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Preface

The true roots of agroecology probably lie in the school of process ecology as typified by
Tansley (1935), whose worldview included both biotic entities and their environment.

Dalgaard, Hutchings and Porter https://doi.org/10.1016/S0167-8809(03)00152-X

Food security is and will increasingly be a major world issue in the context of
ever-growing population, limitations of land resources and changing climate.
Agroecology offers a promising alternative to industrial and pesticide-based crop
production. However, agroecology cannot be restricted to the study of ecological
processes that underlie the functioning of agroecosystems, and it engages multiple
disciplines. Ecology is a science of complexity that provides a panel of theories,
concepts and approaches to increase our understanding of farming systems by
integrating different levels of life organization at multiple scales of time and space.
This book presents reviews that analyse current challenges faced by agriculture
from an ecological perspective, through the eye of several disciplines such as

Grass weeds invading maize plots (Fanazo et al., Chap. 4)
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eco-evolution, ecotoxicology, ecological economics and political ecology. This
book is joined initiative of the Agricultural Ecology Group of the British Ecological
Society and the Ecologie and Agriculture Group of the Société Française
d’Ecologie.

This book presents principles and applications of ecology in agriculture. The first
chapter by Gaba et al. reviews ecological concepts that are applicable for agricul-
tural production, with emphasis on the effect of the landscape on biodiversity and
ecosystem functions. The use of allelopathy, a kind of biochemical war between
species, to control weeds is explained by Aurelio et al. in Chap. 2. Then, Rayl et al.
teach us how to manipulate agroecosystems to favour natural pest enemies, a
process known as conservation biological control, in Chap. 3. In the same vein,
Fanadzo et al. provide in Chap. 4 examples of weeds and pest management using
conservation agriculture practices such as cover crops. The ecology of aphids, pests
that transmit viruses to tomatoes, is reviewed by Shah et al. in Chap. 5. Francaviglia
et al. present the ecosystem services of soil organic carbon, with focus on carbon
sequestration and irrigation, in Chap. 6. The effects of conventional and organic
fertilizers on soil organic carbon and soil fungi are reviewed by Souza and Freitas in
Chap. 7. Deguine et al. reveal successful agroecological control in mango pro-
duction, with focus on arthropods, in Chap. 8. The last chapter by Keshavarz and
Karami presents ecosystem services used to manage drought in agriculture, in the
context of climate change.

Dijon, France Sabrina Gaba
Coventry, UK Barbara Smith
Aix en Provence, France Eric Lichtfouse

Foxglove aphid (Shah et al., Chap. 5)
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Chapter 1
Ecology for Sustainable
and Multifunctional Agriculture

Sabrina Gaba, Audrey Alignier, Stéphanie Aviron, Sébastien Barot,
Manuel Blouin, Mickaël Hedde, Franck Jabot, Alan Vergnes,
Anne Bonis, Sébastien Bonthoux, Bérenger Bourgeois,
Vincent Bretagnolle, Rui Catarino, Camille Coux, Antoine Gardarin,
Brice Giffard, Antoine Le Gal, Jane Lecomte, Paul Miguet,
Séverine Piutti, Adrien Rusch, Marine Zwicke and Denis Couvet

Abstract The Green Revolution and the introduction of chemical fertilizers,
synthetic pesticides and high yield crops had enabled to increase food production in
the mid and late 20th. The benefits of this agricultural intensification have however
reached their limits since yields are no longer increasing for many crops, negative
externalities on the environment and human health are now recognized and eco-
nomic inequality between farmers have increased. Agroecology has been proposed
to secure food supply with fewer or lower negative environmental and social
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impacts than intensive agriculture. Agroecology principles are based on the
recognition that biodiversity in agroecosystems can provide more than only food,
fibre and timber. Hence, biodiversity and its associated functions, such as polli-
nation, pest control, and mechanisms that maintain or improve soil fertility, may
improve production efficiency and sustainability of agroecosystems. Although
appealing, promoting ecological-based agricultural production is not straightfor-
ward since agroecosystems are socio-ecosystems with complex interactions
between the ecological and social systems that act at different spatial and temporal
scales. To be operational, agroecology thus requires understanding the relationships
between biodiversity, functions and management, as well as to take into account the
links between agriculture, ecology and the society. Here we review current
knowledge on (i) the effect of landscape context on biodiversity and ecosystem
functions and (ii) trophic and non-trophic interactions in ecological networks in
agroecosystems. In particular, many insights have been made these two previous
decades on (i) the interacting effects of management and landscape characteristics
on biodiversity, (ii) the crucial role of plant diversity in delivering multiple services
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and (iii) the variety of ecological belowground mechanisms determining soil fer-
tility in interaction with aboveground processes. However, we also pinpointed the
absence of consensus on the effects of landscape heterogeneity on biodiversity and
the need for a better mechanistic understanding of the effects of landscape and
agricultural variables on farmland food webs and related services. We end by
proposing new research avenues to fill knowledge gaps and implement agroeco-
logical principles within operational management strategies.

Keywords Agroecology � Ecological intensification � Ecosystem services
Eco-evolutionary dynamics � Biotic interactions � Landscape heterogeneity
Socio-ecological systems

1.1 Introduction

Contemporary agriculture faces conflicting challenges due to the need of increasing
or expanding production (i.e. food, feed, bioenergy) while simultaneously reducing
negative environmental impacts. The heavy agricultural reliance on synthetic
chemical pesticides or fertilizers for crop protection and crop nutrition is leading to
soil, air and water pollution (agriculture represents 52 and 84% of global methane
and nitrous oxide emissions, Smith et al. 2008; more than 50% of the nitrogen
applied to fields is not taken up by crops, Hoang and Allaudin 2011), as well as a
dramatic decline of biodiversity (67% of the most common bird species in Europe,
i.e. mainly farmland species, (Inger et al. 2014), soil degradation concerning about
40% of cropped areas worldwide (Gomiero et al. 2011)) and the degradations in
ecosystem functioning (Tilman et al. 2001; Cardinale et al. 2012). Agroecology
principles suggest that strengthening ecosystem functions will improve the pro-
duction efficiency and sustainability of agroecosystems, while decreasing negative
environmental and social impacts (Gliessman 2006; Altieri 1989; Altieri and Rosset
1995; Wezel et al. 2009). One generic term grouping approaches that rely on
strengthening ecosystem functions, such as pollination, pest control, and mecha-
nisms that maintain or improve soil fertility, is ‘ecological intensification’ (Doré
et al. 2011; Bommarco et al. 2013; Tittonnel et al. 2016, but see Godfray 2015).
Such an approach fits the aim of adopting a sustainable and multifunctional agri-
culture, i.e. an agriculture that delivers multiple ecosystem services (Fig. 1.1).
However, it constitutes a knowledge challenge as it requires to both understand and
manage ecosystem functions and also to take into account the relationships between
agriculture, ecology and the society.

Agroecosystems are commonly defined as ecological systems that are modified
by humans to produce food, fibres or other agricultural products (Conway 1987).
They are prime examples of social-ecological systems (Redman et al. 2004; Collins
et al. 2007; Mirtl et al. 2013): multiple interactions between farmers, societies and
ecological systems are indeed involved in the sociological and ecological dynamics.
However, until fairly recently, social and biophysical processes were most often

1 Ecology for Sustainable and Multifunctional Agriculture 3



considered separately. For instance, questions regarding agricultural production on
one hand, and those regarding social needs and diets on the other hand, were treated
apart. Hence one avenue to improve sustainability in agriculture is to treat agri-
culture ecological impacts with the same attention than question of optimal food
production. This requires to adopt an ecological perspective with interactions and
networks as core concepts. Research is currently dealing with many issues, from
ecological point of view, such as: How can greenhouse gas emissions be mini-
mized? How can the impacts on biodiversity be reduced? Where and how should
biofuels be produced to avoid or limit impacts on biodiversity? How can we solve
the land-sharing/land-sparing debate (Green et al. 2005) regarding biodiversity
conservation? How to design efficient biodiversity based agricultural systems to
ensure the availability of natural resources (water, fossil resources, phospho-
rus…)? How production types and biodiversity interact with social issues? How
can we alleviate poverty and hunger through innovative food production systems
(Griggs et al. 2013), as well as appraise the new diet challenges of developed
countries? All these burning questions require to be addressed together and to solve

Fig. 1.1 Example of a technique delivering multiple ecosystem services. This multifunctional
cover crop is composed of Vicia sativa, Trifolium alexandrinum, Phacelia tanacetifolia and Avena
strigosa and is designed to enhance soil fertility (nitrogen supply via legumes, nitrogen retention
through A. strigosa, erosion control and soil organic matter enhancement thanks to biomass
production), to support some pollinators (thanks to flowering P. tanacetifolia and T.
alexandrinum) and to maintain natural enemies between successive crops (thanks to legumes
providing alternative hosts to aphid predators and V. sativa providing extrafloral nectar)

4 S. Gaba et al.



the nexus between provisioning goods, climate, social context and biodiversity
(Tomish et al. 2011).

A better understanding of the interactions within and between the ecological and
social templates, and processes underlying them will help to improve the analysis of
farming system and public policies (Cumming et al. 2013). Yet, both the ecological
and the social templates have their own and peculiar characteristics, that must be
accounted for. For example, arable fields are dominated by one single plant species
(the crop), and both the abiotic and biotic environment are modified to increase
biomass production by human practices (Swift et al. 2004), which thereafter affects
nutrients and ecological processes (e.g. competition for resources). The conven-
tional practices tend to reduce the magnitude of ecologically-driving mechanisms
beneficial for crop production: for instance, pesticides may may reduce tri-trophic
interactions between pest and their predator or parasitoid by killing non-targeted
potentially beneficial organisms (Potts et al. 2010; Pelosi et al. 2014); losses of soil
organic matter and tillage practices tend to reduce the abundances of soil fauna and
microorganisms (Kladivko 2001; Roger-Estrade et al. 2010) and thereafter their
beneficial effect on soil fertility.

Biodiversity is one of the mostly affected dimension of ecosystem due to inten-
sively managed agroecosystems: in croplands, the plant biodiversity is strongly
biased towards short-lived disturbance-tolerant plant strategies. Together, tillage
impedes the development of a structured soil profile with organic-rich layer at the
soil surface. As a consequence of selection of new crop varieties through intensive
breeding technics for fast growth rates in nutrient and water rich environment, crop
plants have evolved from resource-conservation towards resource-acquisition traits
in comparison to wild species (Tribouillois et al. 2015; Delgado-Baquerizo et al.
2016; Milla et al. 2015). This contributes to nutrients’ leaching from agroecosystems
(Gardner and Drinkwater 2009). Rather to make the most of ecological processes,
the current practices thus limit ecological interactions and keep them as neutral as
possible to reduce their imponderable effects on crop production.

Ecological and socioeconomic processes act at different spatial scales, since field
or farm scales are rarely ecologically meaningful (Cummings et al. 2013).
Agroecosystems are complex, in particular because they are driven by spatially
nested decision-making that range from farmer decisions at local scale (e.g. field) to
societal management and political decisions at regional and national scales. Given
that complexity, it is perhaps not surprising that in several cases ecological labo-
ratory studies do not reflect the results obtained in long-term field studies. This is
the case for the study of the impact of genetically modified (GM) crops on natural
enemies (Lövei, Andow, and Arpaia (2009); Box 1) and biological control (Frank
van Veen et al. 2006). Taken together, these arguments suggest that studying the
relationships between agricultural practices and ecological processes (i.e. biotic
interactions related to pest control, pollination, biogeochemical cycles and soil
fertility) at nested scales (field, farm, landscape) is mandatory to develop sustain-
able and multifunctional agriculture.

1 Ecology for Sustainable and Multifunctional Agriculture 5



Box 1: Technology, Agro-Ecological Engineering, and Socio-Cultural
Mismatch: The Case of Genetically Modified Crops
Technologies can reshape interactions between humans and ecosystems,
namely between agro-ecosystems, the agri-food system and the overall
socio-ecological system. Since the green revolution, modern food production
has become highly dependent on agricultural technological advances (Altieri
and Nicholls 2012). Despite its numerous claimed benefits and widespread
adoption (Lu et al. 2012; Klümper and Qaim 2014), no other agriculture
technological advance has been as controversial as the development of GM
crops (Stone 2010). There is still intense discussion in the research com-
munity on whether the use of this technology in agriculture may contribute to
a sustainable agriculture reaching the world nutritional demand (Ervin et al.
2011; Godfray et al. 2010). The arguable environmental uncertainty of GM
crops allied with the feasibility (or even ethicality) of food monopolization,
and the enormous economic interests at stake for the biotechnology industry
make this topic rather complex (Glover 2010). Besides the conceivable
ecological risks directly caused by the employment of GM crops (Dale et al.
2002) and the dispersion of its contents (Piñeyro-Nelson et al. 2009), which
may take several years to manifest (Catarino et al. 2015), other questions and
challenges have arose.

Biotechnology companies and some academic proponents claim that GM
crops are a crucial scientific step forward in order to meet food security
demands (Tester and Langridge 2010; Qaim and Kouser 2013), however
some evidence dispute these assertions. Research and political priorities, and
the consequent employment of new plant strains usually occur with little
knowledge on the intricacies of their impact on the complex socio and
agri-food systems of small-scale farmers (Glover 2010; Altieri and Rosset
2002). A key example is the case of the Golden Rice (for details see Stein
et al. 2006 and Paine et al. 2005), more than a decade after its development, is
still not available (Whitty et al. 2013). Instead, in developing countries, two
plants dominate the GM market, Bt Cotton and Bt Maize (James 2014). Since
the intellectual property rights system implemented in many countries pro-
mote a restricted number of private companies with an excessive dominance
(Rao and Dev 2009; Russell 2008), it has been argued that strong adoption of
GM crops in developing countries, such as Bt maize in South Africa, may
actually result from a lack of choice rather than being a direct benefit of the
technology (Witt et al. 2006), or as Gouse et al. (2005) claim “a technological
triumph but institutional failure”.

In addition, evaluating the suitability of this technology has mainly
focused on immediate ecological and economic impact (Fischer et al. 2015).
There is a clear lack of knowledge regarding the actual social impacts of GM
crops introduction, particularly within smaller-scale and resource-poor
farmers (Fischer et al. 2015; Stone 2011). Still, it is clear that the amalga-
mation of these factors create a technological regime and a lock-in situation
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that delays the development of alternative agriculture solutions (Vanloqueren
and Baret 2009; Dumont et al. 2016) and limited food sovereignty (Jansen
2015). Thus, the sustainability of an agriculture innovation, including
biotechnology, is dependent on the relationship between economic perfor-
mance while addressing key social, ecological and political challenges facing
the adopting farmers (Ervin et al. 2011). The latest gene editing techniques,
including CRISPR-Cas 9 method, relaunch this debate and highlight the
importance to focus on broad issues on sustainability rather than on tech-
nologies (Abbott 2015).

References cited in Box 1

Altieri M A, Nicholls CI (2012) Agroecology scaling up for food sovereignty
and resiliency. In: Sustainable agriculture reviews. Springer, pp. 1–29
Altieri MA, Rosset P (1999) Ten reasons why biotechnology will not ensure
food security, protect the environment, or reduce poverty in the developing
world. AgBioForum 2:155–162.
Catarino R, Ceddia G, Areal FJ Park J (2015) The impact of secondary pests
on Bacillus thuringiensis (Bt) crops. Plant Biotechnol J 13:601–612.
Dale PJ, Clarke B, Fontes EMG (2002) Potential for the environmental
impact of transgenic crops. Nat Biotech 20:567–574.
Dumont AM, Vanloqueren G, Stassart PM, Baret PV (2016) Clarifying the
socioeconomic dimensions of agroecology: between principles and practices.
Agroecol Sustain Food Syst 40:24–47.
Ervin DE, Glenna LL, Jussaume RA (2011) The theory and practice of
genetically engineered crops and agricultural sustainability. Sustainability
3:847–874.
Fischer K, Ekener-Petersen E, Rydhmer L, Björnberg K (2015) Social
impacts of GM crops in agriculture: a systematic literature review.
Sustainability 7:8598–8620.
Glover, D (2010). The corporate shaping of GM crops as a technology for the
poor. J Peasant Stud 37:67–90.
Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir JF,
Pretty J, Robinson S, Thomas SM, Toulmin C (2010) Food security: the
challenge of feeding 9 billion people. Science 327:812–818.
Gouse M, Kirsten J, Shankar B, Thirtle C (2005). Bt cotton in KwaZulu
Natal: Technological triumph but institutional failure. AgBiotechNet 7:1–7.
James C (2014). Global status of commercialised biotech/GM crops: 2014,
ISAAA Brief No. 49. International service for the acquisition of agri-biotech
applications. 978-1-892456-59-1, Ithaca, NY.
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Klümper W, Qaim M (2014) A meta-analysis of the impacts of genetically
modified crops. PLoS ONE 9:e111629.
Lu Y, Wu K, Jiang Y, Guo Y, Desneux N (2012) Widespread adoption of Bt
cotton and insecticide decrease promotes biocontrol services. Nature
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Álvarez‐Buylla ER (2009) Transgenes in Mexican maize: molecular evidence
and methodological considerations for GMO detection in landrace popula-
tions. Mol Ecol 18:750–761.
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Rao NC, Dev SM (2009) Biotechnology and pro-poor agricultural develop-
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Stone GD (2010) The anthropology of genetically modified crops. Annu Rev
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Here, we review ecological theories and concepts, that may be useful to
understand and enhance biodiversity and ecosystem functions in agroecosystems.
We first discuss the specific characteristic of agroecosystems as social-ecological
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systems in order to highlight the need to study ecological processes in interaction
with management and human decisions, while taking into account the
socio-economic context. We then present several contributions of ecological sci-
ences on (i) the effect of landscape on biodiversity and ecosystem functions and
(ii) biotic interactions in ecological networks in agroecosystems. Finally, we discuss
relevant perspectives to fill current knowledge gaps to implement agroecological
principles in agriculture and to go from theories to practices.

1.2 Agroecosystems are Social-Ecological Systems
at Work

Dynamics of social-ecological systems depend on interactions and feedbacks
between environmental and social processes (Oström 2007). Feedbacks result from
human actions on one side, and from amenities and ecosystem services, environ-
mental constraints, stochastic events or vulnerabilities on the other side. Various
socio-ecosystem models (e.g. DPSIR, MEFA, HES…) emphasize different inter-
actions, or feed-backs (Binder et al. 2013). To understand these feed-backs in the
case of agriculture, different systems may be considered, agroecosystems (Loucks
1977), agri-food system (Busch and Bain 2004), and the overall socio-ecological
system, emphasizing different entities, processes (Fig. 1.2). Public policies, markets
and technologies determine relationships between agroecosystem and the agri-food
system (Fig. 1.2). These two systems further interact with the overall
socio-ecological system, through global change and society dynamics. Considering
these three systems and their interactions, is necessary to analyze the nexus between
food-price-, energy, available land and sustainable development goals (Obersteiner
et al. 2016), or at a finer scale the relation between biodiversity conservation and
poverty traps (Barrett et al. 2011).

Given their environmental impact, the way public policies are scrutinized and
evaluated by the different stakeholders, is a major feedback mechanism.
Agricultural policies are technically quite complex, involving at least four strata of
decision-makers, from voters to politicians, administration and managers, related
through a principal-client relationship (Wolfson, 2014). As a result, social choice to
change agricultural modes of production faces many complexities, uncertainties,
and rigidities. Indeed, social and environmental consequences of decisions, involve
path-dependence and lock-in processes, particularly between technologies and
social organizations (Vanloqueren and Baret 2009), accounting for difficulties to
decide technical changes, even though detrimental environmental effects of the
present techniques have been shown.

Beyond public policies, social processes having major environmental effects
involve human demography, life-styles, including urbanization and, more specifi-
cally in regards to agriculture, types of food distribution, consumption (Seto and
Ramankutty 2016) and diets overall (Bonhommeau et al. 2013), but also related
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institutions (Kessler and Sperling 2016). That concerns social norms, through
representations and preferences relative to diets, for example preferences for dis-
cretionary food (sensu Hadjikakou 2017). These processes determine the relation-
ship between supply and demand, through the agri-food system, relating different
kinds of producers and consumers, affecting the dynamics of local, regional and
global agroecosystems. In this regard, understanding and integration of environ-
mental impacts of diets by consumers is a major mechanism determining the
relationship between societies and agro-ecosystems, promoting some types of
agricultural production such as conventional, agro-ecological or organic farming, at
the expense of others. For example, changes in social norms require knowledge on
the relationships between the local effects on food preference induced by the global
agricultural markets (Lenzen et al. 2012) and the dietary information according to
nutritional requirements (deFries et al. 2015). Such information depends on
life-cycle analyses (LCA, e.g. Kareiva et al. 2015; Schouten and Bitzer 2015) that
can estimate the impact of market including economic incentives, such as taxes and
subsidies, on agroecosystem dynamics. Then, the effect of incentives such as public
policies, designed beyond the national levels and mediated through international
treaties, can be evaluated on local agro-ecosystems (Friedmann 2016). Rules or
guidelines may specify a desired environmental state or limit to alterations of the

Fig. 1.2 Interaction between Agro-ecosystems, Agri-food systems and Socio-Ecosystems
(adapted from Hubeau et al. 2016)
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environment by human activities. Competition between different standards, could
thus become a major determinant of the dynamics of agro-ecosystems, in the
context of rigid public policies (see above). Such standards were developed first by
non-governmental organisations (NGOs), in close collaboration with northern
retailer actors, based at first on environmental criteria. Southern countries pro-
duction actors now propose competing standards, putting more emphasis on
socio-economic criteria (Schouten and Bitzer 2015), potentially leading to a dif-
ferent kind of agro-environmental changes. In other words, through its input on the
making of environmental standards of food products, ecology could have a major
impact on the dynamics of agro-ecosystems.

1.3 Reconciling Production and Biodiversity Using
the Concept of Ecosystem Services

Ecosystem services concept formalizes the dependency of human societies to
ecosystem functioning, between social-ecological and agro-ecosystems (Fig. 1.2).
From this, ecosystem services have an operational value for rethinking the links
between ecological processes and functions and expected agriculture-related ser-
vices. As such, ES embraces all complexity and interactions involved and present
promising avenues for addressing the sustainable production challenges, more
generally to consider sustainable livelihoods.

This concept emerged during the 70’s and the 80’s in the scientific literature, but
grew faster since 1997 and the seminal publications of Daily et al. (1997) and
Costanza et al. (1997). The Millennium Ecosystem Assessment (MEA 2005) rati-
fied a definition of ecosystem services (ES) actually proposed by Daily et al. (1997).
The concept has, since then, been used as a framework in numerous initiatives and
international platforms such as IPBES (Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Assessment) or SGA-Network (Sub-Global
Assessment Network, operated by the United National Environment Program,
UNEP) (Tancoigne et al. 2014). As being part of a socio-ecological system
(SES) framework (e.g. Collins et al. 2007), ecosystem service concept emphasizes
the interdependency between economic systems and ecosystems. It also offers a
common framework to initiate debates between the different stakeholders, allowing
operational ways of thinking for collective design and assessment of management
options. For agriculture issues, the evaluation of ecosystem services requires con-
sidering, regulating and cultural services jointly to provisioning services (Bateman
et al. 2013). The analyses of bundles of services relying on processes acting at
different spatial scales require landscape-scale investigations (see for an example
Nelson et al. 2009).
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1.4 Landscape Scale, Key Scale for Agroecology

Landscape is a level of organization of ecological systems that is characterized by
its heterogeneity and its dynamics that are partly driven by human activities (Burel
and Baudry 2003). Agricultural landscapes are spatially heterogeneous because of
the variety of cultivated land-cover types that are distributed in a complex spatial
pattern and interspersed with semi-natural and/or uncultivated habitats like wood-
lands, hedgerows, field margins or permanent grasslands. Farmers’ decision rules
about cropping systems led to the highly variable of landscape mosaic in time with
a diversity of crop types, organized in inter-annual sequences and with within-year
management practices (Vasseur et al. 2013). In agricultural landscapes, farming
activities generally operate at the field scale but their type and intensity strongly
depend on processes acting at larger scales such as the farm such as type of
agriculture or availability of agricultural material, the territory such as agricultural
cooperatives and agri-food market, and administrative scales relevant for policy
making such as national or European levels. Biodiversity patterns and their asso-
ciated ecosystem functions occur at several spatial scales from some few mm2 (e.g.
soil micro-organisms) to worldwide (e.g. carbon cycle). Accordingly, ecological
processes act at a variety of spatial and temporal scales, and they generate patterns
at scales that may differ from that at which processes act (Levin 1992). Such nested
patterns in the ecosystems drivers bring complexity that need to be taken into
account for the management of biodiversity and ecosystems functions. There are
therefore mismatches between the scales of ecological processes and the scale of
management (Pelosi et al. 2010).

1.4.1 Absence of Consensus About the Effects of Landscape
Heterogeneity on Biodiversity and Ecosystem Services

Landscape heterogeneity, defined as the composition (diversity, quality and surface
of habitats) and configuration (spatial arrangement of habitats) of a landscape
(Fahrig et al. 2011), has been recognized as a key driver of biodiversity and eco-
logical processes in most agro-ecological studies (Benton et al. 2003; Bianchi et al.
2006). Landscape heterogeneity influences a variety of ecological responses,
including animal movement (reviewed in Fahrig 2007), population persistence
(Fraterrigo et al. 2009), species diversity (Benton et al. 2003), species interactions
(Polis et al. 2004), and ecosystem functions (Lovett et al. 2005). In relation with the
island biogeography theory (MacArthur and Wilson 1967), studies investigating the
effects of landscape heterogeneity on ecological processes have traditionally
focused on the role of semi-natural habitats viewed as embedded in a hostile
agricultural matrix (Fig. 1.3).
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Meanwhile, studies have measured landscape heterogeneity, also called “land-
scape complexity”, as the amount or surface area of semi-natural habitats in agri-
cultural landscapes (Benton et al. 2003). They have highlighted its role in
maintaining farmland biodiversity (Baudry et al. 2000; Tscharntke et al. 2005) and
enhancing ecosystem functions of economic importance such as pest predation and
parasitism (Bianchi et al. 2006; Rusch et al. 2011). Indeed, semi-natural habitats
provide resources (e.g. food, nesting places, shelters) for many taxa, and are often
considered as “sources” of pest natural enemies in the landscape (Landis et al. 2000;
Médiène et al. 2011). However, several empirical evidence also demonstrated that
semi-natural habitats might fail to enhance biological control of crop pests in
various context (Tscharntke et al. 2016). Generalist predators, such as aphi-
dophagous coccinellids, may also spillover from crops to semi-natural habitats, as
they exploit resources (i.e. aphid resources, overwintering sites) in both habitats
(Tscharntke et al. 2005). Other studies have underlined the detrimental effect of
spatial isolation of semi-natural habitats on the diversity and abundance of many
taxa such as invertebrates, plants or birds (Steffan-Dewenter and Tscharntke 1999;
Tewksbury et al. 2002; Petit et al. 2004; Bailey et al. 2010). Indeed, spatial isolation
of semi-natural habitats alters the physical continuity of resources. The abundance
and richness of species inhabiting semi-natural habitats varied with the success of
finding a patch, which decreases with isolation (Goodwin and Fahrig 2002). Thus,

Fig. 1.3 Different representations of spatio-temporal heterogeneity, adapted from Vasseur et al.
(2013): a spatial heterogeneity related to semi-natural habitats, b spatial heterogeneity related to
land-cover types, and c spatio-temporal heterogeneity related to shift intensity in the relative crop
composition of crop successions over years
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decreasing isolation by increasing spatial connectivity1 of semi-natural habitats with
ecological corridors is a way to promote biodiversity and associated functions as
demonstrated for insects (Petit and Burel 1998; Holland and Fahrig 2000) or birds
(Hinsley and Bellamy 2000).

Habitat fragmentation might not only affect biodiversity but also important
ecosystem functions (Tscharntke et al. 2005; Ricketts et al. 2008). For instance,
there are empirical evidences that habitat fragmentation may lead to the reduction of
pest control as a consequence of stronger impacts on natural predators than on their
herbivore preys (Kruess and Tscharntke 1994; Bailey et al. 2010). Despite a con-
sensus about the negative impact of habitat loss, landscape ecologists often disagree
about the impact of habitat fragmentation per se (patch size reduction and isolation).
This controversy has resulted in the SLOSS (Single Large Or Several Small) debate
regarding how species should be conserved in fragmented landscape, i.e. through
the promotion of “Single Large” or “Several Small” habitat patches (Diamond
1975; May 1975). It has been reinforced by the difficulty to quantify the relative
effects of both aspects of fragmentation that are often strongly correlated in
non-manipulative studies (Fahrig et al. 2011).

