et al. 2007). Thermal treatments of fats and oils
carried out during processing of edible oils such as deodorization and cooking and
frying operations during preparation of food generate trans fats with limited number
of double bonds leading to the formation of mainly trans-18:2 and trans-18:3
(Żbikowska 2010).

3.2.2 Oil Refining
Crude vegetable oils contain non-triacylglycerol compounds which contribute to
undesirable physicochemical properties, thus reducing the acceptability and limiting
the shelf life. Therefore, oils are refined to remove these unacceptable substances.
Refining process includes the steps such as degumming, neutralization, bleaching,
and deodorization. During deodorization, oil is heated to 180–270 �C which can
result in the formation of trans fats. The quantity of trans fats formed depends on the
temperature and duration of the process (Martin et al. 2007). Thus, refined oils with
high level of unsaturation such as sunflower oil may contain trans fats.

3.2.3 Frying and Other Culinary Operations
Fried foods are preferred by consumers all over the world due to their unique sensory
qualities such as crispy texture, aroma, and golden brown color. However, during the
frying process, trans fats are generated especially when unsaturated oil is used for
frying. Frying foods using oils containing polyunsaturated fatty acids at
temperatures above 180 �C for prolonged period of time generates trans fats. The

OH

OH
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O
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Fig. 4 Structure of elaidic acid (trans-9-octadecenoic acid) (a) and linolelaidic acid (trans- 9,12-
octadecadienoic acid) (b)
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extent of formation of trans fats during frying depends on the temperature and
duration of frying (Martin et al. 2007). Several European countries have determined
that the frying temperature should not exceed 180 �C. The ideal frying oil should
contain the lowest possible linolenic acid content (less than 2%). In France, it has
been established that the commercial frying oil should contain less than 3%
α-linolenic acid (Martin et al. 2007). When partially hydrogenated oils are used as
frying oils, the formation of trans fats is generally low; however, the high initial
amount of trans fats will result in high amount of trans fats in fried food (Martin
et al. 2007). A study carried out in the central province of Sri Lanka revealed that
over 90% of snack producers use palm oil for frying, and some snack makers use the
same oil nearly 40 times during the day (Jayawardena et al. 2014).

3.2.4 Food Irradiation
Irradiation is a promising novel technique used in food preservation. Ionizing
radiation causes destruction of pathogenic microorganisms as well as spoilage
microorganisms by permanently damaging the DNA (Ganguly et al. 2012). Irradia-
tion of lipids induces the production of free radicals, which react with oxygen,
leading to the formation of carbonyls (Brito et al. 2002). Breaking the double
bond of unsaturated fatty acids during food irradiation favors the formation of
trans fatty acids (Martin et al. 2007). Even though, in food preservation, the use of
irradiation technology has gained much interest in some countries, it is not so far
used in Sri Lanka. Therefore, the trans fats produced by the irradiation do not have
significant contribution.

4 Sources of Industrially Generated Trans Fats

Trans isomers are not found in natural vegetable oils. Partially hydrogenated oils and
fats are used for the production of hardened margarine spreads, and these are used for
the production of sweet snacks (cookies, cake, doughnuts, pie, crackers and other
baked products, and chocolates), salted snacks (French fried potatoes and chips),
instant soups, pizzas, and takeaway foods. Thus, these foods are likely to contain
significant levels of trans fats. In several countries, partial hydrogenation has been
replaced by alternative technologies. In Sri Lanka, some food manufacturers,
restaurants, and bakers use shortenings made out of partially hydrogenated oils as
they are less expensive.

5 Health Concerns of Trans Fats

There are evidences to show that consumption of trans fat is well associated with the
development of cardiovascular diseases (Nestel 2014). Furthermore, trans fat intake
is also associated with the development of diabetes, dementia, cancer, and infertility
and affects fetus. The US-FDA has announced that trans fats are not generally
recognized as safe (GRAS) for any use in food (Ryan 2014).
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Trans fatty acids are present in the diet in esterified form, mainly in
triacylglycerols; however, those from ruminant sources may also be present in
phospholipids. Before absorption into the body, triacylglycerols must be digested
by pancreatic lipase in the small intestine. The hydrolysis and absorption of
trans fatty acids are similar to that of cis fatty acids. Dietary trans isomers are
incorporated into membranes and other cellular structures. Dietary trans fatty acids
are incorporated into the brain, liver, adipose tissue, spleen, blood plasma, and milk.
Trans fatty acids are transported across the placenta and secreted in human milk, and
the levels depend on the maternal dietary intake of trans fat (Larqué et al. 2001;
Sadler 2005; Innis 2006; Żbikowska 2010).

5.1 Cardiovascular Diseases

Cardiovascular diseases remain the principal cause of mortality worldwide
(Zapolska et al. 2015). There is strong evidence to support the link between the
consumption of trans fats and the risk of developing cardiovascular diseases
(Chowdhury et al. 2014). The World Health Organization (WHO) points out that
trans fats increase the risk of cardiovascular diseases more than any other dietary
source of energy. Trans fats contribute to cardiovascular diseases via multiple risk
factors such as increasing plasma concentrations of lipids and lipoproteins and
inflammatory markers, impairing endothelial function and possible effects on coag-
ulation, insulin resistance, and displacement of essential fatty acids from
membranes, affecting prostanoid-related functions and possibly other key
membrane-related functions (Uauy et al. 2009; Gebauer et al. 2011; Takeuchi and
Sugano 2017).

Trans fatty acids induce the development of a pro-atherogenic lipid profile
leading to increased cardiovascular risk (Revoredo et al. 2017). Trans fats mediate
the increased risk of cardiovascular diseases by increasing low density cholesterol
(LDL-C) levels, total cholesterol, and triacylglycerols and decreasing the levels of
high-density lipoprotein cholesterol (HDL-C) in plasma. Trans fatty acids create
more space for the transport of cholesterol by gathering together inside LDL-C
particles. Further, trans fats can reduce gene expression of hepatic receptors respon-
sible for the uptake of LDL-C (Hunter et al. 2010; Revoredo et al. 2017). The LDL
fraction may be deposited in blood vessels and lead to arteriosclerosis (Remig et al.
2010; Żbikowska 2010; Bendsen et al. 2011a). Thus, trans fats increase the
LDL/HDL ratio, total cholesterol/HDL apolipoprotein A/apolipoprotein B ratio,
and cholesterol content both in LDL and HDL particles in comparison to saturated
fatty acids. Moreover, trans fatty acids increase hepatic secretion of very low-density
lipoprotein (VLDL) and their particle size (Dashti et al. 2002; Chowdhury et al.
2014). Cardiovascular disease is described as an inflammatory disease. C-reactive
protein is considered as a better predictor of future cardiovascular incidences than
lipid and lipoprotein levels alone. The trans fats have been shown to increase
inflammatory markers, including C-reactive protein, interleukin-6, and tumor
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necrosis factor-α, possibly through modulation of monocyte and macrophage activ-
ity (Ridker et al. 2002; Remig et al. 2010).

The WHO and the Food and Agriculture Organization (FAO) of the United
Nations recommend that daily energy intake from trans fats should be less than
1% of total energy intake which is equal to no more than 2 g of trans fats per day for
a person requiring 2000 kcal (WHO 2003). It is estimated that 2% increase of total
energy derived from trans fat is associated with an increase in risk of deaths by heart
diseases by 23% (Mozaffarian et al. 2003). Moreover, it has been proven that with
replacement of partially hydrogenated vegetable oils with alternative fats and oils,
the risk of coronary heart diseases may be reduced by as much as 50% (Mozaffarian
and Clarke 2009). Removing trans fats from the food supply is perhaps one of the
most straight forward public health interventions for reducing cardiovascular disease
risk (WHO 2015). The US-FDA has estimated that labelling regulations on trans fat
levels could save up to 500 lives per annum in the United States by reducing the
incidence of cardiovascular disease (Resnik 2010). In Denmark, over a period of
20 years, the number of deaths due to coronary heart diseases has been reduced by
nearly 50% by the regulations on trans fat levels (Iqbal 2014).

5.2 Effects on Early Human Development

Even though earlier studies concluded that human placenta can act as a barrier for
trans fatty acids, subsequent studies found that trans-fatty acid levels in cord blood
of term infants are similar to the levels in maternal plasma lipids (Larqué et al. 2001).
Dietary trans fatty acids are transported to the fetus via placenta and incorporate into
fetal tissues, which may lead to infantile birth weight in preterm and healthy term
babies as well as reduce the duration of pregnancy (Żbikowska 2010). It has been
reported that trans fat levels are inversely correlated with infantile birth weight in
preterm and healthy term infants (Larqué et al. 2001).

5.3 Diabetes Mellitus

Studies have revealed that trans fats may contribute to development of diabetes
mellitus. Fourteen-year observation of Nurses’ Health Study revealed that the risk of
developing type 2 diabetes is associated with trans fatty acid intake (Salmeron et al.
2001). Both saturated and trans fatty acids increase the risk of developing diabetes;
however, the effects of trans fatty acids are greater than those of saturated fatty acids
(Dhaka et al. 2011). Trans fatty acids influence peripheral insulin sensitivity and the
risk of developing type 2 diabetes by affecting cell membrane functions (Risérus
et al. 2009). Trans fat may increase hepatic lipogenesis leading to a greater intoler-
ance to glucose and also induce a reduction in the synthesis of Acylation Stimulating
Proteins (ASP) which could contribute to peripheral resistance to the insulin action
(Bendsen et al. 2011b; Revoredo et al. 2017).
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Studies suggest that there is a differential effect of trans fatty acids compared with
cis fatty acids on the regulation of insulin secretion, with trans fatty acids
potentiating glucose-stimulated insulin secretion more than cis isomers of identical
chain length (Thompson et al. 2011). Risérus suggested that replacing trans fatty
acids with monounsaturated fatty acids and PUFA has beneficial effects on insulin
sensitivity (Risérus et al. 2009).

5.4 Cancer

Dietary habits remain one of the leading causes of cancer. Epidemiological studies
have indicated that the people who eat saturated and unsaturated trans fats, mainly
from fried meats, have the highest cancer risk (Bajinka et al. 2017). In the
EURAMIC study, an ecological study, commenced in 1997, it has been proven
that there is a positive association between trans fatty acid intake and the incidence
of cancer of the breast and colon (Bakker et al. 1997; Kohlmeier et al. 1997).

5.5 Dementia

Studies have found that intake of trans fat is positively associated with the risk of
dementia including Alzheimer disease. Trans fats tend to elevate plasma total and
LDL cholesterol concentrations, which, in turn, may be associated with Alzheimer
disease risk (Barnard and Bunner 2014).

5.6 Infertility

Trans fats are believed to cause infertility in men and women. In men, trans fatty
acids cause adverse effects on reproduction including decrease in fertility, serum
testosterone levels and sperm count, motility, and normal morphology of sperms.
Extreme levels may lead to the arrest of spermatogenesis and testicular degeneration
(Chavarro et al. 2014). Studies on fatty acid composition of semen samples of men
undergoing infertility test found that trans fatty acids are present in human sperm
and are inversely related to sperm concentration (Chavarro et al. 2011; Attaman et al.
2012). It is estimated that when trans fatty acid consumption in healthy men aged
between 18 and 23 years increased from 0.37% of total calorie intake to 1.03% of
total calorie intake, the sperm concentration decreased from 135 � 106 to 94 � 106

(Chavarro et al. 2014; Esmaeili et al. 2015). Thus, trans fats affect spermatogenesis.
It is also found that trans fats may increase the risk of ovulatory infertility (Chavarro
et al. 2007; Chavarro et al. 2011).
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5.7 Other Negative Effects

There are no evidences to support the relationship between the trans fat intake and
obesity; however, dietary trans fats could be metabolized differently and easily
deposited in the adipose tissue, because the melting points of trans fats are much
higher than those of non-trans fats (Ochiai et al. 2013). Further, trans fats contain
calories in the same quantities as other edible fats. Thus, trans-fatty acid may cause
excess weight (Stender and Dyerberg 2003). Incidences of allergic reactions (hay
fever, atopic disorders, and asthma) are also found to be associated with the intake of
trans fats (Stender and Dyerberg 2003).

6 Global Scenario of Trans Fats

Systemic review of data from 29 countries by Wanders and co-workers (2017)
indicated that trans fat intakes range from 0.3 to 4.2% of total energy intake of
which trans fat intake of seven countries is higher than the recommendation by the
WHO (less than 1% of the energy intake). In 2010, trans fat intakes were within the
range of 0.2 to 6.5% of total energy intake worldwide; thus, in the past 17 years,
substantial reduction in industrial trans fat has been achieved by many countries
including the United States, Canada, Netherlands, South Korea, Iran, and Australia
(Micha et al. 2014; Downs et al. 2017; Wanders et al. 2017).

6.1 Regulations on Trans Fats in Selected Countries

Following the scientific evidence that trans fats are strongly associated with the risk
of cardiovascular diseases, most countries have already set strict legal limits on trans
fat content of foods. Currently, more than ten countries have adopted policies
including mandatory labelling and bans at both the local and national level targeting
the reduction of industrially produced trans fats from their food supply (Wu et al.
2017). Denmark was the first country in the world to set regulations related to trans
fat in 2003 (Pérez-Ferrer et al. 2010). Denmark started to take measures to reduce
trans fat following the report published in Lancet in 1993 (Willett et al. 1993). In
2003, the Danish Order on trans fats in oils and fats became effective (maximum of
2 g trans fats/100 g of oils or fats intended for human consumption) after the report
recommending legislation on trans fats submitted by Danish Nutrition Council in
2001 (Pérez-Ferrer et al. 2010). Since 2006, the US-FDA has required that trans fats
be declared on the nutrition facts panel of foods. The WHO has called for the
elimination of trans fats from the global food supply. Recognizing the adverse
health effects of trans fats, many countries implemented their national rules on
trans fats, and many food manufacturers and retailers have been systematically
removing them from their products in recent years.

Several European countries implemented voluntary strategies aimed at reducing
the national consumption of trans fat through collaboration between industry and
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government. Mandatory labelling of trans fat content is not currently implemented
in any of the WHO European Member States (WHO 2015).

Following the initiatives of Denmark, some other countries such as Switzerland
(2008), Austria (2009), Iceland (2011), Hungary (2014), Norway (2014), and
Sweden (2011) also implemented legislation on trans fats. All these countries
have set a legal upper limit of 2 g of industrially produced trans fats per 100 g of
fat or oil (WHO 2015). Intake of trans fat is relatively low in Australia compared to
other countries (Wu et al. 2017). The Netherlands achieved a 0.8 g/day reduction in
trans fat intake from 2.1 to 1.3 g/day by implementing regulation to put a healthier
choices logo for food packages since 2006 (Hyseni et al. 2017).

Canada has achieved significant reductions in trans fat levels through multiface-
ted approaches such as mandatory nutrition labelling, the establishment of Trans Fat
Task Force to develop recommendations and strategies to mitigate trans fat from
Canadian foods, and monitoring of food products for trans fat levels (Pérez-Ferrer
et al. 2010; Krenosky et al. 2012). Canada took measures to ban trans fat with effect
from September 2018 after providing adequate time for the food industries to find
suitable alternatives (Downs et al. 2017). Trans fat labelling has been mandatory in
Hong Kong Special Administrative Region and Taiwan. (Wijesundera et al. 2007;
Downs et al. 2013b).

The United States has imposed restrictions on the use of trans fats ingredients in
food service establishments (US-FDA, 2014). In the United States, the final rule
mandating labelling of the trans fat content in packaged foods was published on July
11, 2003, with an implementation deadline of January 1, 2006 (Camp et al. 2012).
As a consequence, the food industries including large-scale food manufacturing
organizations and food service establishments such as McDonald’s, KFC, Starbucks,
and Burger King have started reducing trans fat content in their products. The US-
FDA has set a deadline, June 18, 2018, for the food manufacturers to get rid of trans
fats by removing partially hydrogenated vegetable oils completely from the food
supply (Laaninen 2016).

Despite the challenges, there are examples of success in reducing trans fat in the
food supply by adopting voluntary approaches in Latin American countries such as
Costa Rica and Argentina to get an adequate supply of healthy replacement oils for
partially hydrogenated vegetable oils (Downs et al. 2015). In Slovenia, voluntary
guidelines and regular public communication of the risks related to the trans fatty
acid consumption alone resulted in significant effect on the trans fat levels in the
food supply, even though sufficient removal of partially hydrogenated oils has not
been achieved from foods (Zupaniˇc et al. 2018).

In India, vanaspati (partially hydrogenated edible oil mixture used as cooking oil
and in fried snacks, baked goods, and street-vended foods) remains the major source
of trans fat. Vanaspati is widely used since it is cheap and oxidatively stable for
repeated heating (Downs et al. 2013a). In July 2013, the government of India (Food
Safety and Standards Authority) set regulation on trans fat levels requiring the
manufacturers of vanaspati to limit the trans fat content to 10% and also requiring
to include trans fat content in labelling of packaged food. In December 2014, the
regulation was amended to reduce trans fat levels to 5% in partially hydrogenated

Taking Trans Fats Out of the Food Supply 287



vegetable oils by August 27, 2016, which was then extended up to December
31, 2017 (Downs et al. 2015; Food Safety and Standards Authority of India 2017).
Downs et al. (2015) concluded that multi-sectoral food chain approach would be
effective in India and other low- and middle-income countries to reduce trans fat.
This approach requires investment for the development of competitively priced
shortenings and incentives for manufacturing foods using healthier oils.

In Malaysia, there are no legislations at the moment to limit the trans fat levels
present in foods (Khean 2017). However, labelling guidelines are available for trans
fat content in foods: “Low in Trans Fats” (<1.5% of 100 g food or < 0.75 g of
100 mL liquid) and “Trans Fat-Free” (<0.1 g of 100 g food or 100 mL liquid)
(Azimah et al. 2013).

7 Alternative Methods for Partial Hydrogenation

Finding a replacement for partially hydrogenated vegetable oils is a significant
challenge to the food industry to find out healthy replacements that give the same
physical and sensory properties of end products as partially hydrogenated vegetable
oils. Therefore, food technologists and scientists commenced exploring novel alter-
native methods for hydrogenation.

7.1 Novel Hydrogenation Techniques

Hydrogenation is a process of adding hydrogen to the double bonds of unsaturated
fatty acids in the presence of a catalyst, in general nickel as explained in an earlier
section of this chapter. The objective is to increase the oxidative stability of oils by
reducing the degree of unsaturation and changing their physical properties, impor-
tantly, to change the liquid oils into plastic fats such as shortenings, margarine, and
fat spreads (Martin et al. 2007). Modifications in the reaction conditions of
hydrogenation process such as pressure, temperature, and catalyst can change the
amount of trans fatty acids formed and also modify the properties such as melting
point and solid fat content of oil (Dhaka et al. 2011).

Three strategies can be used during hydrogenation for reducing trans formation.
First is increasing the hydrogen pressure so as to increase the amount of hydrogen on
the catalyst surface. Second is using a less active catalyst with fewer active sites so as
to ensure that the catalyst surface always has enough absorbed hydrogen near the
active sites. This can be achieved by producing catalysts with smaller surface area
and less activation or by pre-poisoning the catalyst and by blocking most of the
active sites with a catalyst poison such as sulfur. Third is slowing the reaction down
so as to allow more hydrogen movement to the catalyst surface before the fat
molecule is released by the catalyst. This can be done by decreasing the temperature
of the reaction (Campbell 2005).
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Some novel hydrogenation techniques have also been proposed. Patented proce-
dure is available to prepare low-trans shortenings by partial hydrogenation using
conditioned catalyst. Edible oils are hydrogenated in a manner to minimize the
formation of trans-stereoisomers. A catalyst (nickel) conditioned using organic
acid phosphates and phosphoric acid discourages trans-stereoisomer formation
without significantly negatively impacting the length of time required to form solids
during hydrogenation (Higgins 2007).

King et al. (2001) have reported a procedure for the hydrogenation of soybean oil
in supercritical carbon dioxide, hydrogen, and nickel catalyst with minor formation
of trans products (King et al. 2001). Wright et al. (2003) have also reported a method
for the hydrogenation of canola oil using mixed metal catalysts (nickel and palla-
dium) and lower temperatures that promotes the formation of cis isomers and very
low production of TFA (11%) (Wright et al. 2003). Lalvani and Mondal (2003) have
designed a promising and innovative process for the hydrogenation of edible oils
which consists of the electrochemical hydrogenation of oils at low temperature in the
presence of formate as the electro-catalyst with nickel and palladium as catalysts.
The use of low operating temperatures (<70 �C) restricts the formation of trans-fatty
acid isomers to less than 10% of the oil content (Lalvani and Mondal 2003). Novel
hydrogenation technique to produce partially hydrogenated vegetable oils rich in
conjugated linoleic acids by modifying through pressure, temperature, and catalyst
has been proposed (Dijikstra et al. 2008).

Enzymatic hydrogenation techniques are also possible to reduce the trans fats in
foods using enzymes and pathways similar to that used by rumen microorganisms to
produce oils of varying degrees of unsaturation (Loor et al. 2003).

7.2 The Use of Saturates

The natural oils such as coconut, palm, and palm kernel oils are saturated oils.
Fractions high in solids can be separated by cooling below its melting point and
separating the triglycerides with a higher melting point than the tempering tempera-
ture by centrifugation or filtering off from the liquid part. Fractions of palm and palm
kernel oils are available commercially (Dhaka et al. 2011). Based on crystallization
temperature, cooling rate, and pressure, a number of palm fractions of different
composition and functionality can be produced. Saturated stearin palm oil fractions
are used to produce cake shortenings, vanaspati (India), pastry margarines, soft and
brick margarines, and low-fat spreads (Kaushik and Grewal 2017).

7.3 Structured Lipids

In recent years, edible oil structuring has gained considerable interest. These struc-
turing methods include the creation of structured emulsions by organogelation and
interesterification. The interesterified oils are emerging as the most promising
alternative for the production of trans fat-free oils.
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7.3.1 Edible Oleogels (Organogels)
An oleogel or organogel can be defined as a three-dimensional gel network
containing an organic liquid entrapped within a thermo-reversible, anhydrous, and
structured viscoelastic material, also referred to as oleogels if the organic phase is an
edible oil (Kaushik and Grewal 2017). The structural and mechanical properties of
structured emulsions and edible oleogels (ethylcellulose oleogels, plant-based wax
oleogels, and monoacylglycerol-structured emulsions) can be tailored to mimic that
of partially hydrogenated oil-based fat systems. These oil-structuring methods are
promising techniques for replacing partially hydrogenated oil (Wang et al. 2016).
Oleogelation is the process of converting liquid oil into gel-like material without
modifying the chemical characteristics of oil. Oleogels can be applied to various
food products to replace partially hydrogenated oils such as baked products,
margarines and spreads, and chocolates with the comparable texture, stability, and
sensorial properties (Patel and Dewettinck 2016).

Substances that form organogels with edible oils include lecithin, sorbitan
tristearate, monoacylglycerides, a mixture of phytosterol and oryzanol, ricinelaidic
acid, fatty alcohols, fatty acids, 12-hydroxystearic acid, wax esters, and waxes. Plant
waxes are of great interest because of the low cost and availability. The gelation
abilities of plant waxes have been studied, and for margarine and spread preparation,
wax-based oleogels (sunflower wax, rice bran wax, and candelilla wax) are found to
be the most suitable options (Hwang et al. 2013; Hwang et al. 2016; Kaushik and
Grewal 2017).

7.3.2 Interesterification
Interesterification is the process of rearranging the distribution of fatty acids either
chemically or enzymatically within and between the triacyl glycerol molecules; thus,
only the fatty acid distribution is altered while the fatty acid composition remains the
same. Interesterification modifies the melting and crystallization behavior of the fat,
thus producing fats with the desirable physical properties necessary for the produc-
tion of margarine or shortening fats without trans fats (Dhaka et al. 2011). Thus,
interesterification has gained popularity as an alternative for partial hydrogenation to
produce trans-free margarines, shortenings, and other spreads.

Chemical interesterification process produces full positional randomization of
fatty acids on the glycerol backbone. Chemical interesterification is relatively cheap
and used in industrial applications, particularly in Europe, to produce low- or zero-
trans plastic saturated fats. Enzymatic interesterification catalyzed by positional
specific lipases offers more control over the reaction products than chemical
interesterification. Enzymatic interesterification is carried out under mild processing
than chemical interesterification; thus, less by-products are formed (Kaushik and
Grewal 2017).
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7.4 Other Trans Fat Replacement Strategies

Traditional plant breeding or biotechnological methods are used to modify the fatty
acid composition of oils, for example, high-oleic acid oils (high-oleic sunflower and
canola oils), mid-range-oleic acid oils (mid-oleic sunflower and soybean oils), and
low-linolenic acid oils (low-linolenic canola and soybean oils). These modification
techniques can be used to formulate trans-free hardstocks (Dhaka et al. 2011). It is
recommended that salad and frying oils should be developed with moderate levels of
oleic acid (< 80%) and low linolenic acid (< 3%). Further, saturated fatty acids
should be low (<7–8%) and linoleic acid at least 20–30%. Oils with this fatty acid
profile have sufficient oxidative stability, thus eliminating the need for partial
hydrogenation; thus, trans-fatty acid levels are not increased. Sunflower and canola
oils are being modified and commercially available in several countries. Low
linolenic canola oil genotypes with less than 3% linolenic acid are available in
Canada (Warner et al. 2001).

The National Sunflower Association markets NuSun®, a mid-level (65%) oleic
sunflower oil. The NuSun® sunflower germplasm lines were developed at the USDA
Agricultural Research Service in Fargo, ND, by traditional plant breeding methods.
Various other sunflower seed mutants have been engineered with mid-oleic acid
levels (65% to 75% oleic acid) as well as hybrids that produce low levels of palmitic
and stearic acids. NuSun® is used in the new zero-trans Frito-Lay® snacks and zero-
trans fat Crisco shortening (Tarrago-Trani et al. 2006).

As a result of the newly introduced regulations, most of the fast-food chains have
replaced frying fats by medium- to high-stability vegetable oils (such as high oleic
oils), which has resulted in an elimination or reduction of trans fats in their products
(Dhaka et al. 2011). The use of fat replacers which are ingredients that mimic the
functionality and sensory properties of fat is another alternative. Fat replacers can be
lipid, protein, or carbohydrate based. Suitable fat replacers can be selected based on
the understanding of the food system.

7.4.1 Trans Fat Replacement in North America, Europe, China,
Malaysia, and India

In North America, trans fat replacement includes chemically and enzymatically
interesterified margarine/shortening oils, lauric fats for confections, palm-based
shortening, baking shortenings made by modified hydrogenation technologies, and
high-stability trait-modified oils (List 2014). In Denmark, after the introduction of
legal limit of trans fat content, saturated fatty acids have been used as the main
replacement. Palm oil is typically used in reformulating bakery foods (WHO 2015).
In China, palm-based fat has partially replaced hydrogenated fats in most shortening
and margarine recipes; however, this replacement has brought about some technical
challenges (Zhang et al. 2014).

In India, vanaspati is the major source of trans fat (45–50%). Vanaspati is used as
an all-purpose fat. Even though the government enforced regulations to reduce the
trans fat content of partially hydrogenated oils and made labelling mandatory, the
replacement solution has not been effective to date. Enzymatic interesterification has
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been proposed by the Food Safety and Standards Authority of India, and its
application is limited and may take time to implement because it is a costly alterna-
tive for India (Dhaka et al. 2011).

8 Sri Lankan Perspective

8.1 Possible Sources

As explained earlier in this chapter, some countries such as Denmark, Canada, and
the United States have achieved significant reductions in the trans fat content of
foods.

The use of partially hydrogenated vegetable oils for cooking traditional dishes is
common in Sri Lanka. Partially hydrogenated vegetable fats may contain high levels
of trans fats up to 35–45%. Shortenings used in the production of baked goods in Sri
Lanka are supposed to carry high levels of trans fats. Food produced using partially
hydrogenated oils as a key ingredient such as margarines, shortenings, frying oils,
baked products, confectionery products, deep-fried products, frozen pizza, coffee
creamers, and many processed snack foods serve as the major sources of trans fats.

Foods fried above 180 �C for prolonged time using oils containing polyunsatu-
rated fatty acids in restaurants or at home are a major source of trans fats. Further-
more, the reuse of frying oils many a time for frying snacks such as rolls, samosa,
wadei, and cutlets leads to generation of significant quantities of trans fats which are
subsequently absorbed by the fried products. Therefore, the snacks and other food
items prepared and/or sold by the roadside vendors have become the main source of
trans fats in Sri Lanka. A recent study carried out in the central province of Sri Lanka
revealed that 95% of roadside snack makers use palm oil for frying as palm oil does
not become rancid easily upon frying. It was observed that at times, oil is reused
nearly 40 times within a single day (Jayawardena et al. 2014). Furthermore, the food
items sold by the roadside vendors cost less and are, therefore, most likely to be
consumed by people with low income. It is suspected that reused oil from food
processing establishments and restaurants are collected by some organized groups
for resale after bleaching.

9 Way Forward

9.1 Mitigating the Existence of Trans Fats in the Food Supply
of Sri Lanka

Different countries have adopted different measures to mitigate the intake of trans
fats. Data from other countries which have adopted the mitigation strategies show
that the content of trans fats in their food supply has significantly decreased as a
result of these efforts. Information on the extent of trans fat consumption in Sri
Lanka is very much limited. Most of the Sri Lankan consume trans fats from various
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sources at significantly high levels that increase their risk for heart diseases. Thus, it
is necessary to assess the extent of trans fat consumption and its relationship to the
noncommunicable diseases, importantly heart diseases. According to the Ministry of
Health, Nutrition and Indigenous Medicine, Sri Lanka, ischemic heart diseases are
the leading cause of death in Sri Lanka since 1995 (Annual Health Bulletin 2015
2016). Thus, there is an urgent need for introducing policy changes. In 2011, the
World Bank has urged Sri Lanka to bring laws to encourage good food processing
practices and control trans fat content in food. Food regulatory authorities in Sri
Lanka have not yet formulated any regulations regarding trans fat content in
processed foods.

Even though the possible level of consumption of trans fat by the Sri Lankan
population remains high, it is likely that the low-income groups may be exposed to
much higher levels of trans fat as they consume processed foods available at
relatively low cost. Thus, different strategies and policy options targeting different
groups should be proposed to reduce the trans fat content in the daily diets. As
mentioned in the review by Hyseni et al. (2017), these can be described as upstream
or downstream interventions. Downstream interventions target individuals and
involve behavioral approaches, whereas intermediate interventions target subgroups
in workplaces, schools, or communities. Upstream interventions may take place at
the population level involving regulatory approaches.

The government of Sri Lanka has prepared a draft labelling regulation which is
available for public for comments. According to this draft regulation, the trans fat
content should be included in the nutritional label (Food Labelling and Advertising
Regulations 2015). However, legal limit has not been set for the trans fat levels for
any food. As evidenced by other countries, labelling regulation can contribute much
to achieve reductions in trans fat levels. Labelling can help keep the consumers
informed of the trans fat levels in foods. Thus, health claims such as “trans fat-free”
may help them select healthy choices. In addition, labelling regulations may accel-
erate product reformulation by the food industries. Trans fats must be declared on
the nutrition label of conventional foods and dietary supplements on a separate line
immediately underneath the saturated fatty acid content. In order to ensure that the
industries are adhering to the labelling regulations, monitoring of trans fat content in
food products is essential. The Sri Lankan government introduced traffic light
labelling system to inform the consumers about the sugar levels in soft drinks.
Such system may also be effective in trans fat labelling regulation as well.

The most effective technique to mitigate the trans fats in foods would be setting a
legal limit for the content of trans fats in all foods, which can potentially reduce the
risks associated with trans fats. However, the regulations only can be applied to
foods those are labelled. It is quite challenging to regulate the trans fat content in
food prepared and sold at restaurants, canteens, and eateries and foods prepared by
the roadside vendors.

It is important to impose strict regulations on the trans fat content of imports.
Shortenings are mainly imported from other countries for the bakery and confec-
tionary industries. The shortenings manufactured without using partial
hydrogenation are slightly expensive than the hydrogenated counterparts. Therefore,
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food processors tend to import the low-priced shortenings. The regulatory authorities
should develop the capacity to quantify trans fat in foods. However, currently, there
are only few places which have the capability to quantify trans fats. Without
developing the capacity to quantify trans fats, the enforcement of the regulations
would be challenging.

Another issue in enforcing the legal limit is the less availability of alternative fats
such as modified fats or interesterified fats. The purpose of partial hydrogenation is
to obtain semisolid fats with modified melting and crystallization behavior to be used
for different purposes such as production of margarines and shortenings and as
ingredients in bakery fats. There are some alternatives used in other countries as
explained earlier in this chapter. However, decisions on which alternatives to be used
are complicated because they involve availability of resources, facilities for research
and development, and the acceptance of sensory quality of the food by consumers.
The country has to face several challenges as financial investment and technical
facilities; thus, application in Sri Lanka may take time. In order to tackle with these
challenges, the country could seek for funds for research and development and
reformulation of products. Moreover, most of the processors attempt to keep the
cost of production low. The alternative materials are generally expensive; thus, the
use of alternatives brings the prices up. Therefore, there will naturally be resistance
from the processors against implementation of regulations.

Even though the public is increasingly aware of healthy foods, most of the people
in Sri Lanka are not sufficiently aware of the trans fats and their health impacts.
Thus, there is a need of more public education about saturated fats and trans fats.
Mandatory food labelling and voluntary labelling and claims also could raise
consumers’ awareness about the health risks of high intake of trans fats and enable
consumers to choose products with low-trans fat content.

It is high time for the health authorities to carry out nationwide survey on the
consumption of trans fats. Further, guidelines should be established for local
authorities to independently monitor trans fat levels at restaurants.

As explained earlier, frying oils also contribute to trans fat content in foods. Deep
frying using oils containing polyunsaturated fatty acids such as sunflower and
soybean oil produces trans fats. Therefore, these oils should not be used for deep
frying. In Sri Lanka, coconut oil is the most suitable oil based on availability. The
risk of formation of trans fats in coconut oil is minimum because of its high
proportion of saturated fatty acids. Since frying foods at high temperature and oil
reuse also produce trans fats, as in several European countries, temperature limit can
be implemented.

10 Conclusion

Increased prevalence of noncommunicable diseases, especially cardiovascular
diseases, among Sri Lankans is at least partially attributed to the high levels of
trans fats in their diet. Thus, taking industrially produced trans fatty acids out of the
Sri Lankan food supply will be an effective dietary intervention for reducing the risk
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of noncommunicable diseases. Many countries have already implemented policies to
mitigate the presence of trans fats in the food supply and as a result achieved their
target significantly to reduce the trans fat consumption. It is an urgent need in Sri
Lanka to take initiatives to take out the trans fat from food supply to ensure that all
population is consuming trans fat as low as possible which is less than 1% of energy
intake. There are no drop-in solutions to be applied easily in order to achieve the
targeted reduction in trans fat level. The reduction needs a systemic approach
involving all sectors. Thus, taking trans fat out of the food supply in the country
will be time-consuming and a complex issue; however, effective implementation of
policies will help achieve the target and assure the welfare of the whole society in the
country.
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Functional Foods and Health

Terrence Madhujith and Nishala Wedamulla

1 Introduction

Discovery of the association between food and health opens up a novel research area
to find out the significance of functional components naturally present in food to
improve health and quality of life. With this knowledge, consumers began to view
foods from a new standpoint, in which diets have been identified as the first line of
defense in the prevention of various chronic diseases introducing the concept of
“functional foods” (Hasler 2000). Functional foods are defined as foods that, by
virtue of the presence of physiologically active components, provide a health benefit
beyond basic nutrition (Hasler 2000). However, some definitions of functional foods
are more complex: “A food can be regarded as ‘functional’ if it is demonstrated to
affect one or more target functions in the body beneficially, beyond adequate
nutritional effects, in a way that is relevant to either an improved state of health
and well-being and/or reduction of risk of disease. A functional food must remain
food and it must demonstrate its effects in amounts that can normally be expected to
be consumed in the diet: it is not a pill or a capsule, but part of the normal food
pattern” (Diplock et al. 1999).

The concept of functional food originated in Japan in the 1980s (Kaur and Das
2011). However, this concept dates back to thousands of years or more. Many types
of foods in ancient China, Japan, and other Asian countries have been associated
with specific health benefits. In comparison with those, in western societies, the
renowned global brand Coca-Cola® was first introduced as a functional food at the
beginning of the twentieth century (Weststrate et al. 2002). Then, the concept of
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foods for specified health uses (FOSHU) was established in 1991. These foods were
included as one of the four categories defined in the “Nutrition Improvement Law”
as “Foods for special dietary use,” i.e., food that are used to improve personal health
which were allowed to carry health claims. Moreover, FOSHU were assumed to be
consumed as part of a regular diet and also expected to be in the form of ordinary
foods, not as pills or capsules (Diplock et al. 1999).

Designer foods, functional foods, fortified foods, and nutraceuticals are some of
the well-known terms that appear in the food- and nutrition-related literature.
Designer foods refer to foods that are designed to provide some health benefits
other than their traditional nutritional value (Rajasekaran and Kalaivani 2013).
Designer foods or functional foods are also defined as foods similar in appearance
to conventional food consumed as part of the usual diet which contains biologically
active components with demonstrated physiological benefits and offers the potential
of reducing the risk of chronic diseases beyond basic nutritional functions (FAO
2004). Moreover, fortified foods refer to the food fortified or enriched with nutrient
content already present in them or other complementary nutrients (Rajasekaran and
Kalaivani 2013). In the literature, nutraceuticals are defined as any substance that
may be considered as food or part of food and provides medical or health benefits,
including the prevention and treatment of diseases. Further, those products range
from isolated nutrients, dietary supplements, and diets to genetically engineered
“designer” foods, herbal products, and processed foods such as cereals, soups, and
beverages (Keservani et al. 2010). Thus, similarities and dissimilarities in the
meanings of aforementioned terms are not clearly defined.

2 Lifestyle Changes and Emergence of Noncommunicable
Diseases

Lifestyle and diet patterns were strongly affected by industrialization, urbanization,
and globalization. Urbanization resulted in a decline of undernutrition, however,
meanwhile giving rise to inappropriate dietary patterns and thereby decreased physi-
cal activity which ultimately lead to the spread of diet-related disorders including
obesity, diabetes, cardiovascular diseases, hypertension, osteoporosis, and cancer
(Lajolo 2002). Accordingly, high salt intake, high saturated and trans-fatty acid
intake, low fruit and vegetable consumption, and insufficient physical activity are
identified as key risk factors for noncommunicable diseases (NCDs) (Lachat et al.
2013). Further, it is reported that consumption of foods containing high saturated fats
and industrially produced trans fats, salt, and sugar is the cause of at least 14 million
deaths or 40% of all deaths every year from NCDs (Wagner and Brath 2012). In
addition, NCDs are identified as the leading cause of global deaths. These diseases
were responsible for 38 million (68%) of the world’s 56 million deaths in 2012
(WHO 2014). This emergence of NCDs in low- and middle-income countries is
projected to be a significant contributor to the overall global burden of disease
(Townsend et al. 2017).
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Though Sri Lankan public health system is acknowledged internationally for its
significant achievements in mitigating communicable diseases (Somanathan et al.
2000), still Sri Lanka has fallen behind in improving its nutritional status (Ministry
of Health 2010). The lifestyle changes in Sri Lanka along with the marketing
strategies adopted by food manufacturers, convenience factor, and peer pressure
lead to unbalanced dietary patterns which ultimately results in nutritional
deficiencies and other diet-related NCDs such as diabetes mellitus, cardiovascular
diseases, hypertension, and certain types of cancer (Ministry of Health, Sri Lanka,
2010). Furthermore, high selling prices of fruits and vegetables, scarcity of good-
quality produce, and safety concerns arising from the misuse of pesticides and the
use of improper methods for storage and artificial ripening have led to low intake of
fruits and vegetables. This creates an urgent need of producing foods with enhanced
functionalities to overcome these challenges. In this backdrop, functional foods offer
an excellent opportunity to uplift the current health status as functional foods contain
biologically active compounds associated with physiological health benefits for the
prevention and management of chronic diseases (Alkhatib et al. 2017).

3 Types of Functional Foods

3.1 Whole Foods as Functional Foods

Whole foods such as fruits and vegetables are considered as the simplest form of
functional foods. These are rich in bioactive phytochemicals, mainly polyphenols
and carotenoids which act against oxidative damage owing to their antioxidant
properties, thereby reducing the risk of developing certain types of cancer (Daya
et al. 2009). Furthermore, recent studies reveal that beneficial effects of a diet rich in
fruits and vegetables are attributed to the complex mixture of phytochemicals
present in the whole foods as additive and the synergistic effect of phytochemicals
in fruits and vegetables is responsible for potent antioxidant and anticancer
properties (Liu 2003). Besides, whole grains also exhibit health-promoting
properties due to the chemical constituents present in them, viz., dietary fiber, inulin,
β-glucan, resistant starch, carotenoids, phenolics, tocotrienols, and tocopherols
(Borneo and León 2012). Moreover, nuts such as hazelnut, walnut, and almonds
also contain chemical components beneficial to health which include phenolic acids,
flavonoids, proanthocyanidins, carotenoids, alkaloids, and polyunsaturated fatty
acids, among others (Alasalvar and Shahidi 2008). There are more than 60 different
fruit species identified in Sri Lanka. Of them, there are many native forest fruits
which rapidly disappear due to clearing of forests, the use of trees for timber and
firewood, and urbanization. Most of these native fruit species are rich in
phytochemicals; however, unfortunately they are not regularly consumed by many
Sri Lankans. Pomegranate, one of the fruits rich in antioxidants, was grown in the
backyard of many houses in Sri Lanka decades ago; however, its presence is very
limited at present. Due to the less availability of these phytochemical-rich fruits,
consumers solely depend on 10–15 common fruits. Moreover, the high prices of
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fruits, less availability of good-quality fruits, and safety concerns, among others,
have significantly contributed to the low consumption of fruits in Sri Lanka. Despite
the WHO recommendation of 200 g of fruits per day, an average Sri Lankan
consumes very little amount of fruits (Bopitiya and Madhujith 2012; Piyathunga
et al. 2016).

3.2 Plant-Derived Functional Foods

Bioactive compounds synthesized in plants are classified as primary and secondary
metabolites, in which secondary metabolites play a crucial role in plant well-being
and exhibit antibiotic, antifungal, and antiviral properties (Lavecchia et al. 2013).
Primary metabolites include plant proteins, β-glucans, and omega-3 fatty acids,
while secondary metabolites include phytoestrogens, antioxidants, vitamins,
tocopherols, steroids, γ-linolenic acid, and phase II enzyme inducers (Vattem and
Maitin 2016). Traditionally used food grains, millets, fruits, and vegetables are
identified as rich sources of functional ingredients. Food grains and cereals, viz.,
rice, wheat, maize, sorghum, millets, and oats, are important sources of
micronutrients such as folates, phenolic acids, vitamin E, zinc, iron, selenium,
copper, manganese, carotenoids, betaine, choline, sulfur amino acids, and dietary
fiber (Das et al. 2012). Moreover, (�)-epicatechin, (�)-epicatechin-3-gallate, (�)-
epigallocatechin, and (�)-epigallocatechin-3-gallate are bioactive constituents pres-
ent in green tea which exhibit strong antioxidant properties (Prakash et al. 2017).

3.3 Animal-Derived Functional Foods

Animals serve as rich sources of functional foods as they have bioactive compounds
that offer a variety of biological effects on human health. Animal-derived polyun-
saturated fatty acids which include omega-3 and omega-6 fatty acids and conjugate
linoleic acid, bioactive peptides, glucosamine, and chondroitin sulfate are few well-
known examples of animal-derived functional foods (Zhang et al. 2014; Vattem and
Maitin 2016). The major polyunsaturated fatty acids are α-linolenic acid (ALA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). The main sources
of EPA and DHA are fatty fish and ruminant milk, while meat serves as the major
source of conjugate linoleic acid (Pisulewski and Kostogrys 2003). Many clinical
and epidemiological studies have proven the beneficial role of omega-3 fatty acids in
the prevention of cancer and cardiovascular diseases, while recent studies have
shown the positive role of these fatty acids in mitigating various mental disorders
(Riediger et al. 2009). Furthermore, conjugated linoleic acids are also reported to
impart anticarcinogenic, antiatherogenic, antidiabetogenic, and immune-modulating
properties (Rainer and Heiss 2004). Moreover, milk proteins are identified as one of
the most important sources of bioactive peptides, and these milk-derived bioactive
peptides play a vital role in health-promoting functional foods. Recent research
reveals that bioactive milk peptides are beneficial in decreasing the risk of obesity
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and the development of type 2 diabetes apart from their beneficial effect on the heart,
bones, and the digestive system (Bhat et al. 2015).

3.4 Fortified, Enriched, and Enhanced Foods

Foods are fortified by adding nutrients (fortificants or additives) to the food of
interest, which serves as a vehicle for carrying the nutrient. With the tremendous
rise of global diseases, there is a growing trend in food fortification with functional
ingredients (Ansari and Kumar 2012). Grain products such as flour, breakfast
cereals, and fruit juices fortified with folic acid and vitamin C are few examples of
fortified foods. Though food fortification is considered as an effective and economi-
cal way of improving nutrient quality and provides benefits to consumers, still there
are few problems associated with fortified foods in relation to food composition
(Spence 2006). Margarine fortified with vitamins A and D has been in the Sri Lankan
market for a few decades. Wheat flour fortified with iron and folic acid was
introduced into the Sri Lankan market by one of the three wheat processors operating
in the country nearly a year ago. The need for introducing iron and folic acid foods
into the local market has been a long-felt need in the country. The Ministry of Health
prepared guidelines for the fortification of foods with iron and folic acid in 2008;
however, the project is yet to be implemented. The Ministry of Health has been
working on introducing rice fortified with iron and folic acid into the local market
with the assistance of the UN World Food Programme.

Enriched foods are another type of functional foods in which additional
components that are not naturally present in required quantities are added to a
particular food. Orange juice with added calcium (Spence 2006) and margarine
with added plant stanols which exhibit cholesterol-lowering effect are few examples
of enriched products (Law 2000). High-lysine corn and fruit and vegetables with
enhanced content of vitamins and phytonutrients are few examples of enhanced
foods in which nutrient composition is altered by changing the raw commodities.
Golden rice and carotenoid-rich potatoes are the best known examples in which
functional components are embedded into food plants that do not normally produce
those dietary components (Spence 2006).

3.5 Fermented Foods

Fermentation process alters the chemical nature of foods as well as the efficacy of
some bioactive constituents. Alcoholic beverages such as beer and wine, vinegar,
yoghurt, pickles, soy sauce, and various fermented bean products are the most
popular among other fermented products. Tea which is also a fermented product
provides a myriad of health benefits. The positive relationship between tea and
health is attributed to catechins and their derivatives present in tea (Higdon and
Frei 2003). Moreover, yeast fermentation has been introduced recently to enhance
the nutritive and therapeutic value of black tea (Pasha and Reddy 2005). Red wine is
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a rich source of polyphenols such as catechins, stilbenes, anthocyanins, and
proanthocyanidins, and these polyphenols are responsible for the health benefits of
red wine against many diseases (Shahidi 2009). Beer is the other alcoholic beverage
which also exhibits health-promoting properties. The functional components of beer
include phenolics, B vitamins, minerals such as selenium, and possibly soluble fiber.
Vinegar is another fermented product produced by the fermentation of sugar-rich
coconut sap, fruit juices, or similar materials which also claim to possess health-
promoting properties. Vinegar that has been used as a preservative and condiment in
the past is now considered as a potential functional food due to the presence of
phytochemicals in it (Shahidi 2009).

3.6 Functional Beverages

Beverages are popular around the world due to their variety of pleasant taste and
sensation. Besides, there is a growing trend of consuming beverages for health
reasons. Moreover, constituents present in some beverages exhibit anticarcinogenic,
antioxidative, or antimutagenic effects. Polyphenols and flavonoids present in green
and black tea exert inhibitory effects on cancer and have antimutagenic and
anticlastogenic properties (Zbakha and Abbassib 2012). Different types of commer-
cially available beverages can be grouped into three categories: dairy-based
beverages including probiotics and minerals/ω-3-enriched drinks; vegetable and
fruit beverages; and sports and energy drinks. Fresh milk, fermented milk, and
yoghurt drinks are the most common products of dairy-based beverages which are
considered as excellent vehicles for probiotics. Considering the drawbacks
associated with milk-based functional beverages, novel products containing
probiotics have been launched recently based on fruits, vegetables, cereals, and
soybeans. Cranberry, blueberry, pomegranate, apple, blackcurrant, grapes, cherries,
kiwifruits, strawberries, feijoa, peach, and plums are the most common fruits used in
commercial preparation. Moreover, some nonprobiotic fruit and vegetable beverages
with added vitamins and minerals (vitamin D or calcium) are also available in
functional food markets (Corbo et al. 2014). Although the consumption of fruit
juices such as apple, orange, grape, and berry juices is a common practice in many
developed countries, the consumption of fruit juice is quite uncommon in Sri Lanka.
Processed fruit juices available in supermarkets are expensive; thus, many do not
regularly consume fruit juices in Sri Lanka.

4 Health and Nutritional Benefits of Functional Foods

4.1 Oxidative Stress

Reactive oxygen species (ROS) are believed to be a causative factor for carcinogen-
esis as ROS are involved in various biological oxidation reactions that lead to DNA
and RNA damage (Waris and Ahsan 2006). ROS are radicals, ions, or molecules that

306 T. Madhujith and N. Wedamulla



are highly reactive; these include superoxide (O2
•�), hydroxyl radical (•OH), nitric

oxide (NO•), hydrogen peroxide (H2O2), and singlet oxygen (1O2), among others
(Liou and Storz 2010). Figure 1 illustrates the relationship between ROS, cancer, and
antioxidants. The mitochondrial respiratory chain (electron transport complexes) is
the major source of ROS generation in living cells (Nohl et al. 2003). Phagocytes
such as neutrophils and macrophages also produce ROS during phagocytosis
(Forman and Torres 2002). When the critical balance between free radical generation
and antioxidant defenses is unfavorable, oxidative stress results which is
characterized by high levels of ROS (Carocho and Ferreira 2013). Macromolecules
such as DNA, proteins, and lipids are subjected to nonspecific damage by elevated
levels of ROS. Damage to DNA by ROS has been identified as a major cause of
cancer (Waris and Ahsan 2006). Moreover, ROS have been implicated in the
induction and complications of diabetes mellitus, age-related eye disease, and
neurodegenerative diseases such as Parkinson’s disease (Rao et al. 2006).