Semi-natural habitats play a key role in agricultural landscape. For instance,
pollinators, crop pests and their natural enemies use alternatively semi-natural
habitats (e.g. overwintering in hedgerows or forest edges) and crop fields to
complement or supplement their resources during their life cycle for example.
feeding and breeding in crop fields (Kromp 1999; Westphal et al. 2003; Rand et al.
2006; Macfadyen and Muller 2013). Other species may also interact with the whole
agricultural mosaic whilst simply moving between semi-natural habitats (Vos et al.
2007). The growing awareness that the “matrix matters” for ecological processes
(Ricketts 2001; Jules and Shahani 2003; Kindlmann and Burel 2008) has resulted in
growing consideration of the heterogeneity of the agricultural mosaic itself.
Characterizing the mosaic is not straightforward because of the strong correlation
between landscape composition and configuration (Box 2). Fahrig et al. (2011) has
proposed a framework to decorrelate these features (Box 2), and its use led to
contradictory results about the effects of crop heterogeneity on biodiversity. For
instance, Fahrig et al. (2015) have found a higher effect of crop configurational
heterogeneity on multi-taxa diversity while Duflot et al. (2016) showed that carabid
diversity was more affected by crop compositional heterogeneity and Hiron et al.
(2015) did not find any effect of crop heterogeneity on bird diversity. The effects of
crop heterogeneity thus appear highly species and case study dependent, which
emphasizes the need for further researches and alternative approaches.

1Landscape connectivity is defined as the ability of landscapes to facilitates or impedes the
movement of organisms (Taylor et al. 1993)
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Box 2: Methodological Issues to Investigate the Effect of the Spatial and
Temporal Heterogeneity of Agricultural Landscapes
Landscape heterogeneity, defined as the composition (diversity, quality and
surface of habitats) and configuration (spatial arrangement of habitats) of a
landscape (Fahrig et al. 2011), is a fundamental concept in landscape ecology
(Wiens 2002; Fig. 1.5a). Distinguishing the relative effects of these two
components is a challenge to identify on which aspects management mea-
sures should focus. Recently, several authors have proposed a conceptual
framework towards a more functional view of landscape heterogeneity for
farmland biodiversity, no more based upon the amount of semi-natural
habitats, but considering the agricultural mosaic as composed of cultivated
habitat patches with varying quality for species (Fahrig et al. 2011). This
representation of functional heterogeneity is derived from a map of cover
types that are characterized according to species requirements, and not
according to the perception by the human observer (or remote-sensing
device). Fahrig et al. (2011) have also proposed a pseudo-experimental design
to disentangle metrics of landscape compositional heterogeneity (e.g. richness
or Shannon diversity of cover types) and configurational heterogeneity (e.g.
mean patch size, edge density) in mosaics of crops (Fig. 1.4).

From a methodological point of view, and comparatively to spatial
heterogeneity, efforts are still needed to account for landscape temporal

Fig. 1.4 Theoretical definition of spatial heterogeneity into its two components i.e. landscape
composition and landscape configuration (adapted from Fahrig et al. 2011)
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heterogeneity. Bertrand et al. (2016) proposed four general metrics to account
for temporal heterogeneity of cropped areas across a short period of time.
However, the authors underlined that the relevance and meaning of these
metrics are strongly dependent on the cropping system under evaluation and
should be studied in conjunction with other landscape factors. Indeed, in a
simulation work, Baudry et al. (2003) showed that landscape changes over
long time were determined by changes in the farming systems and associated
changes in cropping systems.

Such dynamics of agricultural landscapes may also determine temporal
variability of connectivity. Usually, measures of connectivity consider only
one state of the landscape that can be past (Petit and Burel 1998) or most of
the time current (Tischendorf and Fahrig 2000). Studies that relate the tem-
poral variability of connectivity with actual agricultural systems and crop
rotations are rare (but see Baudry et al. 2003, Vasseur et al. 2013). Burel and
Baudry (2005) also showed high variability of connectivity from year to year
in a given landscape, due to the variation in area of the crops, but also on their
spatial organization. Such measure of connectivity based on dynamic struc-
tural patterns of landscapes offers the possibility to more closely link bio-
logical and landscape processes and thus, to assess the ecological outcomes of
various landscape scenarios.

References cited in Box2

Baudry J, Burel F, Aviron S, Martin M, Ouin A, Pain G, Thenail C (2003).
Temporal variability of connectivity in agricultural landscapes: do farming
activities help? Landsc Ecol 18:303–314.
Bertrand C, Burel F, Baudry J (2016) Spatial and temporal heterogeneity of
the crop mosaic influences carabid beetles in agricultural landscapes. Landsc
Ecol 31:451–466.
Burel F, Baudry J (2005) Habitat quality and connectivity in agricultural
landscapes: The role of land use systems at various scales in time. Ecol Indic
5:305–313.
Fahrig L, Baudry J, Brotons L, Burel FG, Crist TO, Fuller RJ, Sirami C,
Siriwardena GM, Martin J-L (2011) Functional landscape heterogeneity and
animal biodiversity in agricultural landscapes. Ecol Lett 14:101–112.
Petit S, Burel F (1998) Effects of landscape dynamics on the metapopulation
of a ground beetle (Coleoptera, Carabidae) in a hedgerow network. Agric
Ecosyst Environ 69:243–252.
Vasseur C, Joannon A, Aviron S, Burel F, Meynard J-M, Baudry J (2013).
The cropping systems mosaic: How does the hidden heterogeneity of
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agricultural landscapes drive arthropod populations? Agric Ecosyst Environ
166:3–14.
Wiens JA (2002) Central concepts and issues of landscape ecology. In: KJ
Gutzwiller (ed) Applying landscape ecology in biological conservation.
Springer, New York, pp 3–21.

1.4.2 Towards an Explicit Account of Agricultural Practices
in the Characterization of Farmland

The diversity of farming practices in fields such as plowing, direct seeding or
different levels of pesticide use, and their landscape-level organization bring
additional heterogeneity. Such “hidden heterogeneity” (Vasseur et al. 2013) may be
as important, or even more relevant to consider, than the diversity of crop types, in
driving biodiversity in agricultural landscapes. At a given time, the agricultural
mosaic can indeed be viewed as a mosaic of cropped and ephemeral habitats of
varying quality for species in terms of food resources, reproduction sites or, shel-
ters. The quality of cropped habitats depends on crop type and phenology, and on
disturbances induced by agricultural practices (Vasseur et al. 2013, Fig. 1.3). This
mosaic of cropping systems is therefore likely to drive the source-sinks dynamics of
species between crop fields, as demonstrated for pests (Carrière et al. 2004) or
between crop fields and adjacent semi-natural habitats in the case of predatory
insects (Carrière et al. 2009). In addition, the variable amount of suitable resources
i.e. flowering resources in the agricultural mosaic has been shown to influence
pollinators, that exhibit either concentrated or diluted patterns when flowering
resources are rare, or on the contrary, when resources are largely distributed in
agricultural landscapes (e.g. large areas as oilseed rape) (Holzschuh et al. 2011; Le
Féon et al. 2013; Requier et al. 2015).

The agricultural mosaic is characterized by variations of resource localization
and accessibility (i.e. landscape connectivity) for species (Burel et al. 2013). The
connectivity of resource patches is expected to be crucial for species survival but
few studies have addressed this issue and attempted to integrate it in the study of
ecological processes (Baudry et al. 2003; Burel and Baudry 2005). All these studies
have mainly focused on the variability in resource availability and quality related to
crop type and phenology. However, the effects of landscape heterogeneity induced
by agricultural practices have been less investigated. The few studies addressing
this issue analyzed the effects of the amount of organic vs. conventional farming at
the landscape scale. They have generally found a positive influence of large sur-
faces of organic farming in landscapes on the diversity of plants, butterflies, pol-
linators, and some groups of natural enemies and pest arthropods (Holzschuh et al.

1 Ecology for Sustainable and Multifunctional Agriculture 17



2008; Rundlöf et al. 2008; Gabriel et al. 2010; Gosme et al. 2012; Henckel et al.
2015). Other studies have however failed to confirm the positive effect of organic
farming at the landscape scale on communities of natural enemies (Puech et al.
2015). Several authors have underlined the need to go beyond the simple dichot-
omy “organic versus conventional” and to account for the diversity of farming
practices at local and landscape scales (Vasseur et al. 2013; Puech et al. 2014). One
of the key challenges to go further is to solve the difficulty of characterizing and
mapping farming practices at the landscape scale (Vasseur et al. 2013).

1.4.3 Taking into Account the Temporal Variability
of Agroecosystems

Agricultural landscapes are highly dynamic at various temporal scales. Temporal
changes occurred from fine scale to long-temporal scales. Within-year variations are
related to crop phenology and to the successive agricultural operations during the
cropping season such as ploughing, sowing, fertilization application or pesticides
sprays. Over decades, changes may intervene that affect the size and the shape of
cropping areas and of semi-natural or extensively farmed areas (Baudry et al. 2003).
Studies that have used diachronic data, mostly focused on long-term land use
changes and their effects on various taxonomical groups such as plants (Lindborg
and Eriksson 2004; Ernoult et al. 2006), vertebrates (Metzger et al. 2009) and
invertebrates (Petit and Burel 1998; Hanski and Ovaskainen 2002). However, only
few of these studies explicitly investigated impacts of landscape changes on pop-
ulations dynamics (but see Wimberly 2006; Bommarco et al. 2014; Baselga et al.
2015), most probably because of the rarity of long-term monitoring data covering
several years at the landscape scale. Similarly to space, no consensus has been
found when investigating the effect of temporal dynamic of landscape on popula-
tion or communities (e.g. for different results about bird communities, see Sirami
et al. 2010; Wretenberg et al. 2010; Bonthoux et al. 2013). In particular, changes
over short periods due to crop succession have been poorly investigated. At the field
level, some studies have considered the impact of crop successions on invertebrates
(e.g. for Carabidae, Marrec et al. 2015; Dunbar et al. 2016). At the landscape scale,
temporal heterogeneity of the crop mosaic has mainly been assessed by changes in
the proportions of specific crop types over time. For instance, high diversity in crop
succession, with one year of grassland, positively affected solitary bee richness
(Thies et al. 2008; Le Féon et al. 2013).

To sum up, few studies have accounted for the whole cropping system at a
landscape scale and the effects of the multi-year temporal heterogeneity of crop
mosaics on biodiversity are still largely unknown (but see Baudry et al. 2003;
Vasseur et al. 2013; Bertrand et al. 2016, Fig. 1.3). This suggests that the effects of
landscape heterogeneity should be assessed simultaneously in space and time and for
several organisms rather than being extrapolated from static maps (Wimberly 2006).
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1.5 Ecological Networks, Productivity and Biological
Regulation

One pillar of agroecology is to take advantage of biotic interactions to ensure
productivity and pest management instead of relying on chemical products
(Shennan 2008; Médiène et al. 2011; Kremen and Miles 2012). Biotic interactions
have been studied in various ecological subfields: community ecology has primarily
focused on horizontal interactions between individuals of a same trophic level,
while trophic ecology has primarily focused on vertical interactions between dif-
ferent trophic levels (Duffy et al. 2007; Fig. 1.4). An emerging line of research in
network ecology focuses on interactions per se rather than through the lens of their
impact on ecosystem dynamics (Tylianakis et al. 2008). The findings from these
various subfields can be useful for agroecology, since they provide theoretical
frameworks to interpret empirical observations (Vandermeer 1992).

1.5.1 Horizontal Diversity and Biotic Interactions

Hundreds of ecological studies have demonstrated that multispecies assemblages of
plants are more productive and temporally stable than monocultures (Tilman et al.
2014). Two general mechanisms may explain these effects. First, complementarity
and positive interactions between species increase production, and may even lead to
transgressive overyielding i.e. some mixtures of species may have a higher pro-
duction than the best monoculture. Second, species rich communities are more
likely to contain the species that are more productive in local conditions during a
given year. If these productive species compensate for the less productive species
this can lead to overyielding through a sampling effect. Some study, however,
suggested that such positive effect of diversity may be conditioned by soil fertility,
that affects both functional traits and production ability of the most competitive
species in the assemblage (Chanteloup and Bonis 2013). Some results also suggest
that mixtures of cultivars, i.e. field genetically diverse crops, lead to the same types
of benefice as species rich communities through the same ecological mechanisms
(Barot et al. 2017).

One agronomic counterpart of these sample effect is a yield benefits and the
higher efficiency in resource use in intercropping systems (Vandermeer 1992). The
challenge for agroecology is accordingly to design multiple cropping systems that
can combine several species or cultivars simultaneously in the same area or
sequentially in the crop sequence (Gaba et al. 2015), and that provide food but also
others ecosystem services. For instance multiple cropping systems may generate
low levels of interspecific competition between crop species, or even lead to
facilitative interactions, for instance through nutrient cycling as in agroforestry
systems (Auclair and Dupraz 1997) or through an increased availability of minerals
(Hinsinger et al. 2011). Beyond yield, multiple cropping systems may also regulate

1 Ecology for Sustainable and Multifunctional Agriculture 19



pests by preventing their growth, reproduction or dispersal as well as by enhancing
natural enemies’ efficiency. For instance, resource dilution of a host plant in the
plant mixture can reduce both pest dispersal and reproduction by making the pest
less efficient in locating and colonizing its host (Ratnadass et al. 2012). Push-pull
strategies can also help controlling pest through the use of “push” plants which
restrain pest settlement on crops and “pull” plants which attract them to neighboring
plants (Cook et al. 2007). Finally, multiple cropping systems such as intercropping
plants may control weeds by directly competing for resources with these wild plants
(Liebman and Dyck 1993; Trenbath 1993).

Increasing horizontal diversity may also improve water and soil quality. Plant
diversity is one of the most important drivers of belowground processes and
increasing plant diversity in multiple cropping systems acts directly on soil fertility
by increasing soil organic matter and promoting N2 fixation by legumes, reducing
soil erosion and the associated loss of nutrients (Dabney 1998). Indeed, multiple
cropping systems influence faunal, microbial and soil organic matter dynamics
through the diversity of root architecture, the quantity and quality of rhizodeposits,
and the quality of plant litter. A transition from a monoculture to a diversified crop
succession was shown to significantly increase microbial biomass carbon with a
rapid saturation threshold due to a strong effect of cover crops (Mc Daniel et al.
2014). This overyielding of microbial biomass was observed as soon as one crop
species was added in a crop sequence contrary to grasslands where the threshold is
generally reached with six or eight plant species (Zak et al. 2003; Guenay et al.
2013). In addition, cereal-legume intercrops lead to a reduction of soil mineral
nitrogen after harvest compared with pea sole crops (Pelzer et al. 2012), thus
mitigating nitrate losses by drainage, as with cover crops and relay intercropping
(Di and Cameron 2002), and hence preserving the quality of ground and drinking
water.

1.5.2 Vertical Diversity and Biotic Interactions

Trophic ecology (sensu Lindeman 1942) is another body of ecological science that
may be of interest for agroecology. Most of current researches focuses on pairwise
trophic interactions, including the benefits brought by mutualist consumers like
pollinators (Potts et al. 2010), by parasitoids (Godfray 1994; Langer and Hance
2004; Zaller et al. 2009) or by predators (Blubaugh et al. 2016; Kromp 2016;
Fig. 1.6). A more recent research focus aims at understanding trophic interactions
within ecological networks (Bascompte and Jordano 2007). For instance several
studies investigate the potential of generalist predators for biological control
(Symondson et al. 2002), the global positive relationship between natural enemy
diversity and herbivore suppression (Letourneau et al. 2009; Griffin et al. 2013), or
the effects of community evenness and functional diversity of natural enemy
communities on biological regulation efficiency (Schmitz 2007; Crowder et al.
2010). Similarly to biotic interactions at the same trophic level (horizontal
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diversity), the efficiency of functionally-rich networks in herbivore control can be
due to a variety of ecological mechanisms including niche partitioning (Cardinale
et al. 2003), sampling effect (Loreau et al. 2001) and facilitation (Gravel et al.
2016). However, it remains largely unknown how agricultural practices could
promote such functionally-rich networks, without favouring behavioural interfer-
ence and intraguild predation that can disrupt biological control (Rosenheim et al.
1995; Schmitz 2007).

Soil biota constitutes one of the main food web in agroecosystems (Fig. 1.5b),
based on the consumption of plant litter and soil organic matter. This food web is
very influential for many important ecosystem processes: nutrient cycling and soil
organic matter dynamics, setting and conservation of soil structure, water fluxes and
plant biomass production (Blouin et al. 2013; van Groenigen et al. 2014).
Modelling detritivore food web thus allows predicting nutrient mineralization rates
that are a major determinant of soil fertility as well as providing leverages to modify
mineralization rates through direct or indirect variation in population size of the
different soil taxa. Soil biota spreads over many scales of body size and is divided in
microorganisms (fungi, bacteria), microfauna (e.g. amoeba, nematoda), mesoin-
vertebrates (e.g. collembola, enchytraeids) and macroinvertebrates (e.g. earth-
worms) (Lavelle et al. 2001). It also encompasses roots and vertebrates (e.g. moles,
shrews). Soil biota gathers a heap of taxa, that can be translated into a diversity of
shapes, stadia, ways of life or diets, that impact soil functioning from textural
(arrangement of mineral particles) to structural scale (organization of aggregates,
pores and horizons). The modification of nutrient availability (i.e. N or P) for plants

JFig. 1.5 a Example of a possible interaction network in agroecosystems. Plant hosts are
symbolised by squares; triangles represent pest species and circles could symbolize either predator
or parasitoid species (but we will continue with parasitoids for clarity). All arrows represent a
feeding interaction between two given species, with the arrow head pointing in the direction of the
biomass flow and arrow width showing the intensity of the interaction (e.g. frequency). If we
consider only the species involved in interactions represented by solid arrows, then we face a
system with only one plant species in isolation (crop, square 1), which is consumed by two pest
species (3 and 4). In turn, one of these pests is consumed by a specialist parasitoid (6), whereas the
other parasitoid (7) consumes both pest species. If we now add a second plant species (2) in the
system known to have beneficial effects on the first crop species (e.g. a nitrogen-fixing species),
then the second set of interactions represented by dashed arrows could occur: this second plant
species is heavily consumed pest species 4, which could relieve the first crop from some of the pest
pressure. This second plant could also have its own specialized pest (5). Another parasitoid species
(8) also arrives in the system, feeding both on the specialized pest species (5) and the pest common
to both plants (4). Finally, the link between parasitoids 8 and 7 demonstrates intraguild predation
(or in this case, hyperparasitism), which confers species 8 a higher trophic position than the other
species of its guild and which would potentially disserve the pest suppression process. Altogether,
this figure illustrates an example of the possible benefits of increased biodiversity at all trophic
levels for biotic control, and how these benefits may also, however, come with costs. b
Representation of detrital food web in shortgrass grassland. Fungal-feeding mites are
separated into two groups (I and II) to distinguish the slow-growing cryptosfigmatids from
faster-growing taxa. Flows omitted from the figure for the sake of clarity include transfers from
every organism to the substrate pools (death) and transfers from every animal to the substrate pools
(defecation) and to inorganic N (ammonification) (Hunt et al. 1987)
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is generally reported as the major mechanism explaining the direct role of soil
organisms on plant growth (for earthworms, van Groenigen et al. 2014; protists,
Forde 2002; collembolans, Kaneda and Kaneko 2011; or microbes, van der Heijden
et al. 2008). This mechanism can provide 10–40% of the plant requirements
(Parmelee and Crossley 1988; James 1991). The soil food web contains both crop
pests (e.g. wireworms, pathogenic fungi) and beneficial organisms (e.g. generalist
predators, parasitoids, symbiotic fungi, plant growth promoting rhizobacteria).
However the characteristics of these organisms vary with their feeding requirements
as well as with agricultural practices (e.g. soil burrowing, particle relocalization).

1.5.3 Integrating Trophic and Non-tropic Interactions

Although studies on ecological interaction networks have mainly focused on
trophic relationships, there is an increasing interest in co-occurrence networks
analyses with no a priori on the underlying interactions. Interactions can be either

Fig. 1.6 Semi-natural habitats (e.g. field margins and hedges, top left) provide shelters and
trophic resources for numerous components of the biodiversity in agroecosystems (e.g. hoverflies,
top right). In particular, these habitats support predators and parasitoids contributing to crop
herbivore suppression (hoverfly larva and aphid mummies, bottom left). To quantify the level of
biological regulation, sentinel preys can be used (bottom right, ladybird predating aphids fixed on a
predation card) to estimate the potential of herbivore consumption represented by predators in field
conditions
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physical modifications of the environment with consequences on resource avail-
ability or signal molecule effects. Although the effects of organisms on abiotic
environment have been recognized for decades, unifying concepts such as
“ecosystem engineers”, or “functional domains”, are relatively recent (Fig. 1.7a).
While ecosystem engineers are organisms which physically modify their environ-
ment with consequences on the availability of resources for other organisms (Jones
et al. 1994), “functional domains” are defined as the sum of structures produced by
a population or community of engineers (Lavelle et al. 2002). Both are particularly
relevant in soil ecology where soil structure directly affects the creation, mainte-
nance and destruction of soil organism habitats. Similarly, several soil functions
such as water regulation, are deeply influenced by ecosystem engineers such as
earthworms (reviewed in Blouin et al. 2013). Taking into account the effect of
management practices on these organisms is thus necessary to ensure agroe-
cosystem sustainability. Soil organisms can also interact with their environment
through exchanges of information among organisms, which mainly rely on bio-
chemical molecules. As a consequence, many soil organisms have developed the
ability to detect “signal molecules”, even at very low concentration in the envi-
ronment which can alter the morphology, the metabolism or the behaviour of these
organisms (Zhuang et al. 2013). Signal molecules can be hormones such as auxins,
cytokinins, ethylene, jasmonic acid, or salicylic acid, but also other kinds of
molecules (Ping and Boland 2004). In soil networks, interactions between soil
organisms and plants may therefore, not necessary, require physical contacts
between the soil organism and the root. As trophic interactions, they may positively
or negatively impact plant development and/or immunity (Fig. 1.7b). This ability to
interact with plants, responsible for the entry of energy into soils, is a vital adap-
tation for soil organisms (Puga-Freitas and Blouin 2015).

1.5.4 Climate and Agricultural Practices Deeply Modify
Ecological Networks

Ecological networks are constituted of multiple interactions whose type (positive,
neutral or negative) and strength are highly dependent on environmental properties
(Tylianakis et al. 2008; Médiène et al. 2011). Understanding how exogenous factors
such as climate or agricultural practices affect the network structure and conse-
quences for ecosystem functioning, e.g. production, is however not straightforward,
and this is even truer in heterogeneous and changing environments such as
agroecosystems. For instance, Tylianakis et al. (2008) highlighted that climate
change or habitat modifications “disproportionately affect” predator-prey interac-
tions. They also showed that these responses differ between generalist and specialist
predators, with specialists being more negatively affected by habitat simplification
than generalists, as showed for aphids in Western Europe (Rand and Tscharntke
2007). Exogenous factors can also have differential effects depending if they are
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acting alone or in combination. For example, Hoover and Newman (2004) showed
that the interaction between atmospheric CO2 and climate may have lower negative
effect on prey-predator interactions than considered separately. Recently, Romo and
Tylianakis (2013) highlighted that positive effects of temperature elevation and
drought on aphid host-parasitoid interactions observed when studied separately,
may ‘hide” deleterious effects on the efficiency of host regulation when temperature
and drought are combined. The introduction of disturbances in food webs can also
affect trophic network dynamics. For instance, a modelling approach revealed that
manipulating low matter transfer rates had a strong influence on the trophic network
dynamic, while disturbing the major path of material flow had a weak influence
(Paine 1980). More recent models proposed to take into account the seasonal
dynamics of trophic groups, to study the temporal coupling between mineralization
by soil organisms and mineral uptake by plants. Despite increasing evidence of the
effects of exogenous factors on food web structure and ecosystem functioning, we
still lack of a good mechanistic understanding of the relative and interactive effects
of these environmental variables.

1.6 Perspectives

1.6.1 Novel Tools to go Further in the Understanding
of Ecological Network Dynamics

Considering trophic relationships with a whole food web perspective further
enables to understand indirect effects propagating through food webs that would
otherwise be overlooked through the lens of pairwise interactions. Indirect effects
such as apparent competition have indeed potentially major implications for bio-
logical control (Chailleux et al. 2014) and the design of efficient nutrient cycling
strategies within agroecosystems (Wardle et al. 2004). Integrated food web studies
come at a cost, however, since achieving sufficient sampling effort to describe
complete food webs remains challenging (Chacoff et al. 2012; Jordano et al. 2016).
Excitingly, novel technologies offer great promises to tackle such challenges (de-
tailed in Box 3). Another challenging task is to develop innovative modelling
strategies to assess the functioning of complex food webs or even of coupled
multi-type networks (Fontaine et al. 2011; Georgelin and Loeuille 2014). For
instance, there is a strong indeterminacy of how indirect effects propagate through
imperfectly documented food webs (Novak et al. 2011). Though, the field of
ecological network modelling is a very active area of research (Tixier et al. 2013),
such that modelling solutions to these challenges might be at reach. In particular,
Bayesian propagation of uncertainties in ecological networks can be sufficient to
obtain robust qualitative predictions (Jabot and Bascompte 2012). Nevertheless,
one on the main challenges in ecological network studies is to move from a
comprehensive description of networks to the understanding of the effect of external
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factors (climate, agricultural practices, etc.…) on the multiple interactions of dif-
ferent types (positive, neutral or negative) and strength in order to promote mul-
tifunctional landscapes.

Box 3: Approaches to Characterize Biological Regulation
Agroecosystems shelter complex interaction networks both above and below
ground (Fig. 1.3.). In that context, quantifying biological regulation through
trophic linkages is a difficult task (Traugott et al. 2013), especially for the
many small and cryptic invertebrates that composed communities
(Symondson et al. 2002) and that could be effective biocontrol agents. In
most studies, predation rates are estimated through the consumption of preys
disposed in the field for a determined amount of time (Fig. 1.6). For
host-parasitoid interactions, hosts can be conserved until the emergence of
adult parasitoids, which allows a good approximation of biological regula-
tion. Notwithstanding, cryptic interactions such as multiparasitism, hyper-
parasitism, or when immune host system is well adapted (e.g., encapsulation)
often remain challenging (Traugott et al. 2013). In a large majority of studies,
the level of biological regulation exerted by generalist predators is estimated
by explaining the rates of consumption of preys/hosts by predator
activity-density using correlative approaches. In such cases, no correlation is
usually observed, mainly because of the high variability inherent of agroe-
cosystems. This highlights the limits of these indirect approaches and the lack
of precise knowledge on species roles in food webs (Östman 2004). Thus,
other approaches have been developed to provide a more mechanistic
understanding of “who eats whom?”.

First, the use of functional traits to inform food web structure through
interaction rules offers great promises to tackle food web complexity with
operational simplifications (Jordano et al. 2003; Allesina et al. 2008).
Functional traits are defined here as morphological, physiological, pheno-
logical and behavioural features (sensu Pey et al. 2014) and may give more
mechanistic understanding of predation, pollination or parasitism. For
example Rusch et al. (2015) highlighted that functional diversity explained a
greater part of variation in predation rates that taxonomic diversity or
activity-density. However this approach is still correlative and mainly relies
on the availability and the quality of data on processes, communities and
traits.

Second, the democratization of DNA-based methods such as PCR diag-
nostic approach or next-generation sequencing (NGS) is an opportunity to
better identify trophic linkage and particularly for varied diet organisms like
generalist predators (reviewed by Pompanon et al. 2012; Traugott et al. 2013;
Vacher et al. 2016) and pollinators (Pornon et al. 2016). The identification of
alimentary items through the molecular analysis of gut content has already
given important insights such as the role of carabids in the regulation of
Ceratitis capitata in citrus orchards (Monzó et al. 2011). It also allowed
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detecting intraguild predation between generalist predators that could have
major consequences on biological regulation efficiency and strategies
(Gomez-Polo et al. 2015). However, this approach of molecular ecology is
still facing many methodological such as building reliable database of DNA
sequences with fine taxonomic resolution, going beyond the semi-quantitative
approaches of trophic interactions or distinguishing between direct and sec-
ondary predation.

Third, the analysis of movements can help to determine the links within a
food web. As most generalist predators actively hunt for preys, biological
regulation is driven by specific movement behaviors of both predators and
their prey. Movement behavior includes habitat use, paths, home range size,
foraging behavior or activity patterns (Daniel Kissling et al. 2014). Passive
tags (no battery) like Radio Frequency identification (RFID) have been used
to precise the effects of pesticides on bees (Henry et al. 2012) but are still
scarcely used for potential bioagents such as carabids or spiders.can be used
on Curculionidae in banana plantations (Vinatier et al. 2010) or in strawberry
crops (Pope et al. 2015). The significant decrease in both device size and cost
of radio telemetry techniques in less than a decade opens tremendous
opportunities to study predator movement behaviors.
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JFig. 1.7 a Interdependency of aboveground and belowground biodiversity. Aboveground
plant community biomass and chemical and structural composition (1) drive the abundance and
diversity of aboveground higher trophic levels, although these aboveground plant characteristics
depend upon the net activity of soil functional groups, such as decomposers and symbionts (5),
which make nutrients available (2), and on aboveground and belowground herbivores and
pathogens (3,4), which reduce plant growth [17]. Heterotrophic organisms that interact with plants
affect plant metabolism, potentially altering litter, shoot and root biomass production, distribution
and chemical composition by feeding on roots (3) or shoots (4) or living symbiotically in shoots,
leaves or roots (5). In the longer term, pollinators (6) as well as seed eaters (7) and seed dispersers
(8) affect the persistence of the plant species and, thus, the specialist organisms associated with it.
Soil organisms are constrained in their mobility and, as a result, organisms interacting with a single
plant root system are subsets of the total species pool present in the direct surrounding soil (9).
Depending on their size and mobility, these organisms occupy microhabitats of different sizes and
might have different effects on plant growth. Although active roots have high turnover rates and
are distributed throughout the soil, root herbivores and pathogens (3) can account for this ‘unstable
food’ source by being relatively mobile generalist feeders (10, 11), similar to many aboveground
chewing insects and free-living suckers, by adapting a specialized endoparasitic plant association
(12) or by having an aboveground life phase enabling targeted active dispersal (15). Aboveground
plant structures might be easier to find than are roots, and although the availability of more-specific
aboveground plant tissues [e.g. buds, flowers, fruits or seeds (13)] is often brief, these can still
affect the aboveground diversity of plant-associated organisms owing to the large active range
sizes of aboveground organisms. Large aboveground and belowground organisms might disperse
actively in a directional way (15), by flying, walking, crawling or borrowing, whereas smaller
organisms (or small structures of larger organisms, such as seeds) disperse more randomly via
passive dispersal (14) by air, water or via phoresy (16) (i.e. using other organisms as transport
vectors). Abbreviations: AM fungi, arbuscular mycorrhizal fungi; N-fixers, nitrogen-fixing
microorganisms. From de Deyn and Van der Putten (2005). b Ecological interactions between
soil organisms and plants mediated through signal molecules. Soil organisms can be
distinguished according to their physical association with plants: (a–f) root physically associated
microorganisms/microfauna, (g–i) free-living microorganisms and (j) free-living micro-, meso-
and macro-fauna; (a) Rhizobium, (b) Agrobacterium, (c) protozoa, (d) nematodes, (e) AM, ECM
and endophytic fungi, (f) pathogenic fungi, (g) PGPR, (h) PGPF, (i) DRB and (j) micro-, meso-,
macro-fauna. Arrows lines indicate a promotion, bar-headed lines an inhibition and dotted arrow
lines an indirect effect of interactions mediated by signal molecules produced by soil organisms.
(1) Those affecting plant growth can be detrimental to plant defence and vice et versa, due to the
trade-off between these two processes. (2) Beneficial organisms promote development, induce
formation of specialized organs or (3) elicit ISR. (4) Deleterious ones inhibit development, induce
formation of aberrant organs, (5) hijack plant defence or (6) upon restricted infection induce SAR.
We suggest that (7) free-living micro-, meso- and macro-fauna impact is mediated through the
activation of beneficial microorganisms and (8) an inhibition of deleterious ones. Note that
described interactions can occur within the whole root system and not exclusively at the root tip
level, and induce local as well as systemic responses (Puga-Freitas and Blouin 2015)
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geneous environments. Anim Behav 80:221–229.

Among others, one important challenge is the multi-functionality of soils: soils
should sustain primary and secondary production, provide sustainably mineral
nutrients to crops, resist erosion, and regulate water fluxes and climate. This latter
ecosystem function has raised high attention with the international “4 per 1000”
initiative (http://4p1000.org) put on the political agenda since the COP21 held in
Paris in 2015. Soils through their content in organic matter contain three times more
of carbon than the atmosphere (2400 Gt carbon vs 800 Gt carbon; Derrien et al.
2016). Small changes in organic matter content can act as a carbon sink or source
within a decade. A decrease in atmospheric carbon by 3.5–4 Gt/year would limit the
rise in temperature by +1.5/2 °C by 2100, a threshold beyond which climate change
would have unpredictable (and likely disastrous) effects (IPCC 2013). One of the
most credible ways to meet this goal is to increase the concentration of organic
matter in soil by 0.4% (4 per 1000) per year in the 30 first centimeters of soils at the
planetary scale (Balesdent and Arrouays 1999; Paustian et al. 2016). Though some
strategies can already be imagined to reach this goal (Dignac et al. 2017) research is
still needed. In particular, belowground trophic and non-trophic interactions should
be jointly considered to increase carbon storage within agricultural soils.

1.6.2 Landscape Issues for the Delivery of Multiple
of Functions in Agroecosystems

There are increasing evidences that landscape characteristics play a strong role in
maintaining biodiversity and ecosystem functions (Rundlöf and Smith 2006;
Henckel et al. 2015). This offers the opportunity to manage agroecosystems at a
higher scale than the field, and mainly leads to the “land sparing- land sharing”
debate (Green et al. 2005; Fischer et al. 2014). Land sparing strategies rely on
seting aside agricultural land for wildlife whilst intensifying agricultural production
on the rest of the land. By contrast, land sharing strategies focus on the reduction of
production intensity throughout the land to maintain farmland biodiversity
(“wildlife friendly farming”, Fig. 1.6; Green et al. 2005), whilst less amount of land
is set aside for conservation in comparison with land sparing strategies. However,
these two strategies are the extremes of a continuum and are not mutually exclusive
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and, a combination of both natural reserves and wildlife farming practices have
been shown to be efficient to conserve biodiversity (Fischer et al. 2008; Scariot
2013). While this debate has been fruitful in conservation biology, the varieties of
species (with different habitat requirements, and behaviours), management strate-
gies (from field to the territory) and agricultural landscapes, require studies devoted
to the agri-environmental contexts. Current knowledge either supports land sparing
or land sharing strategies, depending on the organism or the ecological process
considered. For instance, semi-natural habitats in agricultural landscapes are crucial
for specialist species (like forest species) as well as for flagship species (e.g. wild
bees, or little bustards). Friendly farming practices such as organic farming of
agri-environmental schemes, may also be useful for maintaining biodiversity in
agricultural landscape throughout various ecological processes (e.g. resource
complementation/ supplementation, source-sink, concentration/dilution, Fig. 1.6)
(Fahrig et al. 2011; Vasseur et al. 2013). Future ecological research should focus on
further assessing strategies of landscape organization to determine those who can
provide multifunctional agricultural mosaic according to the socio-economic and
environmental contexts.

1.6.3 Towards an Eco-Evolutionary Perspective
of Agroecology

Organisms are able to adapt to rapid environmental changes and to respond to
strong selection pressure. Selection is an important facet of agriculture. First, crop
selection has already been applied in agriculture toward pest resistant or
high-yielding cultivars (Thrall et al. 2011; Denison et al. 2013). Given that the
selected genotypes (crop and livestock) interact in complex ecological networks, at
different trophic levels and through different types of interactions, evolutionary
processes may affect ecological dynamics in multiple ways (Loeuille et al. 2013) by
altering (i) important attributes of ecological communities (such as the connectance
or the number of trophic levels), (ii) the structure of interaction networks (especially
those with mutualistic interactions), or (iii) ecosystem functioning such as pro-
ductivity or nutrient cycling in essential ways for the agricultural activity. Second,
rapid natural selection of resistance to pesticides has been very often shown in
various herbivores, pathogens and weeds targeted by pesticides (Alyokhin et al.
2015). Similarly, rapid evolutionary changes related to Red Queen dynamics have
been demonstrated in antagonistic interactions such as host-parasite (Decaestecker
et al. 2007) or prey-parasitoid or predator relationships (Diehl et al. 2013).
Ecological intensification principles put forward, the substitution of strong chemical
selective pressure by biotic selective pressure. Pest adaptation to their biological
control is therefore highly likely, and may have collateral effects in this extreme
case (Gaba et al. 2014). Third, there is an evolutionary potential of feedbacks across
soil ecosystem, particularly given likely changes in soil function such as water
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regulation, and soil organisms such as earthworms (Blouin et al. 2013). Such
environment and evolutionary feedbacks due to the change in selective constraints
has led to the emergence of concepts such as the extended phenotype (Dawkins
1982) or the niche construction (Odling-Smee et al. 1996). Considering
eco-evolutionary feedbacks and their potential counter-intuitive effects is therefore
critical for the development of a more sustainable agriculture. Through experi-
mental approaches, community evolution models could be valuable to better
understand and predict the evolutionary consequences of management strategies on
ecological networks over a wide range of agricultural context (Loeuille et al. 2013).

1.6.4 Is the Ecosystem Service Concept Relevant
for Designing Sustainable Multifunctional
Agriculture?

The ecosystem service concept has spread rapidly these last decades even in
agricultural sciences (see Sect. 1.3) and allows exploring the relationships between
ES, which could be synergies or trade-offs, despite most studies still focus on a
single service (generally biomass production). Considering bundles of ecosystem
services is essential to reach multifunctional agricultural and may enhance orga-
nization of agricultural landscapes in order to bond a social optimum (Couvet et al.
2016). Still, ecosystem service research is facing severe challenges which could
limit, in some respects, its operability (Birkhofer et al. 2015). First, as ecosystem
service concept has been initially designed to deal with “natural” ecosystems, its
implementation to managed ecosystems required some adaptations (Barot et al.
2017b). Second, it is often hard to evaluate the relationships between indicators or
proxies of functions whereas strong uncertainties persist on ecological processes
that underlie these services. Third, the lack of theoretical framework limits the
exploration of the links between services (Lescourret et al. 2015). Fourth, although
land use allocation is important for agricultural production, but also for emissions
and greenhouse gases sequestration, open-access recreational visits, urban green
space and wild species diversity (Bateman et al. 2013), land use decisions generally
ignore the valuation of ecosystem services at the landscape level. Finally, most
studies still focus on small spatial and temporal scales, while environmental
research should address larger scales. In addition, the ecosystem service concept has
been differentially embraced according to epistemic culture of scientists coming
from different academic fields. For instance, the agricultural academic field elab-
orated on the notion of “disservices” or “negative externalities” which are now
mainstreamed into the agricultural literature (Tancoigne et al. 2014). Such negative
externalities include for instance land use changes which affect natural habitats, or
overgrazing that result in erosion and initiates desertification. In parallel, the con-
cept of “environmental service” has been created to address the fact that stake-
holders can be responsible for the quality of an ecosystem service and might be paid
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for such service (Engel et al. 2008). Debates on terminology may not only reflect
the various perspectives across academic fields, but may further influence public
policies. Different paradigms that are based on diverse motivations and values may
also differ between stakeholders. Besides regulating and provisioning services,
sociocultural services (e.g. the place attachment or the aesthetics of the landscape)
or ethical considerations also contribute to human well-being. Finally, the temporal
and evolutionary perspective (e.g. human-biodiversity interaction) is almost absent
in the ecosystem system concept, though Faith et al. (2010) recently proposed the
“evosystemic” service approach to include “the capacity for future evolutionary
change and the continued discovery of useful products in the vast biodiversity
storehouse that has resulted from evolution in the past”. In the same vein, Sarrazin
and Lecomte (2016) advocate for “evocentric approach” in order to go beyond the
ecosystem service concept and ensure evolutionary freedom. It should result in a
better resilience for the organisms and systems that provide ecosystem service and
for all organisms involved in their ecological networks. This approach “fosters a
long term, sustainable interaction that promotes both the persistence of the nature
and the well-being of humans”.

All these criticisms on the concept of ecosystem services express concerns on
restrictive (one or few stakeholders) and static (both in time and space) views of the
value of ecosystem services and the relationships between biodiversity and
ecosystem services, respectively. However, we believe that a proper recognition of
the benefits provided by biodiversity can increase the weight given to biodiversity
per se and its functions in decision making for agriculture management. While
agroecosystems have been mainly managed for provisioning services, we must also
pay attention to possible overestimation of regulation processes that would lead to a
utility perception of nature. With all these concerns in mind, ecosystem services
remain a useful concept to address current challenges in agriculture mainly because
they formalize the dependency of human societies on ecosystem functioning,
between social-ecological and agro-ecosystem, which is key in socio-ecosystems.

1.7 Conclusion

In this review, we draw a picture of several relevant contributions of ecological
sciences to the understanding of the spatio-temporal dynamic of biodiversity and
ecosystem functions in agroecosystems. This new insights should help to design
innovative farming systems at various temporal and spatial scales (from local
practices during a crop cycle to the long term management of agricultural land-
scapes). Many insights in agroecosystem functioning have been obtained this last
decade. However, we still lack a robust theoretical framework to support ecological
intensification of food production systems and to translate knowledge and under-
standing into operational management strategies. We also need to go further in the
understanding of interaction between ecological and social-economical processes
and to develop approaches allowing scientist to build practices of ecological
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intensification together with stakeholders and policy makers. This calls for further
interdisciplinary researches to investigate the importance of social-ecological pro-
cesses, at various temporal (ecological and evolutionary time scale) and spatial
(from small to global) scales.
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Chapter 2
Allelopathy: Principles and Basic
Aspects for Agroecosystem Control

Aurelio Scavo, Alessia Restuccia and Giovanni Mauromicale

Abstract Allelopathy is a form of amensalism, an association between organisms
in which one is inhibited or destroyed and the other is unaffected through the release
into the environment of secondary metabolites called allelochemicals. Allelopathic
plant interactions has been known since the 4th century before Christ (BC), but only
in recent years they have received an appropriated attention from international
scientific community and farmers. Nowadays, in modern agriculture, allelopathy
play a key role in maintenance the sustainability of agroecosystems through the
adoption of environmentally-friendly strategies such as crop rotation, cover or
smother crops, intercropping, crop residue incorporation, mulching and bioherbi-
cides. Crops showing allelopathic properties are numerous: they include arboreal
and herbaceous species as well as many weeds. Here we review the general prin-
ciples and the basic aspects in the field of allelopathy and why they are important in
developing innovative sustainable agricultural techniques in agroecosystems for
weed control, crop protection, and crop re-establishment with respect of environ-
mental, human and animal health. Particularly, we describe the guidelines for
distinguishing allelopathy from competition in field conditions, as well as the
chemical nature of allelochemicals. Secondly, we review the volatilization from
living parts of the plant, the leaching from aboveground parts of the plant, the
decomposition of plant material and the root exudation, which are the major
pathways for the release of allelochemicals. Third, we review the influence of
abiotic and biotic stress factors on the quantity of allelochemicals released by the
donor plant and the effects of allelochemicals on the target plant. Light, tempera-
ture, water deficiency, minerals availability, soil characteristics and many biotic
factors modify the production of allelochemicals and the sensitivity of target plants.
Finally, the interference of alleochemicals with plant physiological processes was
also reviewed. Allelopathic compounds rarely act alone, but generally generate
“multiple cascating effects”. Allelopathic mechanisms influence plant successions,
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invasion, spatial vegetation patterns, mutualistic associations, soil nitrogen cycle,
crop productivity and crop protection.

Keywords Allelopathy � Competition � Autotoxicity � Allelochemicals
Plant interactions � Secondary metabolites � Phenols � Terpenoids
Mode of action � Mode of release

2.1 Introduction

Allelopathy is an ecological phenomenon of most natural communities and
agroecosystems, although it is often unrecognized. It has been observed how
orchard replant problems, regeneration of forest species, occurrence of weed-free
zones, dominance of exotic plants, spatial vegetation patterns, dynamics of com-
munities, plant productivity and other ecological aspects are strictly linked to
allelopathic mechanisms. Root exudates, upon release into the rhizosphere, also
play an important role on soil microbial ecology, nutrients biogeochemical cycles
and their uptake by plants. One of the most important examples is provided by the
improvement of nitrogen use efficiency (NUE) through biological nitrification
inhibition (BNI) made by Nitrosomonas spp. and Nitrobacter spp.

Modern agriculture has to deal with a rapid increase in world population,
accompanied by a simultaneous decrease of the available resources. Therefore, in
order to feed a growing population, agriculture has pursued the maximization of
yields. Cropping intensity resulted in a subsequent higher pest pressure on crops.
Particularly, in order to eliminate the presence of weeds, insects and pathogens,
synthetic chemicals were used indiscriminately. The wide use of herbicides, for
example, resulted in increasing incidence of resistance in weeds to common her-
bicides, and in environmental pollution and human and animal health. Many of
these problems may be effectively resolved through the manipulation of allelopathic
mechanisms and their integration to traditional agricultural practices under
Integrated Pest and Weed Management System (IPMS, IWMS). The most impor-
tant modes by which allelopathy can be used in agroecosystems for sustainable crop
production refers to (1) the selection of smothering crops, their breeding and
inclusion in crop rotations; (2) the use of their residues as living mulches, dead
mulches or green manure; (3) the selection of most active allelopathic compounds
and their use as bioherbicides.

The term “allelopathy” is derived from the Greek words allelon, “of each other”,
and pathos, “to suffer” and literally means “the injurious effect of one upon
another” (Rizvi et al. 1992). However, the term was coined for the first time by the
Austrian plant physiologist Hans Molisch in 1937 in his book Allelopathie to
include both harmful and beneficial biochemical interactions between all types of
plants, including microorganisms.
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In his first book, E. L. Rice excluded the beneficial effects, while reconsidered
and accepted Molisch’s definition in his second monograph: “any direct or indirect
harmful or beneficial effect by one plant (including microorganisms) on another
through production of chemical compounds that escape into the environment”.
Both positive or stimulatory and negative or inhibitory effects are included in this
definition. Rice’s definition has been criticized by many authors because it refers to
all types of interactions between plants (Watkinson 1998). Instead, several other
workers prefer to limit the use of the term to recognize only the negative effects,
direct or indirect, produced by a plant, which is identify as the “donor” plant, on
another plant called “target” or “afflicted” plant.

According to the definition given by the International Allelopathy Society
(IAS) in 1996, allelopathy includes “any processes involving secondary metabolites
produced by plants, microorganisms, viruses and fungi that influence the growth
and the development of agricultural and biological systems (excluding animals),
including positive and negative effects” (Torres et al. 1996).

Therefore, allelopathy include plant-plant, plant-microorganisms,
microorganisms-plant, microorganisms-microorganisms, plant-insect and plant-higher
animal interactions.

2.2 History of Allelopathy

The ability of some plant species to interfere with the germination, growth or
development of other plant species has been well documented since antiquity, from
more than 2000 years ago. The earliest observations on this phenomenon were
made by Theophrastus (370–286 BC), a disciple of Aristotle and the father of
botany, who around in 300 BC wrote in his two botanical works, Historia plan-
tarum and De causis plantarum, about how chickpea (Cicer arietinum L.) “ex-
hausted” the soil and destroyed weeds. He also reported the harmful effects of
cabbage (the cabbage of Theophrastus refers to something close to the wild form of
Brassica oleracea, sometimes known as Brassica cretica, an edible, but bitter, herb
of coastal regions richer in allelochemicals; Willis 2007) on grapevine and pro-
posed that these effects were caused by “odours” of cabbage plants.

The Greek author Bolos Demokritus (460–360 BC) of Mendes in Egypt, in his
agricultural work Georgics, written around in 200 BC, suggested that trees may be
died by sprinkling their roots with a mixture of lupine flowers soaked in hemlock
juice.

Cato the Elder (234–140 BC), the famous Roman politician and writer who was
a farmer in youth, and later Pliny the Elder (23–79 after Christ) in Historia natu-
ralis, noted that walnut trees (Juglans spp.) were toxic to other plants and that both
chickpea and barley (Hordeum vulgare L.) ruined cornlands (Weir et al. 2004).
Pliny the Elder has been precede bay Columella, who was a farmer in Cadiz. In his
surviving works (De rerum rusticarum of 64 AD and De arboribus), Columella
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was the first who spoke about “soil sickness”, described as a decrease in soil’s
fertility due to the repeated cultivation for more years of the crop on the same land.

In the seventeen century, both the English and Japanese literature shown cases of
plants do not grow well in the presence of each other due to the production of toxic
compounds, for example the Japanese red pine (Pinus densiflora Siebold & Zucc.)
(Rice 1984).

In 1804, the agronomist Young discovered that clover was apt to fail in some
regions of England where it is cultivated constantly due to soil sickness, which
accrues over time (Weston 2005).

In 1832, the Swiss botanist De Candolle (1778–1841) proposed that such
excretions of roots of some plants could injurious other plants and explain the
exhaustion of soil. On the basis of De Candolle’s suggestions, in 1881 Stickney and
Hoy observed that vegetation under black walnut was very sparse, probably due to
the high mineral requirements of the tree.

The interest in the field of allelopathy resumed in the twentieth century, thanks to
the development of suitable techniques for the extraction, bioassay and chemical
isolation of the involved substances (Willis 2007). For example, in 1907, Schreiner
and Reed for the first time isolated soil organic acids released from root exudates of
certain plants that strongly inhibited the growth of some adjacent crops. In 1928,
Davis was the first to extract and purify from the hulls and roots of walnut the
juglone, 5-hydroxy-a-naphtaquinone (Rice 1984).

In the period between 1960 and 1990, much progress has been made in the field
of chromatography and spectroscopy, for the isolation and determination of the
studied chemical compounds.

Whittaker and Feeny, in 1971, coined the term “allelochemicals“. Chou and
Waller (1983) describe the biochemical interactions between organisms, both inter-
and intra-specific, as “allelochemical interactions”.

2.3 Current Status of Allelopathy Research

Despite the allelopathic interactions between plants were known since ancient
times, the research on this topic has received great focus only on the end of the
twentieth century. Specifically, the number of journal papers using the word
“allelopathy”, as searched in the database Scopus®, has undergone an exponential
growth since the 1970s with a rapid increased in the late 1990s (Fig. 2.1).

Originally considered as a sub-discipline of chemical ecology, currently
allelopathy embraces a broad range of disciplines: ecology, biochemistry, chem-
istry, physiology, agronomy, entomology, microbiology, forestry, soil science,
proteomics, genetic, etc.

At least two reasons are involved for the slow progress in this area: one is the
difficulty of designing field experiments about that unquestionably prove that a
chemical produced by a plant directly affects a neighboring plant (Weir et al. 2004),
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the so-called “allelopathy paradigm”. Another reason refers to the cases in which
important papers on allelopathy have been discounted by later work (Duke 2010).

However, great progress have been made in recent years on the study of
allelopathic activities and there are numerous examples of high profile research who
brought fame to this discipline. Indeed, in addition to the number of journal papers,
it should be considered how changed the target of interested journal. In 1994 was
found the Allelopathy Journal, the first journal exclusively devoted to allelopathy
research; nowadays journals such as the Journal of Chemical Ecology, Plant And
Soil, Phytochemistry, Journal of Agricultural and Food Chemistry, Weed Science,
Weed Research, Crop Protection, etc. publish many papers on allelopathy. The
most active country in allelopathy research are United States (with over 1000
works) and China (about 825), followed by India (394) and Japan (372) (source:
Scopus®).

The increased interest of scientific community on allelopathy, has mean that in
1995 was founded the International Allelopathy Society (IAS) in India, which has a
combined membership of over 1000 participants from over 50 countries. The
Society hosts one meeting every three years. The first congress was held in Cadiz
(Spain, in 1996) and the subsequent in Thunder Bay (Canada, 1999), Tsukuba
(Japan, 2002), Wagga (Australia, 2005), Saratoga Springs (NY, USA, 2008),
Guangzhou (China, 2011), Vigo (Spain, 2014), Marseille (France, 2017).

Several congresses and symposia were made in Europe and Asia and today exist
regional organization focused on allelopathy topic, such as the Asian Allelopathy
Society (AAS), or the European Allelopathy Society (EAS). Moreover, other sci-
entific organizations, such as the American Chemical Society and the International
Association for Ecology have had allelopathy symposia as part of their programmes
(Duke 2010).
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Fig. 2.1 Number of journal papers accessed on Scopus® using the search term ‘allelopathy or
allelochemical’ for each decade of the past 70 years. Note the high increase since the 1970s,
particularly from the late 1990s
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2.4 Terminology and Classification

In his first book (1974), Rice reported Grümmer’s terminology (1955, Fig. 2.2) for
chemical interactions between plants. Specifically, Grümmer recommended the
terms:

(i) “antibiotic” to denote a chemical inhibitor produced by a microorganism that
is toxic to other microorganisms;

(ii) Waksman’s suggested term “phytoncide” for antimicrobial organic sub-
stances of plant origin;

(iii) Gaumann’s term “marasmins” for compounds produced by microorganisms
and harmful to higher plants;

(iv) the term “kolines” for chemical inhibitors produced by higher plants that are
toxic to other higher plants species.

However, these terms are rarely adopted by the authors, because compounds
released from higher plants may be altered by microorganisms before the altered
substance is contacted by another higher plant and it is very difficult to establish the
source when a compound of any origin is contacted through the soil medium the
same compound. Besides, the same compund is likely to have multiple roles
(Einhellig 1995): in fact, there are marasmines that shows harmful effects on other
microorganisms, kolines with antimicrobial activity and phytoncides that inhibit the
development of plants. For these reasons, nowadays, the generic term “allelo-
chemical” is adopted to denote the chemical compounds produced by plants,
microorganisms, viruses and fungi involved in agricultural and biological
ecosystems.

With the term “allelopathy” several authors prefers to refers only to detrimental
effects, direct or indirect, of higher plants of one species (the donor) on another (the
receptor) through the release into the environment of toxic chemical compounds,
commonly defined “allelochemicals” (Putnam and Duke 1978). Therefore, the
detrimental effects can be direct or indirect and, about that, Aldrich (1984) describes
two types of allelopathy: in the first case, the interference is caused by release into
the environment of a compound that is active in the form in which is produced and
released from the donor plant; this type is called true allelopathy. In the second
case, the negative action is mediated by soil microorganisms that act on the
decaying tissues of the donor plant or by enzymes that, after plant tissues

Fig. 2.2 Terms for chemical
agents that indicate the type of
donor and receiver plants, as
shown by the arrows
(Einhellig 1995, Modified)
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destruction, interact with the pre-allelopathic substances by converting them into
allelochemicals; this type is called functional allelopathy.

When a given species produces and releases allelochemicals that can causes
damage to a different plant species, this phenomenon is called heterotoxicity;
whereas, when its own germination and development is affected, this allelopathic
effect is called autotoxicity or autoallelopathy (Chon et al. 2006; Kruse et al. 2000;
Miller 1996).

2.4.1 Autotoxicity or Autoallelopathy

Autotoxicity is an intraspecific form of allelopathy that was first described by
Jensen et al. (1981) on alfalfa (Medicago sativa L.). In different cereals and veg-
etables crops, it was observed a significant reduction in both crop yield and quality
due to the “soil sickness”. This phenomenon occurs when the same crop (mono-
culture) or its relative species are cultivated on the same soil successively (Yu
1999).

Autotoxicity has been studied mainly in the Cucurbitaceae family, for example
in cucumber, melon and watermelon (de Albuquerque et al. 2010). Other autotoxic
effects have been reported also in asparagus (Asparagus officinalis L.) (Hartung
et al. 1990), rice (Oryza sativa L.) (Rice 1979), grape (Vitis sp.) (Brinker and
Creasy 1988), wheat (Triticum aestivum L.) (Kimber 1973; Lohdi et al. 1987), etc.

Probably autotoxicity derives from natural selection as result of controlling
competition between older and younger plants for resources (e.g. light, water,
nutrients, etc.) by maintaining a certain distance from them. In alfalfa, an autotoxic
zone of about 20 cm radius exists around the old plants. Autoxicity is now iden-
tified as the most frequent cause of reseeding failure (Tesar 1993; Miller 1996;
Webster et al. 1967).

Biotic and abiotic factors not only influence the production of autotoxins, but
modify their effects too (Yu 2001). Autotoxicity involves many chemical com-
pounds that are located in different quantities in the plant’s tissues. For example
Miller (1996) founded that autotoxic effects of water extracts of plant parts of alfalfa
in order are leaf > seed > root > flower > stem. Generally, leaves present the
highest concentration of allelochemicals, but often they are also released as root
exudates. In the soil, their movement is faster in sandy than in clay soils.