Antioxidants are defined as any substance that directly scavenges ROS or indi-
rectly acts to upregulate antioxidant defenses or inhibit ROS production
(Khlebnikov et al. 2007). These molecules react readily with ROS and inhibit
oxidative mechanisms that lead to degenerative diseases (Sre et al. 2012). Thus,
dietary antioxidants play a crucial role as functional foods in the management of
human diseases (Lobo et al. 2010).

4.2 Cardiovascular Diseases

Cardiovascular diseases (CVD) are one of the leading causes of global deaths, thus
becoming a growing health concern. Dietary factors are also equally important in the
pathogenesis of CVD. It has been proven that CVD can be prevented by lifestyle
changes and improved dietary practices (Stampfer et al. 2000). Functional foods

Fig. 1 Illustration depicting the relationship among reactive oxygen species (ROS), antioxidants,
and carcinogenesis
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comprise physiologically active components either from plant or animal sources
which are capable of reducing heart disease risk. Moreover, functional foods are
supposed to exert this cardioprotective effect principally through lipid-lowering
effects, antioxidant actions, and/or decreased homocysteine levels. Long-chain
omega-3 fatty acids, dietary fibers, and phytochemicals are extensively studied to
investigate their beneficial effects against CVD. Several studies have proven that
high intake of dietary fish and fish oil supplements is involved in reducing the risk of
CVD. Further, influx of literature available to report the beneficial effect of diets rich
in fruits and vegetables on CVD risk (Alissa and Ferns 2012).

4.3 Cancer

Following CVD, cancer is the second leading cause of death in the world. As
reported by the American Cancer Society, cancer statistics 2015 showed that
approximately 1.66 million new cases of cancer are going to be diagnosed and
nearly 589,430 mortalities from cancer are estimated to occur in the USA in the year
2015 (American Cancer Society 2015). Vegetables, medicinal herbs, and their
extracts or components are used by Americans, Japanese, Chinese, and Europeans,
among others, to prevent or treat cancer. Antioxidative compounds naturally present
in plant and their extracts exhibit potential chemopreventive properties. These
phytochemicals include carotenoids, carotenoid pigments, xanthine, lycopene, and
astaxanthin, among others. ROS are believed to be a causative factor in carcinogen-
esis as ROS are involved in various biological oxidation reactions including DNA
damage. Antioxidants are able to reduce free radical damage to DNA which is
believed to be the root cause of various cancers (Aghajanpour et al. 2017).

4.4 Obesity

Obesity arises as a result of positive energy balance in the body. Obesity is a
multifactorial condition which is influenced by genetic, environmental, behavioral,
lifestyle, cultural, and metabolic factors. Moreover, this leads to development of
cancer, hypertension, diabetes, dyslipidemia, atherosclerosis, and others. Thus, the
alarming rate of increase in obesity needs urgent attention (Sunkara and Verghese
2014).

Since the link between nutrition, biological responses, and diseases is clearly
established, functional foods can be effectively utilized to prevent or treat obesity
(Riccardi et al. 2005). Phenolic compounds, tannins, and anthocyanins abundantly
present in tea, coffee, cocoa, berries, and peas exhibit in vitro lipase inhibition
activity. Di-caffeoylquinic acids are coffee polyphenols which exhibit more potent
inhibitory activity on digestive enzymes (maltase, sucrase, and lipase), thus playing
a vital role in postprandial hyperglycemia and hyperinsulinemia (Sunkara and
Verghese 2014).
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4.5 Neurodegenerative Diseases

Neurodegenerative diseases are age-related diseases characterized by memory loss,
cognitive dysfunction, neuronal damage, and death. They are identified as a major
threat to human health especially during the later stages of life. Alzheimer’s disease,
Parkinson’s disease, and Huntington disease are some of the widely present neuro-
degenerative diseases. Association between age-related diseases and consumption of
functional foods is well established. Foods originating from plant sources serve as
rich sources of bioactive phytochemicals; thus, their consumption could prevent
chronic degenerative diseases. The surge of research carried out in the recent past has
confirmed that functional foods such as fruits and vegetables, spices, nuts, and
cereals, among others, are potential candidates for preventing neurodegenerative
diseases as these foods are rich in a wide array of phytochemicals such as
polyphenols, alkaloids, carotenoids, and anthocyanins. These phytochemicals are
capable of improving cognitive function, learning, general brain functions, and well-
being (Olasehinde et al. 2017).

5 Different Classes of Functional Foods

5.1 Plant Phenolics

Polyphenols are secondary plant metabolites which are involved in the defense
mechanism of plants against pests and microorganisms. Polyphenols have drawn
much attention from scientific communities owing to their antioxidant properties and
potential role in the prevention of various diseases linked to oxidative stress, such as
cancer, cardiovascular diseases, and neurodegenerative diseases. These compounds
are classified into different groups considering the number of phenol rings that they
contain and the structural elements that bind rings to one another. The phenolic
groups include phenolic acids, flavonoids, stilbenes, and lignans (Manach et al.
2004). The chemical structures of different phenolic groups are illustrated in Fig. 2.

Derivatives of benzoic and cinnamic acid are the two major classes of phenolic
acids. Edible plants generally contain low levels of hydroxybenzoic acid; however,
certain red fruits, black radish, and onions contain high concentrations of
hydroxybenzoic acid. Tea also is an important source of gallic acid.
Hydroxycinnamic acids are more abundant than hydroxybenzoic acids and mainly
comprise p-coumaric, caffeic, ferulic, and sinapic acids. The bound forms of
glycosylated derivatives or esters of quinic acid, shikimic acid, and tartaric acid
are more common than free forms. Chlorogenic acid is formed by the combination of
caffeic and quinic acids and is found in high concentrations in coffee and many types
of fruits (Manach et al. 2004). Hydroxycinnamic acids are found in all parts of fruits,
while ferulic acid is present in cereal grains (Gharras 2009).

Flavonoids are classified into six subclasses: flavonols, flavones, isoflavones,
flavanones, anthocyanidins, and flavanols (Gharras 2009). The richest sources of
flavonols are onions, curly kale, leeks, broccoli, and blueberries. Besides red wine,
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tea contains considerable amounts of flavonols. These compounds exist in
glycosylated forms, and fruits often contain between 5 and 10 different flavonol
glycosides (Manach et al. 2004). Flavones are less common and mainly consist of
glycosides of luteolin and apigenin. Cereals such as millet and wheat contain
C-glycosides of flavones, while the skin of citrus fruit contains high amounts of
polymethoxylated flavones, viz., tangeretin, nobiletin, and sinensetin. Tomatoes and
some aromatic plants such as mint contain flavanones. However, only citrus contains
high concentrations. Isoflavones are exclusively found in leguminous plants. Thus,
soya and its processed products are identified as the major source of isoflavones in
the diet. Catechins and proanthocyanidins are monomeric and polymeric forms of
flavanols, respectively. Catechins are present in many types of fruits, tea, and red
wine. Green tea is considered the richest source of catechins. Tea also contains
gallocatechin, epigallocatechin, and epigallocatechin gallate. Anthocyanins are
pigments dissolved in the vacuolar sap and found in red wine, certain varieties of
cereals, and certain leafy and root vegetables (aubergines, cabbage, beans, onions,
radish); however, these pigments are abundantly present in fruits (Manach et al.
2004).

Flavones Flavonols

Anthocyanidins Flavan-3-ols

Isoflavones

Flavanones

(a)

p-Coumaric acid Ferulic acidCinnamicacid

Caffeic acid

(b)

MatairesinolSecoisolariciresinol

(c)

Fig. 2 The chemical structures of (a) flavonoid subclasses, (b) phenolic acids, (c) lignans
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The major dietary source of lignans is linseed which contains secoisolariciresinol
and less quantities of matairesinol. Traces of these lignans are also present in other
cereals, grains, fruits, and certain vegetables. However, very low quantities of
stilbenes are present in human diets (Manach et al. 2004).

5.2 Omega-3 Fatty Acids

Omega-3 fatty acids are a group of polyunsaturated fatty acids such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Fig. 3) which are
the most extensively studied polyunsaturated fatty acids. They are also known as
highly unsaturated fatty acids (HUFA) in the new nomenclature. The positive effects
of these two fatty acids on cardiovascular diseases are widely acknowledged (Lee
et al. 2009). Marine sources such as fish and fish oils and algae serve as sources of
EPA and DHA, while dietary oils derived from both plant and animal sources serve
as sources of α-linolenic acid (ALA) (Ganesan et al. 2014).

EPA and DHA possess diverse biological effects compared to other fatty acids
owing to their longer chain length and the high number and positioning of double
bonds. EPA and DHA are capable of altering the structure and function of cell
membrane. Furthermore, omega-3 fatty acids and their derivatives play a vital role in
immune and inflammatory response. In relation to human health, omega-3 fatty acids
aid in improving cognitive development, learning, and visual development in the
early stages of life. Moreover, EPA and DHA are involved in decreasing the risk of
depression and suicide and delaying the onset of the neurological degeneration of
aging. The surge of research in the area of cardiovascular diseases also demonstrates
the beneficial effect of omega-3 fatty acids on cardiac health. Consumption of
omega-3 fatty acids correlates with reduced cardiac death from arrhythmias,
providing antithrombotic effect, and having anti-inflammatory and antihypertensive
effects (Deckelbaum and Torrejon 2012). Identifying the significance of DHA in
infant nutrition, infant formula manufacturers have started adding DHA into their
products since the early 2000s. DHA-enriched infant formulae started to arrive in the

a

c d

b

Fig. 3 Chemical structures of (a) eicosapentaenoic acid (EPA), (b) docosahexaenoic acid (DHA),
(c) c-9,t-11 conjugated linoleic acid (CLA) isomer, and (d) α-eleostearic acid
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Sri Lankan market after 2005. Babies fed on breast milk get adequate amounts
of DHA.

5.3 Conjugated Linoleic Acid (CLA) and Other Conjugated Fatty
Acids

Conjugated linoleic acid is a collective name for a mixture of positional and
geometric isomers of C 18:2 fatty acids having conjugated double bonds (Eynard
and Lopez 2003). Microbial isomerization of dietary linoleic acid results in the
synthesis of CLA. These fatty acids are synthesized in the rumen during
biohydrogenation of lipids in feed (Blankson et al. 2000). Thus, animal products
from ruminants serve as a principal dietary source of CLA. Moreover, ruminant meat
contains significantly high amounts of CLA than nonruminant meat: veal (2.7 mg
CLA/g fat) has the lowest, while lamb (5.6 mg CLA/g fat) has the highest. Seafood
contains less quantities of CLA contrary to dairy products such as milk, butter, and
yoghurt which contain considerable amounts of CLA. Natural cheese also serves as a
good source of CLA. However, cheese ripened for more than 10 months has shown a
low CLA content (Chin et al. 1992). Furthermore, plant oils possess comparatively
low levels of CLA which range from 0.1 mg CLA/g fat in coconut oil to 0.7 mg
CLA/g fat in safflower oil. Animal (75% of the total CLA) and dairy (90% of the
total CLA) products contain considerably high amounts of the c-9,t-11 CLA isomer
which is believed to be a biologically active form, while plant oils contain less than
50% of the total CLA (Chin et al. 1992).

The influx of literature has proven the beneficial effects of CLA on various
metabolic disorders in humans owing to their anticarcinogenic, anti-obese,
antidiabetic, and antihypertensive properties (Koba and Yanagita 2014). In relation
to anticarcinogenic effects, it has been reported that CLA inhibits the initiation and
incidence of mammary tumors in rodents, and it also interferes with the growth of
breast and prostate tumors. Numerous clinical studies have confirmed the anti-obese
and hypolipidemic effects of CLA on animals using mice, rats, and pigs (Koba and
Yanagita 2014).

5.4 Eleostearic Acid

Besides conjugated linoleic acid, there are some other conjugated beneficial fatty
acids. Seed oils of certain plants contain conjugated triene fatty acids such as
α-eleostearic acid. The seed oil of bitter gourd (Momordica charantia) contains
60% α-eleostearic acid, while its flesh contains a small amount of α-eleostearic acid
(Tsuzuki et al. 2004a).

Previous studies on α-eleostearic acid reported it to have anticancer properties.
Further studies reported that α-eleostearic acid induced apoptosis via lipid peroxida-
tion (Tsuzuki et al. 2004b). Moreover, DLD-1 colorectal adenocarcinoma cells
treated with α-eleostearic acid in vitro were growth inhibited and underwent DNA
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laddering indicative of apoptosis. Further, Caco-2 and HT-29 colon cancer cells
demonstrated decreased viability and increased DNA fragmentation when treated
with α-eleostearic acid (Grossmann et al. 2009).

5.5 Dietary Fiber

A variety of plant substances that are resistant to digestion by human gastrointestinal
enzymes are collectively known as dietary fiber. Based on water solubility, dietary
fiber is classified into two groups: structural or matrix fibers (lignins, celluloses, and
some hemicelluloses) which are insoluble and natural gel-forming fibers (pectins,
gums, mucilages, and the remainder of the hemicelluloses) which are soluble
(Brown et al. 1999). Plants, vegetables, cereal grains, woody plants, fruits, legumes,
and leguminous plants are identified as principal sources of dietary fiber (Meyer
2004).

A significant role of dietary fiber in the prevention of several diseases is well
acknowledged. Previous studies have proven the effect of fiber polysaccharides on
the absorption of lipids; these fibers act as strong inhibitors of the pancreatic lipase
that participates in lipid metabolism. Moreover, dietary fibers decrease the levels of
total cholesterol and low-density lipoproteins in plasma. A high volume of literature
is available to confirm the protective effect of dietary fiber on cardiovascular
diseases, diverticulosis, constipation, irritable colon, colon cancer, and diabetes
(Rodríguez et al. 2006).

5.6 Phytosterols and Phytostanols

Phytosterols, phytostanols, and their esters are natural constituents of plant cell
membrane which belong to a group of steroid alcohols. Phytosterols are structurally
similar to cholesterol. The most prominent plant sterols in foods are β-sitosterol,
campesterol, and stigmasterol. Plant stanols are the saturated form of plant sterols.
Thus, the saturation or absence of double bond in the sterol ring results in sitostanol,
campestanol, or stigmastanol (Bacchetti et al. 2011).

Vegetable products such as vegetable oil, fruits, nuts, grains, and pulses are the
principal sources of phytosterols. The level of phytosterols in vegetables ranges
between 1.1 and 53.7 mg/100 g of edible portion with the highest concentration of
phytosterols found in pea, cauliflower, broccoli, and romaine lettuce. On the other
hand, fruits contain 1.6–32.6 mg/100 g of phytosterols, and navel orange, tangerine,
and mango exhibit the highest concentration. However, the phytosterol content is
modified by ripening and postharvest practice in fruits and vegetables (Bacchetti
et al. 2011). Moreover, phytosterol content in nuts ranges from 95 to 280 mg/100 g
(Chen and Blumberg 2008). Conversely, cereals such as corn, wheat, rice, and
triticale serve as the main sources of phytostanols and their ester (Bacchetti et al.
2011).
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The association between diet rich in fruits and vegetables and many health
implications are well documented. Many epidemiological studies have revealed
the inhibitory effect of phytosterols on the uptake of both dietary and endogenously
produced (biliary) cholesterol from intestinal cells, leading to lowered serum total
and LDL cholesterol levels (AbuMweis et al. 2008). In addition, studies reveal that
plant sterols prevent hyperproliferation of vascular smooth muscle cell which plays a
vital role in atherosclerosis development. Further, recent studies have proven that
plant sterol could exert a modulator effect against oxidative damage (Bacchetti et al.
2011). Moreover, a surge of studies suggest a protective role of phytosterols,
especially β-sitosterol, on colon, prostate, and breast cancers (Awad et al. 2000).

5.7 Probiotics and Prebiotics

Probiotics are defined as viable microbial dietary supplements that beneficially affect
the host through their effects in the intestinal tract, while prebiotics are defined as
“nondigestible food ingredients that beneficially affect the host by selectively
stimulating the growth and/or activity of one or a limited number of bacteria in the
colon” (Roberfroid 2000). Lactobacillus and Bifidobacterium are the bacterial
genera that are most often used as probiotics. These probiotics are available in
fermented dairy products such as yoghurt or freeze-dried cultures; however,
fermented vegetables and meats also contain probiotics. The most widely acknowl-
edged prebiotics are galactooligosaccharides, fructooligosaccharides, and inulin in
which galactooligosaccharides are nondigestible and are derived from lactose. Inulin
and inulin-type fructans are acknowledged as soluble dietary fibers (Roberfroid
2005). In addition, dietary fiber contains several non-starch polysaccharides which
include cellulose, dextrins, pectins, β-glucans, waxes, and lignins. Asparagus, chic-
ory, tomatoes, and wheat are well known as natural sources of prebiotics (Al-Sheraji
et al. 2013).

The health benefits of probiotics and prebiotics are well established. Probiotics
improve lactose digestion by reducing intolerance symptoms as well as by slowing
orocecal transit. A strain of Lactobacillus casei supplemented in infants is reported
to enhance the concentrations of circulating immunoglobulin A which correlates
with a shortened duration of rotavirus-induced diarrhea. Further, the consumption of
L. acidophilus and Bifidobacterium bifidum significantly enhances the nonspecific
immune phagocytic activity of circulating blood granulocytes. However, rotavirus-
induced diarrhea and colon cancer are the only maladies for which there is evidence
of disease reduction from probiotic consumption (Roberfroid 2000). Jeygowri and
others (2015) studied the isolation of potentially probiotic microorganisms from
fermented rice and suggest for its utilization as potential probiotic starter cultures in
the food industry. In relation to prebiotics, studies have reported that genotoxic
enzyme activity has decreased upon the administration of prebiotics. On the other
hand, many studies have demonstrated the effect of fructooligosaccharides on
mineral absorption. Moreover, prebiotics may also have an effect on lipid regulation
(Al-Sheraji et al. 2013).
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5.8 Mushrooms as Functional Foods

Mushrooms have drawn a considerable attention as a functional food owing to their
antioxidant, antitumor, and antimicrobial properties. However, mushrooms that are
both edible and have functional properties are limited (Chang 1996). Mushrooms
serve as a good source of nutrients as well as a rich source of bioactive substances.
Mushrooms contain secondary metabolites such as acids, terpenoids, polyphenols,
sesquiterpenes, alkaloids, lactones, sterols, metals, chelating agents, nucleotide
analogs and vitamins, glycoproteins, and polysaccharides, mainly β-glucans
(Kumar 2015). Besides, new proteins with biological activities have also been
found in mushrooms: lignocellulose-degrading enzymes, lectins, proteases and
protease inhibitors, ribosome-inactivating proteins, and hydrophobins (Erjavec
et al. 2012).

Recent work on functional mushrooms has demonstrated their beneficial effects
which include modulating the immune system, lowering blood pressure and blood
lipid concentration, and inhibiting tumors, inflammation, and microbial action
(Chang 1996). Patel and Goyal (2012) reveal that mushrooms that exhibit anticancer
properties belong to the genera Phellinus, Pleurotus, Agaricus, Ganoderma,
Clitocybe, Antrodia, Trametes, Cordyceps, Xerocomus, Calvatia, Schizophyllum,
Flammulina, Suillus, Inonotus, Inocybe, Funlia, Lactarius, Albatrellus, Russula, and
Fomes. Moreover, anticancer compounds play a vital role as reactive oxygen species
induce, mitotic kinase inhibitor, antimitotic agent, angiogenesis inhibitor, and topo-
isomerase inhibitor (Kumar 2015).

5.9 Spices as a Source of Functional Ingredients

Spices and aromatic herbs have long been identified as preservatives, colorants, and
flavor enhancers and serve as the basis of traditional medicine in many countries
(Viuda-Martos et al. 2010). Many studies have proven the antioxidant, antibacterial,
anti-inflammatory, antiviral, and anticancerigenic properties of these substances.
These functional properties of spices are attributed to the presence, type, and
concentration of phenolic compounds. On the other hand, essential oils present in
spices also contribute to functional properties (Viuda-Martos et al. 2010).

Many studies have proposed several mechanisms for the anti-inflammatory
activity of spices. The study of Mani and others (2006) reported that the anti-
inflammatory capacity of spices is basically due to the presence of flavonoids that
inhibit the development of inflammation triggered by a variety of agents. Most
interestingly, few studies suggested that the compounds present in spices such as
quercetin, curcumin, and silymarin have the same anti-inflammatory effects as
indometacin (a nonsteroidal drug) (Volate et al. 2005). Further, spices and their
extracts are considered as rich sources of natural antioxidants and thus exert a
high degree of antiplatelet activity which leading to lowered cardiovascular dis-
ease incidences. Moreover, studies revealed that the main components present in
rosemary, carnosol and carnosic acid, show inhibitory activity against human
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immunodeficiency virus (HIV). Besides, rosemary and its components, ursolic acid,
carnosol, etc.; turmeric and its principal component, curcumin; and pepper also
exhibit anticarcinogenic properties (Viuda-Martos et al. 2010).

5.10 Algae as a Functional Food

With the growing consumer demand for functional food ingredients, substantial
research efforts are being devoted to identifying the functional ingredients which
exhibit health-promoting properties. In this backdrop, the marine ecosystem has
been identified as a potential source to explore high value-added ingredients with
multiple activities. Also, algae are promising organisms which supply essential
nutrients and novel bioactive substances with medical and therapeutic values.
Pigments, lipids, polyunsaturated fatty acids, proteins, polysaccharides, and
phenolics are the algal bioactive compounds of commercial interest (Dominguez
2013). Carrageenan, alginic acid, furcelleran, fucoidan, ascophyllan, and laminarin
are the polysaccharides found in seaweeds, while polyuronides are found in green
algae. Moreover, brown seaweeds serve as rich sources of carotenoid which is
pronounced as a powerful antioxidant. Phlorotannin polyphenols are the most
important seaweed-derived phenolic phytochemical which is uniquely found in
brown seaweeds. Similar to most tannins, phlorotannins are also reported to have
beneficial effects on cardiovascular diseases through an increase of HDL cholesterol
and the prevention of atherosclerosis (Vattem and Maitin 2016).

6 Functional Foods of Sri Lankan Origin

The usage of natural health products and health-enhancing foods is becoming
popular in Sri Lanka (Chandrasekara and Nelum 2014) introducing the concept of
functional foods. As a result, a large volume of research takes place to assess the
functional properties of natural products of Sri Lankan origin. These research
primarily focus on the properties of functional foods (Bopitiya and Madhujith
2012, 2013, 2014), technologies involved in functional food development (Adikari
and Bandara 2015; Herath et al. 2013), isolation of active compounds
(Wijayabandara et al. 2015), nutrition and health aspects (Chandrasekara and Peiris
2013), and policies and marketing aspects (De Zoysa et al. 2014) (Fig. 4).

A large number of studies have been directed to assess the variety of properties of
functional food, including antioxidant, antimicrobial, anticancer, etc. The study of
Bopitiya and Madhujith (2012) has reported the antioxidant potential of pomegran-
ate (Punica granatum L.) and identified the particular fruit as an extreme antioxidant
source. A surge of studies has been conducted in relation to assessment of the
antioxidant potential of many local foods, viz., brinjal (Solanum melongena),
guava (Psidium guajava), watermelon (Citrullus lanatus), dragon fruit (Hylocereus
spp.), tamarind (Tamarindus indica L.), himbutu (Salacia chinensis L.), palu
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(Manilkara hexandra (Roxb.) Dubard), koan (Schleichera oleosa (Lour.) Oken), and
cherry (Eugenia uniflora) (Table 1).

However, the novel functional food research focused more on the assessment of
processing effects on functional properties and the development of novel
technologies for functional food development. In a recent study, cinnamon oil was
encapsulated by the complex coacervation method using chitosan and gum arabic
wall material. The study confirmed the controlled-release of encapsulated cinnamon
under conditions similar to those found in the gastrointestinal tract thereby
introducing a novel method for utilization of cinnamon oil as digestive supplement
(Ranasinghe and Perera 2017). The study of Adikari and Bandara (2015) has
introduced a novel encapsulation method to improve the releasing of lycopene in
its hydrophobic form. Moreover, several studies focus on the assessment of antioxi-
dant activity of underutilized tubers in Sri Lanka under different cooking methods
(Herath and Wijerathna 2017).

There is a growing trend toward the identification of the association between diet
rich in functional ingredients and chronic diseases. Chandrasekara and Peries (2013)
have studied the use of special foods and natural health products among type
2 diabetic patients and reported thebu (Costus speciosus), ranawara (Cassia
auriculata), and bael (Aegle marmelos) as the top three most commonly consumed
specific foods. Moreover, the hypocholesterolemic activity of Phyllanthus species is
also extensively studied in Sri Lankan species (Kalpani et al. 2017). Liyanage and
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others (2015) have studied the hypolipidemic and hypoglycemic effects of banana
blossom in rat fed with high-cholesterol diet. Further, Lakmini and others (2012)
have studied the effect of cowpea (Vigna unguiculata L. Walp.)-incorporated diets
on serum lipids, cecal bacterial population, and liver antioxidant capacity in Wistar
rats (Rattus norvegicus).

One of the most demanding research areas is the isolation of active compounds
from natural sources. A study carried out suggests to isolate bergenin as the major
active constituent from the leaves of Flueggea leucopyrus Willd which is an
extensively used medicinal agent required for the production of various pharmaceu-
tical formulations (Wijayabandara et al. 2015). However, a few studies have been
conducted in the area of consumer knowledge and attitudes related to functional
foods. The results of the study revealed that the knowledge on nutrition among
people is not up to a considerable level (De Zoysa et al. 2014).

Table 1 Functional foods and their effects studied in Sri Lanka

Functional food Property(ies) assessed References

Bitter melon (Momordica charantia)
seed fat

Cytotoxicity effect of
α-eleostearic acid-rich fat

Ranasinghe et al.
(2015)

Tamarind (Tamarindus indica L.) Agro-ecological region-
based variations in
antioxidant activity

Amararathna et al.
(2015)

Brinjal (Solanum melongena) – different
skin colored

Antioxidant potential
Total phenolic content
(TPC)

Somawathie et al.
(2014)

Rice bran oil prepared by red and white
rice

Antioxidant activity Bopitiya and
Madhujith (2014)

Sesame (Sesamum indicum L.) seed oil Antioxidant activity and
TPC

Bopitiya and
Madhujith (2013)

Pomegranate (Punica granatum L.) Antioxidant potential Bopitiya and
Madhujith (2012)

Palu (Manilkara hexandra (Roxb.)
Dubard), himbutu (Salacia chinensis L.),
koan (Schleichera oleosa (Lour.) Oken),
and cherry (Eugenia uniflora)

Antioxidant potential and
TPC

Piyathunga et al.
(2016)

Guava (Psidium guajava) and
watermelon (Citrullus lanatus)

Carotenoid and lycopene
content

Chandrika et al.
(2009)

Dragon fruit (Hylocereus spp.) Antioxidant potential and
TPC

Wedamulla and
Madhujith (2013)

Elabatu (Solanum melongena var.
insanum)

Antioxidant activity and
TPC

Rizlia et al. (2014)

Virgin coconut oil Anti-candida effect Gurusinghe et al.
(2016)

Annona (Annona squamosa), bale fruit
(Aegle marmelos), jack fruit (Artocarpus
heterophyllus), durian (Durio zibethinus)

Prebiotic effect Madhujith and
Mahaarachchi (2013)

Fermented rice Probiotics Jeygowri et al. (2015)
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7 Technologies for the Development of Functional Food

7.1 Microencapsulation

Envelopment of small solid particles, liquid droplets, or gases in a coating is known
as microencapsulation. This technique provides protection for a wide range of
materials of biological interest, from small molecules and protein (enzymes,
hormones) to cells of bacterial, yeast, and animal origin (Betoret et al. 2011).
Thus, microencapsulation is identified as an effective technique to improve the
delivery of bioactive compounds into foods, particularly probiotics, minerals,
vitamins, phytosterols, lutein, fatty acids, lycopene, and antioxidants (Champagne
and Fustier 2007).

Lipid, proteins, and carbohydrates are commonly known bioactive compounds
which are already encapsulated in industrial applications. These lipids include fatty
acids, phospholipids, carotenoids, and oil-soluble vitamins which cannot be easily
dissolved in food products and thus are highly susceptible to oxidation. However,
the encapsulation process can form an effective barrier for oxygen; therefore, these
lipids are now widely applied in powdered products (Betoret et al. 2011).

7.2 Edible Films

Any type of material used for enrobing (coating with fat carrying special melting
characteristics) various food to extend shelf life of the product that may be eaten
together with food or without further removal is known as edible film or coating
(Betoret et al. 2011). These films have wide applications as they control moisture
migration, gas exchange, or oxidation processes. Edible films are well acknowledged
for their ability to carry active ingredients such as anti-browning agents, colorants,
flavors, nutrients, spices, and antimicrobial compounds. Much work has been carried
out to incorporate minerals, vitamins, and fatty acids, among other bioactives, into
edible film and coating formulations with the aim of enhancing the nutritional value
of some fruits and vegetables. However, the studies devoted to examine the addition
of probiotics to obtain functional edible films and coatings are still scanty (Betoret
et al. 2011).

7.3 Interesterification

Interesterification is a novel technique which is gaining considerable attention over
the other techniques used to modify physical and chemical properties of natural fats.
Interesterification reorganizes fatty acids within and between a triacylglycerol mole-
cule in the presence of a chemical catalyst or an enzyme. Interesterified fats can
retain functional properties of food; however, nutrition and health implications of
long-term consumption of interesterified fat are not well documented (Mensink et al.
2016). There is a growing trend toward the synthesis of modified starch using the
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technique of esterification to enhance functional properties. Xin and others (2012)
study the esterification of cornstarch with palmitic acid to produce modified starch.
Coconut oil is the main oil used in Sri Lanka used for culinary purposes—as cooking
oil and frying oil. However, it contains a very high amount of saturated fatty acids
which amount to nearly 90%. In accordance with WHO guidelines, the daily intake
of saturates should be limited to less than 10% of the total calorie requirement of a
person. Moreover, sesame oil which is currently underutilized is rich in monounsat-
urated fatty acids (MUFA) which bear beneficial health effects. The fatty acid
composition of coconut oil was changed by incorporating MUFA from sesame oil
through enzymatic interesterification (Kugeswararajah et al. 2015, 2016;
Sivakanthan et al. 2016a, b, 2017). Furthermore, α-eleostearic acid possesses a
number of health effects including strong anticancer properties as explained in an
earlier section of this chapter. Bitter gourd fat which is rich in α-eleostearic acid was
successfully incorporated into virgin coconut oil (Demini et al. 2017).

8 Safety of Functional Foods

Safety assessment of functional foods should address the intrinsic hazards associated
with the food/food ingredient along with knowledge about the expected exposure
that will occur (Bradford 2015). Functional food may be a completely new food or a
food component which has already been present in the diet for long. Thus, different
strategies are often being adopted to assess the safety of functional foods depending
on the type of food/food ingredient. Moreover, a case-by-case assessment should be
used to determine the extent of nutritional and toxicological testing required as well
as the types of tests to be used (Huggett and Schilter 1996). On the other hand, the
application of currently used methodologies and risk assessment strategies to ensure
the safety of food components present in certain functional food is problematic.
Thus, unique safety assessment strategies are required to address functional foods
which are, or which contain dietary macro-components, new protein sources (poten-
tial food allergens) and viable microorganisms (Huggett and Schilter 1996).

The growing consumer demand creates a good market opportunity for functional
foods while introducing considerably higher prices which lead to adulterations and
other deceptions. These include the addition of adulterant substances that are illegal
and potentially toxic. Many investigations revealed the presence of pharmaceutical
ingredients in functional food products (Jen and Chen 2017). Thus, it is vital to pay
attention to the prevention of functional food frauds as well. On account of the high
demand and the lucrative nature of business, a large number of novel products
continue to mushroom in the international market. They make various attractive
health and structure and function claims most of which have not been clinically
proven. Unfortunately, many countries have not so far properly regulated functional
foods which, thus, can bring about potential safety issues. In many countries,
functional foods and ingredients are not categorized under drugs; therefore, they
are mostly sold over the counter.
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9 Regulations Governing Functional Foods

Functional food labeling is a very crucial aspect from the standpoint of both
consumers and manufacturers. Consumers’ interest in functional foods has remark-
ably improved along with the high availability of public information regarding diet-
disease concepts and health benefits. Increased consumer awareness in relation to
health issues can have a direct influence on consumers’ buying decisions. Thus,
manufacturers can use labeling or claims to uplift their market share by altering
consumers’ consciousness (Shimizu 2003).

Depending on regions and countries, there are distinct differences with respect to
policies on health claims. In the United States, the Food and Drug Administration
(US-FDA) is the governing body that maintains strict policies on food labeling for
health and nutrient claims, whereas the European Commission (EC) and the
European Food Safety Authority (EFSA) are in authority for countries in the
European Union. Both the US and European authorities maintain strict policies on
food labeling to ensure consumers’ safety and protection from misleading informa-
tion (Martirosyan and Singharaj 2016).

In terms of food and health claims, the US-FDA categorizes the claims into four
comprehensive types: nutrient content claims, health claims, qualified health claims,
and structure/function claims. Comparing with FDA, the EC defines two different
categories of food claims: nutrition claims and health claims. In accordance with the
policies of EC, health claims are divided into three subgroups, namely, functional
health claims, risk reduction claims, and health claims referring to children’s devel-
opment (Martirosyan and Singharaj 2016).

The FDA defines health claim as any claim made on the label or in the labeling of
food, including a dietary supplement, that expressly or by implication, including
third-party references, written statements, symbols, or vignettes, characterizes the
relationship of any substance to a disease or health-related condition. Nutrition claim
is defined as any claim which states, suggests, or implies that a food has particular
beneficial nutritional properties (European Commission 2018).

In relation to the amendments of the Federal Food, Drug, and Cosmetic Act
(FFDCA; 1) of the United States, the US-FDA has no authority to establish a formal
regulatory category for functional foods due to its incapability of providing a
statutory definition of functional food. Functional foods do not exist under the
regulation of FDA. Thus, the essence of functional food is stripped away,
generalizing it as a food or supplement. Based on the EC regulation, a risk reduction
or functional health claim can be made for functional foods as long as the informa-
tion does not make false claims in order for consumers to purchase a product
(Martirosyan and Singharaj 2016). Currently, Sri Lanka does not have clear
regulations on functional foods; however, the Ministry of Health, Nutrition and
Indigenous Medicine is currently working on developing regulations.
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10 Economic and Marketing Aspects of Functional Foods

Since functional foods suffer from lack of generally agreed definition, it is very
difficult to obtain a reliable estimate of the market demand for functional foods
(Weststrate et al. 2002). However, the degree of familiarity with and the acceptance
of functional food by consumers are the major factors which can affect the develop-
ment of the market in the future (Vergari et al. 2010). Studies reported that the
acceptance of specific functional ingredients is linked to the consumers’ knowledge
of their health effects. Thus, healthy appearance of a functional food product or a
specific ingredient is an essential requirement for successful commercialization.
However, consumers are not willing to change their daily lifestyle or eating patterns
for the consumption of a specific functional food product (Vergari et al. 2010).
Moreover, for the market success of functional food, it should be available in
sufficient quantities within distribution channels such as supermarkets, general retail
stores, or discount retailers as consumers are reluctant to go in specific shops just to
buy functional food products (Menrad 2003).

Available future market estimations predict that functional food will increase its
market volume in the coming years. However, these foods will not be able to rise up
to the mass market in the future. They will instead represent a multi-niche market
with a high number of rather limited product segments (Menrad 2003). The func-
tional food market is at its infant stage in Sri Lanka. The price is a sensitive factor
that decides the food purchasing behavior of customers in Sri Lanka. Therefore,
consumers naturally opt for regular food rather than enhanced food which is
generally high priced. As the general prices of food in the country are high compared
to the disposable income and nearly 70% of income is spent on food, the general
consumer thinks twice before paying extra rupees for a functional food. Further-
more, health consciousness among general consumers remains quite low at the
moment in the country, and this may also have influenced their purchasing behavior.

11 Future of Functional Foods

The concept of functional foods moves toward a more individualized profile rather
than focused on more generalized profile. The surge of research in the area of
nutritional genomics introduced the concept of nutrigenomics where interaction
between foods and an individual’s genome was taken into consideration. This
technological advancement has an enormous impact on healthcare and will create
a need for designing a diet specifically targeted to a defined genetic profile
(O’Sullivan 1999). However, information flow generated by research is essential
to support private investments, consumption decisions, and government regulations
in the development of functional foods (Bigliardia and Galati 2013).
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12 Conclusions

Functional foods effectively translate the “diet and health relationship” into effective
food while maintaining the safety of the modern food supply. Increased consumer
interest toward health and nutrition creates a more competitive and diverse market
for functional foods. In order to retain the market for functional foods, it is important
to prove the effectiveness of functional ingredients. The growing trends toward a
functional food market create an urgent need to establish more specific regulations to
monitor and control the quality and safety of functional foods, and this will undoubt-
edly safeguard both the consumer and the manufacturer.

In the Sri Lankan context of functional food research, many researchers focus on
the exploration of novel natural sources which aid in the development of functional
foods with increased incidence of diet-related NCDs in Sri Lanka. The findings of
these research create wealth of knowledge which can effectively be utilized in future
applications.
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ICT-Based Information Systems
in Agricultural Extension and Their
Economic Implications: Sri Lankan
Perspectives

Uvasara Dissanayeke, Pahan Prasada, and Heshan Wickramasuriya

1 Background

Agriculture provides employment to more than a quarter of (27%) the population,
while the contribution of family members is as high as 60%; thus, agriculture
continues to play an important role in Sri Lankan economy despite the decline or
stagnation of its contribution to the needed gross domestic production (Department
of Census and Statistics 2017). Given the fact that a large number of the country’s
population is dependent on agriculture as a direct or indirect source of living, it
has been always identified as one of the important development priorities in the
country.

Agriculture is partly shifting from a labor-intensive to a capital-intensive eco-
nomic activity. This is fueled, partly, by the phenomenon of labor leaving agricul-
ture. Moreover, the recent developments in terms of information and communication
technologies (ICTs) both at the national and international levels have demanded
ICTs to be integrated into the agriculture sector. The e-agriculture strategy guide
(FAO and ITU 2016) suggested eight important roles of ICTs in agriculture (Fig. 1).
This chapter investigates three of the main roles of ICTs, i.e., strengthening agricul-
tural extension and advisory services, enhancing market access, and increasing
access to financial services for rural communities, along with ICT adoptions and
their economic implications.
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2 ICT Backdrop

Information communication technology has been understood more as an umbrella
term to include a broad range of technologies. It further includes media that can be
used to store or record information, broadcasting technologies that are used to
communicate information on a mass scale, and all other forms of communication
platforms that bring across voice, sound, and images (IGI Global 2018). Implemen-
tation of ICTs in any sector would be affected by the availability and accessibility of
ICTs to a given community. With regard to the network readiness index, Sri Lanka is
in a much better position compared to other lower- and middle-income countries. For
instance, ICT infrastructure facilities have considerably improved over the recent
years (WEF 2016) (Fig. 2), especially in terms of affordability, skills, and govern-
ment usage rating. Sri Lanka as a country ranks in a favorable position, providing
ample opportunities to integrate ICTs in national development.

With this backdrop, agriculture information dissemination systems have become
a fertile ground for ICT initiatives. ICT as technology is most useful due to the
potential to create information platforms that are not costly. The need for high-
frequency information creates a timely role for IT. The initiatives focusing on “ICT
in development” has preceded ICT in agriculture as far as low-cost information
dissemination and connectivity are concerned. Where ICT in agriculture has made a
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to comply with international
traceability standards.

ICTs facilitate market access for
inputs as well as product
marketing and trade
in a variety of ways.

Source: FAO-ITU
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Fig. 1 Role of ICTs in agriculture. (Source: FAO-ITU 2016)
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unique case is the potential for customized and targeted information on prices and
market conditions that would technically be chaotic in multiagent spot markets. The
dispersion of prices while creating economic opportunities for speculative
intermediaries alienates the smallholder from markets, creating the most prevalent
limitation to the poor agricultural producer. Solving the market access problem and
the removal of frictions in market logistic services is by far the most significant value
that ICT has created in agriculture. While digital technology’s and ICT’s promise is
not contested, the potential dividends of ICT in agriculture have not penetrated as
fast as the technology itself. The World Development Report of 2016 looks at the
slow realization of “digital dividends.”

3 Use of ICTs in Agriculture Extension

The primary objective of agriculture extension services is to bridge the gap between
agricultural research and the actual practice of agricultural innovations in the field
level by various agricultural stakeholders, including farmers. This requires passing
down information related to the latest agricultural innovations to the actual users in
an effective and efficient manner while also ensuring the identification of field
problems and transferring them to researchers. Agricultural extension systems none-
theless go beyond mere technology transfer to include facilitation and suggest
several other important aspects such as helping farmers form groups, dealing with
marketing issues, and partnering with a broad range of service providers and other
agencies (Davis 2008). Thus, in a broad sense, agricultural extension can be defined
as the “entire set of organizations that support people engaged in agricultural
production and facilitate their efforts to solve problems; link to markets and other

Fig. 2 ICT readiness of Sri Lanka. (Source: Network Readiness Index Country Profile Sri Lanka
(WEF 2016))
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players in the agricultural value chain; and obtain information, skills, and
technologies to improve their livelihoods” (Davis 2008).

According to the Food and Agriculture Organization, the world population will
reach 9.1 billion by 2050, and to feed that number of people, global food production
will need to grow by 70%. In countries of the global south, 80% of the necessary
production will have to come from improvements in yields and cropping intensity
and only 20% from the expansion of arable land. This context makes the case for
low-cost initiatives to enhance the efficiency of agriculture as a production impera-
tive process. As in all industries, efficiency gains are predicated upon having an
efficient information system to coordinate the process.

ICTs can support agricultural extension in many different ways. The main
functions of agriculture extension include identifying farmer problems and
opportunities, transfer of technologies to farmers in the form of advisory services,
awareness creation, skill development, and education (Farrington 1995; Bell 2015).
ICT can play an important role in facilitating most of these functions, enhancing the
effectiveness and efficiency of extension services.

ICT tools that are commonly used in extension can be classified into five broad
categories based on the platform on which they operate: radio, TV and videos, basic
cell phones (text, voice) and landlines, smart devices, and computer and the Internet
(Bell 2015). There can be various tools that operate on the above platforms,
sometimes combining services from two or more platforms. Bell and Payne (2014)
suggested a comprehensive analysis of the different forms of ICTs to support
agricultural extension. Furthermore, they suggested that it is necessary to combine
traditional approaches of agricultural extension together with new ICTs to get the
maximum benefits of such integrations. Table 1 summarizes the usability of ICT
tools in supporting different functions of agricultural extension (Bell and Payne
2014).

The Bell and Payne (2014) classification discusses three of the main uses of ICTs
in agriculture extension, namely, identifying farmers’ problems, promoting behavior
change, and collecting feedback against the potentials of five ICT tools and
technologies, e.g., radio, television, basic mobile phones, smart devices, and
computers and the Internet. In the next section, we discuss the applicability of
these tools and technologies in agriculture information dissemination in Sri Lanka.

3.1 Radio

Radio is considered one of the most preferred sources of agricultural information for
the large majority of smallholder farmers. Radio is both an affordable and an acces-
sible medium for rural communities, making it more popular among them. Other
benefits of radio include that can be listened to while working and be carried to the
field if desired. Recent developments in the field of agricultural radio include the
introduction of a web radio in 2014, which can also be listened to through mobile
phones with an Android operating system using an Android app. Presently, the Farm

334 U. Dissanayeke et al.



Ta
b
le

1
IC
T
to
ol
s
an
d
th
e
fo
rm

s
of

su
pp

or
t
fo
r
ag
ri
cu
ltu

ra
l
ex
te
ns
io
n

E
xt
en
si
on

fu
nc
tio

ns

In
fo
rm

at
io
n
co
m
m
un

ic
at
io
n
te
ch
no

lo
gy

an
d
to
ol
s

R
ad
io

T
V
an
d
vi
de
os

C
el
l
ph

on
es

(t
ex
t,

vo
ic
e)

F
ea
tu
re

an
d
sm

ar
t

de
vi
ce
s

C
om

pu
te
rs
an
d
th
e

In
te
rn
et

Id
en
tif
yi
ng

fa
rm

er
s’
pr
ob

le
m
s
an
d
op

po
rt
un

iti
es
:
w
ha
t
do

th
ey

ne
ed

an
d
w
an
t?

D
ia
gn

os
e
pr
ob

le
m
s

S
om

e
po

te
nt
ia
l
if

de
al
in
g
w
ith

ge
ne
ra
l

pr
ob

le
m
s
or

if
ca
pa
ci
ty

fo
r
in
te
ra
ct
io
n
an
d

ex
pe
rt
is
e
ar
e
av
ai
la
bl
e

V
is
ua
ls
ar
e
ve
ry

he
lp
fu
l

as
“
se
ei
ng

is
be
lie
vi
ng

,”
ev
en

be
tte
r

if
co
m
bi
ne
d
w
ith

w
ay
s

to
re
ce
iv
e
fe
ed
ba
ck

S
om

e
po

te
nt
ia
l
if

fa
rm

er
s
ca
n
ca
ll
or

te
xt

in
an
d
su
ffi
ci
en
t

ex
pe
rt
is
e
is
av
ai
la
bl
e

A
dd

iti
on

al
po

te
nt
ia
l
to

a
si
m
pl
e
ce
ll
ph

on
e
as

it
en
ab
le
s
w
eb

or
ap
p

ac
ce
ss

to
sp
ec
ia
l

di
ag
no

st
ic
to
ol
s

G
oo

d
co
m
pr
eh
en
si
ve

di
ag
no

st
ic
to
ol
s
ar
e

av
ai
la
bl
e

C
ol
le
ct
in
fo
rm

at
io
n

S
om

e
po

te
nt
ia
l
if

ca
pa
ci
ty

fo
r
in
te
ra
ct
io
n

is
av
ai
la
bl
e

C
an

be
us
ed

fo
r
da
ta

co
lle
ct
io
n

G
oo

d
fo
r
da
ta

co
lle
ct
io
n
w
ith

G
P
S

S
om

e
po

te
nt
ia
l
if

In
te
rn
et
is
av
ai
la
bl
e

P
ro
m
ot
in
g
be
ha
vi
or

ch
an
ge
:w

ha
t
is
pr
ac
tic
al
an
d
re
le
va
nt

to
m
ee
t
th
e
ne
ed
s?

R
ai
se

aw
ar
en
es
s
of

ge
ne
ra
l
op

po
rt
un

iti
es

or
ne
ed
s,
co
nv

in
ce

fa
rm

er
s

to
tr
y
so
m
et
hi
ng

ne
w

V
er
y
go

od
es
pe
ci
al
ly

w
ith

pe
rs
ua
si
ve

pr
og

ra
m
m
in
g

V
is
ua
ls
ar
e
us
ua
lly

ve
ry

he
lp
fu
la
s
“
se
ei
ng

is
be
lie
vi
ng
”

A
n
op

tio
n
if
us
er
s
ar
e

re
gi
st
er
ed

to
re
ce
iv
e

su
ch

m
es
sa
ge
s

(S
M
S
)

A
n
op

tio
n
if
us
er
s
ar
e

re
gi
st
er
ed

to
re
ce
iv
e

su
ch

m
es
sa
ge
s
(S
M
S
,

em
ai
l)

A
n
op

tio
n
if
us
er
s
ar
e

re
gi
st
er
ed

to
re
ce
iv
e

su
ch

m
es
sa
ge
s

(e
m
ai
l)

P
ro
vi
de

sp
ec
ifi
c

in
fo
rm

at
io
n
ne
ed
ed

fo
r

ch
an
ge
.W

ha
ti
s

in
vo

lv
ed
?
W
ha
t
ar
e
th
e

be
ne
fi
ts
?
D
em

on
st
ra
te

or
tr
ai
n?

S
om

e
po

te
nt
ia
l
bu

t
lim

ite
d
in
fo
rm

at
io
n

de
liv

er
ed
,c
an

be
en
ha
nc
ed

w
ith

ca
ll
in

G
oo

d
op

tio
n
as

“
se
ei
ng

is
be
lie
vi
ng

”

H
as

po
te
nt
ia
l
if

fa
rm

er
s
ca
n
ca
ll
or

te
xt

in
an
d
su
ffi
ci
en
t

ex
pe
rt
is
e
is
av
ai
la
bl
e

A
dd

iti
on

al
po

te
nt
ia
l
to

a
si
m
pl
e
ce
ll
ph

on
e
as

it
en
ab
le
s
w
eb

ac
ce
ss

an
d

pl
ay
s
vi
de
os

G
oo

d
op

tio
n
fo
r

in
te
rm

ed
ia
ri
es

to
se
ek

in
fo
rm

at
io
n
an
d

vi
de
os

F
ac
ili
ta
te
ac
ce
ss

to
cr
ed
it
an
d
in
pu

ts
C
an

be
us
ed

to
in
fo
rm

ab
ou

t
av
ai
la
bl
e

se
rv
ic
es
,b

ut
on

e-
w
ay

co
m
m
un

ic
at
io
n

C
an

be
us
ed

to
in
fo
rm

ab
ou

ta
va
ila
bl
e

se
rv
ic
es
,b

ut
on

e-
w
ay

co
m
m
un

ic
at
io
n

A
llo

w
s
m
ob

ile
ba
nk

in
g
an
d

ne
go

tia
tin

g
di
re
ct
ly

w
ith

su
pp

lie
rs

A
llo

w
s
m
ob

ile
ba
nk

in
g

an
d
ne
go

tia
tin

g
di
re
ct
ly

w
ith

su
pp

lie
rs

A
llo

w
s
on

lin
e

ba
nk

in
g

(c
on

tin
ue
d)

ICT-Based Information Systems in Agricultural Extension and Their Economic. . . 335



Ta
b
le

1
(c
on

tin
ue
d)

E
xt
en
si
on

fu
nc
tio

ns

In
fo
rm

at
io
n
co
m
m
un

ic
at
io
n
te
ch
no

lo
gy

an
d
to
ol
s

R
ad
io

T
V
an
d
vi
de
os

C
el
l
ph

on
es

(t
ex
t,

vo
ic
e)

F
ea
tu
re

an
d
sm

ar
t

de
vi
ce
s

C
om

pu
te
rs
an
d
th
e

In
te
rn
et

L
in
k
fa
rm

er
s
to

m
ar
ke
ts

G
oo

d
fo
r
pr
ov

id
in
g

ge
ne
ra
l
pr
ic
e
re
po

rt
s

P
ro
vi
de
s
ac
ce
ss

to
pr
ic
e
in
fo
rm

at
io
n

(c
al
l
in
,s
ub

sc
ri
pt
io
n)

C
an

br
in
g
po

te
nt
ia
l

bu
ye
rs
an
d
pr
od

uc
er
s

to
ge
th
er
,e
na
bl
es

ac
ce
ss

to
pr
ic
e
in
fo
rm

at
io
n

C
an

br
in
g
po

te
nt
ia
l

bu
ye
rs
an
d
pr
od

uc
er
s

to
ge
th
er
,e
na
bl
es

ac
ce
ss

to
pr
ic
e
in
fo

C
ol
le
ct
in
g
fe
ed
ba
ck
:
ho

w
ca
n
ea
ch

st
ep

be
im

pr
ov

ed
?