Autotoxicity primarily affects the seed germination and early root elongation, but
in severe cases it may causes stand failure. Other typical symptoms are dwarfed,
spindly, curling, yellowish-green seedlings with irregular brown-reddish to
dark-brown lesions on the tap and lateral roots and only few effective nodules
(Webster et al. 1967). However, as reported by Chon et al. (2006), there are
ecological advantages linked to autotoxicity. For example, if seeds were not dis-
persed away from the parent plant leaving the new plant in position to compete
for resources, it may encourages geographical distribution of the donor species,
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serves as an adaptation to induce dormancy and prevents decay of its seeds and
propagules (Friedman and Waller 1983).

Crop rotation is the best solution to avoid soil sickness. In particular, rotation
intervals higher than 12-months are suggested because allowed natural decompo-
sition of the chemicals. In light-textured soils, irrigation can leach the autotoxic
chemical to shorten the rotation interval (Chon et al. 2006).

Under field conditions, finding evidence of autotoxicity is not a problem of
simple solution. In fact, despite many cases of auto-heterotoxicity have been
reported in literature in laboratory conditions, autotoxicity is rarely present in
natural ecosystems (Wilson and Rice 1968; Jackson and Willemsen 1976).

2.4.2 Allelopathy and Competition

Allelopathy is a particular form of amensalism, a negative interaction between two
species in which one organism is harmed or inhibited and the other is unaffected.

It is necessary to clarify the difference between the concept of allelopathy and
competition to avoid misunderstandings. The first implies the release of inhibiting
substances into the environment, whereas in the second a generic resource (e.g.
water, light, minerals and space) is removed or reduced by another organism
sharing the same habitat. In nature is difficult to separate these mechanisms: in fact,
stress caused by competition increase the production of allelochemicals, while
growth reduction caused by allelochemicals may reduce the competitive ability of
inhibited plant. Besides, mechanisms of interference such as microbial nutrient
immobilization, soil characteristics, climatic factors etc. can not be separated under
field conditions. Therefore, competition and allelopathy undoubtedly interact in a
highly synergism (Willis 1994).

The difficulty in distinguishing and describing separately allelopathic effects
from those of competition have induced Muller (1969) to propose the term “in-
terference” to indicate the overall deleterious effects (allelopathy + competition) of
one plant on anoher. According to Harper (1977), competition represents a physical
interference, while allelopathy a chemical interference. For over 2000 years, al-
lelopathy has been reported in literature with respect to plant interference (Weston
2005). Nowadays, interference is a term widely used in the literature to denote “the
total adverse effect that plants exerts on each other when growing in a common
ecosystem and it includes competition and allelopathy” (Zimdahl 1999).

Like allelopathy, competition is difficult to demonstrate (Inderjit and Keating
1999). While plant-plant resource competition has been readily accepted by biol-
ogists and ecologists, the same has not be the case for allelopathic interactions.
According to Blum (2011), the difference in acceptance between competition and
allelopathy was due to: (i) the modification in allelopathy definition over time;
(ii) the lack in design bioassays of plant-plant allelopathic interactions; (iii) the
forceful scepticism of several authors to plant-plant-allelopathic interactions and
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(iv) the higher standard of proof required for allelopathic interactions than those for
competition.

One of the main challenges in the field of allelopathy is the separation of
allelopathic effects from other mechanisms of plant interference, mainly competi-
tion (Singh et al. 2001). In recent years several mathematical model were proposed
to calculate the contribution of both allelopathy and competition to interference (Liu
et al. 2005; An et al. 1993; etc.).

2.4.3 Establishing the Proof of Allelopathy

Although community’s scientific attentions on allelopathy are continuously grow-
ing, its scientific evidence is not yet accepted by all scientists. This because its
mechanisms are largely unknown, from production to release and fate of allelo-
chemicals. Its comprehension is further complicated by vastness and chemical
heterogeneity of the substances involved (Nelson 1996). The amount of searches
conducted until today on the topic, has induced researchers to assume that it is
unusual for a single allelochemical product to be present, in field conditions, in
sufficiently high amounts to exteriorise significant effects (Einhellig 1996). Besides,
it seems that the effects are often caused by different compounds that act together
additively or synergistically; but in some cases these compounds react antagonis-
tically (Seigler 1996). Allelochemicals are introduced into the environment together
with a vast number of other compounds, since it is likely that synergistic effects
enhance the observed activities (Putnam and Tang 1986).

Moreover, allelochemicals’s production and release, their transport and trans-
formation in soil and absorption in the receptor plant, as well as the plant’s reaction
to the compound, are highly dependent on environmental conditions. In many
cases, stress conditions induce the donor plant to produce and release a higher level
of allelochemicals and, in poor condition, neighboring plants become more sensi-
tive to these substances.

Establishing the proof of allelopathy and separating allelopathy from other
mechanisms of interference such as competition is very difficult. In his book of
1977, page 494, Harper says: “Demostrating this [toxicity in the field] has proved
extraordinarily difficult- it is logically impossible to prove that it doesn’t happen
and perhaps nearly impossible to prove absolutely that it does”. Nowadays, the
demonstration of allelopathy mechanisms have been achieved by creative experi-
mentation and use of advanced biomolecular analytical techniques (Bais et al. 2003;
Vivanco et al. 2004).

To establishing the cause-and-effect relationship in allelopathy, the following
events must occur in sequence (Cheng 1992):

1. a phytotoxic chemical is produced;
2. the chemical is transported from the producing organisms to the target plant;
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3. the target plant is exposed to the chemical in sufficient quantity and for sufficient
time to cause damage.

First of all, it is necessary to determinate if a plant is really allelopathic. Several
types of clues can indicate if a species is allelopathic (Duke 2015): (i) if an invasive
plant eliminates most native plant species, probably it is allelopathic; (ii) sparse or
no vegetation patterning around a particular species can indicate that it is allelo-
pathic, e.g. black walnut; (iii) problems of “soil sickness” are often attributed to
buildup of allelochemicals in the soil; (iv) knowledge that a plant species produces
one or more potent phytotoxins can be a clue obtained from the phytochemical
literature that the species might produce an allelochemical, e.g. the phytotoxic
compound sorgoleone produced by all species of Sorghum spp.

Secondary, it is necessary to predict if a compound is an allelochemical. In fact,
finding a phytotoxic compound in plants does not mean that the compound is
necessary an allelochemical. The identification of a substance as allelochimical is
actually dependent upon the context rather than on its biosynthetic origin
(Berenbaum 1995). According to Inderjit and Duke (2003), a compound may play
several roles in nature, including that of an allelochemical, depending on the
organisms involved and on the specific environmental parameters affecting the
organism. Thus, the exact same compound may sometimes be an allelochemical,
and at other times or places play other roles. Modes of release, phytotoxic action,
bioactive concentration, persistence and fate in the environment, are all factors
influencing the allelopathic nature of a compound, whereby a chemical does not act
as an allelochemical in all situations.

Willis (1985) advanced six protocols required to demonstrate allelopathy, based
on “Koch’s postulates” (Williamson 1990) for demonstrating that a disease is
caused by an infectious agent:

(a) a pattern of inhibition of one species or plant by another must be shown;
(b) he putative aggressor plant must produce a toxin;
(c) here must be a mode of toxin release from the plant into the environment;
(d) there must be toxin transport and/or accumulation in the environment;
(e) the afflicted plant must have some means of toxin uptake;
(f) the observed pattern of inhibition cannot be explained solely by physical factors

or other biotic factors, especially competition and herbivory.

As mentioned before, it is extremely difficult or impossible to follow these
protocols in field conditions since biotic (e.g., soil microflora, root exudates of
competitors) and abiotic (e.g., temperature fluctuations, water stress) factors
strongly influence allelochemicals’s fate.

I consider Macias et al. (2007) guideline useful to refuting the cases of “sus-
pected allelopathy”:

(1) plant predominance/distribution/frequency cannot be explained solely on the
basis of physical/biotic factors;
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(2) the allelopathic plants (donors) should synthesise and release into the envi-
ronment chemicals that must be or become bioactive;

(3) soil permanence and concentrations should be high enough to produce effects
on the germination and/or growth of neughbouring plants, bacteria and/or
fungi;

(4) uptake by the target plant and evidence of the detrimental/beneficial effects
caused by the chemical/s.

2.5 Chemical Nature of Allelochemicals

According to Reese (1979), allelochemicals are “non-nutritional chemicals pro-
duced by one organism (plants, microorganisms, viruses and fungi) that affects the
growth, health, behaviour or population biology of other species”. Most of them
are secondary metabolites (Whittaker and Feeny 1971) and are produced as off-
shoots of primary metabolic pathways of carbohydrates, fats and amino acids. As
secondary metabolites, they are of sporadic occurrence and do not play an obvious
role in the basic metabolisms of organisms, but serve for defensive adaptation.
However, a significant role in allelopathy is also played by certain primary
metabolites (Inderjit 1999) as several free amino acids and organic acids.

Allelochemicals, even with a few exceptions, have basically four precursors:
acetyl coenzyme A, shikimic acid, mevalonic acid and deoxyxylulose phosphate
(Fig. 2.3).

There are many thousands of such compounds, but only a relative limited
number of them have been identified as allelochemicals (Rice 1984).
Allelochemicals consist of various chemical families. According to Whittaker and

Fig. 2.3 Allelochemical precursors: acetyl coenzyme A (a), shikimic acid (b), mevalonic acid
(c) and deoxyxylulose phosphate (d) structural formula
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Feeny (1971), they could be classified into five major categories: phenylpropanes,
acetogenins, terpenoids, steroids and alkaloids. Apart from the phenylpropanes and
alkaloids, which originate from amino acids, the rest generally originate from
acetate.

Based on the four precursors and on the different structures and properties of
these compounds, Rice (1984) classified allelochemicals into 14 chemical classes
plus a catchall category (miscellaneous):

a. simple water soluble organic acids, straight chain alcohols, aliphatic aldehydes
and ketones;

b. simple unsaturated lactones;
c. long-chain fatty acids and polyacetylenes;
d. naphthoquinones, anthroquinones and complex quinones;
e. simple phenols, benzoic acid and derivatives;
f. cinnamic acid and derivatives;
g. flavonoids;
h. tannins;
i. terpenoids and steroids;
j. amino acids and polypeptides;
k. alkaloids and cyanohydrins;
l. sulphides and glucosides;

m. purines and nucleotides.

Plant growth regulators such as gibberellic acid, ethylene or salicylic acid, are
also considered to be allelochemicals. Thanks to the progress of analysis technol-
ogy in the last decades, it was possible to isolate and identify tens of thousands of
allelochemicals and to perform sophisticated structural analysis of these molecules
(Cheng and Cheng 2015).

With a few exceptions, allelochemicals produced by higher plants and
microorganisms usually arise through either the acetate or the shikimate pathway,
or their chemical skeletons come from a combination of these two origins
(Fig. 2.4). Generally, plant phenolics originate from the shikimate pathway, while
terpenoids from the mevalonate pathway, also known as the isoprenoid pathway.
Several types of inhibitors, which originates from amino acids, come through the
acetate pathway. Most of compounds that cause allelopathy were derived from
amino acids, via the shikimate pathway (Rice 1984). Higher plants presents two
pathway for the formation of C5 terpenoid monomers, isopentenyl diphosphate:
(i) the glyceraldehyde-3-phosphate/pyruvate pathway in the plastids, and (ii) the
cytoplasmic acetate/mevalonate pathway (Lichtenthaler et al. 1997). However, the
details of biosynthesis are not always known.

It is possible to group secondary metabolites into three main chemical classes:
phenolic compounds, terpenoids and other compounds.
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2.5.1 Phenolic Compounds

Phenolic compounds falls within the class of most important and common plant
allelochemicals in the ecosystem. As shown in Fig. 2.5, they arise from shikimate
and phenylalanine pathways (Harborne 1989). Phenolic compounds consisting of a
hydroxyl group (-OH) bonded directly to an aromatic hydrocarbon group. In the
term “phenolic compound”, structures with different degrees of chemical com-
plexity are included, as shown in Table 2.1, according to the number of carbon
atoms of the basic skeleton.

Structural diversity and intraspecific variability are the most significant charac-
teristics of phenolic compounds (Hartmann 1996). Besides, they are water soluble
and could easily be leached by rain, whereas leaves are still attached to the plant or,
thereafter, from leaf litter (Alsaadawi et al. 1985).

2.5.1.1 Simple phenols

Simple phenols are all monomeric, consisting of only one aromatic ring (Fig. 2.6).
Probably, phenol is the precursor of all other phenolic compounds in plants.
Schreiner and Reed (1908) reported that vanillin, vanillic acid (a benzoic acid) and
hydrokinone are the most general simple phenols with growth-inhibiting allelo-
pathic properties. In particular, hydrokinone is the aglycone of arbutin, and

Fig. 2.4 Acetate and shikimate pathway, the biosynthetic pathways of major allelopathic
substances (Wang et al. 2006, Modified)
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p-hydroxybenzoic acid and vanillic acid are the most commonly identified benzoic
acid derivatives involved in allelopathy. Hydrokinone, resorsinol and catechol,
which are found in low concentrations in plants, are mostly secreted by insects as a
defence mechanism against other insects and animals. Salicylic acid, on the other
hand, possesses anaesthetic properties and is the active ingredient of Aspirin®
(Pretorius and van der Watt 2011).

2.5.1.2 Flavonoids

Flavonoids have a basic C6–C3–C6 skeleton (Fig. 2.7) in which the A ring is of
acetate origin and the B ring of shikimate origin (Neish 1964). Flavonoids are the
largest group of natural phenolic compounds in higher plants. In fact, more than
5000 different flavonoids have been described and it is estimated that about 2% of
all carbon photosynthesized by plants is converted to flavonoids (Pretorius and van
der Watt 2011). They have roles associated with colour and pollination (e.g. fla-
vones, flavonols, chalcones and catechins) and disease resistance, such as phy-
toalexins. They also have weak oestrogenic activity, for example the isoflavones
(Macías et al. 2007). However, only a relative small number have been reported as
toxins implicated in allelopathy. The most often cited are kaempferol, which is a
yellow colour flavonol presents in apples, onions, citrus fruits, grape fruits etc.,
quercetin, naringenin, which is a dihydroflavon and ceratiolin, a non-phytotoxic

Fig. 2.5 Biosynthetic origin of plant phenolics from shikimate and phenylalanine pathways
(Harborne 1989, Modified)
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dihydrochalcone present in the leaves of the dominant shrub of the Florida
Ceratiola ericoides Michx.

2.5.1.3 Tannins

From the oxidative polymerization of catechins and flavan-3,4-diols derives con-
densed tannins, also called proanthocyanidins (PAs). When condensed tannins are
hydrolysed by concentrated HCl, cyaniding chloride is formed. Another type of
tannins are hydrolyzable tannins, which are derivate of gallic and m-Digallic acids
hydrolysis (Fig. 2.8). Some hydrolyzable tannins derive from a complex mixture of
several phenolic acids, whereby many types of hydrolyzable tannin molecules are
possible (Rice 1984).

Table 2.1 The major classes of phenolic compounds in plants (Source: Harborne 1980)

Number of carbon
atoms

Basic
skeleton

Class Examples

6 C6 Simple phenols
Benzoquinones

Catechol, hydroquinone
2,6-Dimethoxybenzoquinone

7 C6–C1 Phenolic acids Gallic, salicylic

8 C6–C2 Acetophenones
Tyrosine derivatives
Phenylacetic acids

3-Acetyl-6-methoxybenzaldehyde
Tyrosol
p-hydroxyphenylacetic

9 C6–C3 Hydroxycinnamic acids
Phenylpropenes
Coumarins
Isocoumarins
Chromones

Caffeic, ferulic
Myristicin, eugenol
Umbrelliferone, aesculetin
Bergenon
Eugenin

10 C6–C4 Naphthoquinones Juglone, plumbagin

13 C6–C1–
C6

Xanthones Mangiferin

14 C6–C2–
C6

Stilbenes
Anthraquinones

Resveratrol
Emodin

15 C6–C3–
C6

Flavonoids
Isoflavonoids

Quercetin, cyaniding
Genistein

18 (C6–C3)2 Lignans
Neolignans

Pinoresinol
Eusiderin

30 (C6–C3–
C6)2

Biflavonoids Amentoflavone

n (C6–C3)n
(C6)n
(C6–C3–
C6)n

Lignins
Catechol melanins
Flavolans (Condensed
Tannins)
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2.5.1.4 Cinnamic Acid and Derivatives

Cinnamic acid and derivates arise from phenylalanine or tyrosine through the
shikimic pathway (Neish 1964; Fig. 2.9). The first step of this pathway is catalyzed

Fig. 2.6 Some simple phenols with allelopathic potential (Pretorius and van der Watt 2011,
Modified)

Fig. 2.7 Some allelopathic flavonoids (Macias et al. 2007, Modified)

62 A. Scavo et al.



by the phenylalanine ammonia lyase (PAL), a widely distributed phenylpropanoid
enzyme present in green plants, algae, fungi, and even in some prokaryotes (Hyun
et al. 2011). They are phenyl propanoids containing 3-carbon side chain coupled to
a phenol. They are formed in the biochemical route that yields lignin, the polymeric
material that provides mechanical support to the plant cell wall (Xu et al. 2009).
Cinnamic acid is a known allelochemical that affects seed germination and plant
root growth and therefore influences several metabolic processes. Chlorogenic acids
(CGAs) and isochlorogenic acid are formed as esters between different derivatives
of cinnamic acid, caffeic acid specifically, and quinic acid molecules. They are
components of the hydroxycinnsmic acids’s classes. The main hydroxycinnamic
acids with allelopathic properties are ferulic acid, caffeic acid, sinapic acid and
q-coumaric acid.

2.5.1.5 Coumarins

Coumarins, classified as member of the benzopyrone family, all of which consist of
a benzene ring joined to a pyrone ring, are lactones of o-hydroxycinnamic
acid (Robinson 1963). They are widely distributed in the Apiaceae, Rutaceae,

Fig. 2.8 Some examples of hydrolyzable and condensed tannins
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Asteraceae and Fabaceae families. Coumarins, which are almost unknown in the
animal kingdom, are present with high frequency in the plant kingdom and occur in
all parts of plants, depending on environmental conditions and seasonal changes. It
is possible to classified four main coumarin sub-types: the simple coumarins,
furanocoumarins, pyranocoumarins and the pyrone-substituted coumarins
(Fig. 2.10). The simple coumarins are the hydroxylated, alkoxylated and alkylated
derivatives of the parent compound, coumarin, along with their glycosides (Jain and
Joshi 2012). Furanocoumarins consist of a five-membered furan ring attached to the
coumarin nucleus, divided into linear or angular types with substitution at one or
both of the remaining benzoid positions (Ojala 2001). Umbelliferone, esculetin and
scopoletin are the most widespread coumarins in nature.

Fig. 2.9 Examples of cinnamic acid derivatives with allelopathic potential (Rice 1984, Modified)
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2.5.1.6 Lichen Metabolites

Among the second metabolites with allelopathic activities, there are a group of
compounds never reported in higher plants: lichen metabolites. In fact, lichens
produce secondary metabolites that are unique to the symbiosis (Romagni et al.
2004). Most of these compounds are aromatic and are derived from the polyketide
pathway, with a few originating from the shikimic acid and mevalonic acid path-
ways (Table 2.2). Lichen metabolites can be divided into four main classes: dep-
sides, depsidones, depsones and dibenzofurans (Fig. 2.11). According to Rundel
(1978), their ecological roles refer to the protection against damaging light con-
ditions, chemical weathering compounds, allelopathic compounds and antiherbi-
vore defence compounds.

Fig. 2.10 Structures of some allelopathic simple coumarins (up) and furanocoumarins (down)
(Razavi 2011, Modified)
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2.5.2 Terpenoids

Terpenoids or isoprenoids are secondary metabolites present in many organisms
similar to the terpenes, from which they differ because the latter refers only to
hydrocarbons. More than 50,000 terpenoids have been isolated from both terrestrial
and marine plants, and fungi. After phenolics, they are the second largest group of

Table 2.2 The major classes of secondary lichen metabolites (Source: Elix 1996)

Biosynthetic Origin Chemical Class Examples

Polyketide Depsides Lecanoric acid

Depsones Picrolichenic acid

Depsidones Physodic acid

Dibenzofurans Pannaric acid

Usnic acids Usnic acid

Chromones Sordinone, Eugenitin

Xanthones Lichexanthone

Anthraquinones Emodin

Mevalonate Diterpenes 16a-hydroxykaurane

Triterpenes Zeorin

Steroids Ergosterol

Shikimate Terphenylquinones Polyporic acid

Pulvinic acid Pulvinic acid

Fig. 2.11 Lichen metabolites reported to have phytotoxic activity (Macías et al. 2007, Modified)
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secondary metabolites implicated in allelopathy. The class of the terpenoids pre-
sents a great variety of compounds in which the several structures, most of them
multicyclic, differ from one another in their basic carbon skeletons and functional
groups. All terpenoids are based on a various but definite number of 5-carbon
isoprene units, called also 2-methyl-1,3-butadiene. In plants, there are two inde-
pendent metabolic pathways that create terpenoids: the classic mevalonic acid
(MVA) pathway and the methylerythritol phosphate (MEP) pathway, also known as
non-mevalonate pathway or mevalonic acid-independent pathway. The former
occurs in the cytosol and produce also cholesterol; the latter takes place entirely in
plastids. The MVA pathway provides the precursors for the biosynthesis of
sesquiterpenes, phytosterols, brassinosteroids, and triterpenes (Newman and
Chappell 1999). Instead, the MEP pathway provides the C5-building blocks for the
biosynthesis of carotenoids, chlorophyll, gibberellins, and monoterpene and diter-
pene specialized metabolites, which are exclusively or primarily produced in
plastids (Lichtenthaler 1999). In either pathways, terpenoids derives through the
condensation of the end-products isopentenyl diphosphate (IPP) and its allylic
isomer dimethylallyl diphosphate (DMAPP), giving geranyl pyrophosphate
(GPP) (Fig. 2.12). Isoprene is formed from DMAPP via the action of the enzyme
isoprene synthase which catalyses elimination of diphosphate.

It is possible to classified terpenoids according to the number of isoprene units
incorporated in the basic molecular skeleton (Table 2.3) (Fig. 2.13).

Fig. 2.12 Isoprene (up) and
some terpenoids precursors
(down) molecular structural
formula
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2.5.2.1 Monoterpenoids

Monoterpenoids, with sesquiterpenes, are the major components of essential oils.
They are volatile compounds that have been described as the predominant terpenoid
allelochemicals from higher plants. Most of them are inhibitors of seed germination

Table 2.3 Classification of terpenoids based upon the number of isoprene units

Terpenoids Isoprene units Number of carbon atoms

Meroterpenoids 1 C5

Monoterpenoids 2 C10

Sesquiterpenoids 3 C15

Diterpenoids 4 C20

Sesterterpenoids 5 C25

Triterpenoids (es. sterols) 6 C30

Tetraterpenoids (es.carotenoids) 8 C40

Polyterpenoids (es. rubber) many (>100) Polymer (>500)

Fig. 2.13 Arrangement of isoprene units in mono- and sesquiterpenoids (Bhat et al. 2005,
Modified)
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and several microorganisms, mainly bacteria and fungi. Besides, they have been
proposed as potential starting structures for herbicides (Vaughn and Spencer 1993).
For example, it can be observed the high structural similarity between monoter-
penes 1,4- and 1,8-cineole and the herbicde cinmethylin (Fig. 2.14). While a few,
such as camphor or cineoles, occur in a near pure form, most of terpenoids occur as
complex mixtures difficoult to separate. Of the 14 most commonly occurring
monoterpenes (a-pinene, b-pinene, D(3)-carene, d-limonene, camphene, myrcene,
a-terpinene, b-phellandrene, sabinene, q-cymene, ocimene, a-thujene, terpinolene,
and c-terpinene), the first six are usually found to be most abundant (Shexia 2012).

2.5.2.2 Sesquiterpene Lactones

Sesquiterpenoids are the terpenoids with 15 carbons containing three isoprene units,
plus a lactone ring. Their structures present several acyclic, mono-, bi-, tri-, and
tetracyclic systems. They are present in high quantity in several plants, particularly
in those of the Compositae family (Fraga 2005). They have a wide range of bio-
logical activity, including plant growth-regulating, insect anti-feedant, anti-fungal,
and anti-bacterial properties (Picman 1986; Baruah et al. 1994). Some of the most
common sesquiterpene lactones are artemisinin, isolated from the plant Artemisia
annua L., and centaurepensin and cnicin, presents mainly in the members of the
families Centaurea (Fig. 2.15).

Sesquiterpene lactones are important allelochemicals involving in the invasive
potential of plant species, such as Centaurea diffusa Lam. (diffuse knapweed) and
Centaurea maculosa Lam. (spotted knapweed) in North America.

Fig. 2.14 Chemical structures and name of monoterpenes (Shexia 2012, Modified)
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2.5.2.3 Diterpenoids

Diterpenoids have 20 carbon atoms and consist of four isoprene units. Such
diterpenoids, such as giberrellins, act as important plant hormones and there are
relatively few reported diterpenoid allelochemicals produced by plants.

The most famous are momilactones (Fig. 2.16), rice diterpenes that are exuded
from the roots of young rice seedlings due to the infection by blast fungus
(Pyricularia oryzae) or irradiation with UV light (Cartwright et al. 1981). However,
in literature momilactones are reported as phytoalexins, whereas momilactone A
and B are the only rice diterpenoids identified as allelopathic agent.

Fig. 2.15 Chemical structures of some common sesquiterpene lactones

Fig. 2.16 Rice allelochemicals: momilactones and oryzalexins (Macías et al. 2007, Modified)
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2.5.2.4 Other Terpenoids

Quassinoids are degradated triterpenes containing six isoprene units reported from
the members of the Simaroubaceae family. They present a high structural com-
plexity and, according to their basic skeleton, are categorized into five distinct
groups: C-18, C-19, C-20, C-22 and C-25 types shown in Fig. 2.17. Quassinoids
present a wide range of biological activities including antitumor, antimalarial,
anti-inflammatory, insecticidal, fungicidal and herbicidal. The first quassinoid
identified as an allelopathic agent was quassin, a C20 type isolated from the quassia
wood in Suriname (Quassia amara L.) by Clark’s group in 1937. The most
important quassinoid is ailanthone, an allelochemical produced by the
tree-of-heaven (Ailanthus altissima (Mill.) Swingle) which inhibit the growth of
other plants. Thanks to ailanthone, the A. altissima tree has become a strong
invasive species in Europe (Fig. 2.18).

Benzoxazinoids are hydroxamic acids produced by many species, mainly the
plants of the Poaceae family (wheat, rye, maize) and in a few species of dicots.
These compounds are very instable and, undergo hydrolysis, they contract into the
corresponding benzoxazolinones (Macías et al. 2004). The most effective allelo-
pathic compounds are DIBOA, DIMBOA and their breakdown products BOA and
MBOA (Barnes and Putnam 1987; Tabaglio et al. 2008).

Other important terpenoids with allelopathic potential belong to the chemical
classes of glucosinolates and steroids. Glucosinolates are sulfur- and nitrogen-
compounds that occur in most plants of the Brassicales order, e.g. in Brassicaceae
and Capparidaceae families, with the role of defence against insects, herbivores and
certain microbial pathogens. They are degraded by the endogenous enzyme

Fig. 2.17 Skeleton of quassinoids (Guo et al. 2005, Modified)
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b-thioglucosidases, called myrosinase, into compounds such as isothiocyanates.
Steroids are tetracyclic terpenoids containing 17 carbon atoms with only two
methyl groups attached to the ring system. Very few are the steroids linked to
plant-plant allelopathy, while there are several examples of antimicrobial activities
such as the aglycones digitoxigenin produced by Digitalis purpurea L. and stro-
phanthidin, produced by Convallaria majalis L. (Robinson 1963).

2.5.3 Other Compounds

2.5.3.1 Alkaloids

Alkaloids are organic compounds containing basic nitrogen atoms in the hetero-
cyclic rings or in side chains. They present an enormous variety of structures and
there is not a uniform classification of them. Alkaloids are produced by secondary
metabolism of primary metabolites, usually amino acids. These compounds are
produced by a large variety of organisms, including bacteria, fungi, plants, and
animals. Plant alkaloids often demonstrate defensive activity against a wide variety

Fig. 2.18 Chemical structures of some quassinoids and benzoxazinoids mentioned in the text
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of predators and competitors among microorganisms, fungi, viruses, invertebrate,
vertebrate herbivores and plants (Blum 2004). Today, more than 10,000 alkaloids
are known, but only a small number of them present allelopathic activities. There
are several works on the role of alkaloids as seed germination inhibitors (Evenari
1949; Wink 1983). Among allelopathic alkaloids there are papaverine, caffeine,
emetine, gramine, etc. (Fig. 2.19).