C
ol
le
ct
an
d
re
sp
on

d
to

fa
rm

er
fe
ed
ba
ck

G
oo

d
if
pr
od

uc
er
s
ca
n

ca
ll
or

te
xt

an
d

su
ffi
ci
en
t
ex
pe
rt
is
e
is

av
ai
la
bl
e

G
oo

d
if
pr
od

uc
er
s
ca
n

ca
ll
or

te
xt

an
d

su
ffi
ci
en
t
ex
pe
rt
is
e
is

av
ai
la
bl
e

S
om

e
po

te
nt
ia
l
if

fa
rm

er
s
ca
n
ca
ll
or

te
xt

in
an
d
su
ffi
ci
en
t

ex
pe
rt
is
e
is
av
ai
la
bl
e

G
oo

d
op

tio
n
fo
r

in
te
rm

ed
ia
ri
es

to
se
ek

in
fo
rm

at
io
n

(i
f
op

tim
iz
ed

fo
r
sm

ar
t

de
vi
ce
s)

G
oo

d
op

tio
n
fo
r

in
te
rm

ed
ia
ri
es

to
se
ek

in
fo
rm

at
io
n

A
ss
is
t
w
ith

bu
si
ne
ss

pl
an
ni
ng

S
om

e
po

te
nt
ia
l

S
om

e
po

te
nt
ia
l

E
na
bl
es

ac
ce
ss

to
si
m
pl
e
fa
rm

m
an
ag
em

en
t
“
ap
ps
,”

fo
r
re
co
rd

ke
ep
in
g

E
na
bl
es

ac
ce
ss

to
fa
rm

m
an
ag
em

en
t

to
ol
s,
fo
r
re
co
rd

ke
ep
in
g

S
ou

rc
e:
B
el
l
an
d
P
ay
ne

(2
01

4)

336 U. Dissanayeke et al.



Broadcasting Service broadcasts more than 30 live radio programs per week (DOA
2017).

Radios can be easily coupled with other ICTs, such as telephones, to make the
listening experience more interactive for listeners, such as coupling with a call-in or
SMS facility for feedback (Kanchana and Dissanayeke 2016; World Bank 2017).
Most of the live radio programs open a discussion for questions coming from the
listeners, either as short messages or direct calls. These interactions from audiences
provide a valuable input for radio programs, making programs more interactive with
the audience and fulfilling specific information needs of the listeners.

3.2 Television and Videos

TV is an important medium to convey information to farming communities. More
than 80% of the Sri Lankan population has a television set. Television is regarded as
the most effective mass media in diffusing scientific information to masses.

Video programs were extensively used in disseminating agricultural information
in the Sri Lankan context. The food crop sector has produced more than 100 s of
such video documentaries, which were also telecasted on national television
channels. Furthermore, videos were used in extension activities conducted by
some other sectors, such as the tea cultivation sector, the export agriculture crop
sector, and the coconut cultivation sector (Senevirathne and Dissanayake 2014;
Rajasinghe and Samansiri 2014; CRI 2017). Agricultural television programs were
highly successful and had improved farmers’ knowledge on agriculture (Ekanayake
1995; Nazari and Hassan 2011). Television was found to be the most important
source of agricultural information for farmers, according to two field studies carried
out in Kandy district and Anuradhapura district (Kumari et al. 2009; Madana and
Dissanayeke 2009). When compared with the new ICTs such as the Internet and
websites, farmers still prefer traditional mass media such as TV and radio (Khan
et al. 2010; Hassan et al. 2010).

The most commonly used format for agricultural television programs was the
documentary format. The main purposes of such videos were motivational, educa-
tional, instructional, and entertainment. For instance, motivational videos such as
Mihikatha Dinuwo presented stories of successful farmers. Educational videos were
mostly for the purpose of technology dissemination; for example, the Govibimata
Arunalu program presented the latest technologies in the food crop sector, while the
Ketha Batha Kamatha documentary program was used to disseminate traditional
agriculture knowledge (DOA 2016). The Soora Goviya television program was both
motivational and entertainment oriented, which followed reality television concepts,
which was relatively a new approach to agricultural television programs (Wijekoon
2014). This program reported an island-wide competition among the farmers, and
one of the main intentions was to popularize agriculture among the young genera-
tion. The main problem in terms of using television in agricultural extension was that
only a small percentage of farmers watched agricultural TV programs. In the early
period, the main problems that prevented farmers from watching agricultural TV
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programs were low awareness on such programs and the telecasting time
(Ekanayake 1995).

3.3 Basic Cell Phones and Telephone

Mobile cellular phones have gained popularity in recent years both in terms of
accessibility and affordability, even among the lower income communities. This
has led to some of the interesting developments in agricultural extension and
advisory services in both public and private sector service providers (World Bank
2017), such as call-line services, interactive voice response services (IVR), and
SMS-based information dissemination systems. As a communication device, mobile
phones can cater to all levels of communication, including one-to-one and one-to-
many communication, thus providing opportunities for enhancing individual, group,
and mass extension methods. One of the main advantages of mobile phones is
reduction of transaction cost (Box 2).

One of the most successful agricultural advisory call lines in the country is the
Govi Sahana Sarana (GSS)-1920, which provides cultivation-related advice during
office hours. The service handled 40,000–50,000 calls annually during the first stage
of implementation (Madana and Dissanayeke 2009). GSS was found to be useful and
time saving, and the callers had positive attitudes toward the quality of the service
and the advice given (Kumari et al. 2009). The majority of the inquiries were related
to plant diseases, pest attacks, and cultivation management practices (Kumari et al.
2009). Furthermore, some farmers called GSS when they needed advice on which
crop to cultivate and to solve problems related to harvesting and postharvest
management (Wijeratne 2011). Those farmers who called the GSS service were
mostly the younger farmers and those less experienced, i.e., with less than 10 years
of farming experience (Madana and Dissanayeke 2009). Furthermore, urban
dwellers who practiced home gardening as an additional income source found that
GSS is useful mainly because they did not have access to other reliable extension
services (Kumari et al. 2009). Poor awareness of GSS among farmers was one of the
main reasons for not accessing the service. Some farmers felt that they could manage
with other information sources, while some were not confident to use ICT-based
methods in obtaining agricultural information (Wijeratne 2011).

Short message service (SMS)-based information dissemination systems were
another group of initiatives in agricultural extension. Such systems included sending
market prices of vegetables to registered farmers (De Silva and Ratnadiwakara
2008), sending information on potential fishing grounds to the fishermen (Wijekoon
2014), and sending auction prices, yield predictions, the schedule for extension
training programs, and daily weather forecasts to coconut growers (CRI 2017).
SMS systems have the advantage of delivering timely information on the recipient’s
for a fee or nominal charge. Interested farmers can subscribe to these services by
registering with the system. SMS-based systems were also tested for implementation
of mobile learning programs using social media platforms (Dissanayeke et al. 2016).
The efforts were successful in terms of achieving basic knowledge and cognitive
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skills such as comprehension; however, there were limited opportunities to design
for higher order learning skills.

Interactive voice response systems (IVRS) can be considered as one of the more
recent and more successful ICT initiatives developed for a mobile cellular platform.
In order to receive the service, the recipient needs to initiate a call to the service,
which makes it a demand-driven and an interactive service. IVR systems have been
used in disseminating market prices (HARTI 2018), catering to specific information
needs (https://www.dialog.lk/govi-mithuru, see Box 1) (Wijeratne and De Silva
2014; Senevirathne and Dissanayake 2014). All these IVR services partnered with
mobile service providers to operate the IVR system and consequently were able to
cater to a large number of recipients. Poor awareness among the farming community
remains to be one of the main barriers to adopting these services (De Silva et al.
2012).

Box 1: Govi Mithuru (Dialog Axiata PLC)
Mobile telephony has been long recognized as a cost-effective method for
reaching out to remote farmers as state-led visit-based extension systems have
failed to keep up with the information needs in the field. The government itself
has displayed the need to disseminate information through mobile telephony in
previous joint ventures such as the HARTI-Mobitel platform. As of 2016, the
global penetration of mobile phones stands at 93%. While South Asia as a
region is lagging with 71% penetration, Sri Lanka records mobile penetration
values comparable with the global average (in cities, the penetration exceeds
100%).

Govi Mithuru by Dialog Axiata PLC is a bilingual mobile-phone-based
information dissemination platform launched in 2015. The service originated
through a UK-funded development project coordinated by GSMA interna-
tional. Content partners include the Ministry of Agriculture of Sri Lanka and
Centre for Agriculture and Biosciences International (CABI). The main ser-
vice contains crop information; however, there is supplementary content
offered in partnership with the Ministry of Health, Nutrition and Indigenous
Medicine of the Government of Sri Lanka, which provides family nutrition
advice.

In the last quarter of 2014, product design and testing started with field
surveys of key information sought by farmers, mainly paddy farmers. The
focus was to develop a value-added product that was user driven and easily
accessible in terms of obtaining timely and verified information as an add-on
to Dialog mobile subscription. An initial hurdle was getting farmers on board
through registration to the service. The typical farmer is poorly literate and not
technology savvy. Thus, the four-step self-registration proved difficult for
potential users with low technical literacy. Even at the pilot launch of the
service for free, adoption was poor due to registration resistance. This hurdle

(continued)
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Box 1 (continued)
had to be met with an operator-facilitated registration and field support through
product marketing, where the operator or the marketing personnel guided the
farmer through the registration or carried it out themselves on the farmer’s
behalf.

At first instance, the content carried by the service was on paddy, but it was
expanded to six crops in the next season. The service took almost a year to
reach the first 10,000 users. Initial radio marketing, coupled with field sales,
led to minimal acquisitions at a high cost. The network of clients increased
rapidly in the last quarter of 2016 through word-of-mouth promotion and rural
marketing efforts, which included a Govi Mithuru branded SIM. In December
2016, 35% of the identified target market for the year had registered for the
service.

At the commercial launch in November 2015, the product was priced at
1 LKR per day on top of the usual phone subscription. Service provided
offered unlimited access to previous content when users revisited the content
on their own.

In 2017, a field survey was conducted to evaluate the progress. By this time,
the scale of registered users have risen to 300,000, making Govi Mithuru the
fifth largest value-added service under Dialog Axiata PLC (Sri Lanka). Four
key outcomes were reported, and GSMA attributed the following outcome to
the content delivered through the service: 90% of repeat users reported at least
one on-farm change of practice, 25% reported changes to planting dates, 12%
reported changes to postharvest storage, and 60% reported decreased fertilizer
and pesticide use.

3.4 Computers and the Internet

Computer-based information systems rose to prominence in the early years of the
twenty-first century when the newly established Information Communication Tech-
nology Agency (ICTA) supported government organizations to establish websites
under its e-governance initiations. Most of the agricultural institutions developed
their websites under this project, and they started sharing various types of extension
materials, which they have already developed using the website. Agricultural videos,
recordings from radio programs, leaflets, and many other publications were shared
on the website, giving easy access to interested stakeholders. Websites of
agriculture-related organizations provide good repositories of extension training
materials, which ensure wide access and easy reference and also serve as
e-learning materials. Latest market prices of agricultural commodities are displayed
on websites such as Hector Kobbekaduwa Agrarian Research and Training Institute
(http://www.harti.gov.lk/), Coconut Development Authority (http://www.cda.lk),
Department of Export Agriculture (http://www.exportagridept.gov.lk), and Sri
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Lanka Tea Board (http://www.pureceylontea.com/). Price information given on
these websites are frequently updated; thus, users can easily access recent and
most up-to-date information.

Only a few websites, however, frequently update their contents, while even fewer
would publish sector-specific and timely information on the web, such as agricul-
tural news. The poor layout of websites when viewed through smart devices is
another shortcoming, which needs to be considered in future developments.

Another major use of computers in the agriculture sector was the implementation
of a computer-based extension service, which seems to be an affordable and
convenient mechanism to reach rural farmers (Wijekoon 2014). The cyber-extension
mechanism was initially implemented as an offline computer-based learning system,
with a series of multimedia CDs carrying cultivation details of various food crops.
The system was later improved to a complete online learning system with other
interactive facilities like e-discussion forums and agriculture Wikipedia.

Management information systems (MIS) and decision support tools are two
important computer-based information systems that have not been fully utilized in
the agriculture sector so far. A series of MIS has been identified as potential
strategies to implement in the coming years as a component of e-agriculture strategy
(Table 2) (DOA 2016).

Table 2 Information systems proposed under e-agriculture strategy

Information system Potential use

Pesticide registration and pesticide
information system

A system to monitor the testing and registration process
of pesticides

Plant protection e-service Mobile and web-based application for correct
diagnosing of pest and disease problems

Research information management
system

Research information management system to gather,
store, and share research work among agriculture
scientists

E-agriculture library system Electronic content management system for digital
extension materials, e.g., IMMCDs, videos, etc.

Natural resource management
information system

A system to manage soil and weather information for
different agro-climatic zones and other legal documents
related to natural resource management

Plant quarantine e-service An information system to monitor plant quarantine
procedures at seaports and airports

Weather forecasting and advisory
service

An information system to provide daily weather
forecasting and advisory services for farmers

Land use and soil conservation
mapping and e-information system

An information system to map land use and soil
conservation in agricultural areas

Geo-spatial information service GIS to collect real-time information on agricultural
areas to facilitate decision-making

Food crop forecasting and marketing
information system

Real-time information system to record cultivation
extents and generate yield forecasting

Source: DOA (2016)
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3.5 Smart Devices

Smart devices such as smartphones and tablets have been tested for agriculture
extension functions such as learning devices (Dissanayeke et al. 2016), networking
tools to coordinate agriculture producers to share cultivation details for yield
projections (Ginige et al. 2018), live agriculture radio streaming, and information
management systems (Atapattu et al. 2017).

One of the important developments related to smart devices is their ability to
provide access to real-time content-sharing and social media platforms. High avail-
ability of smart devices among the population coupled with lower mobile broadband
charges is helpful in this regard. As Sri Lanka has one of the lowest broadband
Internet charges and lowest prepaid charges in the world, it provides ample
opportunities to integrate ICTs into agriculture information communication when
compared to other ICTs. A smart device is used as a personal device, which can be
carried out from place to place. Its ability to connect with agriculture stakeholders to
access real-time information, its ability to facilitate interactive communications, and
its ability to combine with other ICTs are some of its main benefits. Given the high
accessibility and affordability of smart devices, there is a high potential to promote
social media and open-source software applications on smartphone-based platforms
to disseminate agriculture information.

Social media have been extensively used in sharing agricultural information in
recent years. Promotion of the appropriate use of social networks and open-source
materials to disseminate information among agricultural stakeholders needs to be
emphasized (Saravanan 2012). Facebook was found to be the most popular social
media platform among agriculture extension and advisory service actors, according
to a study that covered 62 countries (Bhattacharjee and Saravanan 2016). Further-
more, some respondents believed that social media have the potential to bridge the
gap between stakeholders in agricultural information services.

In Sri Lankan context, Facebook pages have been used by agriculture
stakeholders such as government organizations, small and medium agri-business
enterprises, extension agents, and farmers. Sharing information related to recent
events and developments at individual and institutional levels was the main objective
of these pages. Some of these pages showcase a rich source of extension teaching
materials such as videos, leaflets, and other publications (https://www.facebook.
com/pg/SLKDOA, https://www.facebook.com/departmentofexportagriculture/).

The interactive platform of social media provides ample opportunities for knowl-
edge sharing, giving constructive feedback, and initiating meaningful discussions
when compared to traditional ICTs such as radio and television. Another advantage
is the ability of social media to couple with traditional ICTs such as video and audio
sharing. Contents that are perceived to be interesting and important by the recipients
will get shared in their posts, thus having a multiplication effect of extension.

Facebook pages were also used by small and medium agri-business operators to
find a market for their products (https://www.facebook.com/haritah.agro/, https://
www.facebook.com/sahanakrushipiyasadelgoda/). Furthermore, there were interest
groups that used the Facebook page as a community forum to share knowledge and
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discuss current problems (https://www.facebook.com/bee.srilanka). These forms
were similar to the communities of practice approach, where members of the
learning community share their experiences in discussion forums. Mobile phones
are increasingly being used as the main platform to access social media among
agriculture advisory service actors (Bhattacharjee and Saravanan 2016).
Microblogging platforms such as Twitter had been tested for initiating mobile
learning among young farmer communities and was successful in providing basic
cognitive skills (Dissanayeke et al. 2014). Free and open-source software has the
potential to be used among agricultural communities on a small scale (Wijekoon
2014; Jayathilake et al. 2018).

4 Economic Returns to Information and ICTs

Information is a factor in the production function of agriculture. With fast-changing
production technologies and uncertain market dynamics, real-time access to infor-
mation may determine the entire viability of a farming venture. Connecting farmers
to ICT has a long-lasting impact since the scope of impact on the bottom layer of the
pyramid essentially can create changes throughout. ICT has significant sunk costs in
reaching out to rural locations, and incremental usage is not costly as in other
material inputs.

One of the influential theoretical arguments for ICT in agriculture is related to
returns to information. Information/knowledge is an input in the production function
of agriculture. Just as labor and capital have respective returns to inputs, information
is responsible for its own share of returns or profits. Often on public patronized
agricultural systems, the information component is subsidized and not paid for in the
revenue. One of the key developments in the recent advent of private investment ICT
in agriculture is that information is no longer subsidized and accounted as a legiti-
mate input in the production activity.

Lio and Liu (2006) report that the coefficients of ICT adoption on agricultural
output in high-income countries vary between 0.35 and 0.29 (statistically signifi-
cant). For poorer countries, the corresponding coefficients of the ICT adoption
variable are also significant but considerably lower, between 0.092 and 0.181. The
richer countries display about two times the estimated elasticity of the ICT variable
than poorer countries do.

Muto and Yamano (2009) studied rural Ugandan households when the mobile
phone network was increasing rapidly. The proportion of the farmers who sold a
perishable commodity (banana) increased in communities more than 20 miles away
from district centers, while the impact was not seen in nonperishables (maize).
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Box 2: Use of Free and Open-Source Software (FOSS) in Facilitating
Agricultural Communications
A 5-year research study undertaken to introduce free and open-source software
such as FrontlineSMS for texting, Freedom Fone for voice calls, and Ushahidi
for interactive mapping in facilitating agricultural communications through
networking farmers with extension agents proved to be effective in
supplementing extension communications at field level.

The research team designed eight communication campaigns covering four
districts to test the FOSS technologies in evaluating the possibility and effec-
tiveness of knowledge sharing within farming communities. Extension officers
were trained on the use of FOSS during the campaigns. Technology stewards
(TS) (Wenger et al. 2009) were identified beforehand and trained on using
FOSS and designing and running short-term communication campaigns. Then
the TS were encouraged to design and implement a campaign targeting a given
communication problem of the community.

The use of “FrontlineSMS” for “texting” and Freedom Fone for “voice” has
improved the day-to-day agricultural communications by 22% and 8%,
respectively, when the process has been assisted by TEs. The study concludes
that field-level extension agents can be effectively trained to use FOSS, which
can eventually lead to a reduction of the transaction costs associated with the
sharing of information with farmers.

(Source: Jayathilake et al. 2017, 2018)

4.1 Reduction of Transaction Costs

The second influential economic argument for ICT in agriculture is the transaction
cost perspective. In multistakeholder systems, transaction costs are high due to the
many frictions that exist between the interfaces. Many scholars have pointed out that
transaction costs in the agricultural value chains are prohibitively high, especially in
low-income country settings. These are mainly due to coordination failures and
nonsynchronized decision-making in the production activities. As the pressures on
markups are passed to the primary producers if the consumers are not absorbing the
same, the presence of transaction costs essentially translates to low returns to
producers vis-à-vis the other parties in the value chain.

Aker (2008) shows that cellular phones reduce grain price dispersion across
markets by a minimum of 6.5% and reduce intra-annual price variation by 10% in
Niger. The primary mechanism by which cell phones affect market-level outcomes
appears to be a reduction in search costs as grain traders operating in markets with
cell phone coverage search over a greater number of markets and sell in more
markets (Fig. 3).

Small-scale African farmers have shown significant time and cost savings in
using information and communication technology (ICT) for extension services.
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Aker (2011) estimated that instead of traveling to visit a farmer, extension agents
may use mobile phones for a comparative cost of one fourth of the price of a visit.

4.2 Improving Market Access and Participation

Access to markets is a long-standing bottleneck in low-income agriculture globally.
In smallholder sectors, which do not receive the price and quality signals generated
at the markets efficiently and transparently, producers are production oriented. Their
failures are due mainly to the lacuna in market information and the modalities and
flexibility to investigate markets. Thus, market access still remains the most domi-
nant economic basis for ICT development in agriculture.

In mobile telephony, the delivery of information is mainly through short message
service (SMS), although voice messages, interactive voice response (IVR) systems,
or mobile applications (apps) are also used.

In the literature, there are examples of the significant impact of mobile phones on
earnings and reducing price volatility. Indian fishermen have benefitted from lower
price shocks and lower wastage due to better access to information using digital
technologies (Jensen 2007) (Fig. 4).

Fig. 3 Relative costs of
different dissemination tools
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4.3 Market Creation: Certification and Traceability

Verification and documentation of materials and practices have emerged as a key
requirement in global value chains. In particular, niche markets demand both
certification and traceability as consumer requirements. Information on certification
and traceability thus has an economic impact on market creation and sustainability of
demand. It also adds to real-time monitoring of food safety.

5 ICT Interventions in Agriculture Extension: A Typology

Looking at the ICT interventions implemented in the field of agriculture information
communication, a few major developments can be observed in terms of providing
real-time information and advisory services, content creation and sharing, providing
interactive platforms to share feedback, combined media models, networking
stakeholders, building social capital, and moving for communities of practice.

Recent advances in the telecommunication sector, together with the affordability
of mobile communications, enabled real-time communications among agriculture
stakeholders. Market information systems such as agri price index (HARTI 2018)
offer agriculture commodity prices to interested stakeholders using an IVR system.

Fig. 4 Price volatility reduction after the introduction of mobile phones in three regions of India
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Market information exchange platforms for farmers and buyers have been developed
as Android-based applications and made available to the community. Daily prices
that are collected from several dedicated economic centers are distributed in this
intervention. Another important development is the provision of agriculture advisory
services over telephone, allowing stakeholders to access extension advice as demand
arises.

Sharing agricultural information is regarded as one of the main roles of extension.
Websites have been extensively used in sharing important contents. However, the
most important development in the field is the availability of user-generated contents
such as individual Facebook pages, which were started by independent stakeholders
to share information with closed community groups. These independent web pages
are found to be sharing specific problems in the field with rich interactions and
creating user-generated contents. Social media platforms also provide opportunities
for interaction among stakeholders, sharing of feedback, and networking of
stakeholders, which eventually lead to communities of practice in agricultural
extension.

Thus, three main typologies can be identified in relation to ICT interventions in
agriculture extension; the first generation of ICTs, which mainly followed one-way
and top-down models; the second generation of ICT tools, which facilitated
interactions with key extension and advisory personnel and farmers; and third
generation of ICTs, which supports the networking of agricultural stakeholders,
leading to communities of practice.

6 Main Challenges and the Way Forward

One challenge in implementing ICTs in the agriculture sector is catering to an
extension system that is highly fragmented and complex (World Bank 2007).
Extension and advisory services are oriented toward catering to certain commodities,
requiring the extension personnel to be highly specific about the technologies they
transfer to end users. An integrated extension approach, which combined services
from different key sectors, was tested in 1993 but failed mainly due to poor
coordination between key departments. Thus, extension systems remain more inde-
pendent, pursuing traditional, top-down, and supply-driven approaches to the vari-
ous projects and programs they implement. Furthermore, the extension and advisory
work is also subdivided under government, private, and nongovernment sectors.
This has given rise to the emergence of a series of sector-specific and highly
specialized approaches of ICT interventions. Thus, an average client may have to
depend on several services to obtain information.

Use of ICTs at community level is affected by a number of factors such as poor
access to ICTs and lack of locally available contents (Kumar and Singh 2012).
Further lack of awareness among end users on ICT tools in agricultural extension,
poor ICT literacy among extension staff, and administration problems were also
identified as main challenges during the implementation of the cyber-extension
project (Wijekoon 2014). Web radio implementation faced challenges such as
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poor awareness; poor access to ICTs, including computers and the Internet;
difficulties in listening to programs on computers as they were not very user-
friendly; and inconvenience of the broadcasting timing of radio programs (Kanchana
and Dissanayeke 2016).

Blanket approaches to introducing ICTs are often excessively top-down and
externally driven, and thus the needs of the recipients are not adequately addressed
(Unwin 2009). Other countries in the region have faced barriers such as need for
energy, poor literacy, and gender-based digital divide; however, none of these were
seen as main problems in Sri Lanka (Dissanayeke et al. 2009). Rather, the adoption
of ICTs was positively influenced by education level and computer exposure
(Dissanayeke et al. 2009).

The lack of independent research to evaluate the real impact of ICT initiatives can
be seen as one of the main challenges to be faced in relation to ICTs in agriculture
development. Most of the interventions had been evaluated by the institution
conducting it as part of the implementation process, while results of such evaluations
had been used to improve the process (Wijekoon 2014).

6.1 Future Directions for Investments for ICTs in Subsectors
of Agriculture

New ICT products can be used to develop stand-alone tools such as decision support
tools, as well as to improve the usability of traditional extension media. There is a
potential to combine “traditional extension media such as radio, television with new
ICTs (World Bank 2017) and develop mixed media models” (Sharma 2013). For
instance, Krushi Radio combines with SMS systems so that information related to
the program’s schedule can be passed down to farmers as a reminder, while the same
SMS system can be used by the farmers to pass their queries to live radio shows. The
program schedule and SMS system can be introduced to the farmers during training
programs by the extension agents (Kanchana and Dissanayeke 2016). Such models
can be used to enhance the extension communication systems by introducing new
dimensions such as interactivity to the traditional one-way approach of extension.

The potential of ICT tools in the systematic collection of field information has not
been fully utilized yet. Field problems experienced by farmers can be easily reported
to extension agencies using ICTs. Similarly, farmer feedback for various extension
activities can be gathered using ICT-based systems. Diagnosis of field problems and
collecting information are regarded as important functions of extension that can be
addressed using ICT tools such as cell phones (Bell 2015).

It is necessary to initiate independent research on the usability of ICT integrations
in agriculture and obtain user feedback on such integrations. Most of the recent
initiatives have been introduced using project approaches, and the results of the
evaluations have been used to further improve the system. These evaluations have
been mostly conducted by the same institutions that implemented the system. It
would be beneficial to plan, from the inception, for such new initiatives to be
implemented as action research projects. Such an approach would provide empirical
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evidence of greater validity to determine the effectiveness of such initiatives.
Further, outside organizations such as independent research groups need to initiate
research on the applicability and usefulness of ICTs in agricultural extension which
will provide more research-based evidence.
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Public–Private–Producer (PPP) Partnerships
in Sri Lankan Agriculture

Pahan Prasada

Market access and value chain innovation are key components of a modernized
agricultural sector. Recent developments in private sector initiatives and public–
private partnership initiatives have contributed substantially to the modernization of
agriculture. This chapter considers the performance of partnership ventures and
discusses the role of such partnerships in local agriculture. Sri Lankan experience
with agribusiness PPP model is studied with reference to the National Agribusiness
Development Program (NADeP), a public–private–producer (PPP) framework oper-
ational under the government.

1 Partnerships as Organizational Innovation

In the era of globalization, multinational development institutions championed
privatization of state and para-state institutions as part of the overall agenda of
economic liberalization. The large state institutions that carried a mandate in pro-
duction and service provision were identified as potential candidates for
privatization. The stated motives were gains in efficiency and the hope of capital
injection from local and foreign investors. While some of the privatization initiatives
were established voluntarily, others were imposed as conditions accompanying
international lending. Privatization was seen as an effective instrument in the
restructuring of economies to reduce the fiscal burden that large state institutions
entailed. On the other hand, it eliminated bottlenecks in labor and capital markets,
helping these institutions integrate with global economy without friction.

The wave of privatization lost its novelty, in certain instances, after the realization
that expected social objectives were not adequately met and, in other instances, after
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the realization that private management was not substantively more efficient than
state mechanism (Prager 1994). There are issues of capacity that beset private actors
from carrying out large projects efficiently. While there always was the option to
commit an outright transfer of management responsibility to international
corporations, which certainly had the capacity, sovereign states were hesitant to go
as far in fear of public disapproval.

A public–private partnership is a framework that, while engaging the private
sector, acknowledges and structures the role of the government in ensuring that
social obligations are met and successful sector reforms and public sector
investments are achieved (Asian Development Bank 2008). While partnerships are
considered a positive development, in most instances, what passes as a partnership
may not be a true partnership that shares costs, risks, and returns. Certain so-called
partnerships are just cases where a private actor enters into joint operations where
traditionally only public actors operated, such as energy, transportation, and hard
infrastructure.

PPPs overwhelmingly specialize in the provision of public goods and services in
both high-income and low-income settings. This is partially due to the fact that PPPs
are not recognized as replacements of private sector investment but are promoted as
an efficient alternative to the supply of public goods and services. This, however,
does not limit the possibility of a PPP platform specializing in providing private
goods in conjunction with public goods. The literature has almost no examples on
the supply of exclusively private goods by PPPs. Agricultural PPPs have an impact
on the supply of both public and private goods. Customized extension services,
vocational training, ICT-based services, and machinery inputs qualify as private
goods in many agricultural PPPs.

Partnerships are essentially an organizational solution to the resource coordina-
tion problem. As such, these ventures are investment vehicles and sector moderni-
zation tools. The appeal of public–private partnerships in low-income countries and
emerging economies is borne out of the operating scales that only partnerships can
access without being burdened by the administrating costs that large government
entities carry. In Sri Lanka, public–private partnerships are still nascent institutions,
especially so in the agriculture sector. In rural development models advocated by the
International Fund for Agricultural Development (IFAD) and the Food and Agricul-
tural Organization (FAO) of the UN, PPPs feature as structures capable of delivering
commercial and development objectives alike. Agri-PPPs are broadly promoted as
having the potential to help modernize the agriculture sector and contribute toward
the pursuit of sustainable and inclusive agricultural development (WEF 2011).
World Economic Forum’s New Vision for Agriculture (NVA) primarily aims to
modernize agriculture inclusively through initiatives of partnership by 28 global
leading private firms.

While public–private joint ventures have a long history, the addition of “pro-
ducer” to the loop is evident only in recent years. It is mainly practiced as a means of
inclusion of the poor and the smallholders directly into the institutional framework.
In the context of agricultural projects, the conversion of established outgrower
systems into partnership ventures has provided a natural pathway for including the
producer to the PPP apparatus.
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2 Challenges in Agribusiness Sector and Relevance of PPP
Objectives

2.1 Challenges in Agricultural Value Chains

Agriculture traditionally provided an institutional basis for the rural sector, in
addition to the provision of subsistence and livelihood. Key functions of agriculture
were interlinked with land ownership, use of water, access to community resources,
excess food supplies for social safety, and cultural activities. With the transformation
of agriculture into a private enterprise (rather than a social activity), the institutional
structures built around agriculture rapidly underwent change. In particular, agricul-
ture was organized around value chains directed toward different types of product
markets, often beyond national borders.

Still, the predominance of smallholder activity as the bottom rung of the value
chain persisted due to land user rights held by farming households across the rural
sector. The production function was carried through the collective efforts of the large
rural community in most low-income countries. Agriculture provided subsistence to
these farmers, and surplus output was collected to channel to markets in the urban
sector. Technology and know-how were disseminated by government extension and
research services. Labor was locally sourced, and other external inputs were pur-
chased from suppliers or the public sector. As such, at the stage of production,
smallholder agriculture remained a collective activity with large public sector
involvement.

The delivery of surplus to the market and processing activities tend to be a
difficult proposition to the public sector since numerous producers were acting
independently in small units. Therefore, the collection of surplus, processing, and
channeling to end users attracted a number of private actors. However, because of
poor transport infrastructure in many low-income countries and high entry costs (and
economies of scale of distribution), collecting and marketing activities have been
vulnerable to monopolistic or oligopolistic practices, which in turn reduces competi-
tiveness in the markets. Ultimately, these irregularities lead to price fluctuations. To
address these anticompetitive and collusive possibilities, many countries utilized
public sector marketing boards.

The performance of marketing boards was a mixed success and varied depending
on other operational and environmental factors. The combination of corruption and
bureaucratic inefficiency of many of the boards failed to extend support to value
chains as readily as expected. Both governments and development agencies have
therefore looked for alternative mechanisms that can increase the share of value
obtained by a primary producer while integrating the primary producer to the value
chain. Simultaneously, attempts were made to make agriculture market friendly with
less state control in line with liberalization initiatives.

Sri Lankan experience in supporting smallholder participation in value chains has
seen most of the classic interventions. Land redistributions, high-quality planting
material development, free extension and training, farm subsidies, and marketing
boards have all been attempted. Support has also been given in developing wholesale
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and special purpose market and distribution facilities. However, credit subsidization
and business development activities are the frontiers that have not received adequate
attention.

2.2 Key Functions of PPPs

Farming occurs in seasonal cycles. Farmers purchase (or borrow) inputs and farm for
a season and settle the dues at harvest. If integrated into a business contract, the
cyclic operation can function without being affected by financial bottlenecks. In
other words, farmers need not be facing liquidity issues if inputs are available
through contracts. This is a key function for a PPP. In addition, where financing
becomes critical is value addition to harvest. Storage and processing technology and
market development are also challenges that are interlinked to financing at this stage.
As will be discussed in the next section, many PPPs have been driven to cater to this
stage specifically. The largest limitation on smallholder agriculture is capital and
credit shortage. While this is not the exclusive focus of any PPP, it remains a priority
challenge for all PPPs. As a result, almost all PPPs have some form of credit
subsidization built into their operating framework. Usually, absence of collateral in
the rural sector and high costs of loan management have made banks reluctant to
lend to agricultural enterprises. The usual policy initiative to encourage more lending
by commercial banks is the implementation of refinancing programs with the central
banks, which result in subsidized credit to farmers.

2.2.1 Financing Gaps
The magnitude of financing needed in the agricultural sector in low-income
countries is often beyond the capacity of one investor. The traditional investor in
(agricultural) infrastructure is the government. But most low-income country
treasuries are beset with budgetary bottlenecks that prevent investing in agriculture
(FAO 2012). A relative rise in public sector finance for agriculture was observed
globally during 2000–2008 (Beintema et al. 2012) but has not reached the sufficient
levels to reach the needed scales. Therefore, a primary goal of agricultural PPPs is
the procurement of needed capital.

2.2.2 Risk Sharing
Apart from climate and environmental risks in crop production, structural risks such
as low returns on investment; limited access to factors of production, including land;
high transaction costs and production risk associated with heterogeneity among
small-scale producers; and government interference in agricultural markets com-
pound the uncertainty in agriculture. PPPs provide sufficiently diversified platforms
that can absorb risk impacts and respond constructively. Therefore, PPPs act as risk-
smoothing devices. Potential for agricultural insurance in smallholder settings
(Prasada 2020a, b; Yallarawa and Prasada 2020) can easily be linked to the risk
smoothing role of PPPs, especially when agribusinesses or the public sector act as
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insurers. In fact, PPPs are seen as a facilitators for popularising agricultural insurance
among smallholders.

2.2.3 Innovation and Market Access
PPP projects create the possibility of benefiting from the innovation capacity and
efficiency criteria of the private sector while promoting the pursuit of sustainable
agricultural policy objectives. The private sector is specialized in logistics and
marketing, which public apparatus lacks. The market infrastructure available to the
private sector in terms of cost-effective logistics makes PPPs attractive to
governments for reaching their development objectives.

2.2.4 Food Security and Inclusion
To date, almost all low-income country PPPs in agriculture have been motivated at
least partly by both food security at national level and pro-poor growth. Inclusion of
the marginalized and the poor in mainstream economic activity is one of the key
justifications of international grant funding for PPPs. FAO and IFAD are among the
institutions that have initialized food security and inclusion objectives in PPPs
through outright grants, matching grants, or specialized credit lines. In all
low-income country PPPs initiated through global grant funding, inclusion of
youth and women has been stated as a priority.

3 A Typology of PPPs in Agriculture

All partnerships share the abovementioned broad objectives, but their operation
priorities may differ. Based on the current information in Asia, Africa, and South
America (FAO 2013), PPPs can be classified into four distinct but related categories:

(a) Partnerships for promoting agricultural value chains toward achieving higher
local value addition

(b) Partnerships for joint agricultural research and technology transfer
(c) Partnerships for building and upgrading market infrastructure
(d) Partnerships for the delivery of business development services to farmers and

small enterprises (BD)

It is important to comparatively understand the Asian context with reference to
Africa and Latin (South) America. There is a clear variation in the priorities of
agricultural PPPs in Asia compared to those in the other two settings (Fig. 1). Value
chain development and technology transfer goals dominate the PPPs in Asia. African
experience in agricultural PPPs displays a predominant focus on value chains only.
Compared to Asia, there is no significant attention to market infrastructure and
business development services. This may be due to the more localized value chains
present in Africa (Fig. 2).

Apart from the key orientation, the second characterizing aspect of PPPs is
financing arrangement. In this instance also, Asian experience stands out from
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African and South American circumstances (Fig. 3). Approximately, 65% of all
agricultural PPP finance is co-equity investments. Nearly 15% each of the funds are
from development projects and grants. In contrast, African PPPs source funds
mainly from development projects. South American countries have a unique reliance
on sovereign/state funds for the purpose of financing PPPs and a weaker reliance on
co-equity investments (Fig. 4). Development project funds and grants are virtually
absent in South American PPPs (FAO 2013).

4 Modalities of Partnerships

The differential roles and responsibilities of public partners and private partners are
key to the sustainability of PPPs. Producers remain the grassroots implementers and
constitute the observable aspect of PPPs. In terms of governance, the producers will
be contractually bound to the objectives and evaluation criteria of the partnership
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Fig. 2 Different orientations of African (left panel) and South American (right) agricultural PPPs
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agreement. However, the scope and function of public and private partners need to
be assessed at the initial stages before the creation of a partnership since there is no
functional space for correcting mismatches in objectives while the partnership is in
operation. This is mainly due to the lack of process and capacity for renegotiation
once the agricultural partnership is initialized (Table 1).

5 Cases and Concerns in PPP Adoption in Sri Lankan
Agriculture

5.1 National Agribusiness Development Program (NADeP)
and Smallholder Agribusiness Partnership Program (SAPP)

In 2012, the government of Sri Lanka approached the International Fund for
Agricultural Development (IFAD) for financing an agriculture sector development
proposal. This proposal led to the creation of the National Agribusiness
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Fig. 4 Percentage decomposition of financing arrangements in African (left) and South American
PPPs. (Source: FAO 2013)
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Development Program (NADeP) with three key objectives: increasing income
through participation in marketing chain development, providing microfinancing
to the target group, and training the rural youth for better employment opportunities.
NADeP is the first program financed through public funds (loan funds) to promote
public–private partnerships in the development of rural value chains. By 2016,
17 PPP business plans were operational under the program, at various stages of
implementation, reaching out to 14,910 beneficiary households. The total investment
amounted to USD 16.35 million (USD 1125 per producer). The investment per
beneficiary approximates to one third cofinancing by NADeP, the private sector (i.e.,
promoter company) partner, and the beneficiary (including in-kind contribution and
contribution through NADeP-facilitated credit). Under the microfinance and youth
training component, the number of households mobilized and receiving support is
approx. 18,000, of which approx. 7000 have received credit. The Central Bank of Sri
Lanka (CBSL) and eight commercial banks implemented the lending facilities to
meet producer needs at a negotiated interest rate of 6.5%. The loan product includes
a maximum loan size of LKR 150,000 with a maximum 6-month grace period and
repayment within a 6-month to 3-year loan term. The overall project evaluation by
IFAD in late 2016 reports an average incremental income arising from PPP
investments of LKR 92,000 per annum or LKR 7700 per month.

NADeP had a slow start due to the institutional constraints built around its initial
program management unit under the Central Bank. The procurement of business
proposal did not perform with adequate speed due to the bureaucratic restrictions of
being placed under CBSL. In 2015, NADeP was repositioned under the special
program unit of the Presidential Secretariat. The institutional change led to a speedy
canvassing of proposals and timely disbursements. IFAD reports that 17 PPP
agreements were reached within 12 months from this transition.

Table 1 Alternative roles for the institutional partners

Public sector responsibilities Private partner contributions

Creating a supportive regulatory environment
with appropriate incentives for private sector
investment

Developing business plans with thorough
financial and market analysis

Ensuring the inclusion of smallholders Providing incentives and outreach devices to
approach smallholders

Alignment with national socioeconomic and
sector development priorities

Securing markets for end products and
purchasing materials from farmers through
contract farming agreements

Determining private partner selection criteria Providing documentation necessary for the
transparency of projects to the public;
maintaining fairness in producer selection

Training and technical assistance for program
management units

Providing technical assistance and business
management training to producers

Coordinating negotiation and contract
signing

Generating links with financial sector partners
for capital and other business development
services
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SAPP originated as a second phase of NADeP, and objectives were very much in
line with the original expectations. Scaling up NADeP and partnering with third-
party financiers such as banks were an added objective in the transition to SAPP.
More consequentially, SAPP considered the proponent of the partnership to be either
a private sector company or a farmer organization that can show evidence of a
confirmed commercial arrangement with a private sector company. This eventually
opened up space for farmer companies to benefit from partnerships.

The first-order challenge in a partnership is the screening and selection of
partners. NADeP’s process for seeking partners operated as a call for business
proposals from private promoter companies. The proposals were evaluated by the
program office under the supervision of a national steering committee for advisory
and guidance. The approval of the proposals led to a financing agreement of the
project. The main investors were a public party, a promoter company, and a donor
(IFAD) as a third party. The public funds came through the IFAD-mediated loan
facility. Figure 5 considers 12 PPP projects that were operational during 2015–2017
in terms of how the investment commitments are shared between mainly public and
private parties to the agreement. Government contribution (state inv), private sector
investment (pvtinv), and foreign investment (extinv) are stacked for each partnership
venture in the diagram.

Each of the 12 projects had a different coverage of client smallholder producers.
Based on the commitments of funds, Fig. 6 displays the relative investments by
public vs. private parties in million LKR calculated on a per-producer basis. Except
in two projects, all other projects feature higher per producer investment by the
public party. The two partnerships where private investment exceeded public invest-
ment per producer were two small-scale ventures on beekeeping and dairy.

Figure 7 displays the variation in the focus area of PPPs under NADeP, weighted
by the number of producers targeted as part of the partnership. In terms of numbers
of producers, the dairy, organic corn, and gherkin projects stand out.

It is important to understand what industry has received attention in terms of
business promise based on the realized funding commitments. Contrasting per
producer investment by the different agricultural activities reveals that government
and private priorities were more or less aligned in terms of the relative size of per
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producer investment in each of the agricultural activities (Fig. 8). On the left-side
panel of Fig. 8, the color-coded agricultural activities in Fig. 7 (above) are presented
indicating the relative size of government investment. On the right, the same statistic
corresponding to private investment is displayed. If a colored area for a particular
activity was significantly different from left to right, it implies that public and private
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Fig. 7 Producer coverage weights of PPP activities
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Fig. 8 Per producer investment by the state (left) vs. private promoters (right)
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parties observed or perceived the economic promise of the given agricultural activity
differently.

According to Fig. 8, differences in commitments by the state and private entities
are observable mainly in seed onion, hybrid seed, organic corn, and dairy. In seed
onion and dairy, it can be argued that the private party sees more promise, while in
hybrid seed and organic corn, the state perceives more potential. An alternative
argument may be that the private parties chose the profitable sectors, while the state
picked the residual activities. But there is no evidence to substantiate the motives of
selection. All other activities receive approximately the same commitment by the
state and private parties.

5.2 Potential Negative Impacts of PPP Projects in Sri Lankan
Agriculture

The drive toward PPPs in agriculture is not without its share of issues. Partnership
ventures operate at a scale that is larger compared to traditional agriculture. Large
scales imply pressure on resource use, especially open-access resources. PPPs often
prioritize crops and livestock that may not necessarily be among the traditionally
adopted. Even if they are the same crops, the scales favored by PPPs will differ
widely with the scales that are practiced otherwise. To date, there had been no Sri
Lankan study to substantiate any selective preference of certain scale of production
by PPPs. In addition, they make use of new production linkages and networks that
deviate from the norms of the locality, such as village collection by small-scale
collectors and farmer organization level decision-making. All these possibilities
imply that there needs to be sufficient sensitization of the community and the
establishment of safeguards that could buffer negative implications and resistance.

The potential threat to traditional social structures and community interests is
often highlighted as a widespread implication of agricultural PPPs. Farmer
organizations are usually formed on the lines of power hierarchy in the community.
Social organization under a value chain often follows an economic logic, favoring
the more entrepreneurial members for leadership. There are cases that community
divisions could surface under different social groupings under PPPs.1

Another motive under partnership ventures is the possibility of farmer groups
under the partnership to be used to test different technologies based on an external
interest. In particular, the farmer groups under a given partnership venture have
loyalty toward the value-chain-promoting company. They are bound to the interests
of the company, indirectly limiting individual or community discretion in substan-
tive decisions relating to resource use (and even managing environmental
consequences).

1In one of the rural settings in North Central Province of Sri Lanka, such a division of community
surfaced in association with a PPP when part of the community was interested in following the
‘organic’ practices prescribed by an external initiative while others were interested in status quo.

Public–Private–Producer (PPP) Partnerships in Sri Lankan Agriculture 363



Disappearance of agro biodiversity is also likely under PPP ventures in agricul-
ture. Though it is not a certainty (since certain initiatives promote diversified
farming), this is a likely outcome. Most PPPs aggressively promote export-driven
crops and intensify farming exclusively for foreign market interests. In doing so,
partnership ventures may disregard the needs of local community and the environ-
ment and prioritze foreign market interests instead. Table 2 summarizes several
consequences.

5.3 Parallel Institutional Developments

Public–private–producer partnerships are not isolated initiatives in the wider realm
of agriculture sector reform. There are other concurrent developments that have been
initiated in Sri Lanka under the aegis of development loans and grants.

Table 2 List of threats from PPPs

Activity Potential negative impacts

Private-company-centered farmer collectives Social cohesion within the village may be
weakened due to business-motivated collective
formation in contrast to the more traditional
farmer collectives based on irrigation
infrastructure and cultural norms

The role of women (and the youth) in the created
business collectives may deteriorate under a
possible male-led structure

Expansion of agricultural activity for
commercial purposes using subsidized/open-
access resources

Irrigation infrastructure and water resources are
largely publicly owned and, in most cases, they are
open-access resources. Under business-led models,
the exploitation of such resources may exacerbate

Expansion of dairy collection Exploitation of open–access pastures

Intensive and high-input agricultural models Potential increase in soil erosion, surface, and
subsurface water pollution

Promoter-company-driven farming
technologies

Potential negative impacts from the introduction
of inappropriate technologies and gradual
disappearance of traditional knowledge

Incorporation of high-value alien crop
varieties and livestock breeds

Potential negative impacts on biodiversity

Vulnerability of introduced species to climate-
related pest and disease outbreaks

High agrochemical use in cash crops Potential negative impacts from the overuse of
agrochemicals on human health, surface and
groundwater contamination, and increased
resistance to pests/disease

Vertical integration of agricultural value
chains

Elimination of small-scale traditional farmers
and vendors due to organized collection and
retailing
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There is a wave of agriculture sector modernization projects under the World
Bank lending that has reached Sri Lanka as well. The modality of the modernization
project setting is to seek private sector investment in large-scale agricultural activity
in identified crops and livestock with high foreign market potential. These models
also target the long-standing land market rigidities in low-income countries and
credit shortages. An explicit focus on value chains is also present. Modernization
projects operate through the Ministry of Agriculture and create state-led organiza-
tional structures for policy formulation toward increased market access. Investment
vehicles such as the facilitation of direct investment by foreign or transnational firms
are considered in those areas of agriculture where technology and distributional
channels can benefit from global standards. One example is dairy farming.

Another development that completes and complements with PPPs are the institu-
tional infrastructure promoting farmer companies created by transforming farmer
organizations or farmer cooperatives. Farmer companies were a slightly dated
initiative conceived in 1995 but legislated under the Companies Act of 2007. By
2003, there were 92 farmer companies registered with the Registrar of Companies in
Sri Lanka (Esham and Usami 2007). Despite the potential advantages of these
institutions over their traditional counterparts (i.e., cooperatives), Senanayake
(2004) argues that many farmer companies had failed due to (among other reasons)
inadequate recruitment of managerial personnel, weak planning and governance,
inappropriate mechanisms for monitoring and evaluation, and lack of trust between
farmer members and their company. Judging by the record of growth since its 1995
initiation, the farmer company initiative has failed to take off as of 2018.

The last competing development is the wide spread of microfinance services.
Leasing and finance companies have developed a wide array of loan and finance
products especially directed toward farmers and rural enterprises. These operate
through aggressive marketing efforts of the outreach staff of these firms and capital-
ize on the demand for capital and durables.

6 Governance and Policy Issues in Partnerships

The advent of PPPs brings about novel challenges to administration and policy. The
relationship of state actors with PPPs is one of enthusiasm, followed by some
disenchantment. There is a tendency for such partnerships to reach subsequent
consolidation, depending on the capacity of the farmers. Different countries were
caught up in the waves at different times. What accounts for this lack of consistent
opinion on the merits of partnerships? Klein (2015) claims that PPPs can outperform
the public sector, even though evidence suggests that well-run public firms tend to
match the performance of private firms in regulated sectors.

The accountability and transparency requirements that form the basis of the
public sector may not hold as tightly in PPPs, which are fundamentally investment
vehicles that attract capital (often not the cheapest capital available). In contrast, in
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most agricultural PPPs, at least some of the core objectives are welfare oriented,
requiring a public or civil sector approach. Therefore, in practice, promoting institu-
tional frameworks applicable to agricultural PPPs is a continuing priority. In the
African and Asian contexts, new PPP laws and policies that envisage the application
of the PPP model to the agribusiness sector have been developed. To date, there is no
“best practice” model for regulating PPPs, but the tendency is to administer PPPs
through the formation of a PPP management unit within the Ministries of Agricul-
ture or as special task units under the treasury or planning departments. Often the
involvement of public sector officials as members in PPP committees occurs when
PPP units are established independently.

The Sri Lankan experience in this regard is particularly informative. The PPP unit
was initially set up by a Central Bank framework but was revealed to be ineffective
in carrying out dynamic partner selection and disbursement under regulatory delays.
In response, the unit was transferred to operate under the special project division of
the Presidential Secretariat. While the external stakeholders and donors may want to
see rapid outcomes, short circuiting of procedures of procurement, commissioning,
and lending may lead to a lack of transparency and unequal treatment. This obser-
vation is evident from the fact that only large agribusiness companies dominated the
first stage of the program.

While it is not possible to discuss such implications in reference to a specific PPP
or a class of PPPs, reviews of the comparative performance of PPPs across countries
shed light on inconsistencies at the country level. The documentation on Procuring
Infrastructure PPPs (2018) reports that the lower the income level of the country, the
lesser the information on PPP procurement process disclosed (ranging from 100% in
OECD high-income economies to 50% in low-income economies). For instance, Sri
Lanka is among the countries that provide bidders only with the result of the
procurement process, without disclosing the grounds for the selection of the
winning bid.

The governance implications of PPPs can be analyzed at stages of its performance
cycle. Comparative evaluations of PPPs by international lending institutions high-
light three stages.

(a) Preparation of the PPP

The key governance elements of this stage are quite similar to those relevant to
large projects. Starting from the approval by the central budgetary authority (i.e.,
parliament and treasury, etc.), environmental, social, and risk screening practices are
considered prerequisite. Economic and financial analysis and fiscal benchmarking
also provide for a sound footing of the venture. Operational guidelines and account-
ability criteria are stipulated to streamline implementation. According to the 2017
cross-country evaluation of infrastructure PPPs, Sri Lanka was assigned 52% suc-
cess at this stage. This is below par compared to the European average of 78%
success rating. However, among South Asian countries, Sri Lanka is marginally
above average.
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(b) Procurement

At the outset, procurement includes recruiting qualified private partners if the
venture is initiated by a state agency. The more routine elements of procurement
involve laying down the guidelines and enforcement mechanism for bidding, tender
practices, and contract documentation. If the PPP entails specialized inputs such as
research and development, establishment of the process of research and development
is also part of the procurement. Sri Lanka’s standing (as per cross-country assess-
ment) at this stage is 76%. It is widely believed that Sri Lanka has the political and
legislative will to encourage private sector participation, and higher performance at
this stage can be attributed to this tendency.

(c) Contract Management

In large PPP ventures with high external investment, this stage entails legal inputs
toward recording contractual obligations of various stakeholders. In most agricul-
tural PPPs, the core contract is an agreement on various resource shared, evaluating
progress in terms of key performance criteria and how the returns are divided. If
companies are formed between stakeholders as part of PPP or if equity/asset sharing
is incorporated, these aspects also fall under this stage of the PPP. The space for
various parties to deviate from contractual agreements and the eventual termination
of contracts is also an important part of PPPs that involve large operational and
sharing risks. The other key role of governance at this point is a solid dispute
resolution mechanism and a grievance redress framework. Sri Lanka’s standing on
this aspect is noted as 51% by the global comparative survey.

(d) Independent Regulation and Dedicated Authority for PPPs

The consideration of PPPs as a different category to be regulated and codified by law
(business/civil) is often discussed as an issue. While a separate legal status for PPP
governance will provide clarity and transparency to all parties concerned, most countries
have opted to consider PPPs as special projects. The World Bank records that the
percentage of countries governing PPPs under a dedicated management unit amounts to
81% as of 2017. Among these, the dedicated unit serves only an advisory role in 77%
while the unit is mandated with complete authority only in 4% of the countries.

Among the South Asian countries, Pakistan recently enacted Public Private
Partnership Authority Bill of 2017 intending to “provide a regulatory and enabling
environment for private participation in provision of public infrastructure and related
services.” In addition to establishing the independent Public Private Partnership
Authority (PPPA) with advising and gatekeeping roles for the development of
PPPs, it also provides a stronger legal basis for many of the areas only contemplated
in the 2010 Pakistan Policy on PPPs. For example, the requirement to ensure fiscal
affordability is now legally codified, and several steps in the procurement process
(including the publication of the procurement notice), as well as dispute resolution
mechanisms, are now specifically regulated for PPPs.
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7 Conclusion

The limited experience that Sri Lankan agriculture has in PPPs and the wider
experience from foreign examples show certain common features of PPPs that are
operational especially in low- to middle-income countries. Agricultural PPPs are
unique in that they contain explicit involvement of a smallholder community. In the
Sri Lankan model, smallholders are linked indirectly to the PPP via a promoting
private company (as opposed to direct linkages observable in farmer company
models). A limitation in the existing model under NADeP and currently under
SAPP is that producers that are currently or historically in partnership with the
private company are selected when constituting the PPP. Such a practice essentially
crowds out the partnerships that farmers can have with the private sector through
barriers to entry and may also increase dependence on state or donor funding in
activities that private actors may willingly participate in. A potential solution may be
to screen producers and select producers through objective and observable criteria.

PPPs bring about its own share of challenges in all spheres: social, economic,
environmental, and political. Managing these concerns and professionally managing
a partnership venture will be a test to Sri Lanka and other low-income country
governments, given the lapses in governance such as bureaucratic delays, high
transaction costs, and lack of business development services and market support
systems, which are embedded in our institutional structure. The capacity of the local
agriculture sector to benefit from PPPs hinges on the space for correcting
mismatches in objectives while the partnership is in operation. Such mismatches
emerge mainly due to the lack of process and capacity for renegotiation once the
agricultural partnership is initialized.
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Impact of Emotional Intelligence
in Managing the Outcomes of Agricultural
Extension and Advisory Services

L. N. A. C. Jayawardena

1 Development of Agricultural Extension and Advisory
Services in Sri Lanka

Sri Lanka has been based on agriculture as a country. The historical legends of Sri
Lanka reveal that the agriculture sector was established approximately 2000 years
back. Irrigation system has developed gradually adopting agriculture as a means of
livelihood. The successive rulers of the country have given a prominent place to the
agriculture sector in their political agendas. With the invasion of Europeans, a
commercial-level agriculture economy based on plantation crops was established
in the country, and rice and cereal had to be imported. Plantation sector was
developed as the major source of income earning, and an institutional setup was
established. The British colonial rulers established a separate institutional setup in
Sri Lanka to ensure food security. Agricultural extension officers were appointed to
popularize agriculture crops in the country. Agricultural extension and advisory
services (AEAS) consist of a number of different activities providing the information
and services needed and demanded primarily by farmers and other stakeholders to
help them develop their competencies and practices to improve livelihood and well-
being (GFRAS 2012). The agriculture crop production programme was further
strengthened by appointing food production overseers to assist agricultural extension
officers. The Department of Agriculture, established in 1912, was mandated to
develop food crops in the country. A separate Agriculture Research Institute was
established subsequently. The Research Institutes for Tea and Rubber were
established in 1925, and the Rice Research Institute in 1930. An agriculture officer
was appointed for every province of the country, and 74 agriculture diploma holders
were appointed to the post of agriculture instructor in 1939 to strengthen the
agriculture extension system in the country. Methods such as mobile cinema units
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and field demonstrations were gradually introduced into the agricultural extension
system. The appointment of district agricultural extension officers in 1957 further
established the agricultural extension system in Sri Lanka. A dedicated division for
agricultural extension was established in 1964 with the new position of deputy
director of agriculture (extension). Establishment of Agrarian Development Centres,
to provide services for the agrarian community under one roof, in 1970 was another
important step in the evolution of agricultural extension in Sri Lanka. Creation of the
Department of Minor Export Crops in 1972 saw a specific focus on the agricultural
extension activities of minor export crops in addition to the food crops in the
country.

The ‘Training and Visit’ extension system, introduced in 1979, improved the
coordination among extension officers, research institutes, and training institutes
substantially. The ‘Second Agricultural Extension Project’was implemented in 1993
to resurrect the agricultural extension system in Sri Lanka. It was terminated in 1998
and the ‘Yaya’ demonstration programme was implemented, focusing on the paddy
growing sector. Government appointed 25 district directors in 2012. These district
directors, stationed in District Secretariats, were assigned to focus on agricultural
extension. The linkage between central government and provincial system strength-
ened the agricultural extension system through this approach. The appointment of
technical assistants under the supervision of agriculture instructors in 2015 was a
notable step in the empowerment of agricultural extension system in the country.
The emergence of private sector agricultural extension practices indicates the need to
develop the AEAS in Sri Lanka. For example, corporate sector tea estates use
different parties such as advisers from head office, private consultants, agricultural-
input-based private-extension service providers, tea-related organizations, and non-
governmental organizations (NGOs) (Rajasinghe 2009). Similar practices can be
observed in rubber cultivation and other sectors. Farmers frequently interact with
agro-input suppliers and private sector organizations for information and know-how
(Dissanayake et al. 2005; Wanigasundera 2015).

2 Role of Agricultural Extension and Advisory Services

Despite the many stages of agricultural extension systems, namely, training and visit
system, Second Agriculture Extension Project, new agriculture extension approach,
etc., Sri Lanka does not have a proper agricultural extension system for existing
global agricultural trends (Arunapriya et al. 2018; Wanigasundera 2015). Sri Lanka
does not have an established policy on agriculture, and that has affected especially
the fate of the public sector extension and advisory services. The merits of many of
the above agricultural extension approaches could not be realized mainly due to the
issues in implementing them. The departmentalization of AEAS rather than offering
them in packages, and lack in understanding of priorities by leadership groups have
not helped the situation either (Arunapriya et al. 2018; Wanigasundera 2015). There
seem to be many inefficiencies in the transfer of information at the field level. There
have been issues regarding the responsibility of planning and implementing AEAS
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interventions due to lack of competencies of those involved (Wanigasundera 2015).
Agricultural extension is a complex process, consisting of diverse structures and
interdependent relationships (Arunapriya et al. 2018; Wanigasundera 2015). The
nature of AEAS demands much more than having technical competence of agricul-
tural practices. It encompasses the challenge of handling a plethora of
responsibilities on and off the field. AEAS functions not only include policy
engagement and advocacy at senior levels but also leadership, organizational devel-
opment, networking, partnership development, negotiation, and mentoring (AESA
2016). Gunawardena (2005) indicates effective communication with stakeholder
groups (especially the farming community) as the essence of AEAS, providing
knowledge and information to rural people to improve their behaviors for sustainable
benefits. The approach and the nature of interaction with farmers greatly contribute
to the effectiveness of the overall outcome in farming. What has not been properly
documented is the expertise categories in field-level interactions with farmers. The
capacity of agricultural extension professionals to deliver through appropriate
human interactions plays a significant role in the effectiveness of message delivery.
Field-level AEAS staff needs to have not only sound technical knowledge and
information communication technology skills. Functional skills related to the need
assessment of farmers, communication (oral and written), and the facilitation of
community mobilization are also vital in AEAS (AESA 2016). Understanding and
valuing the nature of interactions among stakeholders in agricultural extension and
advisory services play an important role. There is an increasing need to enhance the
capacity of agricultural extension personnel to facilitate the application of new
knowledge (Wanigasundera 2015). Professional competence enriches the relation-
ship among the extension professionals and farmers. Capacity building through the
development of human resources of key stakeholders in extension and advisory
services and conducting related research is a priority (AESA 2016). Understanding
appropriate methodologies to empower field-level employees to enable timely
solutions for the problems encountered at the grassroot levels is essential. Capacity
development within AEAS is often misunderstood as “enhancing the technical
capacity” of the agricultural extension staff on current and existing technologies
(Prasad et al. 2015). Recognition of agricultural extension as a distinct discipline and
a profession is long overdue in Sri Lanka. The mindset that anybody is capable of
conducting AEAS needs to be changed and challenged (Wanigasundera 2015).
Conceptual clarity on AEAS and the appreciation that they need a specialized skill
set in their own right have to be institutionalized at a national level. This recognition
is imperative to enhance the self-efficacy of professionals involved in AEAS. It will
facilitate the capacity development interventions of agricultural extension staff.
Developing policies and systems on human resource development of extension
staff and promoting cross-learning opportunities within the AEAS setup for other
service providers would benefit both the process and system (AESA 2016).
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3 Human Capital in the Performance of Organizations

Agricultural extension services are being carried out largely by public sector
organizations and, to some extent, by private sector organizations in Sri Lanka.
Intellectual capital plays a key role in diverse organizational structures and systems
(Bullen et al. 2006) and is applicable to all those public and private sector
organizations involved in AEAS in Sri Lanka as well. Intellectual capital consists
of human, structural, and relational capital (Ferrier 2001). It consists of all of the
knowledge resources contributing to the competitiveness of a working setup or an
organizational structure (Guthrie 2001; Vallejo-Alonso et al. 2013). It encompasses
the intangible value in the know-how of employees and their internal and external
relationships, management staff, and other stakeholders. Intellectual capital
represents not only the capacities of employees’ (or members’) minds but also the
complex intangible structure that surrounds them. It plays a significant role toward
the functionality of organizations and systems (Fazlagic 2007). Accordingly, intel-
lectual capital contributes significantly to the performance of AEAS in Sri
Lanka. The synergistic role effects of human, structural, and relational capitals
have been proven at work in varying contexts (Carson et al. 2004). Human capital
has been identified as “an inventory of skills and knowledge” of individual
employees/members in an organization (Lynn 2000). Organizations benefit through
their human capital in a combination of members’/employees’ capabilities, commit-
ment, and ideas (Snell and Bohlander 2007). Structural capital (at times referred to as
organizational capital) consists of explicit knowledge within the organization, its
culture, and process. It includes intangible assets, viz., information systems, distri-
bution networks, work team strategies, market intelligence, and knowledge of
structures, systems, and the market (Mouritsen et al. 2001). Relational capital
consists of organizational networks and the goodwill of the organization. It refers
to the value generated through external relationships with whom that it transacts
(Carson et al. 2004). Human capital, structural capital, and relational capital are
inherently formulated and driven in organizations by employees/members. In Sri
Lankan agricultural extension systems, many resources are owned by the public
sector. However, their conversion into intellectual capital (especially into struc-
tural and relational capital) has been poor. On the other hand, private sector does a
better job in converting limited resources and generating higher portions of intellec-
tual capital. This can be understood through analyzing the deployment of human
capital in AEAS. Organizations offering AEAS should not only have a developed
system to manage their staff; they also need an organizational culture that supports
“collaboration, learning, and networking” (AESA 2016). In addition to that, promo-
tion of cross-learning within the agricultural extension systems is needed to improve
the effectiveness of extension systems and services (AESA 2016).

Literature suggests that human capital can be categorized according to personal
attributes. These personal attributes consist of personality traits and psychological
attributes of intelligence and skills. Structural capital (processes and procedures)
forms in to the organization in context. Structural capital in essence is “captured
human capital, which depends on the knowledge and skills of organization’s
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employees/members (Carson et al. 2004). This relates to the development of systems
and procedures to facilitate the delivery of agricultural extension systems. This
indirectly reflects the expertise and the commitment of employees. It is noteworthy
that the Department of Agriculture has developed innovations integrated with
information communication technology (Wijekoon and Sisira Kumara 2018). Rela-
tional capital depends on the knowledge and skills of employees in developing
and sustaining the relationship networks with key stakeholders. Public sector
organizations are poorly structured with regard to the generation of relational capital
in AEAS. The absence of an established agricultural extension policy has also
contributed to this. The conflicting (and sometimes overlapping, due to central and
provincial government setups) structures in public sector organizations have nega-
tively impacted the generation of relational capital. The loss of phase (and promise)
of relational capital has significantly reduced the potential of public sector AEAS in
the country.

It indicates that human capital is inherently involved in intellectual capital and in
each and every component of it, namely, human, relational, and structural capital.
Human capital plays a significant role in the effectiveness of organizations and
membership groups. The knowledge and skills of agricultural extension officers
and their relationships with key stakeholders make a big impact on the quality of
agricultural extension services provided. An important component of human capital
is the “tacit knowledge” of employees/members. The nature of AEAS is such that it
is not pragmatic to document all the practices. An agricultural extension officer
enriches the transmission of know-how based on his or her tacit knowledge. Not
only does that supplement the agricultural practices recommended, it also increases
the output of farmers. The competencies of agricultural extension staff contribute to
the credibility of the extension and advisory systems and their acceptance by the
farming community and other stakeholders.

4 Human Capital and Emotional Intelligence

Organizations have been keen to measure human capital (or human intelligence) to
identify and recognize the relative value of employees/members to reap the benefits
to the organization. Intelligence is a type of mental ability pertaining to the handling
and reasoning of different information (Carroll 1993). There are differences in the
interpretation of intelligence. Broader, cohesive, groups of abilities are at the middle
level, and the highest hierarchy level (of intelligence) involves abstract reasoning
across domains (Mayer et al. 2007).

The term “Intelligence Quotient” (IQ), by Alfred Binet, has captivated the
world’s attention from the beginning of the twentieth century. Many IQ factor
models represent cognitive abilities as a three-level hierarchy. Scholars and
practitioners started to use IQ as the ultimate yardstick with growing acceptance
and reputation over the years. Many Sri Lankan organizations (public, private, and
nongovernmental sectors) have been using IQ tests for the selection of executive
cadre employees. The pluralistic views of intelligences gathered momentum and
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contributed to the increased attention among psychologists for delimitations of
human intelligence. Amid this interest and enthusiasm, there were many
psychologists experimenting on different components of intelligence. Mayer and
Salovey are credited with the pioneering work on emotional intelligence (EI). Daniel
Goleman made it popular among a wider audience through his book Emotional
Intelligence (1995). “Emotion” has been viewed as a state of integrated feeling
involving physiological changes, motor preparedness, cognition about action, and
inner experiences (Mayer et al. 2007). There are alternative views of emotion
(Averill and Nunley 1993). Overall, EI approaches can be broadly categorized into
two models: (i) the ability model and (ii) the mixed model. Mayer et al. (2007)
opined that EI represents abilities combining “intelligence and emotion” to enhance
thought. Thereby, the primary focus of EI was identified as to reason about emotions
and to use emotions to enhance thought. Mayer and Salovey (1997) have defined EI
as the ability to perceive emotions, to access and generate emotions so as to assist
thought, to understand emotions and emotional knowledge, and to regulate
emotions so as to promote emotional and intellectual growth. Further, EI ability
model consists of two components based on the focus on specific abilities. Those
abilities either focus on a particular skill that is fundamental to EI or are based on the
integrative approach (consisting of all the specific EI skills) identifying EI as a
cohesive, global ability (Mayer et al. 2007). The four-branch model of EI (Mayer
and Salovey 1997; Salovey and Mayer 1990) views overall EI as joining abilities
from four areas: accurately (a) perceiving emotion (b) using emotions to facilitate
thought, (c) understanding emotion, and (d) managing emotion (Mayer and Salovey
1997; Mayer et al. 2003). In the interaction of an agricultural extension officer with
farmers, the ability of the extension officer to recognize the basic emotions in the
faces of the farmers is likely to precede the ability to detect the faking of emotional
expressions by farmers. As skills of the extension officer grows in one area (such as
perceiving of farmers’ emotions), his/her skills in other areas (i.e., understanding of
farmers’ emotions) continue to develop. In other words, having a higher level of EI
provides an agricultural extension officer the opportunity to identify the farmers’
emotions, to use identified emotions to think of the context of interaction, to
understand the emotions encountered by farmers, and to manage the emotions
attached to the interaction with farmers at an improved level. It facilitates an
effective approach in farmer interactions.

The EI mixed model (Goleman 1995) framework focuses on a combination of
cognitive, personality, and affective attributes (Papadogiannis et al. 2009). These
models encompass broader definitions of EI that include “non-cognitive capability,
competency, or skill” (Bar-On 1997). They also accommodate behaviors that are
seen “emotionally and socially intelligent” as components of the model (Bar-On
2003). Mixed models include “dispositions from the personality domain” (Petrides
and Furnham 2003). Most measures in this category assess primary EI attributes
such as accurate emotional perception, in combination with broader scales that are
related to EI. For example, the behavioral characters of an agricultural extension
officer, such as the ability to empathize with farmers in a given situation, relate to
his/her EI. Having socially acceptable mannerisms and behavioral patterns in the
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interaction with farmers naturally contribute to improve AEAS and to obtain better
outcomes.

There are many scientific evidence of the human anatomy relating to the existence
of specific and specialized brain areas to regulate EI. Studies conducted on mapping
the human brain areas have also confirmed that EI is associated with distinct brain
areas (Takeuchi et al. 2011; Takeuchi et al. 2013). Reuven Bar-on and a brain
research group used neuropsychology to identify the brain areas for specific
behaviors and mental functions. They have identified brain areas specific for emo-
tional abilities (Bar-On 2003). Handling of emotions can lead to positive or negative
outcomes. They are inherently related to the anatomy and functioning of the brain.
Goleman (2011) stated that the prefrontal cortex is the key neural area for self-
regulation that guides people when they perform at their best. The dorsolateral zone
of the prefrontal area regulates attention, cognitive control, reasoning, decision-
making, voluntary action, and response flexibility. Conversely, the amygdala is a
trigger point for emotional distress, fear, and anger and can lead to regretful actions.
There are empirical findings to support the impact of brain injury related to the
deprivation of emotional behaviors of people from many walks of life (BIRC 1998;
Goleman 2011). Human brain consists of circuitry involving emotional centers,
which contribute to superior performance and excellence at work, such as self-
mastery. Research on the anatomy of the human brain has strongly established
the existence of EI with numerous supportive evidence. There is sufficient evidence
to say that EI has been established as an important component of human
intelligences/human capital, along with IQ and other intelligences. Thus, EI has a
definite contribution to the intellectual capital of organizations, be it in agriculture or
another sector. EI serves as an important indicator of the quality of human capital
and is a potential tool in the assessment of human capital (intelligences) in
organizations (Goleman 2006). There are many progressive organizations across
the world that are deploying EI-related measurement instruments in the selection of
executive grade employees and service sector employees.

5 Emotional Intelligence in Organizational Performance

Many researchers have credited EI with occupational success (Kleinberg 2000;
Rozell et al. 2002). EI has been interlinked to leadership effectiveness. Jensen
et al. (2007) have indicated that EI distinguishes leaders among those with a similar
level of IQ. Fielder’s “contingency model of leadership effectiveness” has identified
“the leader-member relationship” as the most critical variable in determining the
favorableness of a situation among its three empirically derived dimensions (Luthans
2011). The conceptual works of Goleman (2001) and Boyatzis et al. (2006) have
identified the “emotional competencies” that may be associated with effective
leadership. Goleman (2001) has listed four characteristics of emotionally intelligent
leaders: (a) they are articulate and arouse enthusiasm for a shared vision and mission;
(b) they step forward to lead as needed, regardless of position; (c) they guide the
performance of others while holding them accountable; and (d) they lead by
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example. The four characteristics indicate that emotional intelligence is associated
with some skills or competencies of leadership. A positive relationship has been
found between EI and transformational leadership style (Jayawardena 2012;
Jayawardena 2014; Leban and Zulauf 2004). In extension systems, the extension
officers have to play leadership roles, especially in the field. These leadership roles
vary from major to minor decisions, and most of them are contextual. The ability of
extension officers to lead in given contexts plays a decisive role in the acceptance of
them by farmers and their effectiveness in eliciting the desired behavioral patterns
from farmers. Decision-making has a significant effect on the achievement of goals
and on the success of organizations. Decision-making patterns/styles on the field has
a bearing on the outcome of extension and related efforts. It has been found that
leaders make decisions largely through unconscious processes called pattern recog-
nition and emotional tagging (Campbell et al. 2009). This is an inherent feature
associated with people. Organizations/work settings could avoid flawed decisions,
understanding how emotional associations are attached to decision patterns. Having
managers high on EI facilitates this process. In providing AEAS, an extension officer
interacts with many farmers and other stakeholders. Each interaction could trigger
many other decisions, contributing to the overall effectiveness of the process. A
manager’s emotional style has an impact on the moods and behaviors of colleagues
and subordinates. Emotions play their role in mood contagion, driving everyone
else’s moods and behaviors (Goleman et al. 2001). In agricultural extension systems,
the emotional style of extension or advisory service officers impacts the behavior of
farmers, invariably. It has an impact on the decision-making patterns of subordinates
and fellow colleagues. There are many uncertainties with agricultural produce
(mainly due to environmental factors), and the nature of the processes calls for
high EI behavior to manage those situations. In developing countries like Sri Lanka,
the majority of the farmers spend average to marginalized livelihood that is
surrounded by failed expectations and frustrations. It demands higher levels of
maturity and understanding from extension and advisory staff to be effective in
that type of environment and work setting. The success of AEAS depends on the
formation of effective work groups among farmers. EI has a big impact on develop-
ing groups, teams, and systems, be it in agriculture or otherwise. Druskat and Wolff
(2001) have opined that a group’s EI comes from norms that support awareness and
regulation of emotions within and outside the team. Group EI norms build the
foundation for collaboration and cooperation, helping teams to realize higher poten-
tial. Interaction with farmer groups and teams is the key for a successful planning
and implementation of appropriate practices. For example, that may involve design-
ing the planting and livestock practices during seasons. EI is linked to citizenship
behavior (Jayawardena 2014) and social interactions. Goleman (2011) has identified
EI as a differentiator of professionals. He opined that a person’s intellect loses its
power to determine the desired behavioral patterns that differentiates him (from
colleagues) as a productive employee or a manager at a given IQ position. The way
an employee handles himself and his relationships (EI skill set) with others
determines the outcome. The bearing of EI is high, especially in the social context
of providing AEAS. The success of agricultural extension exercises depends largely
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on the way of approaching or interacting with farmers than the technical know-how
of innovative practices (Wanigasundera 2015). Thus the level of EI of agricultural
extension professionals has been a decisive factor in the overall effectiveness
of AEAS.

Majority of government AEAS providers have seemingly failed to develop that
close bonding needed to succeed in farming communities in Sri Lanka. Agro-
chemical vendors have established close relationships, so that the farmers tend to
believe their recommendations (that often include the usage of commercial agro-
chemicals marketed by the companies they are employed) in farming. The relation-
ship between local agro-chemical vendors and farmers has a substantial impact in
this context. Research has suggested the dark side of emotional intelligence, in using
emotional manipulation skills for selfish gains (Kilduff et al. 2010; Bariso 2018) at
work. Agro-chemical companies thrive on the above relationships to achieve their
commercial objectives. This affects the income of farmers and the sustainability of
agricultural practices in the long run. It is commonsensical that agriculture cannot
thrive without an effective AEAS system established through proper recognition of
specialized skills and approaches.

6 Social Interactions in Extension and Advisory Services

Agriculture is a social enterprise and AEAS demand (and involve) continuous social
interactions. EI has been credited with desirable leadership patterns (specially trans-
formational style) and social behaviors. There are indirect evidence related to the
impact of having staff high in EI for AEAS through their behaviour on leadership
and social interactions. Leadership in general can be understood as a process wherein
“an individual influences a group of individuals to achieve a common goal”
(Northouse 2013). Transformational leadership has been found to have improved
followers’ commitment by influencing their needs, values, and self-esteem (Bass and
Avolio 2004). Its’ approach was found to be morally uplifting (Avolio 1999). Higher
levels of performance, extra effort, and higher satisfaction can be expected from
subordinates when managers display transformational leadership. Jung, Chow, and
Wu found a direct relationship between transformational leadership and organiza-
tional innovation in 32 Taiwanese companies (2003). For agriculture to flourish, it
needs to try innovative approaches and practices. Possessing a transformational
leadership style by extension officers elicits that kind of innovative behavior
among the farmers. Transformational leadership contributes to subordinate satisfac-
tion, motivation, and job performance (Yukl 2010). Northouse (2013) found its
effectiveness in a variety of situations. Transformational leaders have aroused and
inspired colleagues at work, sharing with them a vision of what can be accomplished
through extra effort (Bass and Avolio 2004). Employees get a large amount of
information at work from a variety of sources. Managers win the confidence and
trust of subordinates when they effectively communicate their vision (Pavitt 1999).
This type of communication with field-level extension officers and farmers has the
potential to significantly improve professions and services such as AEAS. The
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absence of an established vision (and a policy) on agricultural extension in Sri Lanka
has not helped the process. Sharbrough et al. (2006) found a positive relationship
between a manager’s use of motivational language and perceived effectiveness in the
eyes of his or her subordinates. This is applicable to the relationship between field-
level agricultural extension officers and farmers. The EI displayed by the extension
and advisory staff plays a significant role to enhance the performances of farmers
and the effectiveness of AEAS outcomes.

Self-efficacy has an impact on the empowerment of employees (i.e., extension
and advisory officers) and farmers. Self-efficacy is defined as the “people’s
judgments of their capabilities to organize and execute courses of action required
to attain designated types of performances” (Bandura 1986). Self-efficacy has been
directly related to job performance (Judge and Bono 2001; Stajkovic and Luthans
1998). Two kinds of relationships between transformational leadership and self-
efficacy are found in leadership research. Schyns has defined self-efficacy as a
precondition for employees to be able to embrace transformational leadership
(2001). Kirkpatrick and Locke (1996) have asserted that transformational leaders
influence their subordinates’ self-efficacy. Schyns (2001) found a positive relation-
ship between transformational leadership and occupational self-efficacy. Schyns has
dual interpretations: “Self-efficacy could be a precondition for the perception of
transformational leadership, and transformational leaders might enhance their
followers’ self-efficacy” (2001). Transformational leadership is found to have dif-
ferent effects on self-efficacy, depending on the organizational climate. Thus,
leadership has enhanced the self-efficacy of employees in different organizational
climates. Bandura has identified mastery (experience) as a factor influencing self-
efficacy (1986). Self-awareness and self-management (dimensions of EI) have been
identified as the basis of self-mastery. The positive correlation between task
demands and occupational self-efficacy confirmed the above theory (Schyns
2001). Task demands have played a dominant role in the occupational self-efficacy
of employees. The moderating effect of task and climate on the relationship between
leadership style and occupational self-efficacy revealed that the effect of transforma-
tional leadership on self-efficacy is negative in low task demands. Findings implied
the benefits of having transformational leadership in building effective agricultural
extension systems. The leadership styles of senior management and officials con-
tribute a lot toward empowerment at field-level decision-making practices. The
recognition received by the extension and advisory profession also contributes to
the effectiveness in adoption of practices. Individuals hold self-beliefs that allow
them to apply self-control over who they are and what they want to be. Awareness
and management of an individual’s internal states lead to outstanding performances.
Emotional self-management leads to competences with a focused drive to achieve
goals, taking initiatives, and developing adaptability (Goleman. 2011).

Relationship between EI and self-efficacy has been documented through the
effects of transformational leadership style. Transformational leaders increase the
self-efficacy of followers by expressing their confidence on them. The resulting
conducive organizational climates enhance the self-efficacy of employees. Occupa-
tional self-efficacy (OSE) reflects the conviction or the confidence of a person to
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fulfill his or her job-related behavior at a perfectly acceptable level to the employer.
Schyns and von Collani (2002) observed a positive correlation between OSE
and job satisfaction, and organizational commitment. Rigotti et al. (2008) found
positive correlations among OSE, job satisfaction, and job performance. The level of
OSE before entering the labour market impact the career development of
professionals (Abele and Spurk 2009). The OSE of farmers and their preparedness
for change facilitate the adoption of novel agricultural practices promoted through
AEAS. Self-efficacy had influenced adaptation to change as a positive predictor of
self-initiated change in organizations (Armenakis et al. 2000). Farmers need self-
initiated change to thrive in modern climate smart agricultural practices. It has been
found that people with a higher sense of self-efficacy persist longer in the face of
obstacles and set challenging goals for themselves. The transformational leadership
style displayed in AEAS initiatives could promote the self-efficacy of farmers.

It is pertinent to examine the impact of leadership roles of AEAS staff on the
performance of farmers. A taxonomic approach helps to reflect the multifaceted
nature of leadership situations. It provides a balanced understanding of the leader-
ship process at work. Leadership can be assessed in multiple domains: the leader
(charisma), the follower (follower innovative role expectations, follower’s attitude
toward innovation), and the dyadic leadership relationship (LMX). The combination
of these three variables has generated a significant variation of innovative behavior
(leadership outcome) beyond any of the three taken alone (Graen and Uhl-Bien
1995). The follower is an integral component in the leadership process (Kelley
1988). LMX operationalizes a relationship-based approach to leadership. Effective
leadership processes occur when leaders and followers are able to develop mature
leadership relationships that bring many benefits (Graen and Uhl-Bien 1991). The
LMX theory “conceptualizes leadership as a process that is centered on the
interactions between leaders and followers” (Northouse 2013). Leadership models
(Graen and Uhl-Bien 1991) have recognized the utility of high-quality relationships
in organizations and described a process to accomplish this through dyadic partner-
ship building. The LMX theory has focused on the differences that might exist in the
relationship between the leader and each of his followers. Each linkage or relation-
ship between the superior and his subordinate differs in quality. Thus, the same
superior “may have poor interpersonal relations with some subordinates and open
and trusting relations with others.” “The relationships within these pairings, or
dyads, may be of a predominantly in-group or out-group nature” (Lunenburg
2010). The superior initiates either an in-group or an out-group exchange with
his/her subordinate during the initial phase of the dyadic relationship. Sometimes
this can evolve after a while in their relationship. Subordinates having secured a
place in the in-group are more likely to be invited to participate in the decision-
making process and are given more flexibility in their roles with added responsibil-
ity. “In-group members enjoy the benefits of job latitude (influence in decision
making, open communications, and confidence in and consideration for the mem-
ber), and their subordinates typically reciprocate with greater than required
expenditures of time and effort, the assumption of greater responsibility, and com-
mitment to the success of the organization” (Lunenburg 2010). Findings suggest that
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the perception of similarity felt by employees (subordinates) is a more important
factor than actual demographic similarities (age, gender, and ethnicity) (Murphy and
Ensher 1999). A sharp distinction between the employees belonging to the in-group
and the out-group may not be desirable as the out-group subordinates might resent
their relatively inferior status and differential treatment (Yukl 2010). It highlights the
significance of having a favorable perception of the follower in a subordinate’s
relationship with the immediate superior. Thus, the relationships among agricultural
extension staff, other field officers, and farmers contribute to the outcome of
extension efforts. Improved social relations (through self awareness and social
awareness) among the staff deployed in AEAS with proper understanding of field-
level realities is vital in this context.

Supervisor-subordinate relationship motivates employees (Kazoleas and Wright
2001) and influences their job satisfaction (Lamb and Mckee 2005; Madlock 2008).
It has enhanced their perceived external prestige (Smidts et al. 2001) and trust
(Thomas et al. 2009). Establishing a mutual communication channel with the
immediate superior has enhanced job satisfaction (Sias 2005). Madlock explored
the influence of a manager’s communication competence and relational leadership
on the job satisfaction of his/her subordinates (2008). A manager’s willingness to
communicate effectively with his/her subordinates contributes to organizational
success (Bartoo and Sias 2004). Failures in the communication system hamper
motivation at work (Kazoleas and Wright 2001). Subordinates’ satisfaction with
communication is an important ingredient of the psychological contract and is
closely linked to whether employees feel valued by their managers and organizations
(De Ridder 2006). Satisfaction in the relationship between supervisors and
subordinates has been a “major indicator of efficiency and organisational effective-
ness” (Brunetto and Farr-Wharton 2004). Subordinates view their immediate super-
visor as one of the most important of all informational sources (Bartoo and Sias
2004). Subordinates who have effective interactions with their immediate superiors
have shown greater motivation, satisfaction, productivity, and commitment to the
organization (Gupta and Sharma 2008). Farmers are used to rely on and view
government AEAS staff similarly to an immediate supervisory role, and the nature
of this relationship impacts the perception (and satisfaction) of farmers. The rela-
tionship with field-level extension officers greatly contributes to the performance of
farmers and to the outcome of AEAS.

In establishing an effective AEAS, it is necessary to promote citizenship perfor-
mance behavior (CPB) in extension and advisory setup/organizations. CPB explores
performance-related behaviors, going beyond the assigned tasks and responsibilities
for which employees are usually held responsible. CPB has been conceptualized by
Smith and Organ (1983) as the “discretionary behavior that goes beyond one’s
official role” (as cited in Borman 2004). Further, it is intended to help other people
in the organization to show conscientiousness and support toward the organization.
Organ et al. (2006) defined CPB as the “individual behavior that is discretionary, not
directly or explicitly recognized by the formal reward system, and in the aggregate
promotes the efficient and effective functioning of the organization.” For an effective
AEAS, it is necessary to have staff members who are willing and capable of going
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beyond the assigned roles based on the contextual factors triggered by farmers and
field-level challenges. In other words, staff should be passionate of their
involvements (and impact) in AEAS. CPB goes beyond task performance and
technical proficiency. It supports the organizational, social, and psychological
contexts that serve as the critical catalyst for the accomplishment of tasks. Research
has also linked job task characteristics with the CPB of an employee (Maarleveld
2009). Borman (2004) deliberated on four major themes of CPB, viz., supervisor’s
use of CPB in making judments about subordinates, personality as a predictor of
CPB, link betweeen CPB and organizational effectiveness, and influence of organi-
zational characteristics on citizenship performance. Podsakoff et al. (2000) noted
four major categories of antecedents of CPB, viz., task characteristics, organizational
characteristics, leadership behaviors, and individual characteristics. The above facts
further establish the importance of maintaining sound interpersonal relationships
with empathetic communication in organizational setups for effective AEAS. These
competencies have to be given detailed attention in the selection of agricultural
extension staff and needs to be followed up with training and development efforts.
The nature of AEAS is such that it needs greater commitment going beyond their
official boundaries from employees for an effective functioning of the practices of
the agricultural sector. It is imperative to create a background to recognize the
performances and careers of agricultural extension officers. The more they get
identified with their careers, the more they are likely to think and act on behalf of
their careers. Thus, it creates a catalytic environment for dedicated employees to
strive in respective careers. Agricultural extension needs conceptual clarity, and
professionals deserve due recognition for the specialized expertise demanded by the
nature of tasks. Appreciation of the impact of EI and social interactions in develop-
ing the above expertise is fundamental in the success of AEAS. Training
programmes; protocols to conduct collective actions; and individual, group, and
mass methods of AEAS can be enhanced by mainstreaming EI into the processes. EI
offers a significant promise to manage the outcomes of AEAS in local and global
contexts.
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“Communication” in the Context
of Agricultural Extension: Past, Present
and Way Forward in Achieving Sustainable
Food Systems in Sri Lanka

Madhavi Wijerathna and W. A. D. P. Wanigasundera

1 Introduction

Agriculture is an important sector of the Sri Lankan economy, contributing 7.42% to
gross domestic product (GDP) (Central Bank 2019). A considerable percentage
(28.7%) of the labor force of the country is employed in the agricultural sector,
and a majority of them are living in rural areas. Even though the contribution of
agriculture to GDP has been reducing over time, the sector is vital for the national
economy and enhances the household income of the people who engage directly and
indirectly in agriculture while ensuring the food security of the country. Although
the production of rice in Sri Lanka has increased during the last two decades, the
overall food production in the country has not increased substantially. A large
proportion of foodstuff, which can be grown in the country, are still being imported.
Sri Lanka is endowed with a wide variation of climatic and agro-ecological zones,
making it possible for the cultivation of a number of different types of crops and
rearing livestock. The research and development organizations have been develop-
ing a good deal of promising technologies capable of achieving high productivity.
Also, the new technologies have more concern on sustainable production than
earlier. However, the productivity and profitability of many subsectors remain low,
mainly due to declining soil fertility, lack of good planting materials, high cost of
inputs, and insufficient postharvest enterprises and markets.

The earnings from subsectors of agriculture such as plantation crops and spices
have recently been increasing. Therefore, it is necessary to improve agriculture-
based small-, medium-, and large-scale industries as a component of industrial
development of the country in a wider perspective. The population of the world as
well as in Sri Lanka is increasing. Therefore, it is essential to intensify food
production to meet the increasing food demand. However, the extent of arable
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lands in the country, which can be used to increase agricultural production, is
decreasing. According to a strategic review (World Food Programme (WFP)
2017), it has clearly been identified that food and nutrition security in Sri Lanka
remains an unachieved social and economic goal despite the different government
and other interventions. Therefore, it is a serious challenge to the country at present
to achieve sustainable food production while meeting the demand.

Earlier attempts at intensification of agricultural production have contributed
largely to meet the global food demand, but these have also created problems of
sustainability. Decrease in soil health, increase in soil erosion, excessive water use,
biodiversity degradation, and overuse of pesticides and fertilizer are only some of
them (Sontakki et al. 2018). Chronic kidney disease of unknown (CKDu) etiology
has become a serious environmental and health issue prevailing in the farming
community of the North Central Province of Sri Lanka as a consequence of
unhealthy production practices as identified by some researchers (Gunatilake et al.
2014). Therefore, increasing the production sustainably to meet the demand is a
critical challenge to be addressed. In other words, a sustainable transition is needed.
Sustainability transition can be defined as “long- term, multi-dimensional and
fundamental transformation processes through which established socio-technical
systems shift to more sustainable modes of production and consumption” (Markarda
et al. 2012). It is clear that the agricultural extension is important in this transition to
introduce sustainable production and consumption practices where communication
plays a major role in creating awareness and improving knowledge and skills leading
to a behavioral change in farmers and consumers.

Even though agriculture still remains as a major employment provider in Sri
Lanka, its income-earning potential is not increasing when compared to other
sectors. Consequently, even rural agricultural communities tend to move away
from agriculture (Wanigasundera 2015). Going in accordance with sustainable
development goals, the Sri Lankan government has planned by 2030 to end hunger
and ensure food security (Department of Census and statistics 2017). Therefore,
dissemination of sustainable agricultural knowledge and technology using different
communication approaches within the agricultural extension system plays an impor-
tant role in achieving sustainable food systems while meeting the food demand of the
county.

Agricultural extension is the bridge between research and farmers while playing a
role in human resource development of the stakeholders involved in the value chain.
Communication plays a critical role in disseminating agricultural extension
messages including new technology and market information and also motivating
the farming communities to adopt appropriate farming systems with sustainability.
The objective of this chapter is to review the “communication” in the context
of agricultural extension with a theoretical insight and highlight the Sri Lankan
experience while linking to the global perspectives. Furthermore, the chapter
discusses the problems and challenges of communication in agricultural extension
in developing sustainable food systems in Sri Lanka and finally proposes means of
facing the challenges and the way forward. The literature on the Sri Lankan context
was mostly drawn from peer-reviewed journals, conference proceedings, and
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symposiums held in Sri Lanka and also from undergraduate and graduate thesis to
supplement the local facts. In addition, the standard books on the domain were also
reviewed.

1.1 Agricultural Extension System in Sri Lanka

According to the literature, it can be identified that communication is not a part of but
embedded in agricultural extension. Therefore, understanding the agricultural exten-
sion system of the country helps to understand how the communication process is
taking place within the agricultural extension system.

According to Arunapriya et al. (2018), recruiting agriculture extension officers to
the government of Sri Lanka was started in 1820. The Department of Agriculture
was established in Sri Lanka in 1912 to cater to the food crop sector.

Agricultural extension, which is basically a public service, has become a fully
devolved subject under the 13th Amendment to the Constitution of Sri Lanka,
making it a responsibility of the provincial councils (PCs). Thus, in the current
context, the Central and Provincial Departments of Agriculture and the Department
of Animal Production and Health provide the extension services for the crop and
livestock sectors, respectively. The food crop sector plays an important role in
agriculture and the economy. The Department of Agriculture is the apex body
which provides extension services to the food crop sector. The agriculture instructor
is the ground-level officer of the Department of Agriculture who works with the rural
community. This officer is responsible for communicating extension messages to the
clients who are mainly farmers. The Department has followed a series of approaches
for agricultural extension including conventional training and visit system and
farmer participatory and integrated approaches. The present approach is a farmer
participatory and commodity development mixed approach (Emitiyagoda 2009).
The recently established National Agriculture Information and Communication
Centre (NAICC) of the Department of Agriculture is important to facilitate the
extension communication of the food crop sector in Sri Lanka. The objectives of
NAICC are to collect, compile, and disseminate agricultural information through
electronic and print media, develop e-solutions for information management, and
also conduct exhibition and maintain the agro technological park. To adopt informa-
tion and communications technology (ICT) for making food crop sector more
efficient and effective is part of the mission of NAICC. There are five subunits
that come under this center, namely, (i) Agriculture Publication Unit (APU),
(ii) Chamal Rajaphaksha Agro Technology and Tourism Park, (iii) Farm Broadcast-
ing Service (FBS), (iv) Agro Technological Park (GATP) Gannoruwa, and
(v) Central Library (https://doa.gov.lk/ICC/en/), which plays a major role in the
agricultural communication of the country. These roles are important to have an
effective extension service.

Livestock is an important sector in Sri Lankan agriculture. The Department of
Animal Production and Health provides the extension services for the livestock
sector. The service units at the veterinary range level, the Veterinary Surgeon’s
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Offices (287 island wide), are staffed by veterinary surgeons and livestock develop-
ment officers. According to Wickramasooriya et al. (2009), as a result of the
devolution of powers to the provincial system, the grassroots-level extension officers
have no direct relationship with the central department which implements the
training-of-trainers programs.

The Department of Export Agriculture provides the extension services for the
export agricultural crop sector. Export agricultural crops represent export-oriented
perennials including spices, beverage crops, essential oil-producing crops, and
stimulants where half of the produce is exported. The present extension approach
is mostly the general extension approach, while participatory, cost-sharing, and
educational-institution approaches also operate simultaneously in a few situations
(Senevirathna and Gunasinghe 2009). The educational institution approach is impor-
tant since it links with higher education institutes.

Extension services for the plantation sector are provided through separate institu-
tional arrangements via the commodity research institutes and services, such as the
Tea Research Institute, Tea Small Holdings Development Authority, Coconut
Research Institute, Coconut Cultivation Board, Rubber Research Institute, Rubber
Development Department, and Sugarcane Research Institute. The Cashew Develop-
ment Board provides the extension services for the cashew sector.

The Mahaweli Authority of Sri Lanka engages in the management of the
Mahaweli irrigation schemes. The goal of agricultural extension of the Mahaweli
Authority is to improve the income level and living standards of the Mahaweli settler
families. A holistic approach to agricultural extension is adopted by the Mahaweli
Authority, and extension methods such as “yaya demonstrations” and farmer field
schools have contributed to the adoption of new technologies by farmers in the
Mahaweli areas (Dayarathna 2009). Field assistants and agriculture officers are
employed as the extension officers.

The Department of Agrarian Development is also an important state institution,
which administers nearly 500 Agrarian Service Centers (ASCs) island wide,
providing services to the farming communities at the grassroots level. All the
government agricultural extension services, together with the provision of certain
input supplies, are concentrated at the ASCs, which have become the main develop-
ment center, as field-level extension officers from different departments are stationed
there (Waduge 2006). Therefore, the different extension needs of the grassroots
level farmers can be provided at one-stop.

Nongovernmental organizations (NGO) and the private sector are also involved
in agricultural extension to a limited extent. According to Wanigasundera (2015),
there are three types of nonstate sector entities that are involved in agricultural
extension in the country, namely, (i) those that deal in the supply of agricultural
inputs and/or engage in producing agricultural commodities, (ii) development
agencies, and (iii) farmer associations, cooperatives, and companies. The private
sector companies provide most of the input supplies. Sales agents and input dealers
are the prominent extension informants who represent the private sector
(Weerakkody et al. 2004).
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1.1.1 Problems and Limitations of the Present Agricultural Extension
System

As identified by Wanigasundera (2015), inadequate capacities of extension person-
nel, limited recognition of extension personnel, inability to build on pluralism in
extension delivery, and problems related to downsizing and decentralizing public
extension are some of the generic issues of the present agricultural extension service
in Sri Lanka. According to him, the present system is ineffective in providing
extension services to the entrepreneurial farmers and modern agribusiness firms.
According to Weerakkody et al. (2004), the process of technology transfer in
traditional extension models is basically one way, following the top-down
approaches. Further, many essential technical information and messages are not
efficiently transferred to the end users due to various bottlenecks in the system. A
significant change in the agricultural extension system of the country occurred
through the decentralization of the extension services to provincial councils and
project-based extension programs, but these efforts fell below expectations, resulting
in a poorer quality of extension services provided. As different government
departments and institutions and the private sector are involved in providing agri-
cultural extension services in the country, the linkages and coordination between
these institutions and sectors are important to provide an efficient extension service
while maximizing the use of available resources (Waduge 2006). According to
Wijekoon and Rizwan (2009), the weak intersectoral and intrasectoral linkages
among extension, research, training, and service sectors have led to a decline in
the effectiveness of these functions, which has impacted much the agricultural output
of the country. According to Emitiyagoda (2009), also the extension system of the
country is weak and characterized by weak research-extension linkages. There is no
formal mechanism for extension coordination among the different entities at the
national level (Wickramasooriya et al. 2009). However, there are some coordination
mechanisms available at district, divisional, and agrarian service center levels. Such
coordination is done through the district agriculture committee, divisional agricul-
ture committee, and agrarian service committees. At present, there is no national
policy for agricultural extension service in the country. According to
Sivayoganathan (1999), the Council for Agricultural Research (CARP) had
attempted to develop a national policy for agricultural extension, but it had not
been successful. CARP was established to coordinate the fragmented agricultural
research and extension system in Sri Lanka, but CARP is principally engaged with
research and lacks a mandate for extension (World Bank 2007).