2.5.3.2 Cyanogenic Glycosides

Cyanogenic glycosides are glycosides consisting of a sugar group and a non-sugar
group, called aglycone, in this case a cyanide group, which when enzymically
hydrolyzed release cyanohydric acid (HCN), a compound extremely toxic. In most
cases, hydrolysis is accomplished by the b-glucosidase, producing sugars and a
cyanohydrin that spontaneously decomposes to HCN and a ketone or aldehyde
(Francisco and Pinotti 2000) (Fig. 2.20).

Cyanogenesis is a plant’s protective mechanism against predators such as the
herbivores. Cyanohydrins are very common in plant kingdom, but they were also
founded in some species of ferns, fungi and bacteria (Harborne 1972). The best
known cyanogenic glycosides are dhurrin, presenti in sorghum (Sorghum vulgare
Pers.) seedlings, amygdalin and prusanin, very common among plants of
the Rosaceae, particularly the Prunus genus (Fig. 2.21). These compounds are
strong germination and growth inhibitors.

Fig. 2.19 Chemical structures of some alkaloids identified as allelopathic agents
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2.6 Modes of Release of Allelochemicals
into the Environment

Most of allelochemicals are distributed among many species belonging to several
botanical families, but there are particular secondary metabolites that are restricted
within a group of taxonomically related species. For example, salicacin, a phenol
glucoside, is characteristic of the members of the Salicaceae family while ben-
zoxazinoids are found mainly in the Brassicales order, and so on.

Plant allelochemicals are generally localized and sequestered in glandular or
subepidermal layers (Ambika 2013). They can be found, in different concentrations,
in several parts of plants: leaves, stems, roots, rhizomes, seeds, flowers or
inflorescences, fruits and even pollen (Bertin et al. 2003; Gatti et al. 2004; Kruse
et al. 2000). Generally, leaves represent the most consistent source of inhibitors for
many plants but, in some cases, this is reversed with roots, which anyway are at
least the second source of allelochemicals. Pollen also represent for many species,
mainly in Poaceae and Asteraceae, an important source of allelochemicals. Much
interesting results the work of Murphy (1999) on pollen allelopathy.

The presence of an allelopathic compound into a plant not necessarily imply a
role on the ecosystem due to that compound. To exert an effect, the allelochemical
must be released into the environment at a time when it can perform its inhibitory
action (Sattin and Tei 2001).

Plants release allelochemicals into the environment through four main pathways
(Fig. 2.22): (1) volatilization from living parts of the plant; (2) leaching from
aboveground parts of the plant; (3) decomposition of plant material; (4) root
exudation.

These pathways varies among species and according to the chemical nature of
compounds.

Fig. 2.20 Pathway of release of HCN by cyanogenic plants (Francisco and Pinotti 2000,
Modified)

Fig. 2.21 Chemical structures of some cyanogenic glycosides with allelopathic potential
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2.6.1 Volatilization

Many plants release volatile inhibitory compounds under vapour form, mainly
through leaves, in the atmosphere. Most of these volatile compounds are terpenoids,
e.g. monoterpenoids, sesquiterpene lactones, etc. or hormones such as ethylene
(CH2 = CH2), in this case released by fruits. Allelochemicals released by
volatilization can be absorbed by plants directly from the atmosphere through gas
exchanges or from soil, where they arrive due to rainfall or leaching. Many works
has been done on the allelopathic effects of volatile inhibitors (Chu et al. 2014;
Nishida et al. 2005; Barney et al. 2005; Kong et al. 2002). Volatile allelochemicals
are seed germination and growth inhibitors, present antimicrobial and antifungal
activities and are involving in the “old field” succession. This mode of release
generally shows its most significant ecological effects under arid and semiarid
conditions (Rice 1974).

Fig. 2.22 Major pathways of release of allelochemicals into the environment (Rice 1984,
Modified)
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2.6.2 Leaching

Many kinds of allelochemicals have been identified in the leachates of plants.
Leaching is the process that leads to the loss of chemical compounds from the aerial
part of the donor plant or the ground litter by means the hydro-solubilization made
by rain, fog or irrigation. The quantity of leachates released depends on duration
and amount of rainfall and on chemical nature of compounds. Water-soluble
compounds are more leached than others. Among allelopathic leachates there are
amino acids, phenolic compounds, terpenoids, alkaloids and fatty acids. They can
derive from living or dead parts of plants. Buta and Spaulding (1989) founded that
allelochemicals leached from excised leaves of tall fescue grass (Festuca arundi-
nacea Schreb.) belong to three principal inhibitory compounds, abscisic acid,
caffeic acid, and p-coumaric acid and founded that abscisic acid was the predom-
inant inhibitor.

2.6.3 Root Exudation

Like for volatilization, many researchers have studied the exudation phenomenon
and discovered that living roots of many weed and crop species exude different
types of organic compounds such as amino acids, carbohydrates, nucleotides,
enzymes, steroids, terpenoids, tannins, fatty acids, alkaloids, vitamins and flavo-
noids. Root exudates play a fundamental role within the ecological succession of
microorganisms in the rhizosphere and influence seed germination, root and shoot
growth, nutrient uptake and nodulation (Pandya et al. 1984; Inderjit and Weston
2003; Yu and Matsui 1994). Besides, allelochemicals released by root in the rhi-
zosphere influence resistance to pests and, inevitably, soil characteristic. For
example, Hao et al. (2010) founded that rice exudates such as phenolic acids, sugars
and free amino acids suppressed the Fusarium wilt of watermelon (Fusarium
oxysporum f. sp. niveum), while those of watermelon significantly stimulated
Fusarium spore germination and sporulation. Root exudation is affected by a
variety of factors including the age and species of plant, stress factors such as
availability of moisture, temperature and light intensity, mineral nutrition, soil
microorganisms (Hale et al. 1971). In cereals, it was observed that an amount
between 5 and 21% of plant total photosynthates is released via root exudation
(Haller and Stolp 1985; Vivanco et al. 2002).

2.6.4 Decomposition of Plant Material

Considering that it is not easy to distinguish the different modes of release of
allelochemicals in the environment, it is believed that decaying and leaching
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represent the main mode release of allelochemicals. The decomposition of plant
residues adds a large quantity of allelochemicals into the rhizosphere (Goel 1987).
The process depends on the nature of plant residues, soil characteristics and it is
closely associated with microbial activity, which is strongly influenced by tem-
perature and soil water content. These products are converted by soil microflora
from nontoxic compounds to toxic ones or into more biologically active products
than the parents (Blum and Shafer 1988). Generally, water-soluble inhibitors are
easily leached out of plant litter after death when membranes lose their differential
permeability (Rice 1974). This pathway of release is often linked to autotoxicity
probems, the case of alfalfa (M. sativa) for instance, and it is strictly related to the
weed management with cover crops, green manure and intercropping.

2.7 Factors Affecting Allelochemical Production

It is important to understand what means when a plant is “stressed”. According to
Levitt (1980), plant stress can be defined as “a state in which increasing external
demands lead to the destabilization of plant functions, followed by a phase of
normalization and improving of the resistance. If the plant is forced out of its
tolerance limits and its acclimation capacity is over passed, the result can be a
permanent damage or even plant death”. Different types of abiotic and biotic stress
factors influence the quantity of allelochemicals released by the donor plant and the
effect of an allelochemical on the target plant (Inderjit and Del Moral 1997;
Fig. 2.23). Stress factors such as drought, irradiation, light, temperature, nutrient
and water availability, diseases and pathogens, competitors, increase allelochemical
production in a plant (Einhellig 1996; Reigosa et al. 1999a, b). Allelochemical
production is influenced also by morphological, physiological and ecological
characteristics such as plant density, life cycle, plant age and habitat (Inderjit and
Keating 1999). The stress hypothesis of Allelopathy formulated by Reigosa et al.
(1999a, b; Reigosa and Pedrol 2002), states that allelopathy can appear and dis-
appear in a place according to environmental changes, so that allelopathy becomes
more important when and where plants are under stress.

Even though the production of allelochemicals in a plant can increase in
response to stress, it is not clear whether a corresponding release of allelochemicals
to the environment also occur (Einhellig 1996; Inderjit and del Moral 1997).
However, the sensitivity of target plants to allelochemicals in general is affected by
stress and typically it is increased (Einhellig 1996; Reigosa et al. 1999a, b). The
combination of several stress factors results in an increase of allelochemical con-
centrations in donor plants (del Moral 1972). It is important to increase the research
on the synergistic effects of stress factors because they generally occur in combi-
nations under field conditions (Rice 1974).
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2.7.1 Light

Amount, intensity and quality of light play an important role on the production of
inhibitors. In fact, plants growing in greenhouse produce a less amount of allelo-
chemicals than the same kinds growing out-of-doors (Rice 1984).

Ionizing radiation increases the concentrations of phenolic allelochemicals in
sunflower (Helianthus annuus L.) and tobacco (Nicotiana tabacum var. One
Sucker) plants (Fomenko 1968; Koeppe et al. 1970a; Rice 1974).

Also the ultraviolet radiation, generally, increase the amounts of inhibitors
produced by donor plants. Del Moral (1972) demonstrated that supplemental UV
light increased amounts of total chlorogenic and isochlorogenic acids in sunflower.
Furness et al. (2008) reported increased allelopathic influence of houndstongue
(Cynoglossum officinale L.) on some forage grasses. Li et al. (2009) found that the
allelopathic potential of Zanthoxylum bungeanum on seed germination rate of
alfalfa, lettuce and radish is improved under enhanced UV-B radiation and differed
depending on species.

It seems that visible light enhances the synthesis of inhibitory compounds in
donor plants. Zucker (1963) was one of the earliest scientists who study the effects
of visible light on allelochemical production. Kato-Noguchi (1999) reported that

Fig. 2.23 Abiotic and biotic stress factors affecting allelochemicals production (de Albuquerque
et al. 2010, Modified)
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visible light may enhances allelopathic activity of germinating maize due to an
increase in the level of DIBOA.

Allelochemical synthesis is influenced also by light quantity, as well as its
quality. Photoperiod differently affects short-day plants and long-day ones (Zucker
et al. 1965). In most cases, long days increase inhibitory compounds in donor plants
regardless of the daylengths required for flowering (Rice 1974).

Therefore, the amount of allelochemicals is generally greater during exposure of
ultraviolet light and long daylength.

2.7.2 Temperature

In general, plants under thermal stress tend to produce more allelochemicals but, by
contrasts, become more susceptible to them. Quantities produced are higher at
lower temperatures, while high temperatures enhance allelochemical effects
(Einhellig and Eckrich 1984). Koeppe et al. (1970b) found that chilling (8–9 °C) of
tobacco plants increased the concentrations of total chlorogenic acids in old leaves,
young leaves and stems, but decreased the concentration in the roots.

2.7.3 Water Deficiency

Water deficiency, as well as all stress factors, result in increased concentrations of
allelochemicals. Using NaCl in colture solution to cause water stress on sunflower
plants, del Moral (1972) found that, after 31 days of treatment, the concentrations
of total chlorogenic and isochlorogenic acids in roots, stems and leaves were
increased (Rice 1974). Amount different irrigation levels, Ardi (1986) reported that
inhibitory effects of purple nutsedge (Cyperus rotundus L.) on sweet corn (Zea
mays) yield were reduced at the highest waters stress imposed. Tang et al. (1995),
studying water deficiency on the allelopathic potential of purple nutsedge, found
that both fresh and dry weights of its shoots and roots decrease with increasing
waters stress (Inderjit and Keating 1999). Oueslati et al. (2005) reported that barley
(H. vulgare L.) autotoxicity increase under drought conditions.

2.7.4 Minerals Availability

Many authors (Loche and Chouteau 1963; Lehman and Rice 1972; Mwaja et al.
1995 etc.) demonstrated that the mineral deficiencies of B, Ca, Mg, N, P, K and S,
play an important role in the production of inhibitory compounds. This proves that
the production of allelochemicals increases under nutritional stress condition.
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Loche and Chouteau (1963) found increases in concentrations of scopolin and
decreases in those of chlorogenic acid in calcium- and borum-deficient tobacco
leaves (Rice 1974). Studying the effect of deficiency of N, K and P on phenolic
content in sunflower, Lehman and Rice (1972) reported increased amounts of
chlorogenic acid and scopoletin in old leaves, stems and roots of mineral-deficient
plants than in controls. Mwaja et al. (1995) studied the effects of three fertility
regimes (low, medium and high) on phytotoxicity, biomass production and alle-
lochemical content in rye (S. cereale) and concluded that, despite the larger
amounts of rye biomass, low fertilisation enhances the phytotoxicity and allelo-
chemical content. Chamacho-Cristóbal et al. (2002) studied the effects of B defi-
ciency on phenols and the activities of the enzymes involved in their biosynthesis in
tobacco (N. tabacum) plants. They found a positive correlation between phenols
concentrations and the activity of phenylalanine ammonia-lyase (PAL) after 5–
7 days of B-deficiency. B deficiency, therefore, results in an increase of PAL
activity and, in turn, in an enhancement of phenolic levels.

2.7.5 Soil Characteristics

As suggested by Cheng (1989, 1992), the effectiveness of allelochemicals in soil is
strictly influenced by physiochemical and biological soil factors.

In general, clay soils, which are characterized by high values of cation exchange
capacity (CEC) and anion exchange capacity (AEC), adsorb more allelochemicals
on the surface of their colloidal particles than sandy soils. Del Moral (1972),
reported that fine-textured soils sorb more amounts of phenolic compounds than
sandy-loam soils. Besides, allelochemicals persist for longer duration in clay soils
(Einhellig 1987). After soil adsorption, also the transport of allelochemicals (i.e.,
the movement of allelopathic compounds from roots of donor plants to roots of
target plants) depends on soil texture and chemical nature of inhibitors. Transport
can be either through the air as vapour or in the soil solution (Cheng 1992). The
movement is faster in sandy than in clay soils (Jennings and Nelson 1998).

The chemical characteristics of soil such as pH, organic carbon, nutrients
available, ion exchange capacity, oxidation state, also play an important role on the
fate of allelochemicals. For example, soil pH can affect the uptake and the
immobilization of allelochemicals (Cheng 1992). It must be considered that higher
pH can stimulate microbial activity (Aarnio and Marikainen 1994) and, in turn,
allelochemical availability. Soil organic carbon can indirectly influence allelo-
chemical stability and persistence (Lehman and Cheng 1988; Huang et al. 1977).
Organic matter, in fact, strongly enhance soil microbial activity, exerts a buffer
capacity on soil pH and, thanks to its high ion exchange capacity, promote alle-
lochemical sorption and retention. Lehman and Cheng (1988), studyng the reac-
tivity of phenolic acids in several soil, found that they are more stable in forest soils
with high organic matter than in cultivated agricultural soils.
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2.7.6 Biotic Components

The expression of allelopathy may be influenced by a series of biotic factors such as
diseases and pathogen attacks, weed competitors, interactions with herbicides, age
of plant organs, plant density and habit (Einhellig 1996).

Despite of detrimental effects, generally pathogens decrease the competitiveness
and simultaneously increase the allelopathic activity of their hosts (Mattner 2006).
In fact, as consequence of defensive adaptation, the attacks of phytophagous or
plant-sucking insects and diseases cause a considerable increase in the release of
allelopathic compounds.

Jay et al. (1999) reported that, because of infection with beet western yellows
virus (BMYV), oilseed rape (B. napus L.) increased glucosinate concentrations in
tissues by 14%. Woodhead (1981) found that sorghum plants infected with downy
mildew (Sclerospora sorghi W. Weston & Uppal) or rust (probably Puccinia
purpurea Cooke) or sorghum shoot fly (Atherigona soccata Rondani), increased
phenolic concentrations. Soil in which rusted ryegrass (Lolium perenne L.) attacked
by P. coronata Corda f.sp. lolii Brown was grown suppressed clover (Trifolium
repense L.) biomass by 36% more in comparison with the direct effect of soil in
which healthy ryegrass was grown in the greater rainfall areas of south-eastern
Australia (Mattner and Parbery 2001: de Albuquerque et al. 2010).

According to Belz (2007), weeds can elicit allelochemical biosynthesis in
competing crops as well as insects or pathogens induce plant defences in attacked
plants. The author reports examples about the exudation of three major allelo-
chemicals in two allelopathic cultivars of rice (O. sativa) due to the presence of
Echinochloa crus-galli (P.) Beauv. and the release of sorgoleone in a Sorghum
hybrid after exposure to water-soluble root leachates released from Abutilon
theophrasti Medik. She suggests that biotic-induced plant defences depends on a
direct pest attack and on aerial or rhizosphere signals from healthy or attacked
plants.

Lydon and Duke (1993) reported that herbicides, at both lethal and sub-lethal
concentrations, influence allelochemical production by both direct and indirect
effects. Many works has be done to determine the effect of herbicides on allelo-
chemical biosynthesis. Winkler (1967) reported that levels of scopolin increased
after spraying tobacco plants with maleic hydrazide.lydon and Duke (1988) found
that redroot piweed (Amaranthus retroflexus), ryegrass (L. perenne), soybean
(Glycine max), velvet leaf (A. theophrasti) and yellow nutsedge (C. esculentus)
presented high levels of shikimic acid and certain hydrobenzoic acids due to gly-
phosate treatments.

Many Authors agree in considering the age of plant organs as an important factor
involved in the production of allelopathic compounds. Koeppe et al. (1969, 1970b)
found that the age of both tobacco and sunflower leaves influenced the amounts of
scopolin, chlorogenic and isochlorogenic acids. To improve weed management, it
should be considered the age of donor plant at which release of allelochemicals
starts (Inderjit and Keating 1999). For example, Schumacher et al. (1983)
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discovered that wild oats (Avena fatua) become allelopathic against spring wheat
(T. aestivum) at the four-leaf stage.

The influence of plant density of target species on the response to alellochem-
icals it is now widely accepted by the international scientific community.
Weidenhamer et al. (1989), studying the density-dependent effects of varying
amounts of gallic acid and hydroquinone on Paspalum notatum Flüggé and L.
esculentum grown at different densities, found that the quantity of allelochemicals
available to each target species decreases with the increase in target species density.

2.8 Modes of Action of Allelochemicals

Understanding which compounds and which mechanisms of action are involved in
allelopathy is important to develop predictive models (Inderjit and Duke 2003).
However, this is a question of not easy solution due to the great diversity of
chemical families of allelochemicals and to the several molecular target site of
phytotoxic compounds. Besides, is important to recognize that, in field situations,
allelopathic activity is thought to be often due to joint action of mixtures of alle-
lochemical rather than to one allelochemical (Einhellig 1995). Since the visible
effects of allelochemicals on plant processes are only secondary signs of primary
changes (Winter 1961), a clear separation of primary from secondary effects is very
difficult.

Several Authors divide the mode of action of allelochemicals into indirect and
direct action. The influence of secondary metabolites on soil properties and its
microbial populations belong, for example, to indirect effects. According to Inderjit
and Weiner (2001), indirect allelopathy could be due to (i) degraded or transformed
products of released chemicals, (ii) effect of released chemicals on physical,
chemical and biological soil factors and (iii) induction of release of biologically
active chemicals by a third species.

Allelochemicals can alter:

a. cell division, elongation and structure;
b. membrane stability and permeability;
c. activity of various enzymes;
d. synthesis of plant endogenous hormones;
e. plant respiration;
f. plant photosynthesis and pigment synthesis;
g. protein synthesis and nucleic acid metabolism;
h. mineral uptake;
i. germination (of spores, seeds and pollen) and growth of target plant;
j. water balance of plant and conducting tissue.

These effects are rarely independent of each other. Rather, there is a closely
relationship between them, since the same allelopathic compound can generates
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“multiple cascating effects” (Fig. 2.24). Allelopathic effects are not only harmful. In
fact, allelochemicals may have beneficial effects in response of their concentrations.
A compound may be inhibitory at high concentration, stimulatory at low concen-
tration, or have no effect at other concentrations (Ambika 2013).

2.8.1 Inhibition of Cell Division, Elongation
and Ultra-Structure

Many works, since middle of twentieth century, have demonstrated that some
allelochemicals could inhibit cell elongation, plant root elongation, cell cytology,
and therefore affect the development of the whole plant (Li et al. 2010). In last
decades, this topic has received great attention by researches (Vaughan and Ord,
1990; Li et al. 1993; Hallak et al. 1999; Burgos et al. 2004; Sanchez-Moreiras et al.
2008; Grana et al. 2013; Cheng et al. 2016). Vaughan and Ord (1990) found that, at
high concentrations (1 mM), some phenolic acids inhibited cell division and
affected the extension growth of the main root and the number of the lateral roots of

Fig. 2.24 Possible mechanisms of action of allelochemicals in plants and their
relationship. Allelochemicals, by altering the permeability of membranes, affect the electrochem-
ical potential gradient across membranes. Once entered inside the cell membrane, allelochemicals
cause damage at hormone, mitochondrion, chloroplast and stoma level. These effects are rarely
independent of each other, but generally an allelopathic compound generates “multiple cascating
effects” (Wang et al. 2006, Modified)
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Pisum sativum cultured in a Hoagland nutrient solution under axenic conditions. Li
et al. (1993) reported that coumarin significantly inhibited the root elongation of
Lactuca sativa L. seedlings, reduced cellular activity and increased the thickness of
the cortex cells. Hallak et al. (1999), studying the effects of sorghum root exudates
on the cell cycle of Phaseolus vulgaris L., found that sorgoleone acts as a mitotic
inhibitor reducing the number of cells in each cell division period and damaging
tubulins. According to Burgoss et al. (2004), BOA and DIBOA reduced the
regeneration of root cap cells and increased the width of cortical cells resulting in
increased root diameter. Sanchez-Moreiras et al. (2008), investigating the effects of
BOA on the root meristems of seedlings of lettuce, reported an inhibition of the
mitotic process. Grana et al. (2013) reported that citral, a volatile monoterpene
presents in the essential oils of several aromatic plants, has a strong long-term
disorganising effect on cell ultra-structure in Arabidopsis thaliana L. seedlings.
Cheng et al. (2016) observed that diallyl disulphide from garlic (Allium sativum L.),
at lower concentrations (0.01–0.62 mM) significantly promoted root growth on
tomato (L. esculentum), whereas higher levels (6.20–20.67 mM) inhibited root
growth by affecting both the length and division activity of meristematic cells.

2.8.2 Interference with Cell Membrane Permeability

Several allelopathic agents, especially phenolics, increase cell membrane perme-
ability due to the inhibition of antioxidant enzymes (such as catalases and perox-
idases) and to the increase of lipid peroxidation and free radicals level (the so-called
reactive oxygen species or ROS) in plasma membranes. These changes in mem-
brane permeability lead to a spillage of cell contents and, therefore, to a slow
growth or death of plant tissues (Li et al. 2010).

Baziramakenga et al. (1995) reported the benzoic and cinnamic acids damages
cell membrane integrity in intact soybean (G. max L. cv. Maple Bell) seedlings due
to an increase of lipid peroxidation, which resulted from free radical formation in
plasma membranes, inhibition of catalase and peroxidase activities, and sulfhydryl
group depletion. Batish et al. (2006) found that 2-Benzoxazolinone (BOA) induces
oxidative stress in in both leaves and roots of mung bean (P. aureus) as indicated by
enhanced lipid peroxidation and accumulation of hydrogen peroxide (H2O2).
Ladhari et al. (2014), studying the effects of aqueous (15 g/L) and methanol (6 g/L)
extracts of Capparis spinosa L leaves. and Cleome arabica L. siliquae on lettuce,
pointed out a disruption in membrane permeability revealed by a strong electrolyte
leakage and a trigger in oxidative damage manifested by lipid peroxidation.
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2.8.3 Interference with Various Enzyme Activities

Many allelochemicals are known to interfere with the synthesis, functions, contents
and activities of various enzymes (Cheng and Cheng 2015). Allelopathic com-
pounds affect the activity of enzymes such as pectolytic enzyme, cellulases, cata-
lases, peroxidases, phosphorylases, ATPases, amylases, invertases, proteinases,
decarboxylases, phosphatases, nitrate reductases, etc. (Rice 1984). Several works
were published in recent years on this topic (Cheng 2012; Venturelli et al. 2015;
Mahdavikia and Saharkhiz 2016). Cheng (2012) found that diethyl phthalate inhibit
glutamine synthetase isoenzymes in nitrogen for nitrogen assimilation and
antioxidant enzymes in greater duckweed (Spirodela polyrhiza L.). Venturelli et al.
(2015) reported that cyclic hydroxamic acid (e.g., benzoxazinoids or benzoxazi-
nones such as DIBOA and its methoxylated analog DIMBOA) root exudates inhibit
histone deacetylases both in vitro and in vivo and exert their activity through
locus-specific alterations of histone acetylation and associated gene expression in A.
thaliana. Mahdavikia and Saharkhiz (2016) studied the effects of peppermint
(Mentha piperita L. CV. Mitcham) allelopathic water extracts on the morpho-
physiological and biochemical characteristics of tomato (L. esculentum Mill. CV.
Rio Grande). They concluded that phenolic compounds, at the concentrations of
10% (v/v) extract, showed the maximum inhibitory effect on the amount of proline,
soluble sugar and starch, as well as on the activities of tomato’s antioxidant
enzymes such as ascorbate peroxidase, catalase, peroxidase and superoxide
dismutase.

2.8.4 Interference with Synthesis of Plant Endogenous
Hormones

Plant endogenous hormones, also known as “phytohormones”, are generally pre-
sent at very low concentrations in plant tissues. Nowadays, they are classified into
nine groups (auxins, cytokinins, gibberellins, abscisic acid, ethylene, brassinos-
teroids, jasmonates, salicylic acid and strigolactones), but more will probably be
discovered. Several allelopathic compounds are structurally similar to plant hor-
mones (Olofsdotter 1988) and present similar mechanisms of action.
Allelochemicals are able to reduce or inactive the physiological activity of phyto-
hormones and to induce imbalances, thereby altering the normal growth and
development of plants. Liu and Hu (2001), studying the effect of ferulic acid
(FA) on endogenous hormone level of wheat seedling, found that, at concentrations
of 2.50 mmol/L, FA has led to an accumulation of indolacetic acid, gibberellin and
cytokinin, but the accumulation of these four hormones induced absisic acid
increment. Brunn et al. (1992) reported that some flavonoid aglycones inhibit polar
auxin transport, inducing the formation of lateral roots and the suppression of
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ageotropic growth. However, a few of allelochemicals have phytohormones-
protecting activity, mainly indoleacetic acid (IAA), by inhibiting the oxidation of
IAA, which leads to the accumulation of auxin and therefore to a greater growth of
plant (Andreae 1952; Sondheimer and Griffin 1960; Mato et al. 1994; Cvikrova
et al. 1996).

2.8.5 Interference with Respiration

Allelochemicals are able to inhibit most of the processes of respiration, from the O2

uptake to the three phases of “dark” or mitochondrial respiration: the glycolysis, in
which glucose is converted to pyruvate, the Kreb’s cycle, which generate CO2 and
NADH and the electron transfer in the mitochondria or oxidatitve phosphorylation,
which produce a large amount of ATP (Weir et al. 2004). However, allelochemicals
can exert also positive effects on respiration, by stimulating the CO2 production
(Lodhi and Nickell 1973). Several allelopathic compounds affect mitochondrial
respiration directly. Rasmussen et al. in (1992), pointed out the disruption of
mitochondrial functions and the block of electron transport in soybean and corn
seedlings caused by sorgoleone. Rye’s allelochemicals, BOA and DIBOA, are
reported by Burgos et al. (2004) to reduce number of mitochondria, protein syn-
thesis and lipid catabolism in cucumber seedlings. Hejl and Koster (2004) found
that juglone affects root oxygen uptake due to the disruption of root plasma
membrane functions and, ate the concentrations from 10 to 1000 lM, significantly
reduced H+-ATPase activity in soybean and corn. Unfortunately, many of the
allelochemicals effects on mitochondrial respiration are masked by photorespiration
that occur in the chloroplasts (Weir et al. 2004).

2.8.6 Inhibition of Photosynthesis and Pigment Synthesis

The adverse effects of allelochemicals on photosynthesis were demonstrated, but
the detail mechanisms remains unknown. Allelochemicals can affect the three main
process of photosynthesis (Zhou and Yu 2006): (i) the stomatal conductance and,
thus, the gas exchanges between plant and atmosphere; (ii) the “light reactions”
with refer to the electron transport and (iii) the “dark reactions”, also known as the
Calvin’s cycle, for the carbon reduction.