According to the literature, the agricultural extension system in the country is
basically led by the government, and it is supply driven. Private and NGO sectors are
involved in agricultural extension to a limited extent. All the government extension
departments have field-level extension officers who communicate directly with the
farmers, but their capacities are inadequate, they lack motivation, and they are small
in number to provide an effective extension service. Coordination among the
organizations and the link between research and extension are poor. Under these
circumstances, communication has to play a vital role to fulfill the task of extension
service. Therefore, organizational, policy, and communication strategies should be
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developed to link the agricultural organizations as well as to increase the effective-
ness of the agricultural extension system of the country.

1.2 “Communication” in the Context of Agricultural Extension

Understanding the term extension is important to realize the relationship of commu-
nication with agricultural extension which is essential in agricultural development.
There is no universally accepted single definition for agricultural extension, and the
term extension is widely open for different other contexts and disciplines such as
health and rural development. However, the definition given by Maunder (1972) for
agricultural extension is widely accepted. According to him, “Agricultural extension
can be defined as a service or a system which assist farmers through educational
procedures in improving farming methods and techniques, increasing production
efficiency and income, bettering their standard of living and lifting the social and
educational standard of the rural people.” Accordingly, it can be identified that
communication is directly related to the educational process of agricultural exten-
sion. Extension becomes most effective when there is a three-way interactive
communication between research organizations, frontline fieldworkers, and farmers
(Fox 1990). According to the definition of State Extension Leaders Network (SELN,
2006) agricultural extension is the process of enabling change in individuals,
communities and industries involve in the primary industry sector and in natural
resource management.This definition is important for the presentday context since it
covers the role and target group of extension in a broader perspective. The definition
of Van den Ban and Hawkins (1996) for agricultural extension explicate the rela-
tionship of extension and communication. Their definition for agricultural extension
is that "extension involves the conscious use of communication of information to
help people form sound openions and make good decisions.

In order to understand the role of communication in agricultural extension and
thereby the agricultural development, it is important to understand the meaning of
the term communication. There is no universally accepted single definition for
communication, but there are widely accepted several definitions. According to the
Oxford dictionary, the general meaning of communication is imparting or exchang-
ing of information by speaking, writing, or using some other media. An early
definition for communication has been given by Stevens in 1950 from a biological
perspective. Accordingly, communication is the discriminatory response of an
organism to a stimulus. Mahaliyanaarachchi (2003) has defined communication as
a process which occurs by sharing ideas, information, and feelings among two or
more people, and it provides an interaction between two or more people.

In terms of a more philosophical perspective, Carey (1989) defines communica-
tion as a symbolic process whereby reality is produced, maintained, and
transformed. It can be agreed that communication is a symbolic process as Carey
(1989) has given in this definition, but at the same time it can be argued that the
reality is not always produced and transmitted. For instance, some sensitive cases are
exaggerated and communicated by journalists. Griffin et al. (2015) explicated that
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communication is a relational process of creating and interpreting messages that
elicit a response.

Based on these definitions, communication can be understood in a more general
perspective as a process which takes place within or between two or more people,
sharing information, ideas, attitudes, and feelings and providing the opportunity to
have interactions among each other.

According to Mosher (1966), “agriculture” is a special kind of production based
on the growth processes of plants and animals. “Farmers” are the persons who
manage and stimulate plant and animal growth on farms. It is important to under-
stand the term agricultural development in order to comprehend the role of commu-
nication in agricultural extension toward agricultural development. Agricultural
development implies the shift from traditional methods of production to new
science-based methods of production (Swanson and Claar 1984). The process of
development should contain three elements: economic (producing goods and
materials), social (provision of social amenities and services), and human (develop-
ment of people to realize their full potential) (Oakley and Garforth 1985). According
to Mosher (1966), the essentials for agricultural development are market for farm
products, constantly changing technology, local availability of supplies and equip-
ment, production intensives for farmers, and transportation. Communication plays a
vital role in all these elements of agricultural development. Especially, the
technologies are generated at research stations and transmitted to the farming
community through the extension system. Communication is vital in this transition.

Based on the above discussion, it can be considered that communication and
extension are two related disciplines, and communication is a way to achieve the
objectives of extension. Moreover, it can also be stated that communication is
embedded in agricultural extension.

2 Types of Communications Important in Agricultural
Extension

Over the last few decades, there has been an increasing trend to study and practice
communication, resulting in new knowledge and varying perspectives of communi-
cation. The diversified and multifaceted nature of communication includes mass
communication, interpersonal communication, health communication, international
communication, speech communication, intercultural communication, communica-
tion education, applied communication, organizational communication, and political
communication and also includes journalism, media production, information and
communication technologies, public relations, corporate communication, and devel-
opment communication (Mefalopulos 2008). Although the basic process and
principles of communication are common for many types of communication, the
specific principles, guidelines, and procedures can be identified in different types of
communication in different contexts. Moreover, these different types of communi-
cation efforts are focused on achieving more specific objectives in different contexts.
Out of this multifaceted concept of communication, it can be identified that
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agricultural communication, development communication, climate change commu-
nication, and participatory communication are directly related to agricultural devel-
opment. Environmental communication and science communication also have a
high relative importance.

2.1 Agricultural Communication

Communication means differently for different people in different disciplines. Agri-
cultural communication is offered in many agricultural schools, departments, and
universities as an academic discipline for undergraduate and postgraduate degrees. A
question can be raised as to what communication is agricultural. Communication in
an agricultural context can be identified as agricultural communication in general.
Kurtzo et al. (2016) emphasise the difficulty of providing a comprehensive definition
for agricultural communication. However, they have identified agricultural commu-
nication as a field of emerging interest. According to them, skills and characteristics
needed by agricultural communicators ranged from general agriculture and policy
understanding to technical communication and science knowledge. Zumalt (2007)
has described agricultural communication using a Venn diagram (Fig. 1). According
to him, agricultural communication seeks to connect the two well-established
streams (agriculture and communication) effectively.

Further, Zumalt (2007) suggests that communication touches and serves all
aspects of agriculture and every sector of the food and agricultural enterprise has a
dimension of human interaction. Accordingly, a combination of communication
tools, techniques, and methods used in the agriculture development process is
known as agricultural communication. It can be differentiated from other forms of
general communications since communication messages are carefully designed to
expect a behavioral change of the stakeholders toward agricultural development.

CommunicationAgriculture

Agricultural

Communication

Fig. 1 Venn diagram to
illustrate the intersection of
two sets (agriculture and
communication). (Source:
Zumalt 2007)
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2.2 Development Communication

Development communication especially focuses on communication to achieve
development objectives. It is a relatively newly developed branch of communica-
tion. Mefalopulos (2008) gives the definition of development communication as
interpreted by the Communication Department of the World Bank as follows: an
interdisciplinary field based on empirical research that helps to build consensus
while facilitating the sharing of knowledge to achieve a positive change in develop-
ment initiatives. More importantly, from a development perspective, it is not only
dissemination of information effectively but also using two-way communication
among stakeholders. According to this definition, development communication
efforts would not be finished once the dissemination is completed. It engages with
the stakeholders until the desired development objective is achieved.

Development communication often engages with the mainstream media and
focuses on issues that are not given space in mainstream media channels. Anand
(2014) indicates that development agricultural journalism has several characteristics
in general, such as the following:

(i) It is a key to good governance—power can be misused if the media is not critical about
government laws and regulations. (ii) Imposing pressure on decision-making processes and
rectifying check and balances of centrally funded schemes. (iii) Information power and right
to know—development communicators have the right to information and to know how
public money is spent on public development and interest. (iv) Editors and producers give
more attention to the corruption aspects of development projects than being appreciative of
progress. (v) The media is expected to be critical and objective. (vi) Developmental media is
not expected to work along with but expected to serve for common goals of the government.
(vii) Participatory citizenship is a mandate of development communication.

Most of the agricultural and rural communication methods are expected to be
intensive in community participation as communities carry a significant portion of
local knowledge.

Depending on the characteristics of development communication, it can be
clearly stated that development communication and agricultural communication go
hand in hand. Therefore, incorporating the development communication principles
and guidelines in agricultural extension communication is important to achieve the
development objectives of the field of agriculture including the sustainable develop-
ment of the food sector.

2.3 Participatory Communication

Participatory communication is another branch of communication. According to
Servaes and Malikhao (2005), the word participatory implies a higher level of public
involvement in communication systems. It includes the involvement of the public in
the production process and also in the management and planning of communication
systems. Participatory communication is an approach based on dialogue which
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allows the sharing of information, perception, and opinions among the various
stakeholders and thereby facilitates their empowerment especially for those who
are vulnerable and marginalized. Therefore, this type of communication is especially
relevant when agricultural development projects are linked with rural development
projects.

The traditional communication of technology transfer in agricultural extension is
criticized as top down/one way, and receivers may feel the messages as strange and
culturally excluded. Therefore, participatory communication strategies are useful in
farming system approach in agricultural extension. In this approach, the assumption
is technology which fits the needs of farmers, particularly small farmers, is not
available and needs to be generated locally (Axinn 1988). Participatory communi-
cation strategies are well fitted to achieve the objectives of farming system approach.
Moreover, depending on the characteristics of participatory communication, it can
be stated that this type of communication is important to create a sense of belong-
ingness in the target audience.

2.4 Climate Change Communication

World climate is changing and will continue to change. Although climate change is
happening, it is difficult to communicate climate change to the public due to lack of
visibility and immediacy of this phenomenon (Moser 2010).

Agriculture is one of the most vulnerable sectors for climate change effects.
Therefore, climate-smart agriculture (CSA) concept was introduced by the Food
and Agriculture Organization. CSA is an approach to developing the technical,
policy, and investment conditions to achieve sustainable agricultural development
for food security under climate change (FAO 2013). Adaptation and mitigation are
the two possible strategies for facing climate change challenges. Being a small
developing country, the most appropriate response to climate change would be
general adaptation (World Food Programme (WFP) 2017). The priority adaptation
measures identified by the Climate Change Secretariat in Sri Lanka are as follows:
(i) increase climate change awareness at all levels, (ii) build capacity for climate
change adaptation in key economic sectors, and (iii) engage the wider stakeholders
in a dialogue on climate adaptation (Climate Change Secretariat of Sri Lanka 2010).
It can be clearly identified that communication has to play an important role in
implementing these identified strategies for climate change adaptation. Therefore,
communicating CSA in agricultural extension is timely needed. An important way to
address the combined issues of food security and climate change is to ensure
investment on disaster mitigation and climate adaptation that includes bridging the
information gap between farmers and policy makers which is lacking at present
(World Food Programme (WFP) 2017).

In conclusion, addressing climate change issues is timely needed, and therefore
climate change communication strategies should be incorporated and integrated into
agricultural extension. All relevant stakeholders at different levels should be
included in this strategies.
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3 Extension Communication Methods: Experience
of Sri Lanka

Basically, there are three main extension methods, viz., individual, group, and mass
methods. The individual type of extension can be effective but not cost-effective. As
discussed in Sect. 1.1, the agriculture-related government departments in Sri Lanka
have a well-structured bureaucratic mechanism to reach the grassroots-level farmers.
They often conduct programs to communicate with groups of farmers using group
extension methods such as farmer trainings, demonstrations, and field days. How-
ever, mass media plays an important role in mass agricultural extension methods
specially to reach a large number of people in the country at once. This is important
in transferring quick messages on time as well as in terms of coverage.

Table 1 shows the agricultural information sources and the preferences of farmers
according to a study conducted in four provinces in Sri Lanka (Sabaragamuwa,
North Central, North Western, and Central) out of nine by Adikari (2014).

According to Table 1, a considerable number of farmers use mass media to obtain
agriculture information. However, the majority (80%) of the farmers rely on field-
level extension officers.

Communication is important to provide information needed by farmers. Farmers
need information on different things during different stages of the production
process. A case study has been conducted in rural Sri Lanka by Silva and
Ratnadiwakara (2008) to assess the information search cost of vegetable farmers
along the value chain (Fig. 2). Accordingly, the farmers spend more cost on
searching information at the growing stage. They may need more information on

Table 1 Farmers’ agricultural information sources and their preferences to use mass media

Variables Percentage %

1. Agricultural information sources

Television 52

Radio 31

Newspapers 22

Journals 13

Magazines

Others

Extension officer 80

Parents 71

Fellow farmers 41

Friends and relatives 2

Marketing agencies 37

2. Farmers’ preference to use mass media (as the sum of 1st, 2nd, and 3rd preferences)

Television 64

Radio 44

Newspapers, journals, and magazines 36

Source: Adikari (2014)
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pest and disease control and fertilizer application. Farmers should receive informa-
tion on sustainable agricultural practices at correct time to make sound decisions.

3.1 Use of Print Media

Print media is the oldest form of mass media compared to radio and television. It has
gained a significant growth since the late nineteenth and early twentieth centuries as
it addresses news and mass popular entertainment items. Print media comes in the
form of newspapers, journals, magazines, tabloids, bulletins, broaches, etc. All
forms of print media have increasingly commercialized and are facing tremendous
competition in the twenty-first century. A specific feature of newspapers and
magazines is that they provide words and images that ignite and sustain sociocultural
human dynamics. Print media items are created by a variety of producers ranging
from most professional publications that adhere to high journalistic standards to
fan-produced flyers printed on the fly with everything in between (Guschwan 2016).
In addition to that in search of wide circulations, print media grows into scandal
spheres while setting the tone of issues and the directionality of local and national
issues (Popović and Popović 2014).

The use of print media in Sri Lanka to disseminate agricultural extension dates
back to 1820. Leaflets containing agricultural information had been printed and
distributed as a means of communication at that time, and therefore this can be
considered as the first kind of formal agricultural communication effort in this nature
(Arunapriya et al. 2018). Compared to some other developing countries, print media
can be effectively used in the Sri Lankan context to disseminate agricultural infor-
mation since the literacy rate of the Sri Lankans is as high as 93.1% (Central Bank
2017). A regional study in Sri Lanka conducted by Wijerathna et al. (2013) found
that 79% of farmers read newspapers and pay special attention to agricultural

Land 
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Growing
54%

Seed purchasing 
& seed bed
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Decision
24%

Selling
9%

Harvesting, 
packing & 

storing
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Fig. 2 Information search
cost of farmers by growth
stage. (Source: Silva and
Ratnadiwakara 2008)
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information. Therefore, newspapers can be used to reach a large audience in
agricultural communication. However, 21% do not read newspapers due to various
circumstances. One of the reasons may be the cost of the newspapers.

The print media has been forced to pay more attention to standardization,
sensationalism, superficial consideration of relatively important issues, and high
space for entertainments, sports, and crimes (Guschwan 2016).

When considering the readers’ perspective, according to a study conducted in Sri
Lanka by Nanayakkara, Wanigasundera, and Dissanayake (2015), respondents
prefer to have photographs, success stories of farmers, and subject matter specialists’
contribution in newspaper feature articles. Therefore, this suggestion would be
important in increasing the readership of farmers on agricultural articles.

3.2 Use of Radio

Radio is a powerful means of communication. Although it is only an audio media
compared to the television, some of its unique characteristics are an advantage for
agricultural communication. People can listen to the radio while they are working.
Especially the rural farmers can listen to the radio even when they are at the field.
According to Nazari and Hasbullah (2010), radio has proved to be the most effective
media in promoting agriculture and development in rural areas, particularly as a tool
for the delivery of quick information. The terms rural radio and community radio
have come to be used interchangeably to describe FM stations established to
broadcast to a local and predominantly rural audience (Chapman et al. 2003).
According to Pringle and David (2002), Sri Lanka Broadcasting Corporation’s
community radio programming and local FM stations, from their origins in the
Mahaweli community radio initiatives in the 1980s to the Kothmale community
radio project in the 1990s, are an unusual example of community media.

Radio broadcasting was introduced to Sri Lanka as Radio Ceylon in the early
1920s during the colonial period (Jayarathna et al. 2007). Presently, radio in Sri
Lanka is both a public and private service. In Sri Lanka, there is no fully devoted
radio channel for agriculture, but agricultural programs are broadcasted via national
and few regional radio stations. However, there is a web radio called Krushi FM
which is devoted to agriculture and is run by the Department of Agriculture. A recent
study (Silva et al. 2019) indicates that the Farm Broadcasting Service of the
Department of Agriculture plays a key role in producing agricultural radio programs
and 41% of farmers listen to these programs regularly. Further, the busy time
schedule of the famers and less awareness about the programs are some of the
reasons for less listening behavior. Although radio is an old and an audio media
compared to the television, still it can be used in agricultural communication to reach
a considerably larger audience (Fig. 3).

Although the Kothmale community radio has proven a considerable success, it is
not functioning at present. The Mahaweli community radio is also not functioning at
present due to various political, administrative, and financial reasons.
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3.3 Use of Television and Agricultural Video

Video is important as an audiovisual media. Carpenter (1983) argues that television
is one of the most effective media in agricultural technology transfer among farmers.
According to him, the unique combination of sight, sound, and motion is the reason
for its effectiveness, and thereby it can change the behavior of people. Video is an
effective tool for awareness raising. Video can be screened in a variety of ways (e.g.,
on television, at mass events, in local venues, via the Internet) (Lie and Mandler
2009), and it is a relative advantage of this media in agriculture communication.
Govibimata Arunalu and Mihikatha Dinuwo are two popular agriculture video
programs produced by the Department of Agriculture and telecasted via the National
Television Corporation in Sri Lanka to disseminate agriculture information and
technology. Rividina Arunella is another popular program on home gardening.
This program is produced and telecasted by the National Television Corporation.

Kamatha (traditional threshing floor) was an agricultural television program
produced and telecasted by the Department of Agriculture, Ministry of Agriculture,
in Sri Lanka and telecasted through a private media channel, namely, “Sirasa.” It was
popular and was awarded the best development-oriented variety program in Sri

Fig. 3 The e-tuktuk, an auto rickshaw of the Kothmale community radio station that served as a
mobile radio station and multimedia center. (Source: google/www.flickr.com/photos/
10159126@N08/1330828946/ww.flickr.com/photos/10159126@N08/1330828946/)
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Lanka in 2003. According to a study conducted by Silva (2007) in 8 districts using
1800 households in Sri Lanka, viewership was 50%. The program format included
both instructional and entertainment components; an embedded entertainment was
an important component to increase the viewership and effectiveness of the pro-
gram. This video format is known as “edutainment TV” refers to entertaining TV
programmes intended priliminary for educational purposes which has a proven
success as a global success in rural advisory service initiatives (Kiptot et al. 2016).
However, the edutainment format is not widely used at present in Sri Lanka,
therefore need to pay attention as it is an effective way of communicating extension
messages.

Video programs produced by video technology can be telecasted through media
channels or else can be used for projection using multimedia and other electronic
devices. Telecasting through media channels is important to reach a large audience at
once, and projection using multimedia or other devices is effective, especially in
group extension. It has been proven by several studies conducted in Sri Lanka that
the use of different video formats is effective in communicating several kinds of
agricultural messages that are expecting to change knowledge and especially
attitudes.

Wickramaarachchi and Wanigasundera (2011) developed a motivational video
for changing the negative disposition of rural youth toward agriculture. Authors
found that the video story with motivational, dramatic, and entertaining treatment
dimensions can be effectively used to transmit positive messages and thereby change
the negative disposition of rural youth in Sri Lanka toward agriculture. A study
conducted by Aberathne, Wijerathna, and Wanigasundera (2014) has proven that a
short film format can be used effectively to sensitize the farming community and the
general public to chronic kidney disease of unknown etiology, a severe environmen-
tal and health issues in Sri Lanka at present. Out of all the respondents, 97% had
accepted that the short film was successful specially in changing their attitudes.

Basically, agricultural extension is a nonformal adult education process. It is also
related to social interventions in agricultural development. Therefore, there is a
potential to use participatory video in agricultural extension. However, in a study
conducted by Samarakoon and Manthilake (2009), in Sri Lanka, it was found that it
is difficult to train farmers in participatory video making. Further efforts should be
taken to implement this relatively novel approach in communication in agricultural
extension.

3.4 Use of Drama and Theater

Use of drama and theater and role play in agricultural extension is a traditional form
of agriculture communication. It is different from mainstream media that is print and
electronic. According to Jinadasa (2016), traditional folk media can be utilized
effectively in the process of social mobilization for development. However, the
authors claimed that the minimal studies in Sri Lanka have been conducted to
investigate the sociological and communicative abilities of folk media for
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development communication. Sri Lanka has a long history in drama and theater.
Sokari is a good example of traditional drama in Sri Lanka (Swarnasinghe 2000).
Based on Sokari and Café Theater, a French dramatic style, a new drama format was
developed by Samudra and Wanigasundera in 2002. According to an evaluation of
its effectiveness, the mean knowledge of 5.8 marks had increased up to 8.3 after
watching the drama. However, the use of drama and theater for agricultural commu-
nication in the country is limited in history as well as at present. Wijerathna et al.
(2004) had developed an interactive drama format to communicate the messages of a
community development project. The media treatment incorporating dramatic
components was scientifically valid and socially acceptable.

There are different types of drama. With the participation of the audience as
characters in the drama, the effectiveness of the communication can be improved.
The participatory theater is an example of this type of drama. The Brazilian dramatist
Augusto Boal invented this participatory drama format called the “Theatre of the
Oppressed,” and it shows very successful results in the fields of social conflict
resolution, gender issues in society, and health and sexual educational programs
(Boal 2008). This type of drama is also known as alternative drama. In India, the
forum theater experience shows an increase of awareness of the development issues
among civilians, and it implies that the theater cannot change the whole system but
can increase the awareness and the critical evaluation of issues (Mills 2009).
However, research evidences for the effectiveness of forum theaters in Sri Lanka
as a method for disseminating agriculture-related knowledge and technology transfer
and attitudinal change is meager.

3.5 Information and Communication Technology (ICT)
for Agriculture Communication

The use of ICT in agriculture is the newest form of technology-enabled agriculture
communication. It is also known as e-agriculture. It is timely needed to improve ICT
for agriculture in Sri Lanka while using efficient and effective traditional communi-
cation strategies in agricultural extension. One chapter in this volume, by
Dissanayake et al., discusses the use and development of ICT in agricultural
communication in Sri Lanka.

4 Key Issues, Challenges, and the Way Forward

Communication in the process of agricultural extension plays an important role in
achieving sustainable food systems. However, there are many issues and challenges
regarding the effective use of communication in agricultural extension toward the
sustainable agricultural development of the country. About 80 percent of the world’s
extension is publicly funded and delivered by civil servants, providing a diverse
range of services to the general population, commercial producers, and disadvan-
taged target groups through a variety of approaches (Singh et al. 2015). In Sri Lanka
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also, the agricultural extension is basically a public service. Therefore, as a develop-
ing nation, it is challenging to get the required amount of government budgetary
allocations to finance agricultural extension. Mostly, face-to-face contact with the
farmers are not frequent and adequate due to the small number of extension officers.
On the other hand, it is not financially viable to increase the field-level extension
officers to the required level. Therefore, effective and efficient communication
strategies should be followed to support field-level extension. Traditional communi-
cation strategies are not sufficient to reach all clients of agricultural extension
fulfilling their extension needs while achieving sustainable development of food
systems. In this context, it is important to develop ICT-enabled communication in
agricultural extension to face the challenges. Technology stewardship of the exten-
sion officers should be developed.

Most of the communication strategies used in agricultural extension in the world
as well as in Sri Lanka are mostly linear. The technology transfer model of commu-
nication is used as the general agricultural extension approach. This approach is not
adequate to address the present challenges of agricultural communication like
climate change communication. Therefore, participatory communication approaches
are mostly effective in climate change adaptation in agriculture. They are also useful
in agricultural development projects, such as the Mahaweli development project (the
largest irrigation infrastructure development project) in Sri Lanka which link agri-
cultural development with rural/community development. Furthermore, it would be
able to suggest using this branch of communication in farming system approach in
agricultural extension where agricultural technologies are supposed to develop
locally.

Less priority given in mass media for agriculture and related concerns and issues
is one of the problems in mass media communication. Therefore, a reasonable space
should be allocated at least by national government newspapers to discuss agricul-
tural issues of the country and provide the necessary knowledge and information. On
the other hand, all newspapers circulating within the country are national but not
regional. Bandara and Sivayoganathan (2005) had reported that nonavailability of
publication and improper distribution are a problem for farmers in Mathale district.
Regional newspapers and magazines are useful to discuss regional issues. It is
important to make available the different print media, including newspapers,
magazines, books, and leaflets to the farmers for their use free of charge or at an
affordable price.

Although some national agricultural television programs are available, most of
the farmers do not watch the program due to inconvenient time, lack of awareness,
and no access to the channel (Udayakanthi et al. 2015). Farmers prefer to watch in
the late evening, but it is a challenge to have a time slot during the commercially
important peak hours. According to a study conducted by Ekanayake and
Wanigasundera (2005), farmers prefer to watch programs between 7 p.m. and 8 p.
m. Considering its national importance, it is recommended to change the time of
telecasting to late evening, improve the coverage, and raise the awareness of farmers
in order to increase the viewership of agricultural programs. At the same time, based
on the success stories like the Kamatha program (Silva 2007), program formats
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should be developed in order to capture the attention of both farmers and the general
audience. The potential use of community/participatory videos for agricultural
communication in Sri Lanka should be further explored.

Community radio model has been identified as an effective participatory means
for rural development including agriculture, but sustainability is a key issue. Politi-
cal, administrative, and financial issues have been identified as the reasons for
unsustainability. Carter (2009) has stated the Kothmale community radio project
as a successful example of a community radio, when its continued existence is in the
hands of a succession of political administrations and international funding agencies
with their own economic agendas. According to the author, the biggest lesson that
the Kothmale model teaches is that control of community radio must be in the hands
of the community exclusively if it is to succeed in an ongoing, educational, and
culturally sensitive manner. Furthermore, according to Pringle and David (2002),
Kothmale’s potential growth as a rural communication vehicle, for radio or for the
Internet, is limited by the lack of independence. In this context, the respective
governments should be focused on community radio, especially one that fuels
development rather than seeks to fulfill profit making and political objectives. The
potential of sustainable use of radio and especially community radio in communi-
cating extension messages to achieve sustainable food systems in Sri Lanka should
be further explored.

Drama and theater can be used effectively to communicate agricultural messages,
especially in group extension. The recorded version of the drama can be used in
television communication and social media like modern communication platforms.
Forum theater as a new form of participatory drama to engage with the audience has
shown success in other countries. However, this effective method of communication
has not yet been used in the country for agriculture communication. Samudra and
Wanigasundera (2002) reported that it is hard to find any evidence that stage drama,
tele drama, or dialogued cartoons have been used to transmit agricultural information
at a large scale. Provisions for these types of communication in a bureaucratic public
extension system in Sri Lanka are very limited. However, it is important to incorpo-
rate and facilitate this effective method of communication in the agricultural exten-
sion system of the country where possible. On the otherhand, although the
edutainment media format has a proven success locally, and globally as a format
of communicating extension messages, the competent professionals rich in both
technical knowledge and creativity in entertainment are lacking. In this context, joint
efforts of subject matter specialists with creative art professionals would be
reccommended as a way forward.

4.1 Climate Change Communication: A New Paradigm

Traditionally, agricultural extension and communication had worked to promote
new technologies and management techniques to increase the production. However,
presently, the need of a more sustainable production along with adaptation to climate
change challenges has been identified as key issues in agricultural development. The
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concept and strategies for climate-smart agriculture (CSA) should be incorporated in
communication in agricultural extension. Therefore, the suggestions of Sontakki
et al. (2018) are important to transform agricultural extension and communication
toward more sustainable food ecosystems. Accordingly, the traditional role of
extension and communication should be extended toward promoting ecosystem
sustainability, as well as the integration of agricultural extension with emerging
concepts like social marketing and mindful consumption. Wanigasundera and
Carvelho (2014) highlighted the fact that countries like Sri Lanka have a long way
to go in bettering media coverage of the topics on climate change. Supporting this
recommendation, Kalahinayake et al. (2015) had reported that the awareness of
paddy farmers in Hambanthota district of Sri Lanka on climate change and
subsequent adaptation strategies are at a low level, and therefore there is a need
for conducting awareness programs and media campaigns.

Climate change challenges in Sri Lanka should be addressed. It is timely needed
to integrate media strategies into agricultural extension programs in the country to
mitigate climate change issues on sustainable food systems.

4.2 Policy Concerns

“A national communication policy should be drawn up to articulate the role of
communication in development” (Fraser and Villet 1994). According to Padhy
(2010), the government should consider the establishment of a communication
policy to support agricultural extension for rural development. According to Bandara
and Sivayoganathan (2005), the need for an effective communication system to
transfer agricultural information to farmers has been felt since the independence of
Sri Lanka. Agricultural communication is embedded in agricultural extension, but
there is no agricultural extension policy at present for Sri Lanka. In this context, it is
rather new to propose a communication policy for developing sustainable food
systems in Sri Lanka. Arunapriya et al. (2018) highlighted the fact that after passing
through many different extension systems, still the country has not adapted a
mechanism suitable for existing global agricultural trends, agricultural entrepreneur-
ship, and ICT development. In this context, although it is too premature or hard to
think of a communication policy for agricultural extension, effective and efficient
communication strategies for agricultural development will be established and
improved if the recent attempts to develop an agricultural extension policy become
a reality.

4.3 Research and Development

The scientific literature specially published on peer-reviewed local and international
journals on communication toward agricultural development in Sri Lanka is limited.
Many of the research studies have been limited to undergraduate/postgraduate
research in universities, but publishing on peer-reviewed journals is not adequate.
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In general, the scope of the studies is narrow. A majority of the research studies are
regional, and island-wide studies on the discipline are very limited. On the other
hand, it is important to publicize the research findings for the relevant authorities to
practice/implement. Although research and interventions on ICT for agricultural
communication are emerging, the contribution of traditional media and emerging
methods like forum theater for effective communication has been neglected. There-
fore, research and development on theater and other folk/traditional media for
agricultural communication should be a concern. In conclusion, the scientific studies
on communication toward developing sustainable food systems should be facilitated
within the relevant scientific, academic community in Sri Lanka, and findings should
be communicated for practice. This would be more important for the transition of
conventional food production systems into becoming more sustainable.
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A Psychological Lens to Conceptualize Sri
Lankan Farmers’ Adaptation Behavior
in the Face of Significant Environmental
Stressors

J. M. P. N. Anuradha

1 Introduction

The recent drought that hit Sri Lanka in early 2016 and lasted throughmid-2017 provides
alarming evidence of the extent of the vulnerability of Sri Lankan farm households, even
to environmental adversities that have been frequent phenomena for ages. The recent
drought resulted in a record low rice cultivation during the last main paddy growing
season, whereby only 35% of the paddy lands could be brought under cultivation
(Ministry of Disaster Management [MDM] and World Food Program [WFP] 2017).
The most disturbing development surrounding the recent drought is not merely the
dramatic fall in rice production; rather, it concerns the figures revealed with respect to
the economic resilience of the rural farmhouseholds in drought-prone areas.According to
a joint report by the Food and Agriculture Organization [FAO] and WFP (2017), the
household income of one-third of the drought-affected population was reduced by more
than half. The same report shows how the drastic decline in the production of food crops
coupled with deteriorating household economies led to over 200,000 households
reaching borderline food insecurity toward the end of the drought spell. Although Sri
Lanka has been exposed to such droughts continuously over its history and most
distinctively over the last two decades (FAO and WFP 2017), the ability of the
drought-prone population to cope with and adapt to such recurring stressful events still
seems underdeveloped. Adding more fear to this situation, several other environmental
events (i.e., frequent floods (MDM 2014), elephant crop raiding (Fernando 2015; Perera
2009), and diminished access to potablewater) have also emerged as significant stressors1
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1A stressor is an “event or circumstance that taxes normal environmental transactions and
relationships and initiates and motivates adaptation responses and stress and coping processes”
(Reser and Swim 2011).
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that critically hamper the livelihoods andwell-being of farm households in drought-prone
areas and to which many of the sufferers have not been able to adapt2 well.

Many of these wicked environmental stressors, whether they are natural or human
induced, cannot practically be eradicated or even kept under control in some cases.
The human-elephant conflict, for which humans are more responsible (Bandara and
Gunaratne 2006), is one such stressor on smallholder farmers in the dry zone that is
quite difficult to address, unless either the elephant population is brought down to
make room for the growing human population and their demands or human activities
are kept to a minimum in elephant habitats. Both of these options, given the
sociocultural, political, and current economic context of the country, are seemingly
inviable, at least in the near future. Thus, from a national-level perspective, reducing
the exposure of such a large population to these stressors is out of reach for the
government.

However, effective and accurately targeted policy interventions can enhance the
adaptation capacity of the suffering to make their own households and their
economies more resilient, even when the stressor is present or likely to recur.
Well-formulated and well-equipped policies can enhance the level of tolerance of
farm households to adversities, facilitate adaptation of countermeasures by the
suffering within their own household or at the community level, and even motivate
them to transform their livelihoods to reduce their exposure to environmental
stressors. The recent drought, as well as other environmental stressors that make
frequent news regarding the magnitude of the havoc that they can create for Sri
Lankan farm households, however, cast into doubt the ability of the existing policy
interventions to motivate farm households to adapt to recurring stressors. World
Bank (2015), while commending the comprehensive and well-structured Sri Lankan
government policy interventions to introduce “climate-smart agricultural (CSA)
practices” to farmers, found that only a minority (<30%) of rice and vegetable
farmers have adopted the listed CSA practices. Williams and Carrico (2017) found
that the cultivation of developed short-duration paddies was an effective drought
adaptation strategy adopted by farmers in the dry zone of Sri Lanka. However, only
27% of their sample respondents had adopted this strategy.

Although Sri Lanka has a policy environment that fosters climate change adapta-
tion, it has been challenging to implement policy directives and guide farmers
toward adaptation of climate-resilient strategies (Marambe et al. 2015). The situation
remains more or less the same, even with regard to the adaptation support policies
related to other critical environmental stressors. Since success of most adaptation
support policies affecting agriculture sector depends on voluntary efforts by individ-
ual farmers, it is important for such policies to address the factors that either motivate
or constrain farmers to adopt recommended adaptation measures. Thus, any

2
“Adaptation refers to a wide range of responses that an individual can make in difficult
circumstances, including initial understanding, affective responses to situations, behavioral
responses to situations, the process of selecting responses, and the reciprocating impact of responses
to individuals, communities, and the physical environment” (Swim et al. 2009).
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adaptation support policy initiative to be effective, it must have a multifaceted
understanding of the interplay between contextual and intrapersonal drivers of
adaptation to the respective stressor by those suffering from it (Swim et al. 2009).
This understanding can only be acquired through a multidisciplinary insight into
human adaptation to environmental stressors related to a given context (Reser and
Swim 2011; Simonet 2010), and this insight can only be achieved through well-
structured research built upon ecological, economic, sociological, anthropological,
and psychological principles of adaptation.

In Sri Lankan research, which has a strong adherence to provide directives to
policy makers, a large gap exists with regard to our understanding of the role of
psychological drivers deemed salient in the process of adapting to environmental
stressors. Among the local research studies, which have been predominantly focused
on climate change stressors and of which only a few have been published in peer-
reviewed and indexed journals, the primary concern has been to capture the role of
factors, such as income level, demographics, access to technology, and institutional
support, on adaptation decisions and behavior. Only a handful of researchers have
ventured into revealing how psychological factors, such as perceptions, attitudes,
beliefs, subjective norms, and mental biases, affect the adaptation of the suffering to
environmental challenges in Sri Lanka. This is not surprising, as this neglect of
psychological factors in favor of more objective financial, technical, and institutional
factors has been a common issue, even in the global adaptation literature (Le Dang
et al. 2014; Reser and Swim 2011). One reason psychological factors are ignored is
that, in comparison to other nonpsychological factors that often involve objective
measurements, such factors are difficult to capture and measure in empirical studies
(Fresque-Baxter and Armitage 2012; Grothmann and Patt 2005). Another plausible
reason, particularly with relevance to local Sri Lankan research, is that there is less
understanding of the role of psychological factors in human decision-making pro-
cesses related to adaptation. The knowledge developed within psychological
disciplines, particularly in social psychology, environmental psychology, and cog-
nitive psychology, can contribute immensely to fill the above research gap and
subsequently provide policy directives to make effective policies.

This chapter attempts to provide insight into the psychological drivers of human
adaptation and, with reference to local and global research, provides a fundamental
understanding as how to incorporate those factors in research to study Sri Lankan
farmers’ adaptation process in the face of various environmental challenges within a
much broader spectrum.

2 Why Adopt a Psychological Lens to Understand Human
Adaptation?

“Give a man a fish, and you feed him for a day; teach a man to fish, and you feed him
for a lifetime.” I refer to the above proverb known to most of us and often quoted in
the poverty literature to underline the rationale of this study. To adapt this proverb to
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signify a context of environmental perturbation instead of poverty or hunger,
however, I have made slight changes, with certain additions to elaborate on the
motive of this chapter. Under the context of environmental hardship, giving people
welfare and post-recovery support, as if giving a fish to a man to quench his hunger,
would likely serve short-term benefits. As the proverb says, policy initiatives must
aim at guiding and facilitating people toward sustainable adaptation strategies to
overcome environmental hardships, even without providing continuous external
support, as if teaching a man to catch fish by himself to alleviate his own hunger.

However, the proverb is still incomplete, with some important information
missing. Even if the man is taught all of the fishing methods, given all of the fishing
gear that is needed, and the fish is found to be a very effective and abundant food, the
assurance of him continuing to fish is still doubtful. Some simple questions can bring
the validity of the popular proverb into question. If the man is too concerned about
his neighbors, whom he perceives to be conservationists that generally demean those
who are not, what is the chance that the man will still continue to fish, in conflict with
the social norms to which he is subject? If the man lives in a conservative neighbor-
hood that rejects innovative ideas and has not practiced or seen fishing before, would
the man dare to withstand social repulsion and continue fishing? What if the man
perceives that periodic hunger is not a large problem and that fishing is an extra
burden not worth investing his time in? If the man fears that the government will
cease welfare food rations to which he is already entitled if he is found to be self-
sustainable with fish, would he opt to risk fishing at the likely cost of losing what he
already has on hand? What if the man has been brought up in a culture that does not
embrace fish as a common staple? Would it be easy to motivate him to adopt a new
food habit? Finally, if the man refrains from killing animals due to his own firmly
held personal attitudes or religious beliefs, would it be easy for him to find his own
fish? As long as alternatives and tradeoffs are available that would prevent him from
experiencing near death without “fish” as the last resort to survive, the above
questions raised by intrapersonal psychological barriers may carry validity. If any
policy-led training, motivation, or facilitation program aimed at helping the man
continue fishing does not consider these socially constructed and transmitted intra-
personal factors, there is a strong likelihood that these efforts would be wasted. Thus,
it can be misleading to try to understand human behavior (or more specifically
adaptation behavior) exclusively as a function of utilities and objective external
factors (e.g., physical, economic, social, and technological). Nevertheless, more
integrative theories of human behavior that consider the interplay between both
intrapersonal factors and external factors have proven to be more useful than models
that only consider either intrapersonal or external factors for understanding drivers
and conditions that can influence behavioral change (Prager 2012). Hence, consid-
eration of the psychological aspects of adaptation by policy makers has an utmost
importance (Grothmann and Patt 2005), and the responsibility of local researchers is
to provide policy makers with insight into the psychological understanding of
adaptation processes.
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3 Adaptation to Environmental Perturbation Through
a Psychological Lens

A psychological perspective on adaptation to environmental stress is built upon the
premise that human (adaptation) behavior results from a mix of conscious and
unconscious mental processes (Baumeister et al. 2011). As psychologists acknowl-
edge that behavioral dispositions belong to the individual and human mind alone,
adaptation in psychology is solely conceptualized at the individual level (van der
Linden 2014). However, psychology does not ignore the impact of contextual
influences, as psychological theories often relate the roots of psychological
constructs that drive human behavior to sociocultural origins (Maio et al. 2007)
and structural factors (e.g., access to resources) that are often highlighted as the
drivers of human behavior in many social science disciplines. Thus, psychological
constructs can also be considered as actors that mediate the relationship between
demographic, sociocultural, economic, and other contextual factors and adaptation
responses. In other words, particularly with respect to applied research, psychologi-
cal constructs such as perceptions can be used as symptomatic manifestations of
intrapersonal as well as objective and structural barriers to adaptation.

Backed by empirical evidence from a large body of research dating back several
decades, psychological disciplines have identified a number of salient conscious and
unconscious psychological constructs that drive human responses to stimuli from
environmental perturbation. The following section briefly reviews some of the
highly emphasized psychological constructs of human adaptation behavior and a
theoretical model that combines those constructs to conceptualize the complex
human adaptation responses to environmental stressors.

3.1 Conscious Psychological Determinants of Adaptation
Intentions and Behavior

Among the conscious psychological drivers of human adaptation to stressors, two
cognitive processes have gained the most notable attention: risk perception and
coping appraisal. Risk perception, elsewhere termed risk appraisal, has been consid-
ered a major cognitive process that drives human behavior (Arbuckle et al. 2015;
Kroemker and Mosler 2002; Nigg and Mileti 2002). Particularly in the climate
change literature, risk perception has been consistently found to be one of the
strongest predictors of adaptation intentions and subsequent adaptation actions by
individuals prone to climate change-induced stressors (Bradford et al. 2012;
Grothmann and Patt 2005; Wachinger et al. 2013). Risk perception is the subjective
assessment by an individual regarding the probability and severity of a particular
threat on him/her and the things he/she values if no adaptation action is taken to alter
the vulnerability to the threat concerned (Sjoberg et al. 2004). Here, the threat is
measured in terms of the potential health, economic, social, and general environ-
mental consequences of a particular stressor on an individual (Leiserowitz 2006;
Zahran et al. 2006).
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Risk perception has been found to even outweigh objective risk factors as
determinants of adaptation policy support, particularly in climate change sector
(Arbuckle et al. 2015). Some studies have found that reaction to a risk can be
based on subjective risk but does not necessarily relate to the physical proximity
to the objective risk (Silver et al. 2002). Thus, even if the objective risk remains the
same, subjective risk perceptions can result in variability in human adaptation
behavior in response to a specific stressor.

This discrepancy between the objective risk and subjective risk perception can
result from uncertainty3 surrounding the outcomes and predictability of an environ-
mental stressor that can make people interpret and experience the risk posed by the
stressor differently. On the other hand, apart from the objective risk factors such as
proximity to the hazard, risk perception can depend on a number of personal and
external factors: personal factors (e.g., age and gender), information factors (e.g.,
awareness through mass media), and contextual factors (e.g., economic and commu-
nity characteristics) (Wachinger et al. 2013; Kellens et al. 2011; Keller et al. 2006).
Nauges and Van Den Berg (2009) found that external factors, such as education and
access to information on hygiene practices, drive Sri Lankan urban dwellers’ risk
perception regarding unsafe drinking water. The authors also found that a higher
perceived risk regarding unsafe water increases the probability that individuals will
boil and filter water before drinking.

However, certain studies have failed to establish a relationship between risk
perception and behavioral responses (Miceli et al. 2008). Wachinger et al. (2013)
claims that risk perception may not directly predict adaptation intentions or actions
when the relationship between risk perception and adaptation intentions/actions is
moderated by intrapersonal (e.g., trust in public adaptation, risk experience, and
perceived risk of adaptation actions) and external factors (e.g., economic and
physical resources required to adopt adaptation strategies). This implies that effect
of risk perception on adaptation behavior can be masked by other relatively stronger
psychological constructs as well as objective contextual factors.

Coping appraisal, the other cognitive factor, elsewhere referred to as adaptation
appraisal, is the perceptual evaluation of an individual on three aspects of intended
adaptation action against a particular threat: his/her ability to avert the threat through
the intended adaptation action (self-efficacy), the ability of the adaptation action to
be effective in protecting oneself and the people and things he/she values (response
efficacy), and finally the cost entailed to realize the adaptation action. As with risk
appraisal, studies have found that objective and subjective ability to adapt can differ.
For instance, religious people in Bangladesh believe that floods, tornadoes, and
cyclones are God’s will, and hence, they appraise that they are incapable (or not
allowed by God) of adopting countermeasures, and in some cases, they even have to
be forced to move to safe places (Schmuck 2000). This example implies that even

3Uncertainty, known to be an important mediator of human responses in situations with unknown
outcomes (Sjoberg et al. 2004), is a psychological construct (Windschitl and Wells 1996) that limits
human cognition.
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when people have access to adequate resources to adopt adaptation strategies in
response to a stressor, they may perceive their objective capabilities as inadequate to
respond to the stressor due to cognitive limitations.

Apart from risk and coping appraisal, there are several other psychological
drivers of human adaptation behavior that are frequently highlighted in the literature.
Studies have shown that people’s willingness to respond to a stressor is driven by the
perceived cause of the stressor (Weiner 1995). When people attribute an anthropo-
genic stressor to distant others, it is likely that they will also attribute the responsi-
bility to mitigate the stressor to agencies outside of their control (Reser and Swim
2011). Subjective norms, a concept central to theories of human behavior in social
psychology (Ajzen 1991; Cialdini et al. 1990), are another cognitive factor found to
predict people’s adaptation responses in the face of environmental stressors
(Le Dang et al. 2014; Esham and Garforth 2013). Subjective norms or normative
beliefs refer to one’s beliefs about the expectations of others who are significant to
him/her and the motivation to comply with those expectations. The relevance of
subjective norms in human behavior arises out of the general tendency of humans to
observe and copy others’ behaviors and to engage only in those behavior that others
accept and approve (Dawnay and Shah 2005). Social norms are more likely to guide
behavioral responses in a social group for which social identity is more central and
salient (Fielding et al. 2008). Thus, this psychological construct can play a salient
role in traditional rural societies where social ties are much stronger. The literature
also cites risk attitude as a significant determinant of how people respond to risks
(Keil et al. 2000; van Winsen et al. 2014). Risk attitude, which refers to the
propensity or tendency of people to avoid or take risk, can predict farmers’ behavior
under conditions such as climate uncertainty (Lucas and Pabuayon 2011).

Apart from the cognitive factors, affective responses, such as fear, worry, anxiety,
and hope, are also found to be significant determinants of adaptation behavior (Reser
and Swim 2011). For instance, emotions such as fear and anxiety can elicit immedi-
ate behavioral response to an acute environmental stressor. Nevertheless, it is
believed that emotions such as fear can amplify the effect of risk perception on
behavioral responses (van der Linden 2014).

3.2 Unconscious Psychological Determinants of Adaptation
Behavior

A large body of research acknowledges that humans often rely on unconscious and
intuitive thinking, rather than deliberate and rational thinking, to arrive at decisions
when making responses to environmental stimuli (Gifford 2011; Kahneman 2011;
Thaler 2015). People use heuristics, or mental shortcuts, to simplify the decision-
making process when information are not adequately available to make an informed
decision. Although heuristics can be effective, particularly when making simple and
everyday decisions, they can lead to serious errors when making decisions with
relatively large and significant consequences (Sklad and Diekstra 2014). Thus, under
contexts of uncertainty and limited information, these unconscious psychological
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constructs can make people susceptible to cognitive biases and result in erroneous
decisions. For instance, in the face of onset of a likely drought, without even
bothering to refer to expert opinion or seek for information on climate forecast, a
farmer may decide to abandon the cultivation season based on some of the bitter
memories on past droughts that rush into his mind.

Apart from heuristics, imparting a direct effect on adaptation behavior or malad-
aptation, they can also implicitly affect adaptation/maladaptation through their effect
on risk perceptions (Wachinger et al. 2013) and coping appraisals (Cervone and
Peake 1986). For instance, according to Tversky and Kahneman (1982), the avail-
ability heuristic can act as a key determinant of risk appraisal. The availability
heuristic is a mental shortcut that can help an individual to judge a situation with
ease based on an immediate example (or experience) that comes to mind. A recent
incident or an experience that works as an availability heuristic for judging a risk can
be powerful, not only due to its high recallability with ease but also because those
mental images are often connected with emotions (Tversky and Kahneman 1982).
Applying this notion to the long-standing human-elephant conflict in Sri Lanka, it
can be assumed that people in a community in which a human has been killed by a
wild elephant would perceive a high-risk context compared to people in other
communities with the same objective risk. Thus, the propensity for adopting
strategies to cope up with the human-elephant conflict would be higher among the
people of the community with a strong availability heuristic when they judge the risk
of the problem.

Habits4 have also proven to act as an unconscious psychological barrier on human
adaptation to changing environmental conditions. Studies have shown that
intentions, which are sometimes even used as a proxy for actual human behavior
(Ajzen et al. 2004), may not always translate into actions, as habits can prevent
people from carrying out their intentions (van der Linden 2014; Sheeran 2002). For
instance, a dry zone farmer, who may report that he intends to drink an adequate
amount of water to prevent himself from dehydrating while working in the field,
would not necessarily put his intention into action. As stated earlier, his habit of
“working continuously for long hours in the field” may prevent him from taking
breaks to drink water even without his conscious awareness.

3.3 Conceptualizing Adaptation Behavior: With Reference
to Protection Motivation Theory

Psychologists, integrating the conscious and unconscious psychological processes
related to human behavior in response to stressful conditions, have developed a
number of conceptual models to understand complex human responses to

4Habit is defined as frequency of past behavior in psychology (Maio et al. 2007). However, not all
frequent behavior is habitual. For a frequent behavior to qualify as a habit, it should be conducted
with minimal conscious awareness and intention (automaticity) (Verplanken and Wood 2006).

420 J. M. P. N. Anuradha



environmental stressors. These models also provide an interdisciplinary bridge to
integrate psychological constructs of behavior with nonpsychological factors to
understand the human adaptation process with a wider perspective.

Protection motivation theory (PMT) (Rogers 1983; Rogers and Prentice-Dunn
1997), which was originally proposed as a model to understand the conscious
cognitive processes related to health behavior, provides one of the highly cross-
culturally validated behavioral models for understanding human responses in the
face of environmental stressors (Grothmann and Patt 2005; Mulilis and Lippa 1990;
Osberghaus et al. 2010; Poussin et al. 2014; Vaughan 1993). PMT models behav-
ioral intentions (protection motivation) and subsequent behavioral responses as a
function of the two major perceptual processes mentioned earlier: risk appraisal and
adaptation appraisal. First, if an individual perceives a higher degree of exposure to a
threat in terms of probability and frequency of its occurrence and the damage that it
is likely to cause, he/she may appraise the risk to be high. Second, if he/she believes
that he/she has the resources and capability to adopt a measure against a particular
threat, that the intended measure can effectively help him/her to overcome the
adversity of the threat, and that the cost of the intended measure is affordable,
he/she may perceive a high adaptation capacity. According to PMT, these two
appraisals of threat and possible adaptation responses against the stressor can
generate one of two opposing responses: adaptation and maladaptation. If the risk
perception and the perceived adaptation capacity are high, it is more likely that an
individual will engage in an adaptation behavior to prevent damage from the threat.
However, if an individual perceives a low risk and adaptation capacity against a
threat, maladaptation is more likely. Maladaptation includes avoidant reactions, such
as denial of the threat, wishful thinking, and fatalism (Grothmann and Patt 2005).

Although Rogers and Prentice-Dunn (1997) use the term “maladaptation” more
as an antonym to adaptive coping strategies, Grothmann and Reusswig (2006) have a
different conceptual view on the term. They consider maladaptation as another
adaptive coping strategy that may best fit to certain objective situations. For instance,
maladaptation can be the most feasible coping strategy for an ill and poor person
living in a flood-prone area. Although maladaptation cannot physically protect the
victim from physical damages of the threat, it can help the victim to overcome
psychological consequences of the threat, such as fear or depression. Thus, malad-
aptation itself can be a way of adapting to environmental stresses for the people who
are socioeconomically incapable of adopting measures to protect themselves against
environmental stresses. Maladaptation beliefs, such as fatalism or reliance on
“karma,” on the other hand, can even distance people from protective measures
that they are capable of adopting. Thus, in certain extended PMT models, maladap-
tation beliefs are considered as predictors of adaptation intentions (Le Dang et al.
2014).

The PMT model has been found to predict human behavior under contexts of
perturbation (Milne et al. 2002). However, the behavioral models developed as
extensions to PMT, particularly in the climate change literature, have proven to
explain more of the variance in adaptation behavior, providing broader insight into
the adaptation process. Grothmann and Patt (2005) modified the PMT model by
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adding new cognitive and noncognitive factors into the model. They added an
objective adaptation capacity factor (comprising resources such as time, money,
power, knowledge, entitlements, and institutional support) as a predictor of adapta-
tion appraisal and a moderator of adaptation intentions and adaptation actions
relationship. Cognitive biases, heuristics, risk experience appraisal, and reliance on
public adaptation were also added to their extended PMTmodel as predictors of both
risk and adaptation appraisals, whereas perception of adaptation incentives was
added to the model as an explicit predictor of adaptation intentions. The explanatory
power of the extended model has been validated by field studies (see Grothmann and
Reusswig 2006; Patt and Gwata 2002). Le Dang et al. (2014) added subjective
norms, habits, and beliefs in climate change to the PMT model. Their extended
model, which was empirically validated through a study in Vietnam, predicted
farmers’ intention to adopt climate-resilient agricultural practices, and subjective
norms were statistically significant predictors along with risk and adaptation
appraisals. Swim et al. (2009) extended the PMT model by adding attributions,
affective responses (such as fear and hope), and motivational processes as predictors
of coping responses. Like Grothmann and Patt (2005), Swim et al. (2009) used the
PMT model to integrate psychological behavioral drivers with nonpsychological
drivers (e.g., social capital and characteristics of the physical environment) by
adding nonpsychological factors into the model as moderators of each step relating
psychological constructs to behavioral responses.

4 Psychological Orientation in Adaptation Studies of Sri
Lanka: A Review

Using three research search engines, namely, Scopus, PubMed, and Google Scholar,
this chapter searched for empirical studies that have been conducted in Sri Lanka
with regard to drivers of farmer adaptation to environmental hardships. In the initial
stage, the search was not limited to studies focusing on psychological drivers but
indiscriminately extended to all studies that have investigated both psychological
and nonpsychological drivers of Sri Lankan farmers’ adaptation to environmental
stressors. To broaden the search, seven key words and their modified versions with
suffixes were used to represent three important search filters: adaptation as behavior,
agriculture as sector, and Sri Lanka as location. The key words were searched within
the title, abstract, and key words to filter out the most relevant studies. To specify the
location, the term “Sri Lanka” was included in the search criterion. To specify
adaptation, a group of words (“adapt”/“decision”/“adopt”/“behavior” or “intention”)
and their modified versions with suffixes were included. To specify the sector, the
terms “agriculture” and “farm,” along with their modified terms, were included. The
period searched was 1998–2018. Of the papers filtered by the research search
engines, the most relevant ones were manually selected, and the reference section
of each selected paper was scanned to look for studies that otherwise would have
been left undetected by the search engines. Table 1 specifies the list of empirical
studies that were retrieved through the online survey. The survey indicates that only
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a few empirical studies have been conducted and published in the public domain on
farmer adaptation under contexts of environmental adversity in Sri Lanka. Even
among the list of eight studies, six were focused on farmer adaptation under water-
stress conditions. Demographic factors, economic factors, institutional factors, and
ecological factors have been commonly identified as the drivers of farmer adaptation
to environmental adversities such as drought, insect pests, and soil erosion.

Among the handful of local empirical research on farmer adaptation to environ-
mental stressors, only two studies have attempted to validate the influence of
psychological factors on farmer adaptation in Sri Lanka, whereas only one study is
built upon a psychology-based theoretical approach to human behavior. Truelove
et al. (2015), drawing on PMT, empirically verified that a socio-psychological model
can more accurately predict Sri Lankan farmers’ intention to adopt adaptation
strategies in response to drought than a strictly demographic model can. Using
hierarchical logistic regression, the authors attempted to predict the impact of
socio-psychological factors, in the presence of demographic covariates, on farmers’
intention to adopt four different adaptation strategies in response to drought. True-
love et al. (2015) concluded that efficacy beliefs were the strongest predictor of
behavioral intentions. The authors also established a significant role of risk percep-
tion and beliefs in community integration on Sri Lankan farmers’ agricultural
adaptation intentions. The other study (Esham and Garforth 2013), with a sample
of 126 farmers prone to drought in four localities in the wet zone of Sri Lanka,
attempted to analyze the effect of cognitive factors (climate change perception, risk
perception, and adaptation efficacy) on farmers’ level of adaptation to drought. Their
dependent variable represented the number of adaptation practices adopted by each
farmer from a predetermined list of adaptation strategies. Using multiple linear
regression, Esham and Garforth (2013) found that all of the aforementioned cogni-
tive factors significantly predicted the dependent variable. However, their study had
some methodical flaws. One major issue was that all of the cognitive variables were
single item subjective measures (measured on a Likert scale). Hence, it is doubtful
whether each item could capture all of the aspects of each cognitive factor.

5 Recommendations for Future Empirical Research

A lack of studies, particularly ones that are vigorous and have a sound theoretical
foundation and methodology, highlights the need to conduct studies to unveil how
Sri Lankan farmers make sense of environmental stressors and how this sense-
making relates to farmers’ adaptation processes. The aims of such research, with
respect to various significant environmental stressors in Sri Lanka, may focus on the
following areas:

1. To understand how Sri Lankan farmers experience and interpret environmental
stressors, their adaptation responses, and their own capacities to adapt

2. To understand the conscious and unconscious psychological factors and their
interactive effect on Sri Lankan farmers’ adaptation responses
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3. To understand the conscious and unconscious psychological factors moderating
the relationship between farmers’ behavioral intentions and actual adaptation
behavior

4. To capture spatial and temporal patterns of psychological processes and their
effects on adaptation intentions and behavior

5. To understand how psychological factors can best fit in multidisciplinary
approaches to broaden our understanding and capacity to conceptualize Sri
Lankan farmers’ adaptation behavior

6. To assess the effectiveness of policy interventions and the effect of media
communications to address the conscious and unconscious psychological barriers
to Sri Lankan farmers’ adaptation responses

5.1 Some Methodological Concerns

To empirically study mental processes and human behavior, psychology applies
experimental or psychometric approaches or a mix of both paradigms. Usually,
experimental studies are conducted in controlled environments in which human
subjects are exposed to different treatment conditions to obtain variation. By con-
trast, psychometric research, without altering the internal or external conditions of
the human subjects, examines differences in their psychological constructs to obtain
variation (Bindra and Scheier 1954). The latter has been the dominant approach in
adaptation research involving environmental stressors and moderate/large samples
of human subjects.

Psychometric paradigms often involve factor analytical research conducted with
psychometric scales to measure cognitive, affective, and behavioral constructs
(Kamphaus 1987). In adaptation studies, psychometric scales are used to quantify
constructs of psychological processes, such as risk perception and adaptation
appraisal. However, prior to applying established psychometric scales to a particular
population, concurrent validity studies are required to assess the psychometric
properties of those scales within the sociocultural context of the population
concerned. On the other hand, local research may be required to develop
new/modified psychometric scales that are more reliable and consistent.

In psychometric research, proper construction of data collection instruments is
indispensable at any cost. One such concern is that careful attention regarding choice
of terminology when translating or phrasing a new psychometric scale must be used
in a local survey. For instance, certain studies report that the two terms global
warming and climate change, which are often interchangeably used in climate
change communication, can produce different meanings to different people (Schuldt
et al. 2011). Thus, selecting the appropriate terms that are more familiar and sensible
to a given population is important (van der Linden 2014). Conducting a pre-test and
a subjective assessment of the survey instrument by a panel of experts (assuring face
validity) can help to select and accurately word the questions/statements in a
psychometric tool intended to measure a particular psychological construct
(Hardesty and Bearden 2004; van der Linden 2014).
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Sample selection and sampling techniques are also important methodological
concerns. In particular, samples should be representative of the study population
and consist of a sufficient number of respondents to run multivariate statistical tests.
For instance, structural equation modeling, a popular multivariate analytical method
used by psychologists to test for complex multivariate relationships between psy-
chological constructs (and nonpsychological constructs) in behavioral models,
desires at least a sample of 200 survey respondents or five to ten respondents per
estimated parameter (Kline 2011).

Another important methodological concern is to reduce measurement errors that
can occur when collecting data with a psychometric instrument. One such serious
and systematic error in behavioral research is the common method bias (Podsakoff
et al. 2003). Common method bias is the variance caused by the instrument or the
measurement method rather than the constructs the measures represent. Common
method bias can be overcome by various ways. One of the most common strategies
is to temporally separate the assessment of dependent variable from the explanatory
variables by maintaining a time lag between the measurement of the predictor and
explanatory variables (Podsakoff et al. 2003; van der Linden 2014). Other measure-
ment errors that may arise due to the mode of data collection (i.e., respondent
satisficing, social desirability bias, and opt-in selection bias) may also lead to false
conclusion if remedies are not taken (see Roberts 2007).

6 Conclusions

In the face of the most critical and wicked environmental stressors, rural Sri Lankans,
who are mostly dependent upon farming, must cope with and adapt to these stressors
both individually and/or the community level to sustain and develop their living
standards. To create strategic adaptation support policies to provide effective adap-
tation guidance and assistance to farmers at the household and community levels, a
broader understanding of the drivers of farmer adaptation behavior, beyond a limited
focus on the objective demographic and contextual drivers, is required. Most
importantly, an insight into the conscious and unconscious mental processes that
are the most proximal determinants of human behavior is essential to conceptualize
how farmers sense and respond to environmental stressors. A large body of literature
in the domain of psychology has empirically demonstrated the salient role of
psychological processes, such as risk perception, adaptation appraisal, subjective
norms, emotions, and mental biases, in human decision-making with respect to
environmental adaptation. On the other hand, integrative models of adaptation
behavior that capture both psychological and nonpsychological factors have proven
to explain much of the variability in farmers’ adaptation responses to environmental
adversities. However, a psychological understanding of farmers’ adaptation to
environmental stressors in Sri Lanka remains a barely addressed gap in the research.
A lack of local empirical studies on the psychological drivers of farmers’ adaptation
behavior emphasizes the necessity for future studies. While encouraging more local
research to uncover the role of psychological drivers on Sri Lankan farmers’
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adaptation behavior in the face of significant environmental stressors, this chapter
also emphasizes on the importance of designing and executing such research with
careful attention on methodological concerns.
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Empirical Applications of Theory of Firm
in Agriculture Research in Sri Lanka: A
Review of the Literature

Senal A. Weerasooriya and Dilini Hemachandra

1 Introduction

Economic theory involves choices of the two decision makers in an economy: the
consumer and the producer. The decisions made by producers are explained in the
economic theory of firm where the producers are seen as making decisions in order
to maximize profits given the constraints (Varian 1984; Beattie and Taylor 1993).
Producers of agricultural commodities seek to maximize farm profits or in the least
maximize revenue subject to resource constraints such as land, labor, and farm
machinery. For many of the agricultural commodities, the markets could be assumed
to be perfectly competitive or nearly perfectly competitive as there are a large
number of small-scale farmers (Debertin 2004). The decisions of a farmer involve
the choice of output to be produced and allocation of resources among outputs so
that the profits would be maximized.

In any production process, the output depends on the factors used and the
production technology in which they are combined. These input–output
relationships expressed in a production function provide the foundation for eco-
nomic theory from a production perspective. A production function relates physical
output of a production process to physical inputs or factors of production, i.e., it is a
mathematical function that relates the maximum amount of output that can be
obtained from a given number of inputs (Shepherd 2015). There are many objectives
of using production functions in empirical research: to derive the physical
relationships of inputs and outputs, to derive marginal productivities of inputs and
resource use efficiency of decision-making units (e.g., technical and economic
efficiency), to estimate technical/technological change of a production process
over time, and to test economic theories (e.g., diminishing marginal returns). Due
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to their appealing properties, production functions are used widely in a wide array of
areas (Beattie and Taylor 1993).

In addition to production functions, the concept of duality in production theory
introduced by McFadden (1978) brought about a breakthrough in empirical applica-
tion of production theories. The term dual used in this context means that all of the
information needed to obtain the corresponding cost function is contained in the
production function, and, conversely, the cost function contains all of the informa-
tion needed to derive the underlying production function. Hence, according to the
dual concept, any constrained maximization problem can be converted into a
corresponding constrained minimization problem, and vice versa. The use of the
inputs becomes the function to be minimized, and the revenue function becomes the
constraint. Since cost/price data are easily available than the quantity data, estima-
tion of parameters of the production function indirectly from the profit/cost function
data became increasingly popular (Beattie and Taylor 1993).

The application of the theory of firm in the agricultural commodities involves
production functions, profit functions or cost functions, derived input demand
functions, and output supply functions. Within the context of Sri Lanka, use of
production, profit, supply, and input demand functions in agriculture has received
some level of interest. However, no attempt has been made to collectively review
the literature concerning the use of above mentioned approaches for Sri Lankan
agriculture. In this study, a systematic review of literature is conducted on studies
dealing with the derivation of any of the aforementioned functional forms from
primary and secondary data. It goes from early use of it to the evolution in its use in
agricultural research in Sri Lanka. This review focuses on estimating the output
elasticities of major agricultural inputs: fertilizer, labor, and land which constitute a
large portion of the cost of cultivation in Sri Lanka and supply and input demand
elasticities for own price and fertilizer price. Inclusion of other inputs such as
capital in empirical studies is sparse. A reason could be that use of capital in
annuals such as paddy is not common and hence difficult to find data. For perennial
crops, even though capital investment is high, annual service flows have to be
separated out. Studies were not found which incorporate service flow of capital in
the context of plantation crops in Sri Lanka. Specifically, this study will focus on
two types of crops: paddy and plantation crops, which include tea, rubber, and
coconut. Both paddy and planation crops are socioeconomically and culturally
integral components of Sri Lankan agriculture. Rice being the staple food of the
people of the island, no other crops have received research and policy interest as
much as paddy. Plantation crops remained economically significant in the past as
the largest foreign exchange earning agricultural commodities for the country. Tea
still remains as the top most export income earning agricultural commodity.
Therefore, these crops have received and will continue to receive priority in
agricultural research in the country. Within this milieu, the main objectives of
this study are to compile research with empirical production function estimations
in paddy and plantation crops in Sri Lanka with emphasis on fertilizer, labor, and
land inputs and to compile research with empirical profit, supply, and input
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demand function estimations in paddy and plantation crops in Sri Lanka with
emphasis on own price elasticities and input price elasticities.

2 Theoretical Background

The producer faces an allocation problem similar to that faced by the consumer. The
consumer frequently is interested in allocating income such that utility or satisfaction
is maximized. The producer frequently is interested in allocating resources such that
profits are maximized and eventually his utility is maximized. Profit is the difference
between the revenues obtained from what is sold and the costs incurred in producing
the goods. However, producers face constraints, too. The set of choices faced by the
producer of goods and services is constrained by resource availability. Economic
theory of firm consists of factor–product relationships, factor–factor relationships,
and product–product relationships that explain the decisions made by a rational
producer. In factor–product relationships, the relationship of input to that of a
particular output is explained. The technical relationship could be expressed mathe-
matically as follows.

y ¼ f x1, . . . , xnjxnþ1, . . . , xmð Þ
where y is output, x1, . . ., xn are variable inputs, and xn + 1, . . ., xm are fixed inputs.
The objective of a rational producer is maximizing profits (π). The producer could
decide on the level of inputs that maximize profits or level of output that gives
maximum profit. Both these approaches yield the same profits. In input perspective,
total profit is explained as the difference between total value product (TVP) and total
factor cost (TFC). For a perfectly competitive producer who receives constant output
price ( p�), TVP ¼ p�y. Hence, profit becomes

π ¼ p�y� TFC

where y is a function of inputs. In output perspective, in a perfectly competitive
market, producer can sell all the output he/she produces at the current market price.
The total income is the revenue of the producer (TR). According to the output
perspective, the maximum profit is given by the highest difference between TR
and total cost (TC), where TC comprises variable cost (VC) and fixed costs (FC).

π ¼ TR� TC

The VC is closely linked to the production function that underlies it. If input
prices are constant, all the information about the VC function is contained in the
equation underlying production function. Furthermore, the underlying production
function could be derived from the VC function if the prices for the inputs are known
(Debertin 2004). Note that the maximum profit is achieved at the point where the
slope of the profit function is equal to zero. The corresponding level of output is the
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amount at which an additional unit of output adds zero value to the total profit.
Hence,

dπ
dy

¼ dTR
dy

� dTC
dy

¼ 0

where dTR
dy yields the slope of TR (otherwise known as marginal revenue or MR) and

dTC
dy yields the slope of TC (otherwise known as marginal cost or MC). Thus, we have

MR � MC ¼ 0 from which the below result is obtained:

MR ¼ MC

Inverse functions of production functions for some simple functional forms can
be readily derived. All that is required is to solve the function in terms of the
x instead of y. The inverse function contains all the coefficients contained in the
original production function and can be converted into true variable cost functions
by multiplying by the constant price of the input x. The advantage is, it is therefore
not necessary to know the physical quantities of the inputs that are used in the
production process in order to determine the coefficients of the production function.
If the cost function is known, it is frequently possible to determine the underlying
production function. In a nutshell, any production function has an underlying dual
cost function or correspondence. A general rule is that if the production function is

y ¼ f xð Þ
Then the corresponding inverse production function is

x ¼ f�1 yð Þ
As shown earlier, the profit-maximizing firm will equate MC with MR. If the firm

operates under conditions of pure competition, MR will be the same as the constant
price of the output. If the firm produces only one output, the MC curve that lies
above average variable cost will be the supply curve for the firm. Each point on the
MC curve above average variable cost is a point of profit maximization if the output
sells for the price corresponding to the point. Hence, under alternative assumptions
with respect to MR or the price of the product, the supply curve for the firm will
consist of the series of profit-maximizing points. Similar to the relationship between
the production function and the cost function, the product supply and factor demand
equations consistent with a firm’s optimizing behavior can be obtained by two
different but equivalent approaches: the primal and dual approaches. In primal
approach, an optimization problem (e.g., output/profit/revenue maximization or
cost minimization) is explicitly solved. In dual approach, product supply and factor
demand equations are obtained by partial differentiation of an indirect objective
function.
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Empirical estimation of the production relationships involves selection of a
functional form that best describes the relationship between the variables. The
most common functional specification is Cobb–Douglas (C–D) type.

y ¼ xβ11 xβ22

The common use of the C–D type specification is attributed to several
characteristics of the C–D function. Above all is the computational ease. The input
elasticities could easily be obtained by the log–log specification of C–D production
function where the input coefficients (βs) are the input elasticities. However, C–
D type functional specification has a few weaknesses that limit its ability to closely
relate to the true functional form of the technical relationship of interest. Its inherent
assumption of constant elasticity of substitution is one limitation of its empirical
application. Elasticity of substitution is defined as the percentage change in the input
ratio divided by the percentage change in the marginal rate of substitution. Due to
these limitations, much more flexible functional forms such as constant elasticity of
substitution (CES) production functions and transcendental logarithmic (translog)-
type specifications were used. Specifically, the translog production function1

introduced by Christensen et al. (1973) became popular due to its many advantages
over C–D or CES specifications. First, it does not assume rigid premises such as
smooth substitution between factors or perfect competition of the factor markets
(Klacek et al. 2007). Second, it permits nonlinear relationship between the output
and the input. In addition, due to its properties, the translog production function can
be used for the second-order approximation of a linear-homogenous production, the
estimation of Allen elasticities, the estimation of production frontier, or the estima-
tion of the total factor productivity dynamics (Pavelescu 2011). The general form of
the translog production function for i inputs is given below.

ln y ¼ ln αþ
Xn

i¼1

βi ln xi þ 1
2

� �Xn

i¼1

Xn

j¼1

βij ln xi ln x j

Estimation of a production function for an annual crop is different from a
perennial crop due to several reasons. One is how capital expenditure on perennial
crops is incorporated in the estimation. A grown perennial crop accumulates capital
over a period of time. Production functions are defined for a short period of time
usually for a year. Siphoning out the annual service flow from capital is required
when estimating production functions for perennial crops. Some studies deal with
this by using lag variables.

1First form of a translog production function involved the approximation of a CES production
function with a second-order Taylor series, when the elasticity of substitution is very close to one.
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3 Method

This review was conducted covering production functions related studies carried out
on paddy and plantation crops in Sri Lanka. More specifically, the review covered
studies related to production function estimations and/or supply, demand, and profit
function estimations. Note that only the primary production is considered in this
review and studies on the processed agricultural commodities were not considered.
Systematic literature review is a method/process where a body of literature is
aggregated, reviewed, and assessed while making use of predetermined techniques
(Sampaio and Mancini 2007). The process of conducting a systematic literature
review entails candid questions, search strategy definition, establishment of inclu-
sion or exclusion criteria, and careful analysis of the selected literature (Beatty et al.
2011; Sampaio and Mancini 2007). As for the search strategy, searching
for published economic studies on paddy and plantation crop production in Sri
Lanka was carried out.

The search was done in the following databases without restriction to the publi-
cation year: Google Scholar, ResearchGate, and EconLit and reverse search
methods. The search criteria also combined the terms “production function,” “profit
function,” “supply function,” “input/derived demand function,” “output elasticities,”
“factor demand elasticities,” “own price elasticities,” “Cobb-Douglas,” “translog,”
“OLS/Ordinary Least Square Estimator,” “MLE/Maximum Likelihood Estimator,”
“technical efficiency,” “paddy,” “rice,” “tea,” “rubber,” “coconut,” “Sri Lanka,”
“fertilizer,” “land use/extent,” “labor use,” “cost of cultivation,” “fertilizer price,”
and “paddy price.” Unpublished work were also used if they were identified in a
database or referenced in a publication. Specifically, this included PhD and master’s
theses and full papers submitted for conference proceedings. However, abstracts of
conference proceedings and unpublished undergraduate theses were excluded from
the search. Further, reviews, editorials, and studies involving previously published
work were also excluded.

The search resulted in a large number of studies, yet after applying exclusion and
inclusion criteria, only 38 studies were selected. From this, 26 are studies concerning
estimation of production functions. The remaining 12 are studies concerning estima-
tion of profit, supply, and factor demand functions. From the 38 studies, Data on
output elasticities concerning inputs such as land/land extent, labor usage, and
fertilizer usage were ollected from the 38 studies. In addition, elasticities for own
price and fertilizer price were also obtained from studies which were conducted
using profit, supply, and factor demand functions. Data sources included both pri-
mary and secondary sources and were time series or cross sectional or panel data by
structure.
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4 Results and Discussion

The results and discussion is organized into two main sections: production function
estimation and supply, demand, and profit function estimation. Within these two
main sections, paddy/rice and plantation crops are discussed separately.

4.1 Production Function Estimation

Altogether, 26 studies which have estimated produciton fucntions were found by
employing the exclusion and inclusion criteria which have estimated production
functions. From this, 14 are on paddy, whereas the rest are for plantation crops.
Below sections separately describe the results obtained for paddy and plantation
crops.

I. Paddy/Rice

Out of the 14 studies on paddy, ten studies are articles in peer-reviewed journals,
two are full papers from conference proceedings, and another two are unpublished
Master’s theses. Results of the systematic literature review are given in Table 1.
Time periods in which the studies have been conducted ranges from 1972 to 2015.
Most studies have used data from Yala and Maha, the two cultivating seasons in Sri
Lanka. Some studies investigated both seasons together, whereas some other studies
investigated a single season. In terms of study location, there is some level of
heterogeneity although most studies were concentrated in major paddy growing
areas. There are some studies on in Low-Country Wet Zone. In terms of functional
specification, most studies have used the Cobb–Douglas specification. It should be
noted that in many of the studies, estimating a production function was not the main
objective. For instance, production function estimations were used as a first step in
estimating technical and allocative efficiencies (Gedara et al. 2012). Most of the
studies have used either OLS (Ordinary Least Squares) or MLE (Maximum Likeli-
hood Estimate) as the estimation approach.

Elasticities were collected for three main inputs in paddy, namely, fertilizer use,
land use/extent, and labor use. For each input, 26 elasticity measures were collected.
Elasticity estimates showed a wide range of heterogeneity. Elasticity estimates for
fertilizer ranged from 0.003 to about 0.598. Few values were negative although most
were statistically insignificant. Tiruchelvam (2005) found a couple of elasticity
estimates which were negative and significant at 10%. Elasticities for labor use
ranged from 0.005 to 0.652, and elasticity for land use ranged from 0.257 to 0.874.
Output elasticities for fertilizer were found to be more inelastic in comparison to
elasticities for labor and land. Interestingly, in all instances, the elasticities were
found to be inelastic, i.e., absolute value less than one.

All in all, several observations can be made from the findings. First, there is a
wide range of heterogeneity in terms of the elasticity values for the three inputs. This
may have been attributed to the study location, data type and structure, method of
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analysis, time period, and underlying policies governing inputs such as fertilizer and
land. Specifically, the fertilizer subsidy program and land policies have been found
to be influencing the use of respective inputs in a production process (Zhu and
Lansink 2010). In addition, in Sri Lankan context, these policies particularly involv-
ing fertilizer and land have changed over time, which might explain some of the
heterogeneity in the elasticity estimates. Second, among the three inputs, fertilizer
was found to be more inelastic followed by labor and land. Third, the elasticity
values were found to be positive albeit few studies in which negative values were
reported. This may have been due to the stage in the production process (stage III).
Fourth, all the elasticity estimates were found to be inelastic. Fifth, the elasticities for
all three inputs seem to depict a decreasing trend (i.e., become more inelastic) with
time. Sixth, among the studies which included both seasons versus studies which
used Yala and Maha separately, elasticity numbers were different albeit showing no
identifiable pattern. Finally, no consistent patterns emerged across data structure
(time series, cross-sectional, and panel) and data source (primary and secondary).

II. Plantation Crops: Tea, Rubber, and Coconut

Studies that involved production function estimations with respect to plantation
crops, tea, rubber, and coconut, were also reviewed. Altogether there were
12 research publications used for this review comprising nine peer-reviewed journal
articles, one Master’s thesis, and two conference proceedings. Of them, five, four,
and three studies are related to the tea, rubber, and coconut sectors respectively. Even
among research conducted on a particular crop, there was variation in the type of
data used ranging from experimental data to aggregate national level data. Produc-
tion function estimation to understand the output response was found more common
in the older years. They commonly used the OLS estimator and used C–D functional
form for computational and interpretational ease. Later studies have used translog
models together with C–D form since real data is unlikely to behave as stipulated by
the C–D functional form. In the papers reviewed, Cobb–Douglas and translog are the
only functional forms used in production function estimations in. This is true for
studies conducted in other countries as well. More recent research has estimated
production functions as a first step in measuring technical efficiencies of farms.
Majority of these research estimated stochastic production frontiers using Maximum
Likelihood Estimator. The findings are given in Table 2.

The research on tea that involved production function estimations dates back to
1984, and the most recent paper is published in 2018. The production functions are
estimated for several reasons: to understand the physical relationship between inputs
and tea yield (output) and to estimate the returns to scale in production and, as a first
step in measuring technical efficiencies. The studies have used aggregate production
data from secondary sources or primary data. The majority of papers involved
primary data collected from tea smallholders in Sri Lanka. Most of the papers
employed C–D production function in log–log functional specification for its easi-
ness in interpretation. The second most popular functional form is the translog
function. Majority of the papers used OLS estimator, and those whose objective

Empirical Applications of Theory of Firm in Agriculture Research in Sri. . . 443



Ta
b
le

2
O
ut
pu

te
la
st
ic
iti
es

fo
r
pl
an
ta
tio

n
cr
op

s

A
ut
ho

r/
s

S
tu
dy

lo
ca
tio

n
T
im

e
pe
ri
od

F
un

ct
io
na
l

sp
ec
ifi
ca
tio

n
E
st
im

at
io
n

m
et
ho

d
D
ep
en
de
nt

va
ri
ab
le

E
la
st
ic
iti
es

F
er
til
iz
er

L
ab
or

L
an
d

T
ea

B
og

ah
aw

at
te
an
d

H
er
at
h
(1
98

4)
K
ot
m
al
e,
N
uw

ar
a

E
liy

a
19

83
C
ob

b–
D
ou

gl
as

O
L
S

T
ea

pr
od

uc
tio

n
�0

.0
88

�
0.
31

4
0.
57

0�

M
en
di
s
(1
99

0)
N
uw

ar
a
E
liy

a
R
at
na
pu

ra
19

89
C
ob

b–
D
ou

gl
as

O
L
S

T
ea

pr
od

uc
tio

n

N
uw

ar
a

E
liy

a
0.
06

2
0.
02

7
0.
80

1�
��

R
at
na
pu

ra
�0

.0
92

0.
35

2
0.
80

9�
��

B
as
na
ya
ke

an
d

G
un

ar
at
ne

(2
00

2)
Y
at
in
uw

ar
a
D
S
,

K
an
dy

di
st
ri
ct

20
01

C
ob

b–
D
ou

gl
as
,

tr
an
sl
og

st
oc
ha
st
ic

fr
on

tie
r

O
L
S
,M

L
E

T
ea

pr
od

uc
tio

n
0.
00

4�
�

0.
08

8�
1.
11

��

D
ha
rm

ad
as
a
(2
01

4)
b

K
al
aw

an
a
an
d

R
at
na
pu

ra
D
S

20
13

C
ob

b–
D
ou

gl
as

st
oc
ha
st
ic
fr
on

tie
r

O
L
S
,M

L
E

T
ea

yi
el
d

0.
41

4�
��

0.
03

8�
��

0.
40

2�
��

P
re
m
ar
at
ne

et
al
.

(2
01

8)
L
iy
an
ga
ha
w
el
a

an
d
A
la
ko

la
w
ew

a
20

16
T
ra
ns
lo
g
st
oc
ha
st
ic

fr
on

tie
r

M
L
E

T
ea

pr
od

uc
tio

n
0.
45

4�
0.
20

2�
�0

.0
42

�

R
ub

be
r

C
ho

o-
K
ia
n
(1
97

6)
a

M
at
hu

ga
m
a,

A
ga
la
w
at
te

19
75

C
ob

b–
D
ou

gl
as

O
L
S

L
at
ex

yi
el
d

–
–

0.
86

�
(c
lo
ne
1)

–
–

0.
90

8�
(c
lo
ne

2)

C
ha
nd

ra
si
ri
et
al
.

(1
97

7)
M
at
hu

ga
m
a

A
ga
la
w
at
te

19
76

C
ob

b–
D
ou

gl
as

O
L
S

L
at
ex

pr
od

uc
tio

n
–

–
0.
91

��
�

W
ije
su
ri
ya

et
al
.

(2
01

1)
M
on

er
ag
al
a

20
08

C
ob

b–
D
ou

gl
as

st
oc
ha
st
ic
fr
on

tie
r

M
L
E

L
at
ex

yi
el
d/

ha
0.
34

7�
0.
06

2
0.
47

1�

W
ad
ug

e
et
al
.(
20

13
)

K
al
ut
ar
a

20
05
–
20

15
C
ob

b–
D
ou

gl
as

O
L
S

R
ub

be
r

pr
od

uc
tio

n
0.
05

1
42

.7
5�
��

56
.7
6�
��

444 S. A. Weerasooriya and D. Hemachandra



C
oc
on

ut

L
og

an
at
ha
n
an
d

B
al
ak
ri
sh
na
m
ur
ti

(1
97

5)

M
ad
am

pe
19

61
–
19

75
Q
ua
dr
at
ic

O
L
S

N
um

be
r
of

nu
ts
or

kg
co
pr
a/
pa
lm

/
ye
ar

–
–

–

D
e
S
ilv

a
an
d

T
is
de
ll
(1
98

1)
A
gg

re
ga
te
da
ta

19
56
–
19

81
L
og

–
lo
g
in
ve
rs
e

fu
nc
tio

n
O
L
S

C
oc
on

ut
pr
od

uc
tio

n/
ye
ar

–
–

–

M
L
E

–
–

–

M
an
gi
ka

(2
00

9)
b

N
or
th
-W

es
te
rn

P
ro
vi
nc
e

20
09

C
ob

b–
D
ou

gl
as

st
oc
ha
st
ic
fr
on

tie
r

M
L
E

C
oc
on

ut
pr
od

uc
tiv

ity
1.
64

0�
�

5.
75

0�
�

�0
.9
24

��

a U
np

ub
lis
he
d
m
as
te
r’
s
th
es
es

b
F
ul
l
pa
pe
rs
fr
om

co
nf
er
en
ce

pr
oc
ee
di
ng

s
��

�S
ig
ni
fi
ca
nt

at
1%

or
le
ss

��
S
ig
ni
fi
ca
nt

at
1–

5%
�S

ig
ni
fi
ca
nt

at
5–
10

%

Empirical Applications of Theory of Firm in Agriculture Research in Sri. . . 445



was to measure technical efficiencies of tea growers using stochastic frontier
approach employed Maximum Likelihood Estimator. The average output elasticities
estimated for land, labor, and fertilizer are depicted in Table 2. The output elasticities
of the land, labor, and fertilizer were positive and significant for tea in all papers
reviewed except in Mendis (1990). The estimations in Mendis (1990) show signs for
the presence of multicollinearity with high R2 values and yet with insignificant
elasticities.

The research on rubber that involved production function estimations dates back
to 1976, and the most recent paper is published in 2013. The production functions
are estimated for several reasons: to understand the physical relationship between
inputs and rubber yield (output) and to compare yield of different rubber clones and,
as a first step in measuring technical efficiencies. Papers involved primary data
collected from rubber growers, mainly small growers in Sri Lanka. Most of the
papers employed C–D production function in log–log functional specification for its
easiness in interpretation. One paper used Just and Pope stochastic production
function (Just and Pope 1978) and estimated the stochastic production function
using Feasible Generalized Least Squares (FGLS) estimator. FGLS estimator was
preferred as it incorporated the labor and weather-related risk in rubber production.
However, majority of the papers used OLS estimator, and those whose objective was
to measure technical efficiencies of rubber growers using stochastic frontier
approach employed Maximum Likelihood Estimator. The average output elasticities
estimated for land, labor, and fertilizer are depicted in Table 2. It is difficult to
conclude on the output elasticities due to the less number of studies found for the
review. Even among the few available, there are mixed results for output elasticities
except for land, which shows a significant positive elasticity of production.

The research studies on coconut that involved production function estimations
dates back to 1975, and the most recent paper is published in 2009. In early years, the
production functions are estimated under experimental condition (field experiments).
Later research used non-experimental data and aggregate data to estimate production
functions. Production functions are estimated either to understand the physical
relationship between inputs and coconut yield (output) or as a first step in measuring
technical efficiencies. Early papers used quadratic functional form in their efforts to
understand the response of coconut plant to NPK (urea, triple superphosphate, and
muriate of potash) fertilizers, and others used C–D production function in log–log
functional specification for its easiness in interpretation. The majority of the papers
used the OLS estimator. However, if the objective was to measure technical
efficiencies of coconut growers using a stochastic frontier approach, many employed
a Maximum Likelihood Estimator. The average output elasticities estimated for land,
labor, and fertilizer are depicted in Table 2. It is difficult to conclude on the output
elasticities due to the less number of studies used in the review. Even among the few
available, there are mixed results for output elasticities.

All in all, a few observations can be made from the findings. First, a wide range of
heterogeneity is observed in terms of the elasticity estimates for all three inputs (land,
labor and fertilizer). This is observed across the three plantation crops: tea, rubber,
and coconut. Second, most elasticity estimates were found to be inelasatic except
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some studies which found large numbers such as Waduge et al. (2013). Third, the
elasticity estimates were found to be theoretically consistent for most part, i.e., a
positive number. Fourth, among inputs, fertilizer was found to be the most inelastic
followed by labor and then land. There are differences in the way fertilizer is used as
an explanatory variable. The perennial nature of the plantation crops poses
challenges in estimating the output elasticities of variable inputs such as fertilizers.
One study has addressed this issue by incorporating lagged fertilizer variable, but
others have simply ignored it. Further, most of the studies did not consider the
heterogeneity of the requirement of different types of fertilizers (e.g., N, P, K).
Therefore, the findings of output elasticities of fertilizer should be used carefully.
The high elasticity for land input is notable for plantation crops. In addition, it was
difficult to make any patterns across crop type, data source, or data structure due to
lack of enough research.

4.2 Supply, Demand, and Profit Function Estimation

Altogether, only 12 studies which involved estimation of profit, supply, and input
demand functions were selected after employing the exclusion criteria. From these
studies, six were carried out on paddy, whereas the rest were for plantation crops.
Results of these studies are discussed below separately for paddy and plantation
crops.

I. Paddy/Rice

All six studies are journal articles from peer-reviewed journals. Results of the
systematic review are given in Table 3. Time periods in which the studies were
conducted range from 1952 to 2012. All studies have used annual data in their
respective studies. Heterogeneity was observed in terms of location. Three studies
used aggregated secondary data, whereas two studies used primary data col-
lected from major paddy growing areas which included Anuradhapura,
Polonnaruwa, Hambantota, and Kurunegala. In addition, Wet-Zone areas such as
Kalutara and Northern areas such as Vavuniya have been studied. As for the
functional specification, translog, C–D, quadratic, log–log, and log-linear
specifications were observed. Most studies used OLS as their estimation technique,
and others used Seemingly Unrelated Regression Estimator (SURE).

Own price and factor demand elasticities were collected for variables, namely,
paddy price and fertilizer price. For fertilizer and paddy price, 25 and 21 elasticity
measures were collected respectively from the aforementioned six studies. Elasticity
estimates showed a wide range of heterogeneity. Similar to the findings in Tables 1
and 2, these may have been attributed to the study location, data structure, data
source, method of analysis, and time period among other reasons. Elasticity
estimates for fertilizer price ranged from relatively inelastic �0.009 to elastic
�2.760 values. None of the studies reported positive elasticity estimates, and most
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were found to be relatively inelastic, i.e., absolute value to be less than one.
Elasticities for paddy price ranged from 0.100 to as large as 5.049.

Several observations can be made from the findings. First, we observed a wide
range of heterogeneity in terms of the elasticity values (as depicted in Table 3). This
may have been caused due to the differences in the estimation technique, study
location, data type and structure, and time of analysis. Second, the elasticities were
found to be theoretically consistent in terms of the sign (positive for paddy price and
negative for fertilizer price). Third, with the exception of few instances, most studies
found that paddy prices had more influence on paddy supply and demand for
fertilizer than fertilizer prices. In other words, elasticity for paddy price was larger
in comparison to the elasticity for fertilizer price. Fourth, in many cases, the
elasticities were found to be inelastic albeit some results with elastic estimates
despite them being statistically insignificant.

II. Plantation Crops: Tea, Rubber, and Coconut

Application of duality theory for plantation crops is sparse. The first study we
came across dates back to 1984. It involved estimating supply functions for tea
(Ramanujam 1984). Further, Ramanujam (1984) estimated supply functions for
several countries and reports positive own price elasticity of supply. However, the
coefficients were insignificant. Weerahewa et al. (1997) estimated a linear supply
function using aggregate data and find that the own price elasticity for raw tea is
0.097. Even though they found a negative relationship with fertilizer price, it is
insignificant. Two studies were found with application of duality theory for rubber
production. Of them, one study involved estimating supply functions for rubber and
the other involved estimating a profit function for rubber. Hartley et al. (1984) found
that long-run response of fertilizer price to re-planning of rubber is 1.7. Edirisignhe
et al. (2010) estimated a profit function using C–D functional form and found that
fertilizer price elasticity is �0.099 for rubber. They found that the C–D form better
applies to data than the translog form. Smit (1984) used the vintage approach in
estimating rubber supply function. There was only one study which involved the use
of duality theory in estimating production function relations with respect to coconut
production. Tisdell and De Silva (1985) estimated a coconut supply response
function with government expenditure and found that there is a positive effect of
government expenditure in 3 year lags.

Several observations could be made from the findings. First, there are very few
studies concerning plantation crops in Sri Lanka. Second, even among the few stud-
ies, the elasticity estimates showed a high level of heterogeneity mainly due to
changes in the type of function (profit, supply, or factor demand), estimation
technique, data, and time of analysis. Third, most of the estimates were found to
be theoretically consistent in terms of the sign.

450 S. A. Weerasooriya and D. Hemachandra



5 Conclusions

In this study, an attempt was made to compile research with empirical production
function and profit, supply, and input demand function estimations in paddy and
plantation crops in Sri Lanka. In production functions, special emphasis was given to
output elasticities for fertilizer, labor, and land given their central role as inputs in
agricultural context. In profit, supply, and input demand functions, special emphasis
was given to own price and fertilizer input price elasticities. Based on the findings,
some conclusions are drawn.

In economic theory of firm, the study of production technologies is fundamental
in decision-making. Empirical estimation of production functions yields the nature
of input–output relationships. In agricultural setting, empirical estimation of produc-
tion functions is much more challenging than in industry setting as it is very difficult
to control for all the exogenous factors affecting the output. However, with the
advancement of data collection methods and econometric techniques, the
estimations have become more accurate. In Sri Lankan agricultural context, there
are not many research studies involving production function estimations. Most
studies used for this review were on paddy. In some studies, estimation of production
function and obtaining output elasticities were performed as a first step to estimate
the inefficiencies in terms of both technical and allocative efficiencies. These
estimates were even sparser with respect to perennial crops than annuals. Response
to fertilizer is a major concern with respect to production technologies of annuals. It
is less so in the case of perennials, and hence, even in the research involving
production function estimations for perennials, fertilizer was not used as an input.
All in all, for both paddy and perennial crops, a wide range of heterogeneity among
output elasticities was observed as a result of the differences in study location, data
type and structure, method of analysis, time period, and underlying policies
governing inputs.

Even though there is a wide range in the elasticity values for paddy, the own price
elasticity of supply yielded the expected positive sign, whereas the fertilizer price
elasticity yielded the expected negative sign. It is difficult to conclude on the nature
of the input demand elasticity or output supply elasticity as the values vary over a
large range. In some studies, the own price elasticity of paddy is highly elastic,
whereas in some others, it is inelastic. Similarly, own price elasticity of demand for
fertilizer is inelastic in some studies, whereas it is elastic in certain others. Input price
elasticity of paddy supply is also inelastic in some studies whereas elastic in others.
The inelastic nature of fertilizer price in paddy supply could be attributed to the
fertilizer subsidy policies where a fixed quantity of fertilizer was given to paddy
farmers at a subsidized price. In terms of plantation crops, it was difficult to draw any
conclusions on own price and input elasticities of fertilizer due to less amount of
literature available.

Translog functional form is more popular in supply function and input demand
function estimations. Parameters of the production function are estimated indirectly
from the cost function data. Thus, a more common research approach is to rely on
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duality to estimate important parameters of the underlying production function by
working with a cost function having a translog form.

Overall, there is only a limited application of dual cost or supply functions in
paddy and plantation crops in Sri Lanka even though duality has been a very useful
concept in understanding profit-maximizing choices made by firms. The application
of duality in plantation crops is extremely rare. It could be due to the difficulty in
using cross-sectional data for plantation crops. However, with the improvement in
record keeping and availability of secondary data, it should be less difficult than
before to study the responsiveness of inputs and price elasticities in a dynamic
setting.

Even though there are quite a number of research studies looking at the input–
output relationships and estimating own and input price elasticities of supply with
respect to paddy, most of the studies were limited to specific localities, and hence,
results seem scattered. Therefore, it is not meaningful to derive average values for
elasticities. It is important that research studies are designed to cover larger geo-
graphical areas representing agro-ecological zones or cropping systems: rain-fed and
irrigated. There is a lot of scope for supply response studies with respect to plantation
crops with time series data now made available. Very little is known about the price
elasticities of plantation crops, and this would be a potential area which could be
investigated. Further, none of the research aimed at providing a supply response
model for any of the plantation crops. They rather focused on the relationship/
elasticity of a particular variable of interest such as research and climate parameters.
There is a scope for future research to estimate a full supply response model for the
plantation crops in Sri Lanka. In doing so, it is better to focus on broader cropping
systems (e.g., up-country, mid-country, and low country) rather than on small
geographical areas.
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Embracing Entrepreneurship in Sri Lankan
Agribusiness Research: A Review
and a Research Agenda

S. S. Kodithuwakku and C. Weerakoon

1 Chapter Objectives

The objective of this chapter is to map and discuss the intellectual roots and trends of
agribusiness entrepreneurship research. This chapter firstly explores the knowledge
domain of agribusiness management research to uncover the intellectual roots given
intermittent evolution of agribusiness research. Secondly, this chapter assesses the
emphasis on entrepreneurship in agribusiness research linking both world and Sri
Lankan contexts. Finally, this chapter proposes and discusses possible future
research avenues in this stream with a special focus on Sri Lankan agribusiness
research.

2 Background

Agribusiness management research has been evolving into a multifaceted body of
knowledge over the last 50 years. However, in their review on the evolution of
agricultural economics and agribusiness management, Cook and Chaddad (2000)
identify a sporadic evolution in agribusiness research. This irregularity in agribusi-
ness research seems to be stemmed from the basic philosophical challenges faced by
agribusiness researchers given the strong influence of agricultural economic research
(Harling 1995). Further, what constitutes in agribusiness research is predominantly
dictated by its definition as there has been multiple definitions proliferated into the
field such as agro-industrialization (Boehlje 1999; Cook and Chaddad 2000), value
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or net chains (Lazzarini et al. 2001), and agriceuticals (Goldberg 1999). While these
works make important contributions to the field, the reviews seem to be very
subjective in their assessments. Additionally, many agribusiness research works
are concerned with managerial decision-making of firms (Sterns et al. 1998).

Yet, as the field matures, it is important to divert the interests and focus of
agribusiness research to address a wide range of new and more complex entre-
preneurship issues. Especially, in the Sri Lankan agribusiness research, there is a
paucity of studies focusing on entrepreneurship, and the studies tend to follow the
trends found above in relation to international level.

Therefore, in this study, we aim to uncover, map, and discuss the intellectual
foundations of agribusiness management research (with entrepreneurship emphasis)
as a whole and also with a special attention to Sri Lankan context. By doing so, we
offer insights into future research focuses with entrepreneurship emphasis. To our
knowledge, this is the first attempt to examine the intellectual structure of the
agribusiness research in the field. Moreover, this systematic review is an objective
assessment of examining the knowledge base that serves as the knowledge roots in
agribusiness.

Accordingly, in this chapter, we first review the past empirical work on agribusi-
ness management research and analyze its theoretical foundations building on the
entrepreneurial typologies proposed by Wortman Jr (1987). A special focus will be
paid to the contributions of the Sri Lankan agribusiness management research. By
doing so, we arrive at an assessment of the current status of agribusiness knowledge
base with entrepreneurship emphasis as the field in general and also specifically in
the Sri Lankan context. This has important implications to the new researchers to
understand the foundations of agribusiness research. Further, we also contribute to
the methodological advancement in the field by conducting a review with entrepre-
neurial typologies outlined by Wortman Jr (1987). Third, we outline the potential
entrepreneurship research focuses in agribusiness research aiming to improve the
rigor and relevance of such research. Hence, we advance the agribusiness manage-
ment research by providing future areas of research.