One of the most important effects of allelochemicals on plant photosynthesis is
represented by the acceleration of decomposition of photosynthetic pigments,
mainly chlorophyll (Patterson 1981; Sarkar and Chakraborty 2015; Pan et al. 2015).
Particularly, allelochemicals can reduce chlorophyll content by enhancing stimu-
lation of Chl degradation, inhibition of Chl synthesis or interfering with the syn-
thesis of porphyrin, which is the precursor of Chl biosynthesis, and porphyrin
precursors (Proto, Mg-Proto and pchlide), through the inhibition of Mg-chelatase,
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the enzyme responsible for the conversion of Proto into Mg-Proto (Zhou and Yu
2006). Besides, Meazza et al. (2002) reported that sorgoleone strongly inhibits the
enzyme p-hydroxyphenylpyruvate dioxygenase (HPPD), which catalyze the
biosynthesis of carotenoids, resulting in foliar bleaching.

There are many works demonstrating a decrease in leaf stomatal conductance
due to allelochemicals treatments (Rai et al. 2003; Yu et al. 2003, 2006; Mishra
2015). Generally, the lower stomatal conductance is correlated with a reduction in
CO2 assimilation and intracellular CO2 concentration (Zhou and Yu 2006).
However, is difficult to demonstrate the effective correlation between allelochem-
icals and stomatal apertures, since opening and closing of stomata are influenced by
a series of several factors such as water status of plant, mineral uptake, temperature,
wind and relative humidity, photoperiodism, age of leaf, leaf area index, etc.

The most documented mode of action of allelochemicals on photosynthesis is
represented by the inhibition of photosystem II (PSII) (Rimando et al. 1998). It is a
specialized protein complex, localized in the thylakoid membranes of chloroplasts,
that utilizes solar energy to drive the oxidation of water and the reduction of
plastoquinone (PQ). Sorgoleone is reported to act in a similar way as triazine
herbicides, by disrupting the electron-transfer chain between plastoquinone A (QA)
and QB at the DI protein of PSII (Czarnota et al. 2001). In nature, there are several
allelochemicals able to inhibit PSII, such as benzoxazolin-2(3H)-one (BOA), cin-
namic acid (CA), capsaicin, the limonoid terpene odoratol and many quinones.

2.8.7 Inhibition of Protein Synthesis and Nucleic Acid
Metabolism

Several allelochemicals, mostly phenolics and alkaloids, can influence the protein
biosynthesis and the nucleic acid metabolism. According to Wink and Latzbruning
(1995), allelochemical alkaloids can inhibit protein biosynthesis and integrate with
DNA. The authors concluded that the degree of DNA intercalation is positively
correlated with inhibition of DNA polymerase I, reverse transcriptase, and trans-
lation at the molecular level. Baziramakenga et al. (1997), studying the allelopathic
effects of benzoic, p-hydroxy benzoic, vanillic, cinnamic, p-coumaric, and ferulic
acids on nucleic acid and protein level in soybean seedlings, found that the
incorporation of 32P and 35S-methionine into proteins was reduced by all phenolic
acids, except for p-coumaric acid and vanillic acid at 125 lM.

Allelochemical may generate ROS (reactive oxygen species), such as superoxide
anions (O2

−), hydroxyl (OH−) or hydroperoxyl (HO2) radicals, that are able to affect
membrane permeability, acid nucleic structure and protein synthesis, leading to cell
death (Weir et al. 2004). Allelochemicals can interfere also with the gene expres-
sion (He et al. 2012; Ma et al. 2015; Fang et al. 2015), which is often induced in the
receiver plants like a form of reaction to the donor plant’s attack.
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2.8.8 Interference with Mineral Uptake

First of all, it is important to recognize that the mineral salts amount absorbed by the
root surface depends on several factors as the ion concentration, the soil pH, the ion
availability in the volume soil and the ion requirements for the plant (Lambers et al.
1998). Plants response to biotic and abiotic stress by altering their membrane
properties. The modification of membrane activities is strictly correlated to
important physiological processes such as cell elongation, seed germination,
stomata opening and mineral uptake. Many works show as allelochemicals can
affect the uptake of nutrients, which can be exhibited in the form of nutrient
deficiency symptoms in growing plants and reduced plant growth (Brooker et al.
1992; Tharayil et al. 2009). It is known that allelopathic inhibition of mineral
uptake results from alteration of cellular membrane functions in plant roots (Balke
1985). Allelochemicals can: (i) depolarize the electrochemical potential gradient
across membranes, which guide the active absorption of mineral ions; (ii) inhibit the
activities of Na+/K+ by altering the permeability of membranes and, thus, the
absorption and transport of mineral ions; (iii) inhibit electron transport and
oxidative phosphorylation, reducing the ATP content of cells; (iv) stimulate the
production of superoxide, hydrogen and hydroxyl radicals that cause a direct
damage to the membrane, or accumulate free radicals that increase the lipid per-
oxidation in the plasma membrane inhibiting the correct nutrient uptake from these
roots (Fig. 2.25).

The interference of allelopathic compounds with mineral uptake depends on the
chemical characteristics of allelochemicals and environmental conditions such as
soil moisture, temperature, and especially pH. Particularly, this mode of action is
reported to be concentration-dependent and ion- and species-specific (Inderjit and
Keating 1999).

Besides, some allelochemicals may act as natural chelators, enhancing the
availability of minerals for the plant. Several phenolic compounds are reported to
bind with Fe, Mg, Al and Ca, and thus increase the availability of phosphate which
otherwise forms complex with these metal ions (Appel 1993). In soil with high
concentrations of Al, the chelation of metal cations may increase the plant’s
resistance (Jabran et al. 2013).

2.8.9 Interference with Plant-Water Relationships

Many allelochemicals are able to affect water balance of the target plant by corking
and clogging of xylem elements, reducing stomatal conductance of water, lowering
water potential of plant and, thus, decreasing water uptake by roots. Barkosky and
Einhellig (2003), investigating the effect of phydroxybenzoic acid (pHBA) on
growth and plant-water relationships of soybean seedlings, found that, at concen-
tration of 0.75 mM, pHBA had significantly lowered stomatal conductance,
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water potential and water use efficiency. The Authors concluded that the impact of
pHBA on water relationships is an important mechanism of action causing a
reduction in plant growth. Other phenolics compounds such as ferulic, p-coumaric,
caffeic, hydrocinnamic, salicylic, p-hyroxybenzoic, gallic, and chlorogenic acids, as
well as hydroquinone, vanillin, and umbelliferone altered normal water balance of
target plant by reducing leaf water potential, turgor pressure, conductance, or
changing tissue carbon-isotope ratio (Einhellig 2004; Barkosky et al. 2000;
Einhellig et al. 1985).

Fig. 2.25 Possible allelochemical mode of action at enzymatic level with the subsequent ion
uptake alteration. If the allelopathic compound causes an alteration in the activity of the enzymes
implied in the oxygen metabolism, an accumulation of hydroperoxide radicals can occur. These
radicals can be toxic to the membrane by a direct damage or by the formation of free radicals that
induce an increase in lipid peroxidation (Sánchez-Moreiras and Weiss 2001, Modified)
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2.8.10 Inhibition of Germination and Interference
with Growth of Plants

The inhibition of germination and the effects on growth of both crop and weed
species are secondary expressions of primary effects such as the interferences with
cell division and elongation, with cell membrane permeability and the alteration of
plant respiration and photosynthesis. There is a large number of publications upon
the effects of allellochemicals on growth and germination (Reigosa et al. 1999a, b;
Turk and Tawaha 2003; Vokou et al. 2003; Reigosa and Pazos-Malvido 2007;
Scavo et al. 2018; etc.). In recent years, new potential allelochemicals from several
donor plants have been isolated and identified, and the number of works on this
topic is continuously growing. Bioassays using Petri dishes are the commonest
technique for proving allelopathic mechanism of action on seed germination and
growth of target plants. Plant extracts are made from any part of the donor plant,
commonly leaves and roots. They can be aqueous, hydroalcholic or fractions from
different solvents (de Albuquerque et al. 2010).

In addition to seed germination, allelochemicals inhibit that of pollen grains and
spores (Murphy and Aarssen 1995; Roshchina and Melnikova 1998; Roshchina
2009). These three mechanisms of inhibition represent a means available for the
species with high ecological potential to increase their environmental distribution.

2.9 Conclusion

The development of eco-friendly agricultural practices, which are able to increase
crop production at the same time, represents the major challenge of new millennium
agriculture. Allelopathic mechanisms are an important tool that may contribute to
the improvement of the genetic diversity and maintenance of ecosystem stability.
Allelopathy may be employed also in cropping systems for enhancing soil fertility
and yields, as well as for weed and pest control through a chemical-free manage-
ment. However, many aspects of the allelopathic phenomenon are still unknown.
Therefore, the scientific community is called for further efforts to better understand
the pathways for release of allelochemicals into the environment by the donor plant,
the effects of these inhibitory compounds on target plants physiological processes
and on soil microbial population, and factors affecting their production. Only after
acquiring a better knowledge of basic principles, it is possible to develop new
strategies for weed and pest control in sustainable and organic farming agriculture.
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Chapter 3
Conservation Biological Control
of Insect Pests

Ryan J. Rayl, Morgan W. Shields, Sundar Tiwari
and Steve D. Wratten

Abstract The human population is predicted to reach 9 billion by 2050. To
achieve food security for this growing population, agricultural intensification is
occurring, with increasing use of pesticides to reach the necessary yields. However,
there is strong evidence that suggests pesticides cannot provide the agro-ecosystem
growth and stability needed for the increasing demand. It is well established that
pesticides are harmful to human, animal and environmental health. This information
has reached the public, causing some governments to create policies that require the
reduction of pesticide inputs in agro-ecosystems. Consequently, there is a need to
manage pests using alternative techniques. One such approach is to enhance an
ecosystem service (ES) which is conservation biological control (CBC). This is
defined as manipulating the agro-ecosystem to enhance natural enemy fitness,
populations and efficacy to suppress pest numbers. The problem is, not every study
that has added multiple resources to agro-ecosystems is successful. Such resources
may act synergistically and provide multiple ES delivery or include elements of
redundancy, competition, or generate ecosystem dis-services. Here, we synthesize
current reviews, provide a critical analysis and indicate future strategies. The key
area that needs more focused research is understanding why floral resources are not
always successful in the enhancement of natural enemy populations that lead to
top-down pest suppression. Associated with this challenge, there are large knowl-
edge gaps in natural enemy non-consumptive effects on prey and how these can be
manipulated and used in CBC. For example, adding flowering plants to an
agro-ecosystem is likely to impact several invertebrate and vertebrate communities,
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not always positively. These effects may, however, only be short term and local-
ized. Existing landscape complexity has potential to supplement local effects but
this is a highly multivariate approach. Major impediments to CBC being widely
deployed certainly do not include cost. A typical 100 m � 2.3 m vineyard
inter-row with buckwheat seeds costs only US $2.00. Key limitations to uptake of
CBC by farmers and growers include: individual government policies which are
inimical to agro-ecological approaches; the marketing power of agro-chemical
companies; farmer innate conservatism; and most importantly, a weak emphasis of
delivery systems and pathways to implementation. The most effective way to
addressing the latter is ‘farmer field schools’, led by ‘farmer teachers’. Outputs do
not lead to outcomes unless multiple delivery systems and pathways of imple-
mentation are involved and developed at the beginning of the research.

Keywords Agro-ecosystem � Conservation biological control � Delivery system
Ecosystem service � Ecosystem dis-service � Food security � Implementation
pathway � Natural enemies � Pest control � Pesticides

3.1 Introduction

Projections for the human population indicate that it will reach 9 billion globally by
2050 (Godfray et al. 2012; Tscharntke et al. 2012; Ingram et al. 2013). Pesticides,
fertilizers and irrigation have been key components of this growth to date (Cooper
and Dobson 2007; Tilman et al. 2011), as in the ‘Green Revolution’ (Tilman 1998).
Prophylaxis has been a common approach (Unruh et al. 2012; Schmitz and Barton
2014) and reports to the United Nations (de Schutter 2010; United Nations 2017)
confirm that this use of pesticide has caused external costs such as reduced human
health and environmental issues (Sandhu et al. 2012; Tscharntke et al. 2012). This
has led to a decrease in support for the use of pesticides, especially in the European
Union (United Nations 2017).

Demand for low-input alternatives to pesticides has arisen from issues with pes-
ticide resistance, increasing costs and regulation, and emerging consumer pressure
(Jetter and Paine 2004; Grygorczyk et al. 2014; Wollaeger et al. 2015; Gurr et al.
2017; United Nations 2017). This has triggered a growing interest for policymakers to
create programs that support sustainable growth (Fabinyi et al. 2016; Gartaula et al.
2016), sometimes called ‘sustainable intensification’ (Godfray et al. 2010). One of
these alternatives is manipulating the agro-ecosystem to make it more favorable for
natural enemies; this is known as conservation biological control (CBC) (Begg et al.
2017; Gurr et al. 2017; Gurr and You 2016). Many techniques can be used under the
umbrella of CBC tomanipulate the agro-ecosystem in this way; some of these include
floral resource augmentation (Fig. 3.1) (Pywell et al. 2015; Tschumi et al. 2015; Gurr
et al. 2016), ‘beetle banks’ (a type of banker plant) (Thomas et al. 1991; MacLeod
et al. 2004) or artificial food sprays (Seagraves et al. 2011; Tena et al. 2015). A key
andwell-used acronymwhich encompasses most aspects of how the environment can
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be manipulated under CBC is SNAP: Shelter, Nectar, Alternative food and Pollen
(Fig. 3.1) (Gurr et al. 2017). In recent work, the nectar and pollen components can be
summarized by another acronym: BAP. This captures buckwheat, (sweet) alyssum
and phacelia, which are often the most effective floral additions to crops, founded by
prior laboratory bioassays. Although CBC is popular with the scientific community
and many studies have explored different aspects of it, many unanswered questions
remain. For example, to what extent do added resources act synergistically to provide
multiple ES delivery or do they include elements of redundancy and competition,
generating ecosystem dis-services?

3.2 The Practicalities of Conservation Biological Control

When applying CBC in an agro-ecosystem, the natural enemy-pest community
needs to be assessed and manipulated in a range of ways. The acronym, ARMED,
can be helpful in this process: Assess, Rank, Manipulate, Evaluate, Deploy (Shields
et al. in press). A range of sampling methods exist to Assess which species comprise

Fig. 3.1 Lobularia maritima ‘Benthamii White’ (alyssum) amongst spinach and lettuce crops in
Auckland, New Zealand. The alyssum was planted to provide SNAP (Shelter, Nectar, Alternative
food and Pollen) for parasitoid wasps that parasitize larvae of a leaf mining fly pest. Photo: Ryan
Rayl
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the invertebrate community in a particular crop and, to some extent at least, to
which guilds the different taxa belong. The taxa can then be Ranked in a number of
ways. The simplest being abundance. Populations and efficacy of some individuals
or guilds can then be Manipulated, the effects of which then need to be Evaluated.
After evaluation, the protocols developed to manipulate the arthropods need to be
Deployed appropriately in agro-environment schemes, with effective delivery sys-
tems and pathways to implementation. In that context, Wratten et al. (in press)
showed that although the number of agro-ecological publications has increased
exponentially in recent decades, this has not usually led to many on-farm outcomes,
with the exception of work by Khan et al. (2011) and Gurr et al. (2016). It is
important to note that attempts at the ARMED process may reveal ecosystem
dis-services (EDS) which at least partially negate the benefits (Tscharntke et al.
2005; Bianchi et al. 2006; Tschumi et al. 2015; Rusch et al. 2016; Gurr et al. 2017).
EDS in the context of CBC are specific unintended negative impacts from the added
biodiversity and its processes (Zhang et al. 2007; Gurr et al. 2017), such as added
plants becoming weeds (Shields et al. 2016).

Although this focus on floral resources has generated many successful manip-
ulations that have reduced pest numbers (Géneau et al. 2012; Tschumi et al. 2015),
much less work has been done in terms of alternative hosts or prey living on the
provided flowering plants (Messelink et al. 2014; Gurr et al. 2015; Gillespie et al.
2016). This aspect is represented by the A in SNAP. Furthermore, if some insect
species feed on both the deployed plants and the adjacent crop, then targeting that
potential EDS needs to be quantified.

3.2.1 Non-consumptive Effects in Conservation Biological
Control

Non-consumptive effects (NCE) are changes in prey behavior and physiology that
improve their predator avoidance (Buchanan et al. 2017; Hermann and Landis
2017), which can impact pest management and influence entire agro-ecosystems
through trophic cascades (Hermann and Landis 2017). This emerging field of study
has already found strong evidence that NCE may have a substantial role in reducing
pest damage and needs to be considered when developing protocols for CBC. Many
studies have shown that prey respond to predators by changing either their beha-
viour or physiology to reduce the risk of predation. These include increased
predator avoidance (Wratten 1976; Hoefler et al. 2012; Lee et al. 2014), reduced
feeding (Rypstra and Buddle 2013; Kaplan et al. 2014; Thaler et al. 2014), reduced
oviposition (Wasserberg et al. 2013; Sendoya et al. 2009) and changes in host plant
preference (Wilson and Leather 2012; Sidhu and Wilson Rankin 2016).

To manipulate NCE in CBC, the specific mechanisms of predator detection must
be understood. These are predominantly chemical cues (Gonthier 2012; Hoefler
et al. 2012; Gonzalvez and Rodriguez-Girones 2013; Hermann and Thaler 2014)
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such as aphids (Rhopalosiphum padi L.) having reduced colonisation on plants
where ladybird beetle (Coccinella septempunctata L.) larvae had previously for-
aged (Ninkovic et al. 2013). Another example is reduced feeding of Colorado
beetles (Leptinotarsa decemlineata Say) when exposed to the predatory stink bug,
Podisus maculiventris Say (Hermann and Thaler 2014). However, visual detection
of predators, while often undervalued, may contribute substantially to predator
avoidance (Sendoya et al. 1996). For instance, pollinator visitation decreased when
models that look like crab spiders were on the flowers (Antiqueira and Romero
2016). Also, dried ants pinned to plants reduced butterfly oviposition (Sendoya
et al. 2009). One of the most important NCE that should be investigated in CBC
manipulations is pests modifying their choice of host plant from the preferred hosts
to one of lower nutrition, based on their perceived predation risk (Hermann and
Landis 2017). For instance, in a mesocosm experiment, the grasshopper,
Melanoplus femurrubrum De Geer, switched from preferred grasses to less nutri-
tional forbs when the spider predator, Pisaurina mira Walckenaer, was present
(Schmitz 1998). The potential for manipulating NCE in CBC habitat manipulation
and IPM protocols is enormous, such as in push-pull systems (Hermann and Landis
2017). However, very few studies have been conducted in the field at time scales
longer than 1 week or investigated the impacts of NCE on agro-ecosystem func-
tions and across different spatial scales (Hermann and Landis 2017).

3.2.2 The Importance of Long-Term Studies

Communities and landscapes change over time and with those changes comes the
shifting of the natural enemy-pest community. Most studies to date have examined
short-term effects (<3 years) in these systems. Gillespie et al. (2016) and Gurr et al.
(2017) have both stressed the need for more long-term studies. Both agree that
short-term studies cannot accurately capture population trends of the organisms in
and around the agro-ecosystem. Providing SNAP in the form of annual flowering
plants for one season only is the most common practice (Fig. 3.1).
Naturally-occurring SNAP, for example through perennial shelter, can operate more
long term. Other examples are manipulated hedgerows (Holland et al. 2016), beetle
banks (Thomas et al. 1991; MacLeod et al. 2004) and long-term plantings of some
biofuel crops (Fig. 3.2) (Porter et al. 2009; Littlejohn et al. 2015). Short-term
rotational coppice (Langer 2001; Rusch et al. 2014) and plantings of the giant
hybrid grass Miscanthus x giganteus (Greef et Deu) can provide refugia for natural
enemies (Fig. 3.2) (Semere and Slater 2007; Shields et al. in press) as well as
providing other non-biological control refugia (Littlejohn et al. 2015). However,
there are many ecological mechanisms which impede the delivery of biological
control from refugia and these are reviewed in Tscharntke et al. (2016). A good
example is that in Europe, carabid beetles and other predatory fauna disperse into
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the adjacent crop from hedges and beetle banks in the spring (Thomas et al. 1991;
Holland et al. 2016), while in New Zealand, those habitats provide refugia all year
round with little emigration from them (McLachlan and Wratten 2003).

3.3 Spatial Scales from Plots to Agro-Ecosystems

Research strongly suggests that monocultural agro-ecosystems are detrimental as
they can lead to higher pest populations (Kremen and Miles 2012; Nilsson et al.
2016; Rusch et al. 2016). Although much research supports agro-ecosystem diver-
sification, recent evidence suggests that this can be a complex problem to address
and is not as straightforward as increasing diversity in these agro-ecosystems. There
is now considerable evidence suggesting that agro-ecosystem management should
take place at the landscape scale because it can provide better arthropod management
(Tscharntke et al. 2007; Karp et al. 2012; Chaplin-Kramer et al. 2013; Roubos et al.
2014). This is because it was found that at a landscape scale of at least 2.5 km, there
was a strong relationship between natural habitat and the abundance of predatory
flies (Chaplin-Kramer et al. 2013).

While it is true that diverse cropping systems generally do lead to more natural
enemies, fewer pests and less crop damage, in some cases yield can significantly
decline (Jonsson et al. 2010; Tscharntke et al. 2016; Begg et al. 2017; Gurr et al.
2017). This was demonstrated by Letourneau et al. (2011) in a meta-analysis using
hundreds of case studies. The message from that and many other studies is that
when, for example, flowering plants are added to an agricultural or horticultural

Fig. 3.2 Miscanthus x giganteus (Greef et Deu) shelterbelt on a dairy farm providing refugia for
natural enemies, Canterbury, New Zealand. Photo: Chris Littlejohn
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system, part of the selection criteria is that their effect on yield should be minimal
(e.g. Balmer et al. 2014; Iverson et al. 2014; Pywell et al. 2015; Shields et al. 2016).
This has certainly been the case when buckwheat (Fagopyrum esculentum
Moench.) and phacelia (Phacelia tanacetifolia Benth.) are sown between vine rows
(Fig. 3.3) (Berndt et al. 2006; Barnes et al. 2009) and when flowering sesame and
other species are used in rice (Gurr et al. 2016).

Plant diversification often positively influences arthropod diversity (Parker et al.
2010; Haddad et al. 2011; Iverson et al. 2014; Hatt et al. 2016; Begg et al. 2017),
but also the type of diversification can affect different aspects of the
agro-ecosystem, including negative influences. The proportion of natural habitat
surrounding the farm directly influences the abundance of natural enemies
(Chisholm et al. 2014) but can also increase pest abundance in some cases

Fig. 3.3 Phacelia tanacetifolia in the inter-row of vines, Waipara Valley, New Zealand. Photo:
Jean-Luc Dufour
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(Tylianakis and Romo 2010). This can be attributed to such factors as intra-guild
predation, which can include the killing and consumption of potential competitors,
i.e. other natural enemy species. Other factors associated with natural habitat that
can contribute to increased pest abundance are barriers to movement and resources,
such as hedgerows (Mauremooto et al. 1995), as well as abiotic factors (Thomas
et al. 1991). These factors can benefit the second trophic level, i.e. the herbivore
pest, more than the third trophic level (the natural enemies).

3.4 Interactions with the Landscape

It is important to note that there are many indirect effects that the habitat has on the
natural enemy-pest community. Plants can indirectly influence the diversity of
parasitoids (parasitic wasps) without affecting pest populations (Tylianakis and
Binzer 2014). Changing land use has also been connected to differing densities of
natural enemies (Zhou et al. 2014; Begg et al. 2017) and the presence of secondary
pests can influence the abundance of other natural enemies (Bompard et al. 2013).
Secondary pests are organisms that do not cause substantial damage unless their
natural enemies are removed (Maxwell and Jennings 1980). Another challenge is
that the target pests, or others, can also feed on floral resources and increase their
fitness (Gurr et al. 2017). Ecosystem dis-services (EDS) of this type can diminish
CBC effectiveness. It has also been suggested that non-crop species can compete for
pollinators when the crop requires pollination but actual studies of this are rare
(Free 1993; Holzschuh et al. 2012). These indirect effects on the natural enemy-pest
community are likely to be specific for each agro-ecosystem and need to be con-
sidered as such when developing habitat management protocols for CBC.

Chemical fertilizers, herbicides, conventional tillage and pesticide application
are all primary techniques in agricultural systems. These can stifle agro-ecosystem
stability and decrease the abundance and diversity of natural enemies (Altieri 1999;
Begg et al. 2017). Furthermore, moderate shade, adequate labor and appropriate but
not prophylactic use of artificial inputs can be combined with ecological engi-
neering (Gurr et al. 2004) to provide high biodiversity and sustainable crop yields
(Clough et al. 2011). Many studies confirm that a ‘whole system’ approach may be
necessary to create a sustainable agro-ecosystem (Tscharntke et al. 2007, 2012;
Gurr et al. 2017) and that synergies among ecosystem functions may make the
system more stable and easier to manage (Iverson et al. 2014; Turner et al. 2014).
Specifically, up to 8% of the field production area can be used for wildlife habitat
with no negative effect on yields and in most cases where such habitat was present,
higher yields were reported, up to 30% in some crops (Pywell et al. 2015). To
manage agro-ecosystems effectively by taking advantage of synergies among
ecosystem functions, multiple models may be necessary as they can potentially
predict variables accurately enough to be useful in agro-ecosystem management
(Turner et al. 2014).
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3.5 Conservation Biological Control in Changing Climates

CBC manipulates the biotic and abiotic environment to enhance natural enemy
efficacy, populations and pest suppression, but a rising concern in the scientific
community that can upset CBC functions is changing climates. Evidence is building
that suggests that climate change is becoming an imminent global threat to food
security (de Schutter 2010; Tilman et al. 2011; Woodward and Porter 2016; Myers
et al. 2017; United Nations 2017). One factor is that pests’ host range, fecundity and
damage potential can increase with the changing climates (Tylianakis et al. 2008;
War et al. 2016). Invertebrates are ectothermic organisms and their physiology and
resultant fitness are strongly influenced by microclimate. This makes them very
sensitive to climate change at the population level and changes can occur over very
short periods of time (Boggs 2016). In general, a changing climate favors generalist
species, which suggests that specialists’ populations are likely to decline or become
extinct (Hof and Svahlin 2015; Van Dyck et al. 2015).

Through the above processes, higher temperatures can cause negative impacts on
agro-ecosystems. This is because insect outbreaks can increase in frequency due to
these changes and associated increased frequency of droughts (Fig. 3.4). Changes
in precipitation patterns and increasing of CO2 in the environment (Murdock et al.
2013; Hof and Svahlin, 2015; War et al. 2016) also impact on invertebrates. For
example, an increase in temperature and CO2 can lengthen the larval period in some

Fig. 3.4 A wilting tomato crop during drought in Chitwan, Nepal. Photo: Sundar Tiwari
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species and causes greater mortality (Sharma et al. 2015). High CO2 levels can
reduce populations of the aphid parasitoid, Diaeretiella rapae (M’Intosh), by
approximately 50% and result in a shorter lifespan for adults (Roth and Lindroth
1995). Not only does elevated CO2 decrease natural enemy effectiveness, there can
be a difference in the relative effect on predator and parasitoid strategies. Under
these conditions, generalists can maintain effectiveness while specialists experience
a reduction in fitness (Chen et al. 2005). These CO2 effects also occur with
increased temperature (Hemerik et al. 2015).

Changing climates will also have major impacts on crop production, interactions
between plants and invertebrates, and plant physiology. Factors such as tempera-
ture, solar radiation, relative humidity, precipitation and wind speed directly
influence plant physiological processes (Olesen and Bindi 2002). Climate affects
the phenology of plants, invertebrates and their local abundance and distributions
(Hegland et al. 2009). Higher CO2 concentrations change photosynthesis rates and
respiration, and can subsequently impact crop production (Hegland et al. 2009).
Similarly, CO2 and nitrogen enrichment may in some instances increase nectar
quality and the abundance of flowers (Hegland et al. 2009). On the other hand,
climate changes can reduce plant defenses against pests, thereby making them
vulnerable to attack (Dhaliwal et al. 2004). Examples of these changes to crops
include: rice yields which are lower with increasing night temperatures (Peng et al.
2004), wheat yields that show reductions with temperatures above 32 °C (Gregory
et al. 1999) and populations of the moth pest, Helicoverpa armigera (Hubner), have
shifted from tropical to temperate regions where they impact legumes and related
crops (Sharma 2005). These plant and invertebrate physiological responses to
changing climates lead to shifts in geographical distributions, changes in food
availability and increased competition among organisms. With these changes and
the warming of the environment, fragile niches could be destroyed and the resulting
agro-ecosystems are likely to have reduced natural enemy diversity with increased
pest outbreaks and successful invasions as a result.