3 Review Methodology

3.1 Literature Search Method

A systematic literature review (Pittaway et al. 2014) was conducted to obtain the
insights into the evolution and structure of Sri Lankan agribusiness research. This
systematic literature search was performed executing Boolean operations of the
terms “entrepreneur�” and “agribusiness” in the Scopus database and also separately
on the key agribusiness-related journals: International Food and Agribusiness
Management Review, Agribusiness, Journal of Food Distribution Research, Journal
of International Food and Agribusiness Marketing, and Journal of Agribusiness in
Developing and Emerging Economies. This search generated 171 scholarly work on
agribusiness entrepreneurship. In addition, the search was also performed in the Sri
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Lankan Agriculture sector-based academic journals: Journal of Agricultural
Sciences and Sri Lanka Journal of Agrarian Studies to include all the possible
research outputs related to Sri Lankan Agribusiness sector. This search added
another 21 research outputs to the sample. A pyramid search/reverse search of the
references in the initially identified sample was carried out to draw the literature to
review sample and found eight more scholarly publications on agribusiness entre-
preneurship. Further, the reverse search was also performed in Google Scholar with
the above search terms to draw as many publications as possible to the sample and
could expand the sample by another 22 publications. Following van der Have and
Rubalcaba (2016), this study was restricted to peer-reviewed scholarly work of
journal papers and conference papers. In addition, the sample was restricted to the
publications in English language. All the references were added on to an Endnote
referencing file. Eighteen duplicated references were deleted, and the abstract of
every reference was read to verify the relevance for the review. Fourteen non-related
references were deleted, and the remaining 180 publications were utilized for the
review.

3.2 Literature Analysis Method

The literature analysis was mainly based on categorizing every reference in terms of
entrepreneurship typologies proposed by Wortman Jr (1987). This framework of
entrepreneurship typologies is presented as follows. The respective categories were
decided by reading the introduction and obtaining an understanding about the focus
of each of the scholarly work included in the sample. The basic bibliometric
information and thematic areas of each reference were tabulated accordingly.
Summaries of the information were investigated, and patterns were identified and
analyzed. Future areas for investigation were suggested by identifying the missing
research focuses (Fig. 1).

4 How Agribusiness Management Research Embraces
Entrepreneurship?

4.1 Profiling the Growth of Agribusiness Entrepreneurship
Literature

The basic level analysis of this study aims to provide an overview of agribusiness
scholarly work with entrepreneurship emphasis published during 1979–2018. The
total aggregated number of publications during this period seems to follow an
upward trend especially after 2002, giving rise to three distinctive periods (Fig. 2).

While the initial 30-year slow growth period from 1979 to 2009 produced only
24% of total 180 agribusiness research works with entrepreneurship emphasis, the
next 5-year period from 2010 to 2014 accounts for around 28% of the total
publications. It appears that nearly 37% of the agribusiness research with
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entrepreneurship have been generated during 2015–2018 period, suggesting that
agribusiness research with entrepreneurship focus gained its prominence after 2009.
The Sri Lankan literature included 20 scholarly works out of the total
180 publications. Yet, it is hard to observe a substantial growth but instead follow
a more constant pattern (Fig. 1).

There have been a large number of journals carrying these 180 publications.
International Food and Agribusiness Management Review (30) was the major
publication vehicle identified in this sample. In addition, other journals such as
Scientific Papers Series Management, Economic Engineering in Agriculture and
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research typologies
framework by Wortman
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Rural Development (7), Journal of International Food and Agribusiness Marketing
(2), Journal of Agriculture and Rural Development in the Tropics and Subtropics,
Supplement (2), and Journal of Agribusiness in Developing and Emerging
Economies (2) were among the top five main journals sheltering the scholarly
work of agribusiness with entrepreneurship emphasis. In relation to the Sri Lankan
studies, Tropical Agricultural Research is one of the main journals in the field.

These 180 publications included 163 journal articles and 17 conference
proceedings. The total of 20 Sri Lankan scientific work included 15 journal articles
and five conference proceedings.

4.2 Thematic Areas of Agribusiness Entrepreneurship Literature

The following section will examine the scholarly work in the field of agribusiness
with an entrepreneurship focus. During the period from 1979 to 2018, there is an
uneven distribution in the issues examined by agribusiness-based entrepreneurship
studies. However, there is a substantial diversity in the topics studied by these
scholarly works. Figure 3 depicts the distribution of scholarly work among the
major typologies.

A majority of studies (60%) have focused on functional typology of entrepreneur-
ship with 59% examining the corporate entrepreneurship-based functional matters
while 41% studied individual entrepreneurship. A significantly higher percentage,
26%, of the scholarly work has focused on environmental aspects of agribusiness
management. Another 4%, 3%, and 0% have investigated about organizational,
historical, and future aspects of agribusiness entrepreneurship, respectively.
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4.2.1 Theoretical Studies
There is a paucity of theoretical models examining agribusiness entrepreneurship.
Among the handful of theoretical entrepreneurship model-related studies, Poláková,
Koláčková, and Tichá (2015) define a business model for agribusiness sector based
on Osterwalder and Pigneur’s (2010) business model canvas and Holloway and
Sebastiao’s (2010) and Shafer et al.’s (2005) business model approaches. Poláková
et al. (2015) adjust the existing business model approaches by incorporating the role
of the owners, their expectations, and influence of the farm environment on the final
offer to the customer given the less attention paid to the peculiarities of the sector of
small and individual farms by the existing business models.

In another study, Banson et al. (2013) propose a system thinking-based business
model for agribusiness sustainability. They have used causal loop modelling to
determine the components and interactions between the policy, social, environmen-
tal, and economic dimensions to provide insights into potential system behavior and
to facilitate leverage points and systemic intervention strategies that are required for
sustainable development of the agricultural industry. Moreover, in a very recent
study, Santini (2017) provides a detailed literature review uncovering the research
outputs and trends in ecopreneurship linking to agribusiness entrepreneurship.
Further, this study distinguishes the traits of ecopreneurship from those of traditional
entrepreneurship.

4.2.2 Historical Studies
Only four studies out of 180 scholarly works had reported a historical account of
agribusiness management. A recent study by Widmar et al. (2015) illustrates the
challenges faced by food and agribusiness firms that are transitioning from small,
entrepreneurial businesses to larger, more professionally managed enterprises fol-
lowing a fictional case study approach. Another historical narration was found in the
work of Geraci (2000) where the author provides the evidence of business evolution
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from grape grower, to family wine farm, to wine business illuminated through a case
study of the Santa Barbara, California, wine industry. Furthermore, with a more
macroeconomic perspective, Vázquez (2016) looked into the historical evolution of
the strategic activities of commercializing fine grapes in the economy by specifically
analyzing the state agents’ involvement in advocacy and promotion and the product
positioning strategies by the entrepreneurs. However, historical accounts related to
individual entrepreneurship are non-existing in this sample.

4.2.3 Environmental Studies
Most of the agribusiness entrepreneurship studies can be categorized as environ-
mental and functional studies. Environmental studies are the second largest compo-
sition out of the major six classification areas of the typology. A substantial number
of studies (31) had examined the micro-environment-related research issues. In the
meantime, while only one study addressed international environmental aspects of
agribusiness, 13 studies had looked into the national environmental matters. In
national macro-environmental studies, agribusiness entrepreneurship studies are
usually oriented toward agricultural education (Wallace 1997), credit/financial ser-
vice provision for agribusinesses (Hussain et al. 1996; Kuhn et al. 2000), competi-
tion and innovation in agribusiness sector (Becvarova 2008; Kilian et al. 2004;
Kristiansen 2002), and political economy and interventions (Iglécias 2007; Ioris
2016). Although this subtheme is a popular area in the sample, there was only one
study after 2008.

In micro-environmental terms, investigations related to supply chains and collab-
oration arrangements and value chains and resource provision under market
conditions (Aman 2015; Farafonova 2013; Kassa et al. 2011; Zaridis et al. 2015)
take a prominent interest (V. R. Amanor-Boadu et al. 2009; Anastasiadis and Poole
2015; Andri et al. 2011). A majority of the studies examining the micro-
environmental issues related to a particular sector in the economy or an industry of
a specific country. The other major themes investigated in this classification include
market orientation and innovation of a particular industry (Micheels and Gow 2008;
Pitt and Nelle 2008), business incubators and business facilitation (Sardana and
Dasanayaka 2008), human capital education (Katon-Kovácsa and Bóta-Horváth
2012; Santiago and Roxas 2015), financial schemes for sectoral development
(Dissanayake et al. 2013), nurturing intrapreneurship (Ikram et al. 2013; Otache
2017), and rural livelihood development (Mabaya et al. 2014; Panasyuk et al. 2014).

4.2.4 Organizational Studies
According to the entrepreneurship typologies used in this study, major organiza-
tional contexts include business, governmental agencies, nonprofit organizations,
and international organizations (Wortman Jr 1987). There are no studies of agribusi-
ness entrepreneurship in these contexts except for business subtheme where there
were only eight such studies. A majority of the studies under the business context
classification are more recent studies indicating a trend among the contemporary
agribusiness researchers. Some major studies have focused on family farm (Lima
et al. 2015) and farm-based businesses (Mirzaei et al. 2016) and cooperatives
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(Moreira et al. 2016; Siame 2016). Cooperatives have been identified as a specific
business context which may create its own types of risks given its unique
interactions (Moreira et al. 2016). Siame (2016) discusses the approach of creating,
delivering, and capturing economic and social value through new generation coop-
erative business models to uplift the rural economic development. Furthermore,
Rosairo and Potts (2016) have investigated into the factors affecting performance
of farmer companies, and they have found that the performance of farmer companies
is compromised by the absence of well-defined and regularly observed processes to
develop and implement strategies and inadequate or inappropriate management
skills.

4.2.5 Functional Studies
There is a greater diversity in functional studies, and 59% of the work is about
corporate entrepreneurship, while the rest 41% is about individual entrepreneurship.
Figure 4 portrays the composition of the study focuses under the corporate entre-
preneurship theme.

Most of the corporate entrepreneurship studies have been related to the structural
aspects. Specifically, a majority of the studies examined venture management (45%)
and innovation (23%). In addition, 6% of scholarly work has looked into the overall
behavior of the organization. The studies focusing on new venture formation address
the issues such as factors determining joint-venture formation (Selassie and Hill
1993), effects of entrepreneurial quality (Darroch and McNaughton 2002), and
challenges of starting agribusinesses (Bećirović et al. 2017). Areas such as decision
support systems (Havlicek et al. 2003), organizational structure and culture
(Kyriakopoulos et al. 2004; Martinez and Poole 2004), diversification strategy
(Amanor-Boadu 2013; Bannikova et al. 2015; Hron et al. 2008), financial strategy
(Gill et al. 2015; Liang et al. 2010), performance determinants (Rosario et al. 2011),
marketing channels (Broderick et al. 2011), business training (Muniafu et al. 2013),
networking (Yunita and Dhewanto 2015), business coaching (Smile et al. 2015),
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entrepreneurial orientation (Mahindarathne and Gunaratne 2015; Silveira-Martins
and Vaz 2017), governance (Ma et al. 2017), and human capital accumulation
(Udimal et al. 2017) have been the main focuses of studies under the venture
management classification.

In innovation terms of corporate entrepreneurship theme, for instance, entrepre-
neurial innovations for agricultural mechanization (Mujeyi et al. 2015), innovation
and Small and Medium Enterprises (SME) growth (Antonites and Haguma 2011;
Sultan 2013), design-inspired innovation (Ekman et al. 2011), and intellectual
property (Vieira et al. 2012) are key thematic areas popular among the agribusiness
researchers.

Under the individual entrepreneurship, the major classification areas investigated
include operations (11) and personal characteristics (17) and job characteristics (7).
Rarely, a study has examined new venture formation and career aspects of individual
entrepreneurship. In new venture formation terms, there are two Sri Lankan studies
which uncover the entrepreneurial processes (Kodithuwakku and Rosa 2002) and
entrepreneurial strategies (Nawaratne et al. 2009) adopted by rural farmers.
Kodithuwakku and Rosa (2002) demonstrate the importance of entrepreneurial
processes for the emergence of successful entrepreneurs in an unpromising context.
Further, based on case study approach, they have uncovered that successful farmer
entrepreneurs have been more creative and persistent in mobilizing resources instead
of being more innovative in opportunity identification than those of unsuccessful
villagers. Moreover, social networks and contacts of these successful farmer
entrepreneurs have been a key determinant of their capital accumulation process.
In another study Nawaratne et al. (2009) examined the role of entrepreneurship in
accumulating socioeconomic wealth and found that successful farmer-fishermen are
pluriactive compared to the unsuccessful counterparts who continued to have identi-
cal routine activities.

Another set of studies was related to the associations and external groups. These
studies had mainly examined the issues such as the effects of industry associations
on market sensing capabilities of farmers (Dentoni et al. 2014) and impact of
strategic partnerships on “commercialization” of emerging farmers (Bitzer and
Bijman 2014). Based on an inductive grounded theory, Dentoni et al. (2014)
examined the effects of public R&D and market orientation on market sensing
capability of small farmers. They uncovered that decentralizing the marketing
decisions to individual farmers rather the industry associations as a way of enhanc-
ing the market sensing capabilities of small farmers. In another study, with a
qualitative approach, Mardia, Iriani, and Kamaluddin (2017) found that the devel-
opment of natural silk business through agribusiness has been supported by the
community institutions such as farmers’ groups, cooperatives, and entrepreneurs and
government counselling and mentoring practices.

A significant number of studies had addressed the behavioral elements of indi-
vidual entrepreneurship with the focus of personal characteristics (17) and job
characteristics (7) but not that many studies around career aspects of individual
entrepreneurs. The studies examining personal characteristics had mainly captured
the issues such as female entrepreneurship (Adam et al. 2017; Attygalle et al. 2014;
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Jackova et al. 2017; Okezie and Joshua 2016), entrepreneurial orientation of farmers
(Mahindarathne and Gunaratne 2015), knowledge levels and entrepreneurial skills
(Ratajczak 2016; Smith et al. 2015), determinants of entrepreneur’s decision
(Ariwodor and Agwu 2016; Rosmiza et al. 2015), determinants of farmer’s
innovation participation (Agwu et al. 2015), entrepreneurial intention (Bosompem
et al. 2017; Higgins et al. 2018; Hosenally 2016; Lin et al. 2013), and risk attitude
(Shadbolt and Olubode-Awosola 2016).

Another set of studies looked into the job characteristics of individual
entrepreneurs. These studies have examined the approaches to develop the skills
and competencies of entrepreneurship and thereby to develop the socioeconomic
well-being and the rural and economic development in particular regions, in general.
For instance, Adashie, Gyan-Kesse, Sarpong, and Boakye-Agyei (2016) had looked
into the possibilities of developing entrepreneurs’ capabilities through technology
usage to knowledge sharing and developing engagement among the smallholder
businesses. Further, Vidanapathirana, Hirimburegama, Hirimburegama, Nelka, and
Kim (2015) examined the approaches of improving socioeconomic well-being of
entrepreneurs through information and communications technology (ICT) educa-
tion. The literature pertaining to the Sri Lankan context have focused on uncovering
the nuances of personal characteristics of entrepreneurs linking to the entrepreneur-
ship theoretical grounds. For instance, Galappaththi et al. (2017) have investigated
the start-up motives of shrimp farmers and found that they are driven with both
necessity and opportunity. Interestingly, this study reveals that these entrepreneurs
face the environmental challenges with diverse set of responses based on existing
capital types and willingness to collaborate. In another study, Hemachandra and
Kodithuwakku (2010) found that poor farmer entrepreneurs tend to be more produc-
tion oriented than becoming market-oriented and hence, they suggest to develop
market-oriented mindsets among the poor farmers and thereby to make the socio-
economic development a success. There is a paucity of studies about external groups
and associations and their effects on individual entrepreneurship except for Esham
and Usami (2005).

There is a similarity between the main typologies focused by overall agribusiness
research and the Sri Lankan literature. Functional studies have been the major
typology (12) underpinning the Sri Lankan agribusiness entrepreneurship literature
(e.g., Esham et al. 2006; Rosairo 2010), in a similar manner to the overall agribusi-
ness research with entrepreneurship emphasis. Interestingly, a large majority of the
functional studies have investigated about individual entrepreneurship (e.g.,
Galappaththi et al. 2017; Hemachandra and Kodithuwakku 2010) rather than the
corporate entrepreneurship. Only four studies have concentrated on micro-
environmental typology (e.g., Palmås and Lindberg 2013), while there is one
theoretical study that looked into the social realities of Sri Lankan agri-entrepreneurs
(e.g., Gamage et al. 2003). However, there is a great difference between these two
groups in terms of the specific thematic areas of investigation.
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5 The Way Forward for Sri Lankan Agribusiness
Management Research

The major objective of this chapter was to uncover the existing status of agribusiness
research with entrepreneurship emphasis with a special attention to Sri Lankan
literature and present a research agenda for the field of agribusiness management.
Therefore, based on the findings revealed in the previous section, the following
section would outline the possible future research avenues which are important to
consider by the Sri Lankan agribusiness researchers as well as general researchers in
the field as a whole.

Shane and Venkataraman (2000) state that “for a field of science to have
usefulness it must have a conceptual framework that explains and predicts a set of
empirical phenomena that are not explained or predicted by conceptual frameworks
already in existence of other fields of study.” This is of significant relevance to the
agribusiness entrepreneurship research given the paucity of theoretical studies.
Future studies can study the entrepreneurial behaviors in agribusiness venture
creation either in terms of corporate or individual entrepreneurship focus. For
instance, new venture creation behaviors can be explained by theories of entre-
preneurship such as effectuation (Sarasvathy 2009), causation (Shah and Tripsas
2007), and bricolage (Baker and Nelson 2005). Thus, future studies can apply these
theoretical models as base models to reflect on specific agribusiness entrepreneur-
ship models. As research matures, it is essential to map the field of agri-
entrepreneurship and empirically test and establish the relationships among the
key dimensions. This will provide a unifying framework for the future researchers
to build on. In addition, a comprehensive review of research methods adopted in the
agribusiness entrepreneurship research would be of greater potential to expand the
boundaries of existing methodological domains of the field. Currently, there are no
such studies conducted, although a vast majority of studies are apparently based on
case studies. Hence, a critical review and a research agenda of the research method-
ological approaches would warrant uncovering the insights into the methodological
advancement in the field.

Although there is a huge amount of studies addressing micro-environmental
elements in agribusiness context, still, the future studies can specifically look into
environmental dimensions such as munificence, hostility, and heterogeneity (Tsai
et al. 1991) and how do they influence agribusiness entrepreneurship practices.
Findings demonstrated that a significant number of studies have examined the
environmental behaviors pertaining to particular industries and sectors. Although it
is a promising approach to uncover the peculiarities in different sectors, researchers
can still conduct comparative studies on the environmental elements and their
influences on corporate and individual entrepreneurship. Further, future research
could focus on whether there is a difference between the influences of environmental
elements on corporate entrepreneurship and individual entrepreneurship. In addition,
future studies should focus on analyzing the effects of international environment on
agribusiness to uncover the entrepreneurship in foreign settings. Such an under-
standing would be of greater significance to agribusinesses engaging in foreign
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operations as it may guide the international operations of such businesses shifting the
boundaries from theoretical implications to managerial or practical implications.

In terms of organizational studies, results revealed that there is a very limited
focus on the alternative contexts of entrepreneurship in the existing agribusiness
literature. The contextual aspects of entrepreneurship are dramatically shifting
toward new forms such as governmental businesses, social businesses, social
enterprises, and many other nonprofit structures. As a result, the emergence of hybrid
forms of businesses could be seen as a trend in the contemporary world. For instance,
social enterprises are a form of hybrid organizations where they try to achieve a
social mission with a sustainable commercial mechanism (Doherty et al. 2014).
Therefore, for instance, future studies can examine the social enterprise formation in
agribusiness sector. In addition, such studies can be further extended to the analysis
such as the potential impacts of social enterprises and nonprofit organizations on
agribusiness entrepreneurship, differences in entrepreneurial processes in agribusi-
ness social enterprises, and effects of hybridity on agribusiness performance. Study-
ing the interface between social entrepreneurial aspects linking to agribusiness
entrepreneurship would have a tremendous impact on expanding the boundaries of
both mainstream entrepreneurship and agri-entrepreneurship uncovering the poten-
tial applicability of entrepreneurship theories and practices.

Although a large number of studies have focused on functional typology, there is
a limited investigation on the public policy implementation and its relevance and
impact on agribusiness formation and management. Further, an extensive amount of
functional studies had looked into various managerial elements and their links to
venture performance and success. Yet, there is a paucity of studies addressing how
environment, strategy, and organizational aspects would collectively influence agri-
business performance. This is because a mere direct effect modeling of the
relationships among the variables will not provide an adequate understanding of
complex organizational mechanism, but instead a configurational approach (Harms
et al. 2009; Wales 2016; Wiklund and Shepherd 2005). In addition, contingency
theorists Drazin and Van de Ven (1985) argue that organizational processes need to
be aligned with the environment in which they operate. Therefore, the joint consid-
eration of strategy, organizational characteristics, and environmental elements by
way of configurational approaches and contingency approaches would provide
important insights into agri-entrepreneurship advancing the theoretical and method-
ological knowledge.

Especially, with reference to Sri Lankan literature, more quantitative and theory-
driven studies are of timely importance. Although a methodological discussion is
beyond the scope of this study, the initial investigations revealed that there is a
handful of studies applying quantitative methods in their research designs (e.g.,
Mahindarathne and Gunaratne 2015; Wickramaratne et al. 2014). What is prominent
is the qualitative case-based studies (Esham et al. 2006; Galappaththi et al. 2017). As
well as theory building through case studies is important, theory testing through
quantitative approaches is also of paramount importance if a field is to be developed
and find its applications and boundaries. It is also necessary to uncover the applica-
bility of major entrepreneurship theories and concepts in the Sri Lankan context to
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uncover the contextual differences. This would have significant implications for both
theory and practice. Yet, there seems to be a very limited set of studies immersed in
the mainstream entrepreneurship theories and concepts (Galappaththi et al. 2017;
Kodithuwakku and Rosa 2002; Mahindarathne and Gunaratne 2015; Wickramaratne
et al. 2014).

6 Conclusions

Agribusiness entrepreneurship literature is growing as an important research stream
which offers tremendous opportunities to future scholars to utilize and integrate
mainstream entrepreneurship theories and frameworks. Yet, at the moment, the
literature is fragmented and missed numerous important areas of investigation.
Thus, the review of agribusiness research with entrepreneurial emphasis using
entrepreneurship typology framework has shed new lights on uncovering future
potential avenues of agribusiness research. Specifically, the review findings uncov-
ered the existing status of agribusiness research focus and offered the suggestions for
future expansion of knowledge and understanding. By doing so, this study advances
the understanding of potentially meaningful research opportunities that can enrich
both theory and practice of agri-entrepreneurship. As with all studies, this study is
not free from limitations. One of such limitations is that this study is restricted to
peer-reviewed journal articles and conference papers. Therefore, future studies can
incorporate books and reports also into the sample. This is because in the Sri Lankan
context, for instance, there are some studies that stand as published reports which are
not included in the sample of the current study. In addition, the search was performed
only in few search engines and local journals which does not capture all the possible
publication sources.
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Compendium of Principles Applied
and Technologies Developed for Managing
Municipal Solid Wastes in Sri Lanka

B. F. A. Basnayake, R. T. K. Ariyawansha, and A. K. Karunarathna

1 Introduction

In the 1990s, the local authorities (LAs) began to grapple with the problems of an
increase in waste generation due to improved living standards and unplanned and
uncontrolled urbanization. The vacant lands in the urban fringe areas soon became
unavailable for the purposes of processing and disposing of wastes because urban
planning processes were inadequate to deal with increased demand. At the same
time, these same urban populations became aware of the health hazards partly due to
the discomfort from having to be associated with decomposing wastes in haphazard
dumpsites. Therefore, the lack of space and the common attitude of ‘not in my
backyard’ (NIMBY) syndrome exhibited by some parts of the population became
obstacles for the safe disposal of wastes. We could, therefore, claim that the
inadequacies of politicians, government officials and academic advisors combined
with a lack of planned social development were the main causes for the mismanage-
ment of wastes. It is an undeniable fact because we lost lives and paid a heavy price
for the shortcomings and mistakes of the politicians and government officials. The
dumpsite tenants were and still are some of the poorest and marginalized
populations, still exploited and downtrodden and forgotten only to be referred to
by one and all as the ‘underworld’. It is clear that pollution levels contribute toward
climate change, thus affecting agricultural production and sustainable development.
We badly needed to transfer and develop technologies to prevent catastrophic
consequences for all the population in any given area and especially the conditions
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that are faced by people living in and around dumpsites. Of major concern for us is
the effect of despoliation of the environment and the safety and health of the
populations around these dumpsites.

The populations living around these dumpsites with the support of the environ-
mental lobbyists took several local authorities (LAs) to court for not managing these
dumpsites. This resulted in the first research being done in 1996 on municipal solid
waste (MSW) in keeping with the pledge to the Dehiwala-Mt. Lavinia Court by the
Urban Development Authority (UDA). We commenced the research with our own
funds. It was a small-scale composting system to determine the air requirements for
maintaining aerobic conditions. The second was conducted to study the chimney
effect on composting. Armed with the necessary scientific information, the Inclined
Step Grate (ISG) composting system with chimneys was conceived as a robust
design with relevant calculations on solar incidences, evapotranspiration rates,
predictions on temperature fluctuations during day and night and computations on
slope stability of decomposing wastes. A patent was obtained for the design
(Basnayake 1998). Soon after, the UDA promoted the technology through the
World Bank, Metropolitan Environmental Improvement Program (MEIP). For better
or worse, the MEIP insisted on private sector participation. Fortunately, one of the
plantation companies along with MEIP and UDA funded the pilot project which was
established at the Meewathura Farm of the University of Peradeniya (UoP). Because
of our efforts, we were selected to participate as the national research institute in the
sub-project Sustainable Landfill Management in Asia of the project Asian Regional
Research Program on Environmental Technologies (ARRPET) funded by the Swed-
ish International Development Cooperation Agency (Sida) and coordinated by Asian
Institute of Technology (AIT).

This review paper is an outcome of the research and development efforts dealing
with the efforts in the characterization of raw as well as disposed wastes, including
energy contents. It focuses on the basic principles developed in characterization of
wastes based on degradability. These methodologies enabled us to develop appro-
priate technologies of converting waste to useful products. It describes an array of
technologies that were developed ranging from aerobic composting (landfill
pretreatment), anaerobic digestion, landfill bioreactors, sustainable landfilling and
rehabilitation of dumpsites for the assistance of local authorities (LAs), particularly
Kandy Municipal Council in managing the wastes. The considerations of socioeco-
nomic aspects are discussed in relation to capacity mobilization, issues of waste
management and economic value of wastes. It also outlines the salient points
highlighted by the researchers of the Solid Waste Management Research Unit
(SWMRU) in collaboration with government officials to formulate a policy frame-
work required to implement the Comprehensive Integrated Solid Waste Manage-
ment Plans (CISWMP) for the country sponsored and initiated by the UN-Habitat
with the request of the Ministry of Mahaweli Development and Environment.
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2 Waste Characteristics

The production of materials and the point of waste generations determine the
characteristics of wastes. It will depend on the social status, social values, income,
urbanization, political will, availability and markets of commodities, capacity and
capability of LAs (Madugeethika et al. 2002) and government officials, climatic
conditions, geographical locations and compulsive consumerism (Mahees et al.
2010). Those are some of the key factors that dictate the type, quantity, quality of
waste generations and collections. In view of changing scenarios of wastes, it was
necessary to develop databases and information on waste characteristics that can be
updated frequently. Over the years, as a prerequisite, we undertook many composi-
tion studies in different parts of the country and found out the quantum of actual
generations and collections of wastes as given in Table 1 and Figs. 1 and 2. In recent

Table 1 Physical properties of waste (Basnayake et al. 2018)

Type of wastes Karadiyana1 Colombo2 Kandy3
%
MC Size (mm)

Density
(kg/m3)

Combustibles % wet weight

Biodegradablea 52.2 61.00 59.20 65 <50 600–700

Biodegradableb 13.53 11.00 18.20 30 >50 200–800

Coconut shells 13.53 5.00 6.00 15 100–450 350

Paper 4.81 5.00 2.31 4 Variable 350–500

Cardboard 1.28 1.50 3.20 2 Large 350

Textiles 1.74 2.04 0.50 2 Commingled 300

Plastic 1 8.15 6.00 4.70 3 Variable 50–800

Plastic 2 1.6 1.87 0.70 1 Variable 100–450

Nylon 0.73 0.85 0.28 1 Variable 50–800

Rubber 0.14 0.16 0.80 2 Variable 100–800

Non-combustibles

PVC 0.13 0.15 0.05 1 Variable 1200–1500

Metal 2 0.82 Small

C&D 1.03 1.20 1.57 12 Large 800–2400

Glass 0.94 2 1.60 1 Variable 100–1800

E-wastes 0.05 0.06 0.02 1 Small Variable

Clinical 0.03 0.04 0.01 1 Small 100–350

Others 0.11 0.13 0.04 1 Small Variable

Total 100.00 100.00 100.00

Source: 1. Feasibility study Karadiyana (2011), 2. BETL report on Colombo (2001), 3. Menikpura
et al. 2007a
Note: Some of the missing types of wastes were deduced by reducing the category of others
50% of the wastes are less than 50 mm particle size and 60% less than 70 mm, and all the other sizes
need size reductions to 100 � 100 mm
aShort term, rapid decomposing volatile biodegradable
bLong term, lignified biomass of garden wastes, banana stems, etc.
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times, changes can be seen of the composition and the rate of increase of wastes is
between 1% and 2%. The stability characteristics of wastes are important in filling
wastes, behaviour in decomposition and soil moisture storage. Therefore, we wanted
to find out: How high a landfill can be? Is the dumpsite stable? One of the
fundamental principles governing stability is to determine the mechanics of sliding
surfaces. It is directly related to type, size of particles and level of degradation of
wastes. Therefore, the influence of particle size was included in the study to

Fig. 1 Average waste composition of households: (a) Kalmunai MC; (b) Sammanthurai
PS. (Ariyawansha et al. 2010b)
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determine the relationship of shear stress vs strain of wastes under increased loading
until failure of raw wastes as given in Fig. 3. Raw wastes are much more prone to fail
than decomposed wastes. We also found that the moisture content and degree of
co-mingling of wastes influence the static and dynamic behaviour of wastes. The
increase in moisture content and compaction of wastes restricts gas flow paths
through wastes, such that the pressure losses increased linearly and square of the
velocity of flow due to potential and kinetic energy losses, influenced by the porosity

Fig. 2 Average waste composition of shops: (a) Kalmunai MC; (b) Sammanthurai
PS. (Ariyawansha et al. 2010b)
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of the wastes. The settlement of wastes and leachate emissions were observed from
simulations of three lysimeters on a long-term study, and those results were
interpreted mathematically to predict the behaviour of dumpsites (Ariyawansha
et al. 2010a) and landfills (Gunawardana et al. 2009). In the context of energy
content in wastes, a scientific study led to the application of an important principle
of the ‘Hess law’ in which energy of formation of different types of wastes was
found. In addition, we modified an empirical formula that was used to deduce the
energy content of agricultural wastes (Shafizadeh 1981) to determine the energy
contents in municipal wastes (Menikpura and Basnayake 2009). The characteristics
of wastes are needed to design and develop technologies in different waste sites, and
one of the basic researches in managing wastes is landfill pretreatment.

3 Landfill Pretreatment

One of the ways of diverting and reducing the quantity of wastes ending up in
landfills is to undertake landfill pretreatment (Gunawardana et al. 2009). The easiest
methods of landfill pretreatment were developed for co-mingled wastes to reduce the
quantity and organic loading of wastes on subsequent landfilling. The final
recommendations were to pile wastes up to 3 m in height with or without supporting
structures, however with adequate ventilation to reduce anaerobic pockets, thus
preventing the generation of leachates. This practice was successfully applied by
some of the LAs. Most of the LAs preferred extraction of compost from the wastes,
making the system more environmentally friendly, and it was a recyclable resource.
One of the best and versatile compost technologies that have been developed for
sloping lands is the Inclined Step Grate (ISG) composting system (Basnayake and
Ekanayake 2005; Ekanayake et al. 2005). It can process sorted or unsorted wastes at
very high temperatures, producing high-quality ‘thermophilic’ compost. Two of the

Fig. 3 Relationships of shear stress and normal stress for shredded and un-shredded wastes with
respective angles derived from τ ¼ c + σ tan φ
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facilities still operate, and the one at Nawalapitiya (Figs. 4, 5 and 6) (Ariyawansha
et al. 2010c) produces biochar-based fertilizer. Another complimenting technology
was developed for flatlands, called ‘Solar Aerated Chimney’ (SAC) composting
system. A system was installed at Batticaloa (EML Consultants Pvt. Ltd 2009)
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(Fig. 7) and is still functioning but not at an optimum level (Ariyawansha et al.
2012).

These two systems operate with convectional currents caused by Archimedes
principle. Even at optimum aeration, there will always be fibrous materials left in the
first run. It is best then to recycle those residual organic materials to optimize these
systems, thus reducing landfilling. By doing so, it increases the bulk density of the
input waste loads and reduces as well as moderates moisture contents for optimum
composting conditions. Most importantly, the nitrogen content is withheld within the
increased specific surfaces of the recycled content from the decomposing materials
like food wastes and grasses otherwise lost to the environment. Biofiltration systems
are needed to curtail emissions of odorous gases, particularly from composting
systems that process food wastes (Ariyawansha et al. 2010d; Menikpura et al.
2007b). Ideally, downdraft composting systems either passive like SAC or an active

Fig. 6 ISG unit at Nawalapitiya UC. (a) Overview, (b) inlet of ISG for waste, (c) Inclined Step
Grates, (d) outlet of ISG and (e) maturation yard
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fan can incorporate what is known as ‘wet and dry layered media’ biofiltration
system (Fig. 8) to reduce or eliminate odour pollution (Ariyawansha et al. 2010d;
Ariyawansha et al. 2009). It captures nitrogenous and sulphurous compounds that
eventually could be used as fertilizer since the media becomes live filtration that
grows over time.

Strong odour is a major nuisance in transporting food and kitchen wastes. These
wastes inevitably cause many problems to the public health and environment. The
ambient pathogen levels increase, if the quality of the wastes has deteriorated. One
other way is to introduce daily collection of wastes, which is costly and may not be
the best option for a given location. Therefore, it is best to treat or pretreat the waste

Fig. 7 Design of a passive aeration static pile composting system. (a) Sectional view. (b) Cone-
shaped mesh cage inside the waste pile. (EML consultants Pvt Ltd 2009)
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prior to transporting the wastes. Home composting can be done as long as dry fibrous
materials like garden wastes or old compost are incorporated to increase the bulk
density and reduce the biodegradability of the wastes, thus preventing anoxic
conditions promoting odorous gases. Also, it should be mandatory to incorporate a
tall chimney into the composting unit, preferably with a biofiltration system.

Fig. 8 Biofiltration unit. (a) Experimental setup. (b) Biofilter unit. (Ariyawansha et al. 2009)
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Another option is to promote anaerobic digesters only for treating food wastes,
thus compelling the separation of fibrous materials generated from the kitchen. In the
attempt of improving existing and novel systems, a number of laboratory and
prototype models were developed and tested. One that gave the best results was an
upflow anaerobic sludge blanket (UASB) incorporated with a composite liner
system that was developed by the UoP (Ariyawansha et al. 2018; Karunarathna
et al. 2017). Although several interventions were needed to generate gas with the
incorporation of phosphorous and lime at the start-up of the reactor, a first-order
mathematical relationship was obtained for the reduction in total dissolved solids
(TDS) over time (Ariyawansha et al. 2018). The productions of TDS occur in the
initial hydrolysis and acidogenesis phases of reactions, increasing the concentration
of ionic compounds that usually reduces the performance of classical UASB
reactors. In this laboratory model, the composite biofilter liner system mineralized
these inorganic compounds, thus reducing inhibiting reactions (Karunarathna et al.
2017). All of these factors were considered in upscaling the reactor for increasing the
organic loading rate (OLR) (Ariyawansha et al. 2018). The new upscaled reactor
(Bandara 2018) (Fig. 9) is undergoing a series of tests for optimizing and automation
of the operational system. It is likely that the liner incorporated UASB reactors can
be developed to convert food wastes to methane, carbon dioxide and trace gases. In
fact, there are many technologies available to convert organic municipal wastes to
biogas, but they are costly needing large investments. Instead, some LAs can rely on
simple and proven technologies of landfill bioreactors to convert the wastes to
landfill gas in landfill bioreactors.

4 Landfill Bioreactor

The technology of capturing and using methane emissions from landfills is an
important issue both in terms of protecting the environment and gaining economic
benefits from energy generations (Reinhart and Tounsend 1998). The process of
extracting landfill gas (LFG) is accelerated by recycling the leachate that is sent over
the wastes once the landfill is closed. In effect, it is a sanitary landfill that uses
enhanced microbiological processes to transform and stabilize readily and moder-
ately decomposable organic waste constituents within 5–10 years of bioreactor
processes being implemented (Thivyatharsan et al. 2012). There could be several
landfill bioreactors incorporated into a large landfill. The smallest of the units is
termed ‘biocell’ (Reinhart and Tounsend 1998; Basnayake et al. 2007). The reasons
for promoting smaller units are to reduce environmental impacts of prolonged active
operational phase of landfills, such as odour nuisance, escape of methane and other
landfill gases and operational costs of leachate treatment. Yet, the ionic strength of
recycled leachate would increase when the organic contents of the wastes are
converted to LFG. This increase in inorganic content creates inhibitive reactions,
which slows down the gas generation rates, although the action of recycling leachate
vastly contributes to accelerating the processes of anaerobic digestion. Another
inhibitive compound that prevents methane gas generations, thus reducing the
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potential of carbon reduction and transformation reactions, is the formation of
ammonia in the decomposition processes, such that the hydrogen released during
the transformations is combined with the nitrogen instead of carbon. Because of
these reasons, it was necessary to develop a technology to promote the natural
equilibrium between ionic strength and pH, thus promoting enzyme activity ideal
for methane generations.

4.1 Development of Liner System

Therefore, we were searching for a solution to reduce the high ionic content in the
leachate oozing out of decomposing wastes. Our observation of the mineralization
mechanism of natural ecosystems in peat bogs (marshy lands) that produces the
methane was the evidence needed to develop a biofilter media that promotes vertical
movement of leachate while mineralizing the inorganic materials in the media. The
inorganic substances derived from decomposing vegetation are very fine, like clay,
but with time colloidal formations of these substances turn to mineral sands. These
clays and sands which originated from the same plant materials have dissimilar
surfaces that promote higher cation exchange capacity with increased movement of
dissolved substances between the surfaces. The microbial activity is very high
between these surfaces. The replacement of sand with polythene increases the
dissimilarity (electrical polarity) which is an added advantage compared to other
materials like gravel, brick, or even charcoal. We decided to test a composite liner
system of waste polythene and clay in the laboratory. The required permeability of
1 � 10�7 cm/s or below is needed through a liner system for compacted clay liners
(Qian et al. 2002). It is the vertical movement needed for natural attenuation. In the
case of our liner, it was found that a minimum thickness of 150 mm was required
after compacting 150 mm of waste polythene between top and bottom layers of
50 mm thick clay. The experimental schematic layout at Sammanthurai and actual at
Peradeniya (Gunarathna et al. 2007, 2010; Thivyatharsan et al. 2010, 2012) are
shown in Figs. 10 and 11. The results were similar even at very high leachate heads
(impounding of leachate above liner) as illustrated in Fig. 12. The permeability in
both locations reduced with time and reached a steady state. In addition to this
finding, interestingly, the permeability values under both conditions of saturated and
unsaturated beneath the liner (simulated by a sand layer) fluctuated within a very
narrow margin. Therefore, we can deduce that liner permeability will not increase or
decrease very much when the water table fluctuates from a lower value to a higher
one in the seasonal variations from dry to wet conditions. However, chemical
diffusion can take place under saturated conditions. The findings can now be applied
to landfills that could even be constructed on rehabilitated dumpsites since there are
freely available waste polyethylene films. They can be used to reduce the permeabil-
ity instead of costly high-density polyethylene (HDPE) liner systems that may fail
due to differential settlements that could be expected in old dumpsites. Therefore,
clay-polyethylene-clay liner can be recommended specially to build small landfills
that are needed for small local authorities by rehabilitating existing open dumps and
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transforming them into even landfill bioreactors. In the case of large-scale sanitary
landfills, like Aruwakkalu landfill, which is in a sensitive ecosystem, they could have
additional protection with the developed composite liner constructed above the
HDPE liner system with hardly any differences in costs. In fact, it may be cheaper
because the clay requirement for HDPE could be reduced. Also, biocells can be
constructed to reduce pollution loads as described in Sect. 4. A Presidential Award
was given for the Best Environmental Technology for the Patent (Basnayake 2011).

Fig. 11 Constructed landfill bioreactor test cells (a) at University of Peradeniya and (b) in
Sammanthurai
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4.2 Test Cells

Once we checked the integrity of the liner systems, we constructed the leachate
collection systems and then landfilling operations were done in both locations. The
composition and weights of the waste loads were obtained prior to landfill
operations. The wastes were compacted in layers to attain a bulk density of
800 kg/m3. Also, the gas extraction pipes with properly designed wells were
installed while filling the wastes. The leachate recirculation pipes were installed
before construction of the cover system. Clay and waste polyethylene were applied
in the same way as the bottom liner system but at a lesser compaction. Unlike in the
case of Peradeniya, at Sammanthurai, we decided to apply a sand layer above the
clay-waste polyethylene-clay composite cover in order to drastically reduce evapo-
transpiration, especially during the dry period. Finally, the turf was placed by using
grass swards taken from the surrounding area to complete the cap for the test cell.

In both systems, we found that the liner permeability was lesser after loading with
wastes. There were differences in all of the parameters between the composite liner
and high-density polyethylene (HDPE) liners used in landfills. The normal tendency
is an increase in total solids (TS), volatile solids (VS), total suspended solids (TSS),
volatile suspended solids (VSS), volatile fixed solids (VFS), ion concentrations,
ammonia, chemical oxygen demand (COD) and biochemical oxygen demand
(BOD) values in the leachate with time, since solubility increases inorganic
compounds in the leachate. We believe that when these concentrations increase,
particularly ion concentrations, pH and temperature influence the production of
vastly different types of enzymes inhibiting favourable reactions to reduce the
strength of the leachate, eventually making toxic conditions for the survival of
large microbial populations to convert the available carbon sources to gases and
water. Although it is possible to manipulate pH and temperature, the reduction of the
ionic concentration is difficult. The very reason why we introduced the composite

Fig. 12 Hydraulic conductivity of the field scale liner at a hydraulic head of 86.2 cm in saturated
and unsaturated conditions. (Thivyatharsan et al. 2010)
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liner is to mineralize the inorganic compounds. Most of these inorganic compounds
precipitate due to mineralization process by the microorganisms found in the
interfaces of the biofilm liner. We can see the result in Fig. 13 when we compare
electrical permeability results between leachate and permeate. There were large
reductions of ionic strength in leachate contrary to the permeate values. The samples
of permeate were obtained from the sand layer underneath the composite liner and
above the impermeable barrier of HDPE liner that was installed for this purpose of
monitoring natural attenuation taking place. As reported by many authors, under
anaerobic conditions, ammonia tends to accumulate in the leachate and above
1500 mg/L, it becomes toxic, and the pH increases (Karthikeyan and Joseph
2014). In this test cell, at Sammanthurai, the values ranged between 15.46 and
62.5 mg/L, and ammonia concentrations in permeate were negligible. It seems a
proportionately smaller quantity of ammonia had been oxidized to nitrate and a
larger quantity was likely to have been directly converted to nitrogen gas through a
possible path of anammox bacteria action (Shalini and Joseph 2017). All of the other
parameters were then controlled to provide adequate microbial enzyme secretions to
convert wastes to gases, particularly methane.

The top cover, too, certainly has influenced gas productions. Although it allowed
water to enter the cell, it also prevented gas from escaping since the cover was
saturated in most instances with heavy rainfall experienced throughout the experi-
mentation period at Peradeniya. Irrigation of the cover was practiced at
Sammanthurai. It also prevented the cracking of the surfaces. With this passive
sealing, the gas extractions were 2.8 L/min, and it was augmented to 4.2 L/min by
increasing suction pressure. The gas productions began very much earlier than
reported (Mata-Alvarez 2003); perhaps it is the fastest rate so far for landfill
bioreactors/biocells. However, the energy content of the gas was 32–37% of the
input wastes. There were considerable losses from the large exposed area amounting
to 27–32%. Moreover, the aeration operation before mining the test cell could have
oxidized some of the carbon. Unfortunately, we were compelled to deactivate the
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Fig. 13 Variations of electrical conductivity between leachate and permeate. (Thivyatharsan et al.
2012)
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cell before completion of the active phase in stabilizing the wastes. In fact, the
reported values in most large landfills are between 15 and 20%. The remaining
wastes contained 36% after excavation. The profile in Fig. 14 shows the residual
wastes as well as a distinct profile of mineral accumulations in the liner and just
below it.

5 Sustainable Landfills

We have just come across what is meant by a sustainable landfill. It is because once
the gases diminish, the residual wastes can be extracted to allow raw waste to be
disposed. The wastes consisting of organic and non-biodegradable wastes disposed
in landfills can be used to process residual derived fuel (RDF) for energy and power
generations. Even small landfills can be used for systematic disposal of wastes in
different biocells and excavations of decomposed wastes, over and over again to
produce gas and RDF for sale. The sand content and unwanted materials are
separated and sorted to produce high energy content RDF. We obtained high heating
values (HHV) between 20 and 24 MJ/kg. The lower heating value (LHV) will
depend on moisture and hydrogen contents in RDF, and approximately 15–18 MJ/
kg can be expected at equilibrium moisture contents in the wet zone. The energy of
these RDF can fuel waste to energy plants.

Fig. 14 Slicing through the landfill bioreactor profile. (Ecotech Lanka Ltd 2011)
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6 Waste to Energy Systems

There are numerous types of power plants in the world. Most of them are incinerators
rather than power generation systems. Although they produce electricity, the primary
task is to incinerate as much as possible large quantities of wastes generated in
highly urbanized cities. All of them are dependent on the tipping fee (disposal fee)
for generating profits because tariff for electricity productions in those developed
countries is so low that it is not economically feasible to make business sense in
generating power. Therefore, the system efficiencies are within the range of 15–25%.
Moreover, the operational costs are very high for cleaning flue gases consisting of
acids, particulates in the form of fly ash, NOx and sulphur compounds. However, in
the recent past, the RDF plants, particularly in Germany and France, reach 40%
efficiency. The RDF is made from raw wastes after application of mechanical and
biological treatment (MBT) technology, thus reducing all of the flue gas pollutants.
We found that MBT technology is very expensive and operational costs are some-
what high, but less than compared to treating and capturing pollutants in raw waste
combustion.

In our attempts to promote RDF thermal technology, we proposed the path of
very low-cost landfill bioreactors to reduce the nitrogen, sulphur and chlorine
compounds in the subsequent production of RDF and also, by cleaning the LFG
before combusting it in a dual fuel system with RDF to increase the conversion to go
beyond even 40% efficiency in a combined cycle system. It is even better to use a
gasifier to generate high-quality syngas from RDF to drive a gas turbine and use the
residual waste heat along with the cleaned LFG to fuel a boiler to produce steam to
drive a generator for producing electricity (Ecotech Lanka Ltd 2011). Since these
approaches are new, we decided to undertake a pilot scale project for Kandy
Municipal Council (KMC) in Gohagoda.

6.1 Pilot Project at Gohagoda, Kandy

At the end of the second phase of the ARRPET project, it was decided to implement
a pilot project at Gohagoda. Unfortunately, the pledged support for the third phase
by the Swedish Government was withdrawn as an outcome from the Copenhagen
summit 2009, because the benefiting countries were either technically capable and or
economically sound to implement the Research and Development (R&D) findings.
We took the challenge; since the commencement of ARRPET, we had trained
researchers and were very familiar with the particular problems of the Gohagoda
dumpsite. The aim of the pilot project was to rehabilitate the Gohagoda dumpsite and
establish an integrated solid waste management project for the KMC. As a country,
we were in the category of having the knowledge and know-how but not financially
sound to undertake the project. At that time, although the country was going through
several crises, we were hopeful in convincing the private sector to take the challenge.
Our first attempt was to organize and conduct an investor forum at the Postgraduate
Institute of Agriculture (PGIA) for the private sector, banks and government
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agencies. After many meetings, a foreign company with a local partner decided to
invest in the project, but they withdrew because of the burden of rehabilitating the
dumpsite and relocating dumpsite inhabitants/population. Moreover, we did not
have any of the approvals to make the project attractive for investors. Therefore, a
company was incorporated, and the KMC in the absence of any assistance from the
government still decided to support the project. A number of companies came to our
rescue and funded some of the operations, particularly to obtain an environmental
impact assessment (EIA) study approval.

6.1.1 EIA Study
Any EIA study is unique, but lessons can be learned from them. The site
investigations were meticulous, although we faced many obstacles in assessing the
dumpsite. Hydrological studies showed far reduced stream flows of dumpsite catena
with a slightly reduced area by 10% in comparison to an adjoining one, of the same
watershed. The quantities of water and gas emissions were significant, since the
water holding capacity of the dump was much more than natural vegetation with
urban dwellings and abundant paddy fields. In these two streams, the rates of base
flows from the dump were far less compared to the adjoining catena and in both
cases as expected base flows were higher in the night than daytime. In undertaking
the water balance study of the dump, we introduced an index termed ‘storage
depletion’ (SD):

SD ¼
P

ET þP
B fP

RF
ð1Þ

where EF is the rainfall, ET is the evapotranspiration and Bf is the base flow. The
absorption capacity will depend on the maximum SD value for the duration consid-
ered. The moisture contents of disposed wastes were also considered in determining
the water balance, and it was included in calculating SD index (Fig. 15). We found in
the flood occurrence aspect of the study, it is imperative to allow inundation of the
paddy fields; thus, filling and expansion of facility on that side of the catena should
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Fig. 15 A comparison of the cumulative discharges of the entire watershed (WS) and dumpsite
catena (DC) and adjoining catena (AC). (Ecotech Lanka Ltd 2011)
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not be considered. The other important aspect of the study was on water quality
surrounding the dumpsite. It was found that the BOD of the main stream flowing into
the river from the dump during the wet season was 7500 mg/L (Menikpura et al.
2008) and it reached 32,000 mg/L in the puddle water in the dry season. The
polluting parameters including pathogenic bacteria during the study period far
exceeded the Central Environmental Authority (CEA) discharge standards. The
comparative samples of the river water of up and downstream from the discharge
point to the Mahaweli River showed the actual impact of the dump. We observed the
catastrophic effects of washouts from the dumpsite, particularly during a high
rainfall experienced on 25 December 2010. All of these pollutants end up in the
Mahaweli irrigation systems.