3.6 Multiple Ecosystem Services

CBC is one of many ES, including pollination, nutrient cycling and soil aeration
among others. ES are processes and functions derived from nature that benefit
humans directly or indirectly (Bennett and Chaplin-Kramer 2016; Costanza et al.
2017). Multiple ES can arise from the deployment of SNAP (see Sect. 3.1) and other
agri-environment interventions but have been greatly undervalued (Sandhu et al.
2013). Although they can lead to many benefits beyond those originally intended,
these are rarely quantified. For example, phacelia can enhance biological control but
is also greatly favored by bees (Sprague et al. 2016). Furthermore, endemic New
Zealand flowering plants in vineyards (Fig. 3.5) can enhance multiple ES such as
weed suppression, mineralization of plant material and soil water retention while
leading to increased natural enemy abundance and efficacy (Shields et al. 2016).
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However, this is not the norm as the CBC literature has been largely limited to single
ES studies which ignore the other ES, heavily restricting end-user attractiveness and
adoptability. These single ES studies range from field research on natural
enemy-pest communities and floral resources (Scarratt et al. 2008; Gurr et al. 2012)
to laboratory studies looking at natural enemy flower preferences (Sivinski et al.
2011), oviposition rates and longevity when they are fed nectar from different
sources (Lee and Heimpel 2008). While work on these specific aspects of CBC are
helpful in understanding parts of the full system, recent research suggests that
designing protocols that potentially enhance multiple ES would have a higher value
and possibly a greater likelihood of adoption (Crowder and Jabbour 2014; Iverson
et al. 2014; Geertsema et al. 2016; Gurr et al. 2016). For instance, landscape-scale
manipulations can be successful in this respect (Tscharntke et al. 2007; Rusch et al.

Fig. 3.5 An endemic New Zealand plant (Hebe chathamica Cockayne et Allan) under vines,
providing multiple ecosystem services to the vineyard. Photo: Jean Jack
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2016) but can sometimes lead to results which are not related to the original aim
(Jonsson et al. 2012).

An example of highly successful enhancement of multiple ES is the ‘push-pull’
work in East Africa (Khan et al. 2000). This economically viable approach has been
adopted by over 30,000 farmers and provides multiple ES such as pest manage-
ment, soil fertility, nitrogen fixation and animal fodder. These ES provide farmers
with multiple avenues of income with low inputs such as increased maize yields (by
2.5 t/ha) and sorghum yields (by 1 t/ha), as well as higher milk production (Khan
et al. 2011). The integration of multiple ES in agro-ecosystems with approaches
such as ‘push-pull’ is considered by many to be a key component of future food
production (de Schutter 2010; Khan et al. 2011; Tscharntke et al. 2012; Iverson
et al. 2014; Gurr et al. 2016; Costanza et al. 2017; Gurr et al. 2017).

3.7 Ecosystem Dis-Services

Habitat manipulation intended to enhance CBC can have specific unintended
negative impacts; these are known as ecosystem dis-services (EDS) (Zang et al.
2007; Gurr et al. 2017). For instance, added vegetation such as floral resources (i.e.,
SNAP) may benefit pests more than the natural enemies (Lynch et al. 2001;
Brimner and Boland 2003; Winding et al. 2004; Tscharntke et al. 2005; Carvalho
2006; Zehnder et al. 2007; Cullen et al. 2008; Wolfenbarger et al. 2008; Roubos
and Liburd 2009). An example is that the fecundity of the moth pest, Epiphyas
postvittana (Walker), is enhanced with an increase in the availability of some
flowering plants (Begum et al. 2006). This indicates the importance selecting plant
species that minimize EDS which could be in the form of competition for resources
(Gurr et al. 2017) and pollination (Holzschuh et al. 2012) between the added
vegetation and crop species. Also the added vegetation could be allelopathic
towards the crop (Zhang et al. 2007). Furthermore, the wider complexities of food
webs need to be considered, for instance honeydew-producing pests such as
mealybugs are ‘farmed’ by ants that are predators of many natural enemies of the
mealybug and may reduce biological control of this pest (Daane et al. 2007). Many
non-crop plants are also hosts of these (Gutierrez et al. 2008) and other pests which
complicates the selective process for vegetation to be used in CBC habitat
manipulation (Winkler et al. 2010).

Potential EDS can be reduced by considering them when designing CBC
experiments such as measuring E. postvittana development on floral and non-floral
plant tissues while investigating multiple ES (Shields et al. 2016). Furthermore,
modeling the key parameters involved in natural enemy traits can be employed to
inform biological control (Kean et al. 2003). Complex modeling could be used to
develop sophisticated CBC service providing protocols (SPPs) (Wratten et al. in
press) that prevent EDS. However, to achieve this, substantial knowledge of how
habitat management practices reduce pest damage and what are the associated EDS
need to be determined (Gurr et al. 2017).
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3.8 Implementation of Conservation Biological Control:
From Outputs to Outcomes

One of the largest barriers to implementation of CBC research results to farming
practices is relaying information to end-users (primarily farmers) and their will-
ingness to uptake and deploy that knowledge. A specific barrier that reduces uptake
of this is the perceived negative impacts on the livelihood of the local community
when CBC advice is provided ‘remotely’, for example at government level (Bennett
and Dearden 2014). The solution to this is improved communication between
policy-makers, scientists and farmers, and improved farmer education about CBC
(Bennett and Dearden 2014; Murage et al. 2015; Wyckhuys et al. 2017). This may
be achieved using information and communication technologies (ICT) which are
increasingly being used with hand-held devices such as tablets and mobile phones
that can provide multi-media access to CBC information with video, SMS and
voice-based information delivery (Aker 2011; Wyckhuys et al. 2017). These can be
two-way information delivery systems where farmers and growers can communi-
cate issues to local government (Aker 2011; Vong et al. 2013). For example, in
Vietnam, rural telecentres have been implemented to provide technologically iso-
lated agricultural communities with access to a two-way information channel that

Fig. 3.6 A farmer field school in action in a rice crop in Birendranagar, Nepal. Photo: Sundar
Tiwari
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provides information and solutions to problems that local farmers have conveyed
(Vong et al. 2013). These ICT communication pathways are still largely under-
valued, but have enormous ‘penetration’ potential, particularly where other
infrastructure is underdeveloped. However, actual adoption of CBC through these
delivery systems is still limited (Aker 2011; Wyckhuys et al. 2017).

Although modern ‘delivery systems’ such as information on social media can be
used, and probably have more ‘penetration’ than leaflets and farmer meetings etc.,
these need to complement direct ‘pathways to implementation’ involving on-farm,
face-to-face communication. Trends in social science research in agriculture sug-
gest that working with the famers directly, including having demonstration or trial
plots, can be successful (Estrada-Carmona et al. 2014). This needs complementary
approaches as well, including farmer field schools (Fig. 3.6), led not by scientists
but by ‘farmer teachers’ which are direct and proven pathways to implementation
(Warner 2007; Khan et al. 2011; Ferguson and Lovell 2014; Kiptot and Franzel
2014; Waddington et al. 2014; Wyckhuys et al. 2017).

3.9 The Future of Conservation Biological Control

Many international agenices are indicating that modern, high-impact farming, with
associated dependance on fossil fuels and a high level of external costs (negative
impacts on human health and the environment) cannot continue (de Schutter 2010;
Sandhu et al. 2012; Tscharntke et al. 2012; Pywell et al. 2015; Gurr et al. 2016;
United Nations 2017). For example, the ‘Green Revolution’ was a ‘solution’ to
higher yields (Gaud 1968). However, it became out of favor because of its negative
socio-economic effects and the external costs associated with its adoption and
practices (Pearse 1980; Tilman 1998; Iverson et al. 2014). Now, potentially oxy-
moronic ideas such as ‘sustainable intensification’ are frequently advocated (e.g.
Godfray et al. 2010; Pywell et al. 2015; Gurr et al. 2017). Whatever the proposed
improvements, CBC needs to be part of a paradigm change in terms of how
agriculture is practised, with a much greater emphasis on enhancing the contribu-
tion that ES can make to sustainability, incuding reduced dependence on fossil-fuel
based inputs. The key challenges will be: (1) understanding the food-web dynamics
of which CBC is a substantial part; (2) establishing clear pathways from a research
outputs to achieving real outcomes; and (3) moving from high-level policy goals to
practical on-farm changes. The latter is made more difficult by the relentless pursuit
of GDP as part of economic growth (Costanza et al. 2014) coupled with key
governments pursuing neo-liberal policies in which interventions in society by the
state are transferred to private enterprise. Compounding the above is the intense and
well-funded marketing by agro-chemical companies, supporting prophylactic use of
their products, coupled with a low educational standard in developing countries.
Converting science outputs to outcomes, including the deployment of proven
pathways to implementation remains a key challenge in CBC, and in all
agro-ecological approaches.
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Chapter 4
Application of Conservation Agriculture
Principles for the Management of Field
Crops Pests

Morris Fanadzo, Mvuselelo Dalicuba and Ernest Dube

Abstract Worldwide, farmers are called upon to abandon harmful pesticides and
adopt conservation agriculture for improving environmental sustainability, soil
fertility, pest management and farm profits, among other benefits. Whereas the
positive environmental benefits of conservation agriculture are non-questionable,
pest management benefits are still a subject of debate. Abandonment of the plough
and harmful pesticides towards conservation agriculture presented new challenges
to farmers in terms of pest management. Pest problems are frequently reported as
the main yield limiting factor for conservation agriculture in many production
systems of the world, especially among the resource poor farmers. Here we first
review the pest management benefits of conservation agriculture principles, with
special focus on weeds and animal pests. In conservation agriculture, emphasis
should be placed on use of different multiple and varied tactics incorporated into the
cropping system design to avoid damaging levels of pests, thus minimizing the need
for curative solutions. Conservation agriculture embraces integrated pest manage-
ment, as it aims to incorporate reduced pesticide applications with cover crops,
conservation tillage and crop rotation to strengthen natural pest control. We show
that effective long term weed management in conservation agriculture systems is
based on an integration of measures for limiting competitiveness of the weeds that
are already in the field and growing with the crop, preventing the introduction of
new weeds, and preventing the multiplication of the weeds that are already there.
Although the abandonment of tillage towards no-till requires an initial investment
on herbicides for weed control, herbicide requirement tends to decline over time
with proper application of conservation agriculture. Proper selection of planting
date, density and spatial arrangement of a crop can maximize the space it occupies
early in the season and put competitive pressure on weeds. Crops can be rotated in
sequences that are not only profitable, but highly effective at breaking animal pest
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cycles. Mixed cropping reduces pest populations by increasing environmental
diversity and lowering the overall attractiveness of the environment. We then
highlight some possible solutions to the major challenges for pest management
through conservation agriculture practice. Promotion of integration of conservation
agriculture principles with cultural measures is essential for pest management in
conservation agriculture systems. In conservation agriculture, it is important for
farmers to employ several strategies simultaneously so that if one strategy fails, then
the other ones operate to prevent yield loss. The focus should not be just on how to
fit various pest management tactics into the conservation agriculture production
system, but also on how the system can be modified to accommodate various pest
control tactics. We demonstrate that farmers practicing conservation agriculture
have several cultural methods that they can put together to build up a good pest
management strategy. Although cover crops and mulches are generally viewed as
the first line of defense against weeds, the reduction in weeds is not enough to
eliminate the need for chemical control. Cover crops can be used to reduce animal
pest dispersal, colonization and reproduction on crops through maintenance of the
cover crop as a sink for various pests, confusing the pests visually and by causing
microclimate changes that reduce pest success. Fertilizer timing and placement
strongly influences crop competition; and deep banding of fertilizer has the
potential to enhance not only fertilizer use efficiency, but also crop resistance to
animal pests and competitive ability against weeds. Proper selection of planting
date, density and spatial arrangement of a crop can put competitive pressure on
weeds and break animal pest cycles. Sanitation practices are important tools in
conservation agriculture because of their ability to eliminate necessities that are
important to the pests’ survival. The development of pest resistance will likely be
minimal if host plant resistance is integrated with other control measures through
conservation agriculture practice. A more holistic, integration approach of control
tactics in conservation agriculture, which goes beyond the three principles, is
essential for effective pest management.

Keywords Crop production � Pest control � Pesticides � Sustainable farming

In conservation agriculture, it is important for farmers to employ several strategies
simultaneously so that if one strategy fails, then the other ones operate to prevent
yield loss.

4.1 Introduction

Pests of field crops are a major cause crop yield losses across the world. Broadly
speaking, a pest is an organism that reduces the availability, quality, or value of a
plant or animal grown for food, fiber, or recreation (Flint and Van den Bosch 1981).
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Crop pests are grouped into three broad categories namely—animal pests such as
insects, mites, other arthropods, and vertebrates such as birds and rodents, plant
pathogens such as fungi, bacteria, viruses and nematodes and lastly, plant pests
commonly known as weeds. Most species reach pest status when the losses they
cause exceed 5–10% (Hill 2008). Economic losses that are caused by pests do not
only include the direct action of these organisms as they damage crops, but also
indirect economic losses related to the costs of controlling the pest and environ-
mental damage caused by pesticides. These costs include the purchase and appli-
cation of pesticides, expenses related to medical treatment for people poisoned by
pesticides, and damage caused by environmental contamination (Oliveira et al.
2014).

In developing countries, excessive usage of harmful pesticides for crop pro-
duction is common. It has been estimated that only about 0.3% of these pesticides
come into direct contact with the target pests (Pimentel 1995). A wide range of
studies attest negative impacts of pesticides (e.g. Eskenazi et al. 2007; Rashid et al.
2010). This can be the case even if official guidelines for “safe” pesticide usage are
followed (Stehle and Schulz 2015). Harmful effects of pesticides that end up in the
environment include air, water, soil and food contamination. Concerns about the
adverse impacts of pesticides started being voiced in the early 1960s (Van der Werf
1996), mostly in developed countries. Consumption of raw fresh produce is an
increasing trend among health conscious consumers in developed countries and as
such, many markets have placed zero tolerance of certain pesticide residues on fresh
vegetables. This has increased pressure on farmers to refine their pest management
systems for maintaining fresh produce’s aesthetic quality without using harmful
pesticides. As resistance of pests to pesticides and consumer awareness of the health
hazards of pesticides increases, there is ever-growing interest in sustainable,
alternative pest management strategies.

Usage of chemical pesticides is generally limited in undeveloped countries
because majority of farmers are resource poor. Here, crop pests are frequently the
major cause of food shortages, malnutrition and poor quality of life (Oerke and
Dehne 2004). Women and children in many resource poor smallholder farmer
communities of Africa spend significant amounts of time removing weeds manually
using hand hoes (Giller et al. 2009). Literacy rates are low, such that even where
pesticides are made freely available, there is a general lack of technical knowledge
on how to use them efficiently. Neither planting more productive cultivars nor
increasing land area under production can meet the need for food in the underde-
veloped world, if pest management is not improved. Meanwhile, resource poor
farmers are being called upon to abandon conventional farming practices and adopt
conservation agriculture for the purpose of improving environmental sustainability,
soil fertility and farm profits, among other envisaged benefits. Whereas the soil
fertility and environmental benefits of conservation agriculture are well established,
pest management benefits of the practice are still a subject of much debate.

Conservation agriculture is a crop management system based on three principles:
(a) minimum soil disturbance, (b) permanent soil surface cover with crop residues
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and cover crops, and (c) crop rotations that include diverse species. Conservation
agriculture strives to achieve acceptable profits along with high and sustained
production levels, while concurrently conserving the environment through mini-
mizing the requirement of pesticides and external fertilizer inputs (Verhulst et al.
2010). Unlike conventional pest control methods which tend to be reactive, con-
servation agriculture emphasizes ecological methods and aims to keep the pest
population density below the economic injury level. The ultimate aim is to make
field conditions more favorable for crop growth and less favorable for pests.
Whereas the concept of conservation agriculture is fairly new, the principles are
simple, and probably the oldest methods of crop cultivation that were used by
mankind before the advent of synthetic pesticides and tillage equipment.

Abandonment of the plough and harmful pesticides towards conservation agri-
culture presented a myriad of new challenges to farmers in terms of pest man-
agement. Conventional tillage was useful for controlling not just weeds, but animal
pests as well through exposing the pests to their natural enemies or directly by
physical damage inflicted during the tillage process. Tillage was also used to bury
populations of weeds and volunteer crop plants that harbour plant pathogens into
deeper layers of the soil where they cause less or no disease. The soil conservation
benefits of conservation agriculture over conventional farming are
non-questionable, but effects on yields and pest problems tend to be variable,
especially in the short term. For example, Brainard et al. (2016) reported that
conservation agriculture had variable effects on weeds and natural enemies in snap
bean (Phaseolus vulgaris L.) production, with no consistent impacts relative to full
tillage. From the same study, it was concluded that the adoption of conservation
agriculture resulted in greater pest and cover crop management costs that out-
weighed savings due to reduced tillage, resulting in short-term financial losses.
Giller et al. (2009) recommended the need for a critical assessment of the suitability
of conservation agriculture for smallholder farmer systems in Africa because of the
numerous constraints associated with the practice, which included an increased
weeding requirement for crops. Pest problems are frequently reported as the main
yield limiting factor for conservation agriculture in many production systems of the
world. Table 4.1 summarizes some of the major pest problems that have been
observed in various conservation agriculture systems around the world.

In this chapter, pest management benefits of conservation agriculture principles
are reviewed as an important step towards identifying opportunities for refining
conservation agriculture. Some possible solutions to the major challenges for pest
management through conservation agriculture practice are highlighted, and rec-
ommendations for further research are provided. It is hoped that this information
would be useful to conservation agriculture researchers, practitioners and policy
makers in improving the sustainable management of field crop pests.
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Table 4.1 Some problematic weeds and animal pests as reported from various conservation
agriculture systems across the world

Pest problem Damage References

Cutworms (Agrotis spp.) Serious damage from variegated
cutworm [Peridroma saucia
(Hubner)] in a cotton
(Gossypium hirsutum L.) crop
as a result of conservation
tillage with crimson clover
(Trifolium incarnatum L.) cover
crop

Gaylor et al. (1984)

Infestations of black cutworm
(Agrotis ipsilon Hufnagel) were
increased by reduced tillage and
rotation of maize (Zea mays L.)
with either wheat (Triticum
aestivum L.) or soybean
(Glycine max [L.] Merrill).
Moldboard ploughed plots had
very little damage from this pest
under any rotation

Johnson et al. (1984)

Slugs (Deroceras reticulatum)
Agriolimacidae and Arionidae:
Mollusca

Wide scale adoption of
conservation tillage elevated the
status of slugs as an important
pest of all crops around the
world. Slugs eat all crops and
they inflict most of their damage
during crop establishment and
early growth. They are mostly
abundant where there is more
crop residue cover

Douglas and Tooker
(2012), Glen and
Sysmondson (2003)

Armyworm (Pseudaletia
unipuncta), cutworms (Agrotis
ipsilon); stalk borer
(Papaipema nebris),
rootworms, white grubs, slugs,
and rodents

In maize and soybean
production systems of
Kentucky USA, it was reported
that there was heavier
infestation of no-till fields with
these pests than reduced tillage
fields

Gregory and Musick
(1976)

Amaranthus retroflexus,
Chenopodium album,
Portulaca oleracea, Digitaria
sanguinalis and Conyza
canadensis

The problem of these weeds in a
maize crop was increased with
no till. A rye cover crop mulch
slightly decreased the weed
problem, but had no effect on
survival. Late emerging weeds
survived to maturity better than
earlier emerging weeds in the no
till system

Mohler and Calloway
(1995), Dube et al. (2012)
Barberi and Carcio
(2001)
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4.2 Application of Conservation Agriculture Principles
in Weed Management

Out of all the pests of field crops, weeds are the most damaging as they cause
average yield losses of 20–50% in most places around the world (Oerke and Dehne
2004). Some characteristics of weeds that make them difficult to manage include the
ability to germinate under many environments, persistent seed, rapid growth, ability
to reproduce through both self and cross pollination, long distance dispersal of
reproductive units and prolific seed production. The concept of effective weed
management is based on limiting competitiveness of the weeds that are already in
the field and growing with the crop, preventing the introduction of new weeds, and
preventing the multiplication of the weeds that are already there. The weed seed
bank is the reserve of weed seeds present on the soil surface and scattered in the soil
profile (Menalled 2008). It is the resting place of weed seeds and is an important
component of the life cycle of weeds. Weeds emerging during later stages of crop
development are often considered by farmers as harmless, but seed production by
these weeds contributes to future weed infestations. The sections below are a dis-
cussion of the application of conservation agriculture principles in managing weed
populations of field crops.

4.2.1 Cover Crops Management for Weed Control
in Conservation Agriculture

Cover crops are generally viewed as the first line of defense against weeds in
conservation agriculture. An ideal cover crop species should have the following
characteristics: (i) be easy to establish and adapted to the environment; (ii) have a
rapid growth rate so as to provide ground coverage quickly; (iii) be economically
viable; (iv) be disease resistant and not act as a host for plant diseases; (v) be easy to
kill and most importantly; (vi) produce a sufficient quantity of biomass. The various
benefits and shortcomings of some selected, popular cover crops are presented in
Table 4.2.

Vigorously growing, high biomass yielding cover crops normally provide
excellent weed control by competing with weeds for light, moisture, nutrients and
space. While actively growing cover crops are efficient at outcompeting and sup-
pressing weeds, residue remaining after cover crop death may be less reliable for
suppressing weeds, particularly for the duration of a cash-cropping season.
Adequate cover with cover crop residues can be expected to reduce weed emer-
gence by up to 99%, but weed suppression will decline during the course of the
season according to the rate of residue decomposition. Therefore, cover crop
residues may not provide full-season weed control. Figure 4.1 illustrates the failure
of a high biomass yielding vetch (Vicia villosa Roth), and oat (Avena sativa) cover
crop to provide full season weed control in an irrigated maize (Zea mays L.) crop,
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based on conservation agriculture studies from maize-based smallholder farmer
systems of South Africa (Dube et al. 2012).

For long season crops in hot and humid areas, farmers may not be able to rely
solely on cover crop residue biomass for weed control. Insufficient crop reside
cover may actually enhance the weed problem for the duration of the season by
creating more favorable conditions for weed seed germination and growth (Brainard
et al. 2016). Vetch and oat cover crop residues were better at suppressing broadleaf
weeds such as purslane (Portulaca oleracea) and pigweed (Amaranthus hybridus),
but failed to significantly suppress nutsedge emergence in summer maize (Dube
et al. 2012). Narrow shaped leaves of grass weeds are in many instances able to
emerge through mulched surfaces. Other researchers have found that in no till
systems, cover crops reduced weeds, but not enough to eliminate the need for
chemical control (Yenish et al. 1996; Teasdale 1996). In some instances, the

Table 4.2 The pest control benefits of various popular cover crop species

Cover crop species Benefits and shortcomings

Oat (Avena sativa) The mulch is persistent and very effective at suppressing
broadleaf weeds (Dube et al. 2012)

Rye grass (Secale
cereale)

Has excellent weed suppression ability through allelopathy. It also
breaks nematodes cycles (Clark 2007)

Vetches (Vicia spp.) Residues have fast decomposition but can provide early weed
suppression. Host for soybean cyst nematode (Heterodera
glycines) and root-knot nematode (Smith 2006)

Barley (Hordeum
vulgare)

The mulch suppresses weeds. However, barley is host to the
rootknot nematode

Sorghum (Sorghum
bicolor)

Residues of sorghum have allelopathic effects on weeds.
However, it harbours root knot nematode

Buckwheat (Fagopyrum
esculentum)

The flowers are attractive to bees, wasps and parasitic flies. It is
allelopathic to many weeds but harbours root lesion nematode
(Pratylynchus penetrans) (Marks and Townsend 1973)

Canola (Brassica napus) Its flowers are attractive to bees, wasps and parasitic flies. It is
susceptible to Sclerotinia sclerotiorum

Cowpea (Vigna
unguiculata)

Attracts beneficial insects such as wasps and honey bees. It can
reduce rootknot nematodes (Meloidogyne arenaria and M.
incognita) and soybean cyst nematode (Heterodera glycines)
(Clark 2007)

Amaranth (Amaranthus
spp.)

It is tolerant to many diseases and nematodes and can be used to
break their cycles. However, it may be allelopathic on some crops
and needs to be terminated early before planting

Sunhemp (Crotalaria
juncea)

Claimed to reduce many types of nematodes (Sipes and Arakaki
1997)

Mustards (Brassica
spp.)

It is used for soil sanitisation through fumigant effects. Used to
clean up nematodes. Must have rain or irrigation after termination
to help release glucosinilates (Henderson et al. 2009)

Broad bean (Vicia faba) It reduces the incidence of take-all of wheat (Gaeumannomyces
graminis) (Sattell et al. 1998)
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practice of conservation agriculture has been observed to gradually increase the
herbicide requirement for weed control because of problematic grass weeds
(Chiduza and Dube 2013).

4.2.2 Crop Rotation and Mixed Cropping to Reduce Weed
Problems in Conservation Agriculture

Maximum potential yields of many crops are known to be compromised by
monocropping. Altieri and Nicholls (2004) reported that over 90% of the world’s
1.5 billion hectares of cropland was under monocultures of wheat ((Triticum aes-
tivum L.), maize, cotton (Gossypium hirsutum L.) and soybeans (Glycine max [L.]
Merrill), and in these monoculture systems, there was a heavy reliance on pesticide

Fig. 4.1 Failure of cover crop residue mulch to provide full season weed control. Figure 4.1a
shows a thick mat of mulch from high biomass yielding, irrigated oat and vetch cover crops in
experimental plots immediately after termination of the cover crops. Figure 4.1b shows maize at
3 weeks after emergence, and much of the crop is relatively weed free. Figure 4.1c shows grass
weeds (Digitaria sanguinalis and Cyperus esculentus) invading all plots at 7 weeks after
emergence. Location of this experiment was the warm temperate region of the Eastern Cape, South
Africa. Photographs by E. Dube
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use for pest control. Conway and Pretty (1991) suggested that excessive use of
agrochemicals in conjunction with expanding monocultures was the major reason
for herbicide resistance in field crop production of the world. Weeds tend to thrive
in the presence of crops whose growth requirements and characteristics are similar
to their own, and rotating crops with different growth characteristics creates a
changing environment which prevents the dominance of such weed species.

The inclusion within rotations of densely planted, high biomass yielding,
fast-growing crop species and those exhibiting allelopathic potential provides fur-
ther opportunities for weed suppression. Allelopathy refers to inhibition of the
growth of one plant by chemical compounds released into the soil from neigh-
bouring plants. For example, rye (Secale cereale L.), sorghum (Sorghum bicolor
[L.] Moench), rice (Oryza sativa L.), sunflower (Helianthus annuus L.), rapeseed
(Brassica napus L.), and wheat are crops known to have allelopathic effects on
weeds (Jabran et al. 2015). Cool season crops should be rotated with warm season
crops in order to interrupt cycles of weeds that are adapted to cropping cycles.
Mixed cropping, sometimes called intercropping, is the agronomic practice of
growing two or more crops in the same field at the same time. An inter-planted crop
may provide weed control by allelopathy, smothering, or reducing the competitive
ability of weeds (Strand 2000). Intercropping is widely practiced in smallholder
farmer conservation agriculture systems across Latin America, Asia and Africa as a
means of increasing crop production per unit land area with limited capital
investment and minimal risk of total crop failure. It is not popular on commercial,
large scale production farms because most modern field equipment and machinery
is not designed for intercropping scenarios.

4.2.3 Reduced Tillage and Crop Residue Retention

Tillage of the soil is an old practice, dating back to 5,000–9,000 years ago
(Lichtfouse et al. 2009) and it serves primarily for seedbed preparation and weed
control. The harms of conventional tillage to both the soil and the environment are
well documented (Sturz et al. 1997). Mechanical tillage implements destroy soil
structure by reducing aggregate size and currently, conventional tillage is a major
cause of soil erosion and desertification in many developing countries. Deep tillage
accelerates loss of soil organic matter and soil organisms, which are important for
soil tilth and water infiltration. The soil then becomes vulnerable to compaction,
requiring even more deep tillage. Thus, the use of the plough has proven to be
unsustainable. Conservation tillage is a generic term that describes any tillage
practice that reduces loss of soil and water, and includes minimum tillage and
no-tillage or zero tillage (Sturz et al. 1997). Conservation tillage may also be
defined as those practices leaving more than 30% crop residue cover on the soil
surface after planting (Dumanski et al. 2006). Reduced tillage causes a buildup of
weed seeds on the soil surface (Swanton et al. 2000), where seed fate is strongly
influenced by the presence of crop residues. In theory, weeding requirement under

4 Application of Conservation Agriculture Principles … 133



conservation agriculture is expected to decline over time as permanent soil cover
prevents weed emergence and cause a decline of weed seedbanks (FAO 2008, Dube
et al. 2012). Organic mulches also encourage biotic activity which increases loss of
weed seeds through predation and non-recruitment of new seeds (Power et al.
1986).