Apart from polluted leachate, the ambient air quality of the surrounding area of
the site shows considerable levels of pollution as given in Table 2. Estimated level of
methane emission from Gohagoda dumpsite was 288 g/m2/day. Also, according to
our calculations, methane emissions from continuous dumping of waste is given in
Fig. 16 based on IPCC model estimations (Menikpura et al. 2008). The study report
indicates that both leachate and gas emissions have had an impact on fauna and flora.
In fact, toxic levels of heavy metals during heavy runoff (washouts) periods have
caused farmers to abandon the cultivation of paddy fields in the watershed
(Wijesekara et al. 2014). Therefore, the livelihoods of neighbouring farmers were
affected due to the dumping of wastes.

(a) The Socioeconomic Environment

The Google Images clearly show the settlement patterns within and around the
dumpsite. The area is semi-urban to rural and can be considered a suburban area of
the Kandy city. A survey was conducted to ascertain the socioeconomic status of
establishing the project over a radius covering 500 m from the proposed facility.
Some of the salient features were that a significant number of families (43 or 28.7%
of the sample) work for the Kandy Municipality in various capacities, making the
Kandy Municipality the largest single employer. Among them are those who are
working at the dump as well. It was also interesting to note that 6.6% of the
households work on site, meaning the dump, and they are totally dependent on the
dump for income generations. These people and their families were highly exposed
to the impacts of the dump, and it was imperative to relocate 53 homes at the cost of
the project (Ecotech Lanka Ltd 2011). Most of these houses were in a dilapidated
state.

(b) Impact Assessment of the Project

The Leopold matrix was prepared in relation to the identified project activities
and environmental parameters. The effect of each project activity on each environ-
mental parameter was evaluated. A numerical value was given to quantify the
magnitude (size of impact) and importance (relative importance) separately, and
finally by multiplying both values, a composite value was obtained. We will discuss
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some of the important and interesting issues. For example, it was necessary to apply
an effective technology to capture methane gas from the dump. We found that it is
best to install horizontal pipes below the surface of the dumpsite to capture 80–85%
of the LFGs, thus reducing over 3200 kg/day out of 4000 kg/day. The stack height
required for the proposed power plant was another important issue. It has to be high
enough to prevent the deposition of pollutants on an undulating terrain (receptors) at
higher concentrations than accepted air quality standards. It is also dependent on
emission levels specified by the supplier and according to best practices in the latest
gas cleaning systems and efficiency of moisture condensation. A summary of stack
emissions is given in Table 3. These stack emissions should then meet ambient air
quality standards under worse conditions of wind flow and direction. In fact, low
wind speeds and unidirectional wind flow will concentrate more of the pollutants
depending on the elevation of receptors than turbulent high winds that will take away
and mix better with air. When we applied the modified Gaussian model (Nevers
1972), we were able to visualize and spot high to low deposition concentrations in
specific locations as shown in Figs. 17 and 18. Table 4 gives permissible and
predicted maximum concentrations. These values were obtained for a design height
of 102 m to meet ambient air quality standards. Therefore, a height greater than
102 m will reduce the risk of polluting the hot spots shown in Figs. 17 and 18.

The most nerve-wracking aspect of the project was the possible collapse of
wastes. It took us a considerable length of time and effort to develop scientifically
and technologically sound low-cost technologies for stabilizing the embankments,
collecting the leachate oozing out of the dump with interceptor drains and then
treating it because the existing technologies were very expensive and not so reliable
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Fig. 16 Estimation of
methane emissions from
Gohagoda dumpsite with
continuous dumping of
wastes. (Menikpura et al.
2008)

Table 3 Stack emission
levels from the proposed
power plant

Parameter Unit Value

Flue gas emission m3/h 6000

NO g/s 2.14

SO2 g/s 0.66

CO g/s 0.23

Particulate matter g/s 0.166
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in tropical climates. To this end, the study initiated by the National Institute of
Fundamental Studies (NIFS) (Wijesekara et al. 2015) pinpointed the existing
problems of perch leachate strata in the body of the dump. This allowed us to
precisely dig and install ‘French drains’ and connect them to peripheral pipes,
which were also intercepting the seeping leachate flows from the sides of the
dump. Then the concept of a landfill bioreactor was used to develop a leachate
treatment bioreactor (LTB) (Fig. 19) (Gnanakaran et al. 2017). Instead of raw
wastes, old wastes were used to develop microbial films for treating the leachate.
The effluent from the LTB was treated in an algal pond and finally in constructed
wetlands. The EIA approval was given accepting the expected level of pollution
from a dumpsite. In complying with the EIA approval, the dumpsite rehabilitation
took precedence in the implementation programme of the pilot project.

6.1.2 Implementation of the Pilot Project (PP)
When we commenced activities in 2010, there were many small dumps in different
locations, because KMC was unable to access the dump during wet weather
(Fig. 20). Therefore, roads were constructed on the dump to bring in wastes from
scattered small dumps while the raw wastes were disposed in the main dump in a
systematic manner to prevent double handling. The slope stability calculations and
on the ground, supervision of terracing and compaction were needed to ensure safe

Fig. 17 Distribution of NO concentration over the study area. (Ecotech Lanka Ltd 2011)
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levels of stability. Once the earthworks were completed, surface and sub-surface
drains were constructed to prevent leachate contaminations. In the meantime, leach-
ate collection pipes were installed, and treatment systems were constructed and made
operational.

The results of the leachate treatment were good because all of the polluting
parameters were approaching permissible CEA water quality discharge standards
(Priyashantha et al. 2015). It was a ‘tall order’ for us to accomplish because none of
the dumpsites can be rehabilitated to the level of a sanitary landfill. But we still
continued to improve the LTB. After 2 years of operations, we decided to replace the
decomposed wastes with a mixed media of waste rubber and decomposed wastes in
layers. A laboratory unit of the LTB was tested. The results were very promising, and
we were able to mathematically predict the reduction of polluting parameters
(Gnanakaran et al. 2017) for well over 5 years or more. Once again, the LTB was

Fig. 18 Distribution of PM concentration over the study area. (Ecotech Lanka Ltd 2011)

Table 4 Permissible and predicted maximum concentration levels

Pollutant Permissible level (μg/m3) Maximum concentration predicted (μg/m3)

Carbon monoxide 58,000 11.7

Particulate matter 50 8.3

Nitrogen dioxide 100 93.5

Sulphur dioxide 80 32.3
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made operational. Although we were limited by a lack of funds, we launched the
production of biochar and compost to divert the wastes from the dump. Also, the first
stage of the landfill bioreactor was constructed with the composite liner system, and
the remaining incoming wastes were disposed as described in the EIA study report
(Ecotech Lanka Ltd 2011).

Investments for PP with Public-Private Partnership
The EIA approval and the valorization of the dumpsite were the key factors for
assured investments because most of the investors, bankers, accountants and
auditors refused to accept rehabilitated dumpsites as assets. In fact, one of them
was a director of a Korean company. He said that his company almost went bankrupt

Fig. 19 A schematic diagram of the laboratory scale LTB. (Gnanakaran et al. 2017)
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in trying to treat leachate and that ‘without a tipping fee, it is suicidal’. Nevertheless,
armed with a low cost and effective leachate treatment system, we resorted to
calculate the Resource Utility Value (RUV) of the dumpsite (Senervirathne et al.
2013). The summary is given in Table 5. It should be noted that we have not included
the value of LFG because it was supposedly to be used in the feasibility of power
generations and it was an income generator, like RUV in the financial feasibility of
the company. The feasibility studies showed that the total operating profit in
converting waste to electricity is Rs. 24,000/Mg of raw wastes estimated over a
period of the next 10 years (Basnayake et al. 2015). The return on investment (ROI)
was less for generating 10 MW, but the internal rate of return (IRR) of 15% remained
for smaller units; thus, a gradual increase in the capacity would have been the best
option. Therefore, the proposed integrated solid waste management (ISWM) system
had many investment scenarios, and one arm of a leading bank is an investment bank
that offered the company 70% loan and 30% equity to install a plant to generate
2.5 MW of power while manufacturing biochar and compost. The excess wastes
were to be disposed in landfill bioreactors for extracting gas and residual wastes. The
intention of the investment was also to complete the rehabilitation of the dumpsite

Fig. 20 Small dumps in different locations of the dumpsite

Table 5 Deduced resource utility value of the Gohagoda dumpsite (Senervirathne et al. 2013)

Description Unit Amount

Available stock of wastes in dumpsite MT 250,000

Recovery of RDF (nominal) % 60

Total quantity of RDF MT 150,000

Sale price of RDF, equivalent to coal US$/MT 90

Income from sale of RDF US$ 13,500,000

Cost of mining, processing and manufacture US$/MT 46

Cost of RDF production US$ 6,923,077

Forecasted revenue from RDF US$ 6,576,923

Estimated cost of rehabilitation of dumpsite US$ 1,153,846

Estimated cost of relocation of houses US$ 823,077

Resource Utility Value (RUV) US$ 4,600,000
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while relocating dumpsite inhabitants. Unfortunately, the majority shareholder of the
company turned down the offer because he could not raise the capital without
forgoing his shares. It was the same fate with a similar offer from the Asian
Development Bank through a national leading bank for a higher capacity of mini-
mum 5 MW at a lower interest. One must not get entangled with so-called investors
and promoters because they are opportunists who are there to make a quick buck and
get away from the responsibilities (Basnayake et al. 2015). In fact, politicians and
government officials forced us to accept the investor and ignored the offers made by
these reputed financial institutions until they get the best offer from a foreign
company. As time passed, the EIA approval was cancelled.

7 Social and Economic Appraisals of MSW Management

All of these issues arose because the KMC and most other LAs were not given
adequate directives and they were not willing and capable of initiating measures to
overcome serious concerns with the local communities residing near dumpsites and
recycling facilities. Moreover, not all generated wastes were collected because
inadequate resources and proper disposal facilities created numerous environmental
issues in many cities and towns. To date, some of these issues are not resolved.
Therefore, at the end of 2015, UN-Habitat sponsored and initiated a study in eight of
the provinces at the request and support of the Ministry of Mahaweli Development
and Environment. The completion of the study is still pending, but a draft of the
Comprehensive Integrated Solid Waste Management Plan (CISWMP) has been
circulated among the expert committee, UN agencies and relevant ministry officials
and UDA. It was also presented at the National Forum on Solid Waste Management
on 23–24 June 2017. Furthermore, a manuscript was published in a journal publica-
tion (Basnayake et al. 2018). The study revealed that only 27.2% of the generated
wastes are collected. In these eight provinces, the non-biodegradable, including
plastic, is estimated to be 382–475 Mg/day, and approximately 232 Mg/day of
plastics are burnt, emitting approximately 10–14 kg of polychlorinated dibenzo-p-
dioxins (PCDDs) and dibenzofurans (PCDFs) every day. The calculation was based
on emissions reported by Lemieux et al. 1999. The ignorance and attitude of the
people have increased the dreadful habit of burning plastics. The respondents in
most of the surveys conducted always blame the LAs, stating that collections are
irregular, and they are compelled to burn wastes, including plastics. They also
emphasize on a quality service being provided if they are to pay for it. Otherwise,
the tendency is to burn the wastes without paying additional amounts to LAs. Few of
the respondents are not willing to pay additional amounts because they already pay
adequate taxes. When we explained the need to increase taxes in the way of a
‘polluter pay’ scheme with adequate measures of transparency, participation and
the need to recycle the wastes, they are more amiable to become active participants
in the proposed planning and implementation programmes.

After many discussions with LAs, regarding all of these issues and in view of
minimizing wastes, the suggestion is to increase the fleet of vehicles for collections.
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It will satisfy 50% of the gap between generations and present collections. It will be
39.7% of the total project costs. The construction of landfills will cost 23.1% with an
allocation of 28.7% for administrative and management of all operations and
services. The remaining 8.5% will be needed for R&D and education and training
(E&T). We worked out that the polluter pay commitment is only Rs. 350 per capita
per annum, considering only 50% of the population will be subject to this levy. The
national CISWMP is based on applying 3R concept with the selection of applicable
and suitable technologies of composting, anaerobic digestion and RDF fuelled
power generation plants, allowing only 15% of non-hazardous inert wastes to be
landfilled. These proposed methodologies will gradually reduce wastes ending up in
landfills over the next 5 years. The LAs will be able to use the savings on landfilling
on preferred technologies; some of them would need public-private partnerships
(PPP). Therefore, the LAs with the communities will be empowered to develop plans
at Provincial Council and LA levels; thus, the national plan will be amended
accordingly. These plans will have eight sub-plans according to each subject as
given in Table 6.

8 Way Forward

It is hoped that the recommendations in the UN-Habitat-sponsored study are
implemented, particularly rehabilitation of dumpsites, formulation of 5-year
CISWMPs at all levels with the incorporation of landfills, ensuring diversion of
wastes by effective implementation of 3R in the planned strategy and establishment
of Environmental Court/Tribunal (ECT) (Basnayake et al. 2018) for providing
judicial services, thus empowerment of civil society groups. Accountability at all
levels are included in the new policy on waste management, which will have a
gazette notification shortly. The UN-Habitat study also contains a recommendation
to set up an Evidenced-Based Informative and Interactive Database (EBIID) to
enable accuracy in planning processes, monitoring and reporting on waste manage-
ment. Furthermore, the suggestion is to engage regional and national universities to
take the initiatives in supporting E&T and R&D activities with special emphasis on
socioeconomic aspects to ensure sustainability of projects. In addition, the R&D
activities should focus on electrically driven haulage vehicles to minimize transpor-
tation costs, thereby minimizing sound and air pollution. It is advisable to improve
anaerobic digesters and develop a joint research programme with a technologically
advanced country to develop small-scale combined cycle power generation units
coupled with an absorption cycle refrigeration system to convert waste heat from a
power generation plant to dry and wet ice. The latter system was proposed earlier
(Basnayake 2009). It will increase refrigeration capacities in urban centres, thus
reducing food wastes and contributing to preserving seeds. It is imperative to
establish controlled environment of low-temperature seed banks for greater food
security systems, which is badly needed in the country to combat climate change.
Moreover, the power generations with MSW should be reduced with increased
recycling of plastics, but those recyclables should then be replaced with agricultural
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wastes or dendro for maintaining the designed and desired power outputs from waste
to energy plants, and it will also improve the efficiency of waste conversions to
marketable products.
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Promising Modified Atmosphere Storage
Methods to Protect Shelf-Stable Food
Commodities in Sri Lanka

Batugahage Don Rohitha Prasantha

1 Introduction

Shelf-stable food grains after harvest are usually stored until the next harvesting
season for sale and home consumption. Nearly 30–40% of the shelf-stable food
commodities such as cereals, grain legumes, oil seeds, nuts, and spices harvested in
Sri Lanka are kept by farmers for consumpon, seeds, and future sale for a period of
3–9 months (Adhikarinayake 2005; Prasantha et al. 2014a). This kind of on-farm
storage provides about 70% of the total food requirements of the farm family, and it
is a substantial contribution to the farm income during off-season. Nearly 50% of the
paddy harvested in Sri Lanka is kept by farmers (Hafeel et al. 2008) for consump-
tion, seeds, and future sale for a period of 6–12 months. Current statistics reveal that
annual per capita consumption of rice in Sri Lanka is approximately 116 kg. Next to
the rice, grain legumes play an important role in Sri Lankan diet. Grain legume is an
inexpensive source of dietary protein supplement for more than 67% of Sri Lankans
as an alternative to animal protein. Due to their high nutritional value, they are often
being used in various dishes such as soup, porridge, curry, and some traditional
confectioneries. Coconut mixed boiled mung bean and cowpea dishes are considered
as one of the most popular breakfast diets among Sri Lankan next to the bakery
products and rice/rice-based products. Spice crops such as nutmeg, cardamom,
cinnamon, clove, vanilla, turmeric, ginger, pepper, and chili are some of the cash
crops which are grown and processed by farmers solely for their income. Long-term
storage of spices is also necessary to overcome the price fluctuations in market and
respond to the demand in international markets. Most of the spices today are
organically grown, and more than 80% of the products are exported in bulk to the
EU, Japan, Mediterranean countries, and to the USA as organic products and sell at a
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price of $ 10–20 per kilogram. The value of spice export is equivalent to 1.5% of
total export and 8% of agricultural export earning of Sri Lanka. Although high-
quality cinnamon, nutmeg, clove, etc., are produced in Sri Lanka, postharvest
protection systems that meet the international standard have not yet been developed.
Therefore, occasionally export restrictions are imposed to local export shelf-stable
commodities due to records of pest infestation (presence of dead or live insects),
fungal infections, weed seeds, pesticide residues, etc. However, for a stable supply of
shelf-stable foods, it is necessary to increase production and minimize postharvest
losses during the handling process.

Shelf-stable stored products are characterized by having relatively low moisture
content and include raw and semi-processed foods products. Grains, spices, nuts,
and other shelf-stable agricultural commodities are commonly stored in woven
polybags in Sri Lanka similar to many Asian and African countries. These bags
are inexpensive and convenient but offer no protection to the stored commodities.
Polybags are extensively used by farmers since it is convenient for transport,
exchange, and storage under many conditions. Even though the storage duration
may reach few months, shelf-stable food products such as grains, spices, nuts, herbs,
and other dry foods stored in polybags are under constant threat of attack by many
insect pests and fungi. Polybags do not provide any required safety for long-term
storage of grains and other commodities, especially under humid climatic condition.
Exact information of both quantitative and qualitative losses of storing food grains is
extremely limited. Postharvest loss of on-farm storage of grains, spices, and nuts is
high as about 15% due to improper storage techniques and lack of proper storage
facilities in Sri Lanka (Sartaj and Ekanayake 1991). Poor storage conditions or
practices cause rapid fluctuation of moisture withing the stored products due to the
influence of environmental relative humidity (RH) and temperature. It has been
estimated that on-farm storage loss of paddy in Sri Lanka is about 8% (out of
3.8 million MT per annum) due to poor storage (Adhikarinayake et al. 2006).
Percentage of grain damage could be high as 60% in farm-level stored legumes
(mung bean and cowpea) under polybags storage after 4–6 months (Prasadi 2014;
Prasantha et al. 2014a). In an extreme situation, storage loss of legume grains (mung
bean, cowpea, black gram, soya, etc.) due to damage of insects could be high as 98%
(Prasantha et al. 2014b, 2018). Although the grains may have stored in suitable silos,
postharvest losses may still occur due to uncleanness, physiological deterioration,
spillage, and spoilage caused by insects and molds. Therefore, suitable modern
technologies are necessary to achieve a significant reduction of postharvest losses
of shelf-stable food commodities in Sri Lanka.

Insect pests and subsequent fungal infestations cause significant damage to the
quality of grains during storage (Fig. 1) mainly in tropical countries due to high
ambient temperature (>25 �C) and RH (>70%). Ambient temperature plays an
important role on rapid multiplication of insects under tropical climatic condition.
Fungal attack of stored food commodities generally occurs where drying has been
inadequately conducted, or where large numbers of insect pests are present in the
product. As a result of that, temperature may rise in the grains due to metabolic
activities, and the stored product may easily get decomposition due to accumulation
of high moisture and temperature. On the other hand, products are stored in damp
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conditions could also absorb high moisture from the surrounding atmosphere. This
tends to speed up undesirable chemical changes in the stored commodities such as
discoloration, rancidity development, flavor changes, splitting, and in further forma-
tion of mycotoxins (Raj and Singaravadivel 1990; Seitz and Sauer 1996).

Today, a considerable amount of grains, spices, herbs, and their products are
produced organically, but synthetic pesticides must not be applied. Even in conven-
tional grain storage, the use of synthetic pesticides such as pirimiphos-methyl
application and phosphine (PH3) fumigation (Fig. 2) presents risk to workers, may
develop resistance among insect pests, and ultimately, pesticide residues could cause
a grave problem to the environment and health of end users. Pest control measures
are costly when the stored products have heavily been infested by insects and their
quality has been affected. Therefore, producers, especially farmers, apply many
hazardous pesticides to protect their stored grains soon after harvesting and several

Fig. 1 Insect pest infestation in food grains: (a) mung bean infested by Callosobruchus maculatus
(F.), (b) cowpea infested by Callosobruchus chinensis (L.), (c) secondary infestation of soybean by
Tribolium castaneum (Herbst), and (d) red rice infested by Sitotroga cerealella (Olivier) (NB:
Soybean has primarily been infested by Callosobruchus chinensis L.)

Fig. 2 Phosphine (PH3) fumigation of shelf-stable food commodities using aluminum phosphide
tablets

Promising Modified Atmosphere Storage Methods to Protect Shelf-Stable Food. . . 511



times during storage. Phosphine fumigation is not recommended at the farm level
because of the non-unavailability of skill and safety required in the application. As
an alternative to the considerable storage loss, farmers sell their grains soon after
harvesting at low price prior to the infestation by insects. However, during the
off-season, price of grains such as mung bean and cowpea increases significantly
in the retail market, ranging between $1.00 and 2.50 per kilogram. Long-term
storage of grains and spices is also necessary to overcome the price fluctuations in
the retail market for the benefit of consumers.

Because of limited shelf-life and restricted use of chemical preservatives, quality
of perishable and semi-perishable food commodities deteriorates immediately after
harvesting or processing mainly due to microbial growth. Compared to perishable
foods, shelf-stable but nonperishable food commodities can be stored for a longer
period of time. However, due to prevailing unfavorable intrinsic and extrinsic factors
in the stored environment, quality and quantity of stored foods may be affected
within a few months. Therefore, food industry is encouraged to search for an
alternative nonchemical pest control technique for stored food preservation. Physical
and low-risk control techniques such as controlled or modified atmospheric storage
(CA/MA), radio frequency, microwave, and high temperature have advantages of
being free of chemical residues, although there is a variation among insect species
susceptibility to physical control technique (Fleurat-Lessard and Torc’h 2001; Fields
and White 2002; Adler 2010). CA or MA storage systems are generally considered
as promising alternative methods to pesticide application or chemical fumigation for
storage systems under tropical conditions (Adler et al. 2000; Ferizli et al. 2001) for
grains, nuts, dried fruits, spices, and dried herbs during the storage. Although the CA
and MA techniques are more or less similar techniques, CA storage is a more
sophisticated technique than MA storage. Therefore, in developing countries,
MA-based technology can be used as a cost-effective storage solution at farm
level. Generally, MA storage technique keeps the grain and other shelf-stable
agricultural commodities safe from insect and fungal infestation while maintaining
them at an acceptable germination potential (Villers et al. 2006; Navarro 2012). It is
helping to protect farmers from seasonal fluctuations in commodity prices and
availability of seeds as planting materials.

2 Modified and Controlled Atmospheric Storage

The principal mechanism of CA and MA technologies is to reduce the rate of
respiration of product, insects, and microbial growth while retarding enzymatic
activity by changing the gaseous environment around the stored food products.
The generation of CA/MA is achieved by altering the normal ratio of atmospheric
gases. A reduction in the oxygen (O2) content �1% and increasing carbon dioxide
(CO2) � 5% is required to kill all stages of insects and cease the growth of aerobic
microorganisms and retard metabolic activities (Moreno-Martinez et al. 2000).

In MA storage, the gas composition of the storage environment is generally
created mainly by the interaction of the commodity’s respiration while permeation
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of respiratory gases through the packaging material. MA conditions can also be
created by applying a vacuum and replacing the storage atmosphere with a desirable
inert gas mixture such as CO2 or nitrogen (N2). A major difference between CA and
MA storage is in the degree of gaseous composition control in the storage atmo-
sphere. The CA implies a higher degree of control than the MA in maintaining
specific levels of O2, CO2, and other gases such as ethylene (C2H4). Also, in MA
storage, the composition of the atmosphere surrounding the product is generally
created and maintained by the interaction of the commodity’s respiration with the
permeation of respiratory gases through the packaging material. Modified atmo-
sphere conditions can also be established and adjusted by pulling a slight vacuum
and replacing the package atmosphere with a desirable gas mixture, which can be
further adjusted through the use of O2 or CO2. The development of both fungi and
insects can be prevented throughout the storage period when O2 < 3% in the MA
storage atmosphere (Adhikarinayake 2005; Adhikarinayake et al. 2006; Prasantha
et al. 2014a). In Sir Lanka process, cashew kernels are treated with CO2 and nitrogen
to prevent insect pest infestation (Surendra 1997) before packaging for export as MA
treatment.

Although CA storage is more similar to MA storage, CA maintains specific levels
of high CO2 (> 1 and< 15%) and/or low O2> 5%< 10% with N2 and control C2H4

using scrubber throughout the storage period being the main difference between CA
andMA techniques (Courtesy 1983; Wright and Kader 1997). In CA storage system,
both temperature and relative humidity (RH) in the storage atmosphere are also
regulated or controlled at optimum condition especially for the preservation of the
quality of fruits and vegetables throughout the storage period (Coursey 1983). Air
consists of approximately 78.08% N2, 20.95% O2, 0.93% Ar, 0.036% CO2, and
traces of several other gases that have no physiological significance. Sen et al. (2010)
studied the effectiveness of high temperature CA for controlling storage pests and its
effect on the quality of dried figs. They recommended CA as one of the best
alternative methods for chemical fumigants to control storage pests of dehydrated
fruits within relatively short time periods. The highest concentration of CO2 (>40%)
treatment is considered as an effective control technique of many insects without
development of resistance and leaving no any residue in the stored food stuff (White
and Jayas 1991). However, even at a high concentration of CO2 at temperatures
�25 �C, it takes relatively longer exposure times to kill the target insects than with
PH3 fumigation of same products. Despite the efficacy of CA used to control the
stored pests of shelf-stable commodities, hermetic and vacuum are fairly inexpensive
systems for local industries. On the other hand, operational cost is comparatively
lower than CA and chemical fumigation. Therefore, this type of treatment is good for
high-value organic shelf-stable commodities such as spices, nuts, and herbs which
can earn high income in the international markets.
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3 Hermetic Storage

Hermetic or airtight storage is an excellent MA technique for controlling insects in
stored grain and is an alternative to chemical pesticides (Navarro 2006). Hermetic
storage uses airtight containers to modify the storage atmosphere, obtaining a low O2

and high CO2 atmosphere after a few weeks of storage (Busta et al. 1980; Hafeel
et al. 2008; Prasantha et al. 2014a, b). Alteration of the storage atmosphere is
achieved through the respiratory metabolism of stored grains, insects, and
microorganisms present in the storage environment, and the results are mortality
of insects (Fig. 3), reduced reproductive capacity of insects, and inhibition of
mycotoxin-producing fungi due to lack of oxygen and high carbon dioxide levels
in the storage ecosystem (Caliboso and Sabio 1998). The development of both fungi
and insects can be prevented when O2< 10% and CO2 > 5% in the hermetic storage
environment (container) within 30 days depending on the size of pest population
(Moreno-Martinez et al. 2000; Adhikarinayake et al. 2006; Prasantha et al. 2014a).
The other advantages are a reduction of grain metabolic activity, a reduction of fat
oxidation, flavor retention, and maintaining better processing characteristics
(Prasantha et al. 2014a, b). During exposure to comparatively high concentrations
of CO2, insects are killed under the stress of hypercarbia and/or hypoxia (Adler
1993). Murdock et al. (2012) reported that the cause of insect death was due to
hypoxia and desiccation under hermetic storage system. In order to achieve signifi-
cant mortality in the high CO2 level, interstitial space air should be completely
replaced from the commodities before inundation with CO2. To achieve hermetic
condition, products must be stored in relative low-cost plastics/PVC structures
which can be hermetically sealed.

Israeli researchers (Donahaye et al. 1991) first investigated such possibility of
storing bagged paddy (type “Nadu”) under tropical outdoor conditions in Sri Lanka
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using MA created in hermetically sealed plastic liners call storage cubes. They found
5% O2 and 10–15% CO2 of gas composition, 0.33–0.64% dry matter loss, and
1.24% loss of dry weight due to insect (Tribolium castaneum) and mold attack of
10–20 tons of bagged paddy after 6 months stored in storage cubes. Adhikarinayake
et al. (2006, 2007) developed an airtight reinforced concrete bin (Fig. 4) to store
paddy in Sri Lanka. In that trials, paddy (Bg 94-1) was stored inside the outdoor
storage structure for 6 months while obtaining excellent hermetic conditions of low
O2 (2.7%) and high CO2 (9%) due to initial development of insects such as Ephestia
cautella, Sitophilus spp., and Rhyzopertha dominica (Adhikarinayake 2005). They
have recorded better milling outturn, lower changes of moisture content, very low
mass loss (<0.4%), and high head rice yield (36%) but poor germination rate of
paddy after 6 months of storage in the hermetic bin.

Hermetic IRRI super bag is another alternative storage technique, similar to
common polybag storage (Ben et al. 2006; Hafeel et al. 2008, 2011; Prasantha
et al. 2014a). The O2 content was dropped in the range of 7–13.8%, and CO2 content
rose in the range of 3–9% for infested and uninfested samples stored in the hermetic
IRRI bag, respectively (Fig. 5). They also found that the hermetic storage of dried
paddy had no adverse effect on milling yield, grain whiteness, and other quality
parameters up to 4–9 months of storage (Table 1). Ambient storage (28–32 �C and
RH 75–85%) is generally used for commercial storage of paddy, and two cropping
seasons (9–12 months) are considered a long period for paddy storage under ambient
conditions.

Prasadi (2014) and Prasantha et al. (2014a) found O2 content dropped to 0.7%
and CO2 content rose to 8% within 28 days where freshly harvested mung bean and
cowpea samples (obtained from farmers) were stored in 5 L hermetic PET bottles
(Figs. 6 and 7). Although no live bean weevils were found in hermetic samples,
significant change in the O2 and CO2 contents was detected in the hermetically
stored samples, indicating that field bean sample may have already been infested by

Fig. 4 Hermetic type grain storage structures developed in Sri Lanka; (a) airtight reinforced
concrete paddy store bin, (b) grain storage PVC hermetic tank, (c) IRRI super bag, and (d) sealed
flexible plastic liners. (Source: Donahaye et al. 1991; Adhikarinayake 2005; Hafeel et al. 2008;
Prasantha et al. 2016)
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either insect or fungi. These results indicate most of the fungal or insect infestation
starts at the field level rather than during storage (Fig. 6).

However, grain quality deterioration is unavoidable under common storage
conditions. Hard-to-cook (HTC) defect is another problem of legume beans
associated with poor storage at high temperature and high humidity (Nasar-Abbas
et al. 2008). HTC is characterized by extending cooking times for softening of grains
(Liu and Bourne 1995), an increase in the grain hardness, and changing color of the
seed coat (Fig. 8). These types of HTC grains need additional energy for cooking,
which may affect nutritional qualities and acceptability by consumers (Deshpande
et al. 1984). The extended cooking time and poor textural quality reduce the
consumer preference and market value of legume beans. The other main problem
is the loss of stored grain viability due to development of HTC characteristics and
insect attack which hinders the percentage of seed germination. Therefore, an
effective storage method should be able to prevent the growth of pest and molds,
while maintaining the physicochemical and functional properties of grains. Shiga
et al. (2009) reported that common beans stored at 30 �C and 75% RH for 8 months
showed development of HTC characteristics and subsequently decrease in the
protein and ash contents with seeds ageing, with changes in physical properties of
the carbohydrates. According to our previous study, hermetic storage can prevent the
development of HTC characteristics in terms of harness (N) development and
cooking time (Fig. 9) and significantly reduce the postharvest loss of cowpea and
mung bean (Prasadi 2014; Prasantha et al. 2014b).

Prasadi (2014) reported modifications of different protein fractions of mung bean
and cowpea (SDS-PAGE gel electrophoresis method) samples after 6 months of
storage in hermetic and control conditions. Although the exact reason for this protein
change is not known, it may be correlated with the development of HTC
characteristics. However, mung bean samples showed differences only in
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the intensity of protein bands rather than different kDa protein bands. Although the
exact reason for this protein change is not known, it may be correlated with the
development of HTC characteristics.

However, due to practical difficulties and the inappropriateness of current tech-
nology such as structural weakness and handling, implementation of a hermetic
storage system has not yet been well adopted among many farmers. Product feasi-
bility, durability, and easy handling are important factors to popularize the hermetic
storage method among local farmers. Therefore, modified PVC tank (Fig. 4) would
be a good option to store shelf-stable food commodities in the future (Prasantha et al.
2016, 2018).

Field application of 1000-L-capacity PVC hermetic tanks showed better perfor-
mance over control samples (non-hermetic PVC tank) of storage mung bean and
cowpea (Prasantha et al. 2018). The O2 content of hermetic samples stored in PVC
tank was dropped to 13.4 � 1.2%, and CO2 content was increased up to 5 � 0.7%
(our unpublished data) within 6 months. After 6 months, grain germination

Table 1 Physical and nutritional properties of cowpea, mung bean, and paddy samples stored
6–9 months in polybags (control) and hermetic structures under ambient conditions

Grain quality characteristics

Storage condition

Initial Hermetic Control

Cowpea and mung bean{

Crude protein (%) 26.5–23.2 26.5–23.3 26.0–22.7

Crude fat (%) 2.5–0.9 2.5–0.9 2.5–1.1

Ash (%) 3.7–5.0 3.4–5.0 4.0–5.0

Bulk density (kg/m3) 752.3–790.7 752.0–780.0 653.3–732.6

Antioxidant activity (%)� 27.0–25.0 50.0–35.0 63.0–32.0

Paddy: Bg 94-1{

Total milling yield (%) 72.8 73.0 72.5

Head rice yield (%) 43.7 45.8 40.0

Thousand grain mass (g) 22.7 22.2 21.4

Paddy: Bg 352, Bg 300, Bg 358, and Bg 360��

Total milling yield (%) 70.7–74.3 70.5–75.5 70.0–74.0

Head rice yield (%) 50.0–59.0 55.0–56.6 51.0–56.8

Thousand grain mass (g) 14.0–27.8 14.0–27.2 13.3–27.1

Bulk density (kg/m3) 605.6–634.8 581.0–621.8 609.5–642.2

Amylose content (%) 26.2–28.7 30.0–32.3 31.1–32.7

Crude protein (%) 6.6–8.5 5.8–7.2 6.1–7.5

Crude fat (%) 2.4–3.0 2.0–2.1 1.6–2

Ash (%) 1.4–1.7 1.3–1.5 1.4–1.5

Free fatty acid (mg KOH/100 g) 1.4–1.7 2.5–2.6 4.0–4.1

Niacin (μg/g) 36.8–41.5 35.4–38.8 26.0–39.3

Source: Adhikarinayake (2005), Hafeel (2010, 2011), Prasadi (2014), Prasantha et al. (2014a)
{Storage of 6 months in PET bottles
�DPPH radical scavenging activity (%)
��Storage of 9 months in IRRI hermetic and polybags
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decreased from 95% to 92% in the hermetically stored samples in PVC tank,
whereas it was decreased from 95% to 36% in the control tank sample due to
grain damage. Percentage of grain damage in the hermetic sample was only
4.5 � 1% compared to the heavy insect damage of the control samples (Table 2).

Hermetic storage itself reduces the need of insecticidal or fumigation treatments,
with important economic and environmental advantages. It has been shown that
hermetic storage is the most effective method to store grain in Sri Lanka due to its
simplicity and low cost (Donahaye et al. 1991; Adhikarinayake et al. 2006, 2007;
Hafeel et al. 2008; Prasantha et al. 2014a, b) similar to the use of hermetic storage in
other countries (Caliboso and Sabio 1998; Villers et al. 2006; Quezada et al. 2006).
Therefore, a hermetic storage system can be a safe and viable alternative to the
conventional bag system for storage of stable-food commodities. They are capable
of preserving the quality of dry food products while minimizing the weight loss.

Fig. 6 Changes in gas composition of hermetically stored mung bean and cowpea samples
obtained from farmers. (Source: Prasadi 2014)

Fig. 7 Measuring gas compositions (O2% and CO2%) in hermetic experiments. (a) Mung bean
stored in a 1000-L volume PVC hermetic tank, (b) cowpea stored in a 1-liter volume PET bottle,
and (c) groundnut stored in a 25-L volume plastic cans
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However, future research and development studies are needed to find out the effect of
hermetic storage on quality preservation of various other shelf-stable food commodities
during long-term storage. Feasible and easy handling is also important to popularize the
hermetic storage technique among farmers. Further development of appropriate her-
metic technique is therefore vital to promote hermetic storage among farmers and
industries to reduce postharvest loss and to increase the food security in the country.

4 Low-Pressure-Modified Atmosphere Storage

Common storage pests such as the cosmopolitan species of Indian meal moth
(Plodia interpunctella (Hübner)), Mediterranean flour moth (Ephestia kuehniella
(Zeller)), Angoumois grain moth (Sitotroga cerealella (Olivier)), weevils (Sitophilus

Fig. 8 Color change of the mung bean seed coat during storage in polybag at ambient condition.
(a) Freshly harvested mung bean and (b) HTC characteristic developed in mung bean sample
after 6 months

Fig. 9 Changes in HTC characteristic of mung bean stored in hermetic PET bottles. (a) Grain
hardness and (b) cooking time. (Source: Prasantha et al. 2014b)
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spp.), red flour beetle (Tribolium castaneum (Herbst)), bean weevils
(Callosobruchus spp.), lesser grain borer (Rhyzopertha dominica), and drugstore
beetle (Stegobium paniceum L.) are some insect pest of stored products. These
insects cause considerable economic loss to the food industry in the form of direct
damage to the product, sanitary problems, control costs, and customer returns of the
infested product and indirect damage to the machineries and other apparatus. Adult
insects fly toward manufacturing foods, warehouse areas, and other food processing
facilities for oviposition. Adults would later be present in final packaged products
such as flour, pet food, biscuits, nuts, dried fruits, chocolate, powdered milk, and
other foodstuffs (Riudavets et al. 2009; Noomhorm et al. 2009). Under some
circumstances, larvae of moths ready for pupation penetrate through the packages
to outside (Mullen and Pedersen 2000). Although the stored product moths are
relatively more susceptible to MA/CA treatments, their eggs and diapausing larvae
(i.e., Plodia interpunctella) are relatively tolerant to high CO2 environment (Adler
1999; Adler et al. 2000; Johnson 2010).

Low-pressure vacuum storage (hypobaric storage) or packaging of foods in a low
O2 (i.e., vacuum, N2 or CO2 environment) content is considered as an effective MA
technique for maintaining the shelf-life of many foods. It provides low oxygen

Table 2 Average values of weight loss (%), grain damage (%), and germination (%) of mung bean,
cowpea, and paddy samples stored in polybags (control) and hermetic structures under ambient
conditions

Storage
method

Storage
(months)

Weight loss (%) Grain damage (%) Germination (%)

Control Hermetic Control Hermetic Control Hermetic

Mung bean

PVC tank 0 0.00 0.00 0.00 0.00 93–97 93–97

6 98.6 4.8–5.5 100a 4.0–5.5 33–37 90–93

Cowpea and mung bean

PET
bottles

0 0.00 0.00 0.00 0.00 93–95 93–95

6 100 4.0 � 0.4 100a 3.1–4.2 46–58 87–88

Paddy: Bg 94-1

Concrete
bin

0 0.00 0.00 0.00 0.00 85.0 85.0

6 5.7c 2.2 3.3a 0.5 38 0

Paddy: At 405, At 306, Bg 352, Bg 300, Bg 358 and Bg 360

IRRI bag 0 0.00 0.00 0.00 0.00 88–90 88–90

9 1.4–3.7c 0.46–1.4 7.8d 0.2 26–33 0–18

Paddy: Nadu type

Storage
cubesb

0 0.00 0.00 – – – –

6 5.00 0.3–0.6c – – – –

Source: Donahaye et al. (1991), Adhikarinayake (2005), Hafeel (2010), Prasadi (2014), Prasantha
et al. (2014b)
aDirectly from field without fumigation
bSealed PVC flexible liners
cBased on dry matter loss (%)
dPaddy samples have been fumigated prior to storage
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environments in a comparatively short time through the use of vacuum pumps to
evacuate the atmosphere within storage containers. It is an alternative storage
technique for refrigeration and CA storage of shelf-stable and some perishable
food products. The main function of the vacuum storage is low O2 and/or compara-
tively high level of CO2 development in a sealed container. The anaerobic environ-
ment of vacuum store prevents the growth of spoilage microorganisms and
infestation of insects which are responsible for development of odor, flavor, and
adverse textural changes. Although some physical, biochemical, and physiological
changes were reported in shelf-stable foods at ambient temperature, except fresh
fruits and vegetables, quality of other perishable food products did not get affected
during storage at the refrigerated temperature under vacuum conditions. In order to
get the effective protection of the stored food commodities under vacuum storage,
O2 should not drop <2% and CO2 increase >30%. Vacuum storage is still not
commercially applied to many perishable foods, but it is used as MA technique to
preserve many shelf-stable package food products.

Vacuum may also be used in combination with high CO2 or N2. Although prior
studies have shown that losses are reduced when rice is stored under MA conditions
(Hafeel et al. 2008), few studies have evaluated the insecticidal and fungicidal
effects of MA treatments on product quality parameters under field conditions.
Johnson and Zettler (2009) and Johnson (2010) showed that vacuum treatment
could effectively be used to control storage pests of tree nuts. Although it is
considered as a very effective MA technique, RH in the vacuum chamber and
moisture content of the product played a significant role during the vacuum
treatments. As a result of low RH, stored foods are subjected to the excessive
dehydration, but this may not be a problem of shelf-stable food commodities
compared to the perishable foods. According to Mbata et al. (2005), 99% mortality
of adult cowpea weevils (Callosobruchus maculatus F.) was achieved within an
hour at low pressure (32.5 mmHg), but pupae and eggs were the most tolerant stages
to low-pressure treatment. A recent study of Mortazavi and Ferizli (2014) found that
total mortality of eggs, larvae, pupae, and adults of Callosobruchus chinensis can be
obtained 144 h, 480 h, 432 h, and 192 h, respectively, after low pressure (88.8 mbar
or 66.6 mmHg) treatment at 25 �C storage temperature. Adler et al. (2016) found that
Sitophilus granarius (L.) can be successfully controlled if infested wheat sample was
stored in a vacuum bag with low O2 content.

Changes in quality of a commodity in storage could be predicted from knowledge
of the storage temperature, moisture, atmosphere, and initial quality of the product.
Common storage pests of spices such as the cigarette beetle (Lasioderma serricorne
F.), drugstore beetle (Stegobium paniceum L.), and red flour beetle (Tribolium
castaneum (Herbst)) cause considerable economic loss to spices, nuts, and herbal
industries. The adult beetles damage the products, and the female insects lay many
eggs during their lifetime. The larva hatching out from the egg feeds on the stored
food products and also contaminates stored foods with frass, larval skins, and feces
which later on help to harbor the fungal spores. The final instar larvae tunnel through
the produce to pupate causing indirect damage (Riudavets et al. 2009; Noomhorm
et al. 2009). Although stored product insects are relatively more susceptible to the
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MA/CA treatments, their eggs are relatively tolerant to high CO2 environment
(Adler 1999; Adler et al. 2000; Johnson 2010). Our previous study of vacuum
treatment of cashew nut and nutmeg kernels (Prasantha 2020) indicated that vacuum
treatment can effectively be used to control the adult drugstore beetle (Stegobium
paniceum L.) as a test insect (Table 3). Another vacuum experiment was conducted
in a 2-L vacuum desiccator (unpublished data). A vacuum of 13.33 kPa (100 mm
Hg) was applied using 25 test insects (drugstore beetles) that infested cashew nut or
nutmeg kernels. Drugstore beetles are feeding on many dry biological materials,
including shelf-stable foods and non-food materials such as leather and animal feeds.

The vacuum storage is more effective if a considerable amount of O2 could be
replaced by adding N2 into the vacuum atmosphere (Adler et al. 2016); otherwise, O2

may increase in the vacuum during storage due to gradual release of available O2 in
the product (Table 3). Vacuum storage is important for long-term storage of suffi-
ciently dry shelf-stable products, even if they were moderately infested by stored
product pests. Low O2 content and vacuum interfere the movement, feeding, mating,
and respiration of many insects. Mortality rates of insects under hermetic or vacuum
storage depend on the size of the insects and their developmental stages, CO2

susceptibility, product type, temperature, and whether infestation occurs inside or
outside of the treated commodity.

Information on the rate of change of stored commodity quality is necessary for
cost–benefit analysis of the treatments. Therefore, information and understanding
about moisture and gas diffusion, isothermal characteristics, and physicochemical
and structural changes of the vacuum treated commodity is essential to establish
proper control of stored product pests and obtain optimum quality of the product.

5 High-Pressure Carbon Dioxide Treatment as Modified
Atmosphere Storage

In contrast to the conventional chemical fumigants and CA/MA treatments, high-
pressure CO2 treatment can be used as a preventive method to ensure pest-free food
without leaving toxic chemical residues (Fig. 10). High-pressure CO2 treatment
extremely reduces the lethal exposure time of insect mortality in minutes to a few

Table 3 Percentage mortality of adult drugstore beetle (Stegobium paniceum L.) exposed to low
pressure (13.33 kPa) or control pressure (101.33 kPa) at room temperature (28 �C) and 75% relative
humidity

Products
Exposure
time (h)

Mortality (%) of adult insects

Vacuum oxygen
content (%)

Vacuum
(40.0 kPa)

Control
(101.32 kPa)

Cashew
nuts

6.0 10.3–12.0 0.00 2.8%

24.0 32.7–40.0 0.00–1.00 3.2%

Nutmeg
kernels

18.0 9.6–15.3 0.00 3.0%

36.0 42.6–48.0 1.0–3.00 3.8%
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hours (Nakakita and Kawashima 1994; Reichmuth and Wohlgemuth 1994; Prozell
and Reichmuth 2001) compared to CA/MA treatments at ambient pressure. Fleurat-
Lessard and Torc’h (2001) found that less than 1 h was sufficient to control all stages
of Tribolium castaneum, Dermestes maculatus (de Geer), and Plodia interpunctella
(Hübner) under high pressure CO2 at 19 atm (¼1.9252 MPa) treatment. Prozell and
Reichmuth (2001) showed that at low temperature (10 �C) 15 bars (�1.52 MPa)
treatment, 100% mortality cannot be achieved within 10 h exposure time of some
stored product pests. This indicated high-pressure CO2 treatment may not be effec-
tive under low temperature. Eggs of insects and young larvae stages are more
tolerant to CO2 under pressures of 15–40 bars, especially if they are internal feeders
(Adler et al. 2000). Fleurat-Lessard and Torc’h (2001) showed eggs of D. maculatus
and P. interpunctella were preserved relatively unaffected under these conditions.
Therefore, mortality rates of high-pressure exposure insects depend on the size of the
insects and their developmental stages, CO2 susceptibility, product type, tempera-
ture, and whether infestation occurs inside or outside of the treated commodity.

In general, product quality should not be affected by any treatment applied to the
stored product. Under the high levels of CO2 treatment at high pressure, gas
molecules penetrate into the mass and are absorbed by the internal structure and
bound water of grains and nuts (Cofie-Agblor et al. 1998). The possibility of CO2

sorption by the product may play an important role in determining the amount of
CO2 required for treatment and maintain the required pressure level in the treatment
chamber. Prasantha et al. (2012) examined the amount of CO2 absorbed by inshell
walnuts treated under high pressure with saturated CO2 (98%) during 100 h
(Fig. 11). The possibility of CO2 sorption of the product may play an important

Fig. 10 High-pressure
carbon dioxide treatment
chamber
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role in determining the amount of CO2 required for treatment and may not be
effective against target insects.

Noomhorm et al. (2009) reported that high-pressure CO2 treatment produced
more distinctive changes in the rice quality than low-pressure CO2 treatment.
Several high-pressure CO2 trials have been conducted to determine the quality
changes of treated cocoa beans and hazelnuts (Adler et al. 2000). Only the treated
hazelnuts and almond showed a tendency to turn rancid earlier than untreated
samples (Buranasompob et al. 2007). Tree nuts and nut flours are new product
with potential use in baking and confectionery industries as a supplement or even as
a replacement for wheat flour in the manufacture of bread, biscuits, and cakes and
provide a source of natural flavoring in these foods. According to our previous study
(Prasantha et al. 2012), rancidity development of inshell walnut and groundnut can
significantly be controlled by nuts treated with high-pressure (250 kPa) saturated
CO2 (98%) and stored 10 days at 35 �C temperature compared to the control samples
(Table 4).

Changes in the quality of a commodity in storage could be predicted by knowl-
edge of storage temperature, moisture, storage atmosphere, and initial quality of the
product. Information on the rate of quality change of a stored commodity under high
pressure CO2 is necessary for feasibility studies of the design pest control system.
Therefore, information and understanding about the moisture, physical, biochemical,
and structural changes of the high-pressure CO2 treated commodity is essential to
establish proper control of stored product pests and obtain optimum quality of the
product. Despite the efficacy of MA storage treatments used to control the stored
pests of shelf-stable commodities are substantial, effective high-pressure CO2 treat-
ment is a fairly expensive system for local industries. The setup requires expensive
pressure chambers and safety control systems. However, operational cost is compar-
atively lower than during chemical fumigation. Therefore, this type of treatment is
good for high-value organic commodities like spices, nuts, and herbs which can earn
high income in the international markets.
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