Soils in many conventional tillage systems of resource poor farmers contain a
large reservoir of seeds of problematic weeds and in severe cases; they result in
abandonment of fields. High costs of production stemming from increased weeding
requirements in the early phases of adoption are regarded as a hindrance to wide-
spread conservation agriculture adoption in smallholder farmer systems of Africa
(Giller et al. 2009). Invention of the cheap herbicide, glyphosate N-(phosphono-
methyl) glycine, together with glyphosate resistant crops may not have solved this
problem. Recent extensive studies of the potential toxicity of glyphosate to bio-
logical systems have revealed several direct and indirect harmful effects of this
herbicide. Glyphosate, was deemed to be “probably cancerogenic to humans” by
the World Health Organization’s cancer research body in 2015 (Guyton et al. 2015),
reflecting findings of various scientific studies that falsified the herbicide producer’s
claim that this substance was harmless to humans and to animals. Current estimates
are that 237 weed species have developed resistance to herbicides, with resistance
reported in 61 countries and 66 crops to 155 different herbicides (Heap 2014). In
resource poor farming communities of Africa, there is a lack of technical knowhow
on herbicide application. Even when the cash is available, the smallholder farmers
may be reluctant to spend it on herbicides because of other priorities. Therefore,
continued promotion of integration of reduced herbicide dosages with other
non-chemical methods is essential for improving pest management in conservation
agriculture systems.

4.3 Integration of Conservation Agriculture Principles
in Weed Management

For the benefits of conservation agriculture to accrue, the general recommendation
is that the three principles in terms of crop rotation, reduced tillage and permanent
soil cover through cover crops must not be applied singly in the system, but
holistically (Dumanski et al. 2006). For the purposes of adequate weed control, it
may be important for farmers who adopt conservation agriculture to embrace
integrated pest management. Integrated pest management is the optimization of pest
control in an economically and ecologically sound manner, accomplished by the
coordinated use of multiple tactics to assure stable crop production and to maintain
pest damage below the economic injury level while minimizing hazards to humans,
animals, plants, and the environment (Kogan 1998). Under integrated pest man-
agement, natural enemies, cultural practices, resistant crops, microbial agents,
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genetic manipulation and pesticides become mutually augment active (Flint and
Van den Bosch 1981). In the following sections, a discussion of some of the
integrated pest management practices which can complement conservation agri-
culture principles to enhance weed control is provided.

4.3.1 Managed Application of Fertilizer for Weed
Management in Conservation Agriculture

One of the major objectives of conservation agriculture is to reduce dependency on
external fertilizer inputs. The need to manage fertilizer correctly has been recently
proposed to be a fourth principle of conservation agriculture (Vanlauwe et al.
2014). Fertilizer timing and placement strongly influences crop competition; and
band application of fertilizer has the potential to enhance not only fertilizer use
efficiency, but also crop competitive ability against weeds (Mohler 2001;
Blackshaw et al. 2007). The optimal fertilizer type, application rate, and placement
to favour the crop will depend upon crop type and growth stage, weed species and
environmental conditions. In a situation where there is a high density of weeds in a
crop, added nutrients favour weed growth, often reducing fertilizer use efficiency
and yield benefits. Banding fertilizers within the crop row of bean (Otabbong et al.
1991), soybean and wheat (Cochran et al. 1990) not only lowered weed populations
compared to broadcast applications, but also increased crop yield.

Otabbong et al. (1991) compared the effect of weeds on bean yield using three
fertilization methods; broadcast application, surface banding (5 cm strip) on seed
row, and deep banding within the seed row 7 cm below seed level. Surface banding
in the crop row had little beneficial effect on bean yield and weed suppression, and
even reduced bean yield in non-weeded plots. This was presumably due to
increased access by weeds growing in the crop row to concentrated levels of
nutrients. In contrast, deep banding of the fertilizer in the crop seed row signifi-
cantly increased bean biomass and yield, particularly in non-weeded plots, while
also suppressing weed biomass by 44%. Similar results were reported for deep
placement of fertilizers in rice (Moody 1981). Hence, for weed control, the best
results are obtained with deep banding of fertilizer rather than surface application.
This implies that conservation agriculture should be promoted together with
planting implements that allow deep banding of fertilizer, and the practice of surface
application of fertilizer must be discouraged. It should be noted that reduced tillage
tends to improve the fertility of the top soil, mostly because of the decomposition of
crop residue mulches on the surface. If weeds are not managed well, this soil
organic matter rich surface layer creates favorable nutrient conditions for weeds that
emerge between the crop rows, thus worsening the competitive ability of weeds in
the system.
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4.3.2 Cultivar Choice, Planting Dates and Planting Patterns

In addition to cover crops, crop rotation and good fertilizer management,
well-adapted varieties that are established at adequate plant populations are helpful
in reducing weed problems. Vigorous cultivars are better competitors with weeds
for resources, such as light, water and nutrients. As previously alluded to, weeds are
highly competitive and successful organisms. Most weeds grow rapidly and tend to
reproduce early, especially when they experience stress. Cultivars with an ability to
grow relatively fast during early growth stages are particularly important for weed
smothering. Selection of the largest seeds and seed priming are some of the means
of providing crop plants a favourable starting position (Bastiaans et al. 2008). Tall
cereal cultivars with planophile leaf inclination tend to increase light interception
and weed suppression more efficiently than shorter erectophile ones (Drews et al.
2009). Tall grain crops, for example, are generally more competitive with weeds
because they intercept light better (Finney and Creamer 2008). Cultivars that
emerge quicker than weeds in the field also have a competitive advantage. In places
where wild oat (Avena fatua L.) can be a serious problem in spring sown wheat,
delayed planting has been shown to reduce wild oat densities and increase crop
yields (Liebman and Dyck 1993). Proper selection of planting date, density and
spatial arrangement of a crop can maximize the space it occupies early in the season
and put competitive pressure on weeds.

Under conditions where water and nutrients are not limiting, increasing planting
density can sometimes be used to improve crop yields. It is therefore important for
farmers to adopt cultivars that can be planted at high density. This tactic is useful
for weed management, although it can actually create conducive conditions for
development of plant pathogens. Higher seed rates can compensate for crop losses
that occur because of pest damage, or during weed control operations (Gunsolus
et al. 2010). The establishment of a crop with a more uniform and dense plant
distribution may result in better use of light, water and nutrients, and lead to greater
crop competitive ability against weeds (Swanton and Weise 1991). Increasing plant
density would lead to early canopy closure and thereby limit light penetration into
the inter-row spaces and lead to the suppression of many dominant weeds.

Increased seed rates are beneficial mostly for the control of associated weeds,
which are phenotypically similar to crops (Lemerle et al. 2001). For instance,
annual ryegrass (Lolium rigidum Gaud.) has similar morphology and growth habit
to wheat and is difficult to weed out by mechanical or chemical means. In a study
from southern Queensland, sorghum planted at the density of 7.5 plants m−2

reduced weed seed production of Japanese millet (Echinochloa esculenta
[A. Braun] H. Scholz) by 38% as compared with sorghum density of 4.0 plants m−2

(Wu et al. 2010). In multi-location trials conducted in Australia, higher wheat crop
densities increased grain yield and reduced L. rigidum biomass while any reduc-
tions in grain size were negligible (Lemerle et al. 2004). The general recommen-
dation from these trials was that high wheat plant densities suppressed L. rigidum
and increased crop yield. Increasing crop density to suppress weeds through
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competition has also been found effective to reduce herbicide rates (Walker et al.
2002). High wheat densities up to 150 plants m−2 provided maximum grain yield
and reduced the seed production of two important weeds, Artemisia ludoviciana
Nutt. and Phalaris paradoxa L. whereas, the herbicide rate was reduced by 50% of
the recommended rate (Walker et al. 2002). The adoption of increased seed rates
has become an essential part of integrated weed management plans for grain
growers in Australia, especially in areas where herbicide-resistant weeds are
dominant (Bajwa et al. 2017).

In the US, increasing the seeding rate of wheat from 50 to 300 kg ha−1 reduced
seed production of Erodium cicutarium by 95%, and increased wheat yields by 56–
98% over the four years of the study (Blackshaw et al. 2000). Teasdale (1998)
observed a 99% reduction in seed production of Abutilon theophrasti in maize
planted at 128,000 compared to 64,000 plants ha−1. Increasing maize planting
density from 59,300 to 72,900 plants ha−1 reduced weed seed production by 50%
and improved maize yields (Tharp and Kells 2001). Williams and Boydston (2013)
also observed a decline from 72 to 27% in seed production of Panicum miliaceum
L. with an increase in maize seeding rate from 35,000 to 105,000 seeds ha−1. The
need to increase plant densities may also be justified by the fact that under mulched
surfaces in conservation agriculture systems, seed mortality tends to be high
because of a proliferation of seedling pests such as slugs and cutworms.

4.3.3 Sanitation

Sanitation in crop production is an important practice whereby the food, water,
shelter or other necessities that are important to the pest’s survival are eliminated.
Sanitation practices in weed management include the prevention of weed seed
movement by mechanical or human means (McCarty and Murphy 1994). Many
on-farm weed populations exist because of the natural movement of weed seeds and
propagules from both neighbouring and distant populations by wind, animals,
people, and other carriers (Finney and Creamer 2008). Practices such as use of
clean seed and clean equipment are examples of good field sanitation (Svotwa and
Jiyane 2006). Removing or destroying weeds in fields or near fields before they
flower and release weed seed is also a good sanitation plan (Rasmussen 2004).
Research shows that machinery and tools that were used in more than one location
should be thoroughly cleaned before use in a different field, as they are the sources
of weed seed dispersion. Animal manures should be properly exposed to high
temperatures to destroy all viable weed seeds before they are used.

4.3.4 Narrow Rows

Row spacing manipulation can be a very useful weed management tool for inte-
grated weed management in conservation agriculture systems. Research on use of
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narrow rows for weed management in field crops has largely shown superiority of
weed control and in some cases, higher yields, when compared to wider rows.
Decreasing the inter-row spacing can increase crop competitiveness with weeds
(Teasdale 1995). Crops grown in narrower rows start competing with weeds at an
earlier stage than those in wide rows because of more rapid canopy closure and
probably better root distribution (Swanton and Weise 1991). The establishment of a
crop with narrow rows, compensated for by wider intra-row spaces may result in
better use of light, water, and nutrients and lead to greater crop competitive ability
(Berkowitz and Rabin 1988; Minotti and Sweet 1981).

Reducing space between crop rows has also been discussed as a strategy to
reduce the need for herbicides (Sankula et al. 2001). Teasdale (1995) concluded that
growing maize in 38-cm rows and a double population may have potential for
improving weed control in reduced-herbicide systems. Forcella et al. (1992)
demonstrated that reduced-herbicide programs performed more consistently when
maize was grown in 38-cm rather than 76-cm rows. A major limitation to the use of
narrow rows maybe the need to accommodate field equipment, especially for large
scale commercial farmers. They generally make the rows wide enough to accom-
modate tyre tracks, which in some cases may be up to 1 m wide for the large
tractors. Conservation agriculture practitioners should also opt for planting equip-
ment with adjustable row width, in order to be able to exploit the potential benefits
of narrow rows. Table 4.3 presents information on superior weed suppression as
reported in experiments with the major field crops through the use of narrow rows.

4.4 Animal Pest Management in Conservation Agriculture

The following sections outline the benefits and limitations of conservation agri-
culture in management of insects and other animal-type pests such as rodents, snails
and slugs. Pest losses from insects across the world were estimated at 13% (Koul
and Cuperus 2007). Animal type pests require a basic set of resources to live and
reproduce, and production practices that deprive them of at least one needed ele-
ment of life at a particular stage of the life cycle may eradicate or maintain the pest
populations below economically damaging levels for extended periods (Linker et al.
2009).

4.4.1 Crop Rotations and Mixed Cropping to Manage
Animal Pests in Conservation Agriculture Systems

Crops can be rotated in sequences that are not only profitable, but highly effective at
breaking pest cycles. Crop rotation was reported as a highly effective tool to reduce
maize pests such as rootworms (Diabrotica virgifera virgifera) and stalk borer
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Table 4.3 Weed management and yield benefits due to narrow row spacing

Crop Treatments compared Major findings Reference

Field peas (Pisum
sativum)

Field peas planted in 36
and 18 cm rows

Control of annual ryegrass
(Lolium rigidum Gaud.)
improved substantially in
18 cm rows

Lemerle
et al. (2006)

Soybean (Glycine
max)

Soybean planted at 20
and 75 cm rows

Weed suppression in
20 cm rows was 60%
higher than in 75 cm
rows. Early planting in
20 cm rows was
recommended for higher
yield, effective weed
suppression, and less
lodging of the plant

Matsuo
et al.
(2015)

Sorghum
(Sorghum
bicolor) and
sunflower
(Helianthus
annuus L.)

Sorghum and sunflower
planted at 100 and
150 cm

Narrow rows (100 cm)
reduced weed pressure
and weed seed production
in both crops. Yield
penalty due to direct weed
competition was reduced
in 100 cm rows

Osten et al.
(2006)

Cotton
(Gossypium
hirsutum L.)

Cotton planted in 19 cm
twin rows (76 cm apart)
was compared with the
76 cm single row
planting pattern

Cotton planted in 19 cm
twin rows had greater
control of the weeds
Commelina benghalensis
L., Senna obtusifolia L.
and Jacquemontia
tamnifolia L. compared
with the 76 cm single
rows

Stephenson
and Brecke
(2010)

Wheat (Triticum
aestivum L.)

Wheat planted in 11, 15
and 23 cm rows

Narrow spacing (11 cm)
resulted in higher grain
yield and reduced growth
of the troublesome annual
weeds G. aparine and
Lepidium sativum L.

Fahad et al.
(2015)

Sugarcane
(Saccharum
officinarum)

Sugarcane planted in 60,
90 and 120 cm rows

Lowest weed density was
observed in 60 cm spaced
crop rows compared to 90
and 120 cm rows.
However cane yield
decreased with reduced
spacing between rows

Munsif
et al. (2015)

Maize
(Zea mays L.)

Maize planted in 15, 25
and 35 cm rows

Narrow rows (15 cm)
resulted in 72 and 71%
reduction in Echinochloa
colona and Trianthema
portulacastrum shoot
biomass, respectively, and

Fahad et al.
(2014)

(continued)
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(Busseola fusca Fuller) (Levine and Oloumi-Sadeghi 1991; Spencer et al. 2009).
Maize rootworm eggs overwinter in maize fields and larvae are present to feed on
maize roots the following year, and rotating to a different non-host crop such as
soybeans denies food to hatching rootworm larvae (Spencer et al. 2009). For this
strategy to be effective, it is generally recommended that rotations between sus-
ceptible crops should be at least three to seven years (Linker et al. 2009). This is
especially important in conservation agriculture systems where farmers should
retain crop residues on the soil surface as mulch.

Mixed crops also reduce pest populations by increasing environmental diversity.
In some cases, intercropping lowers the overall attractiveness of the environment, as
in the case where host and non-host plant species are mixed together in a single
planting; while in other cases, intercropping may concentrate the pest in a smaller,
more manageable area where it can be controlled by some other tactic. With
intercropping, animal pests may feed preferentially on the second crop, or it may
provide a more favourable habitat to increase natural enemies (Strand 2000).
Intercropping is most effective against exogenous pests, such as locusts that enter
the crop for only part of their life cycle (Hill 1983). A study by Jackai and Adalla
(1997) showed that the population density of flower thrips was consistently lower in
cowpea (Vigna unguiculata L. Walp.) intercropped with maize or sorghum.

With reference to mixed cropping patterns, trap crops are plant stands that are
designed to attract, divert, intercept and/or retain targeted insects or the pathogens

Table 4.3 (continued)

Crop Treatments compared Major findings Reference

showed 13% increase in
maize grain yield
compared to 35 cm rows

Peanut (Arachis
hypogaea L.)

Peanut planted in 81, 41
and 20 cm rows

Reducing peanut row
spacing from 81 to 41 or
20 cm decreased weed
biomass by 25–50%

Hauser and
Buchanan
(1982)

Snap beans
(Phaseolus
vulgaris L.)

Snap beans planted in 91,
36 and 15 cm rows

Row spacing of 15 and
36 cm suppressed weed
growth by 18% relative to
91 cm spacing when
weeds were allowed to
emerge with snap beans

Teasdale
and Frank
(1983)

Mungbean (Vigna
radiata)

Mungbean planted in 25,
50 and 75 cm rows over
2 seasons

Weed biomass in 25 and
50 cm rows was 35–
46 g m−2 and 5–9 g m−2

compared to 117 g m−2

and 56 g m−2 in 75 cm
rows for weeds allowed to
grow beyond 3 and
6 weeks after planting,
respectively

Chauhan
et al. (2017)
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they vector in order to reduce damage to the main crop (Shelton and Badenes-Perez
2006). Plantings of highly-preferred host plants can arrest arriving pests and “trap”
them, indirectly protecting less-attractive (to the pest), but economically-valuable,
nearby crop species (Shelton and Badenes-Perez 2006). Prior to the introduction of
modern synthetic insecticides, trap cropping was a common method of pest control
for several cropping systems (Talekar and Shelton 1993). There is a resurgence of
interest in trap cropping in conservation agriculture systems where one of the major
objectives is to reduce reliance on pesticides. Conventional trap cropping is the
most general practice of trap cropping, in which a trap crop planted next to a higher
value crop is naturally more attractive to a pest as either a food source or ovipo-
sition site than is the main crop, thus preventing or making less likely the arrival of
the pest to the main crop and/or concentrating it in the trap crop where it can be
economically destroyed (Shelton and Badenes-Perez 2006). Dead-end trap cropping
describes plants that are highly attractive to insects, but on which they or their
offspring cannot survive (Shelton and Nault 2004). Dead-end trap crops serve as a
sink for pests, preventing their movement from the trap crop to the main crop later
in the season (Badenes-Perez et al. 2004). In sequential trap cropping, trap crops are
planted earlier and/or later than the main crop to enhance the attractiveness of the
trap crop to the targeted insect pest. Multiple trap cropping involves planting
several plant species simultaneously as trap crops with the purpose of either
managing several insect pests at the same time or enhancing the control of one
insect pest by combining plants whose growth stages enhance attractiveness to the
pest at different times (Shelton and Badenes-Perez 2006). Push-pull trapping (Khan
et al. 2001) strategy is based on a combination of a trap crop with a repellent
intercrop. In this case, the trap crop attracts the insect pest and, combined with the
repellent intercrop, diverts the insect pest away from the main crop.

In most instances, trap cropping is focused on attracting and arresting the
movement of adult insects, thus keeping them from moving to the cash crop
(Caldwell et al. 2005). The trap crops can maintain the pest population to serve as a
resource on which natural enemies can increase; natural enemies may suppress the
pest population, preventing it from spilling over onto the cash crop, or the trap crop
may serve as an initial source of natural enemies that move to the cash crop
(Caldwell et al. 2005). One of the most widely cited examples of successful con-
ventional trap cropping is alfalfa as a trap crop for lygus bugs (Hemiptera: Miridae)
in cotton (Godfrey and Leigh 1994). This example is remarkable because it is still
used today at the commercial level. Other examples of conventional trap cropping
in commercial operation include the use of highly attractive varieties of squash
(Cucurbita spp.) to manage insect pests in several cucurbitaceous crops (Pair 1997).
Yellowrocket (Barbarea vulgaris var. arcuata) works as a dead-end trap crop for
the diamond back moth (Plutella xylostella) (Badenes-Perez et al. 2005; Lu et al.
2004; Shelton and Nault 2004). Sunhemp (Crotalaria juncea) has also been sug-
gested as a dead-end trap crop for the bean pod borer (Maruca testulalis) (Jackai
and Singh 1983). Borders of early-planted potatoes (Solanum tuberosum L.) have
been used as a trap crop for Colorado potato beetle, which moves to potato fields
from overwintering sites next to the crop, becoming concentrated in the outer rows,
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where it can be treated with insecticides, cultural practices, or even propane flamers
(Hoy et al. 2000). Similar success has been reportedly achieved in commercial
fields with perimeter trap cropping for control of pepper maggot (Zonosemata
electa), in bell peppers by using a trap crop of hot cherry peppers (Boucher et al.
2003).

Indian mustard is used as a trap crop for diamondback moth, which requires
planting mustard two or three times through the cabbage season because Indian
mustard has a shorter crop cycle than cabbage and other cole crops (Srinivasan and
Krishna Moorthy 1991). An example of multiple trap cropping is a mixture of
Chinese cabbage (Brassica campestris ssp. pekinensis), marigolds (Tagetes spp.),
rapes, and sunflower that was successfully demonstrated to be an effective trap crop
for the pollen beetle (Melighetes aeneus), in cauliflower (Brassica oleracea var.
botrytis) fields in Finland (Hokkanen 1989). Other cases of multiple trap cropping
are the use of a mixture of castor (Ricinus communis), millet, and soybean to control
groundnut leafminer (Aproarema medicella) (Muthiah 2003) in India, and the use
of maize and potato plants combined as a trap crop to control wireworms in sweet
potato fields (Seal et al. 1992). Push-pull trap cropping based on using either napier
grass (Pennisetum purpureum K. Schum) or sudan grass (Sorghum vulgare Pers.)
as a trap crop planted around the main crop, and either Desmodium or molasses
grass planted within the field as a repellent intercrop, greatly increased the effec-
tiveness of trap cropping for stem borers in several countries in Africa (Khan et al.
2001). The use of molasses grass as a repellent intercrop enhances stem borer
parasitoid abundance, thereby improving stem borer control (Khan et al. 2000).
Stem borers are the most important biotic constraint to maize production in Africa,
and the push-pull strategy was reported to be an important strategy which allowed
small farmers to control them while managing various parasitic weed species in the
genus Striga (Khan and Pickett 2004).

4.4.2 Cover Crops and Crop Residues Use in Animal Pest
Management

Cover crops and crop residues are mostly beneficial for breaking pest cycles and
enhancing the effectiveness of the natural enemies. Residues of various cover crop
species were found to reduce insect pest abundance in cabbage fields (Bottenberg
et al. 1997; Xu et al. 2011). Xu et al. (2011) found greater natural enemy densities
in cabbage plots with plant residues present on the soil surface compared to bare
soils. Mulched surfaces provide favorable microhabitats for beneficial insects such
as carabids, staphylinids, and spiders (Altieri and Schmidt 1985) which can more
effectively control pests. Several studies have also demonstrated that fire ants can be
ecologically and economically important insect predators in a variety of cropping
systems (Morrill 1977) and they are enhanced under mulched surfaces.
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On the other hand, the combination of reduced tillage and crop residue mulch
retention has, in many instances shown to increase the abundance of seedling pests
such as slugs, cutworms and rodents (Gaylor et al. 1984, Douglas and Tooker 2012;
Chiduza and Dube 2013; Fig. 4.2). Soil conditions under mulches tend to be cooler,
and these slows down seedling emergence rate, allowing the seedling pests to inflict
even more seedling damage. An option for overcoming this problem would be to
breed for cultivars that have improved vigor and emergence under mulched sur-
faces. At present, there is no record of studies that have been carried out to evaluate
the suitability of different crop cultivars for conservation agriculture with respect to
emergence under mulched surfaces. Genetically modified cultivars, such as those
with the Bt gene could also be useful in reducing seedling pest damage.
Additionally, conservation agriculture farmers planting on mulched surface should
be encouraged to increase seed rate in order to compensate for possible losses from
seedling pests. Proponents of conservation agriculture have always argued that
when it comes to crop residue biomass input, the more there is the better. However,
issues relating to the lowering of soil temperatures especially in cooler areas and the
proliferation of seedling pests brings up the question of ‘adequate biomass for
conservation agriculture’. Research is required in order to establish biomass input
thresholds for different conservation agriculture systems at which the crop residue
effect is diminished.

Fig. 4.2 Large patches of irrigated wheat seedlings (up to 30%) are damaged by rodents in
conservation agriculture fields in KwaZulu-Natal, South Africa (2016). Burrows of these rodents
were previously controlled by the plough, and these rodents have no natural enemies in this
habitat. They have now emerged as a major pest of no-till wheat in the region. Photographs by E.
Dube
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4.5 Integration of Conservation Agriculture Principles
with Other Measures for Improving Animal Pest
Control in Field Crops

4.5.1 Managed Application of Fertiliser

Fertility practices that replenish and maintain high soil organic matter provide an
environment that enhances plant health (McGuiness 1993). Soils with high organic
matter and active soil biology generally exhibit good fertility as well as complex
food webs and beneficial organisms (Magdoff and Van Es 2000). The practice of
conservation agriculture, through increasing soil organic matter, is generally
expected to increase plant resistance to pests. Plant fertility and water stress are
known to play a major role in plant susceptibility to herbivore feeding, tolerance to
insect injury, and insect population growth (Linker et al. 2009; Rebek et al. 2012).
For example, excess nitrogen concentration within plants has a tendency to increase
plant quality for herbivores (Rebek et al. 2012). Crops grown in more balanced,
organic matter rich soils generally exhibit lower abundance of several insect her-
bivores, reductions that may be attributed to a lower nitrogen content in organically
farmed crops (Altieri and Nicholls 2003). There is evidence which shows that the
ability of a crop to resist or tolerate pests is tied to optimal physical, chemical and
mainly biological properties of soils (Altieri and Nicholls 2003). More balanced soil
fertility due to increased diversity of cropping systems under conservation agri-
culture should thus help reduce the incidence of insect pests. For potato crops,
increasing nitrogen fertilization increases leaf consumption, reduces development
time, and increases abundance of potato beetles (Rebek et al. 2012).

4.5.2 Cultivar Choice

Because most crops are susceptible to animal pests only during certain stages of
growth and many pests are present only for a few days or weeks of the year, pest
attack can be avoided by simply choosing the correct planting date (Pingali 1993).
Farmers can choose varieties that can be planted or harvested early while still
achieving a full yield in order to avoid pests. This cultivar choice depends upon the
farmer knowing the emergence times and life cycles of the pests to be controlled
(Sarwar 2015). Early maize cultivars are usually more exposed to stalk borer
damage than later planted ones. Delayed planting of summer crops in some cases
helps to avoid seed and root rots, and promote vigorous growth (Watson et al.
2015). Late-season or early-season pest problems may be avoided by planting
shorter season varieties (Strand 2000). Early sowing is used as a management tactic
against cotton lygus (Taylorilygus vosseleri) and sorghum midge (Contarinia
sorghicola) in Africa (Hill 1983). Farmers can also choose early cultivars that
mature before the pest is abundant, or synchronize the pest with its natural enemies
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and climatic conditions that would adversely affect the pest (Strand 2000). The
shorter the time a crop is in the field, the less time animal pests have to damage it;
combining early planting with early maturing varieties generally allows a crop to
mature before animal pests reach damaging levels (Linker et al. 2009).

Host plant resistance is a major tactic for the control of animal pests of field
crops. Crop cultivars can be made resistant to insect pests because of specific
resistant genes that are incorporated during breeding. Plant resistance to insects was
reported as the most effective component of management for the Hessian fly and
wheat stem sawfly (US Congress 1979). Use of high yielding resistant varieties has
been the major technique for improving productivity of many staple food crops
such as wheat and maize across the world. Pest resistant plants provide a natural,
economic, environmentally safe, self-generating system that is compatible with
conservation agriculture. With a highly resistant variety, a crop pest can be man-
aged with no health risks to the farmer, farm workers, or the environment.
Nowadays, many of the most damaging insect pests are effectively controlled by
genetic resistance, and cultivars of major crops are high yielding because they
possess resistance to a particular pest common to their production environment.
Soybean yields are improved by as much as 30–40% simply by selecting the proper
resistant variety (Vincelli 1994).

If cultivar resistance is not integrated with other control measures, pests have an
ability to overcome the resistance. A good example is the recently reported resis-
tance of Busseola fusca (Lepidoptera: Noctuidae) to Bt maize in the Vaalharts area
of South Africa (Kruger et al. 2009). This resistance is thought to have emerged
because of poor crop production practices by the farmers such as continuous maize
monocropping, which enabled the stalk bores to have continuous, uninterrupted
breeding cycles. The key concepts in host-plant resistance to animal pests are:
(1) escape, which entails avoidance of pest problems due to inter-varietal phono-
logical differences; (2) non-preference, whereby the host-plant variety does not
attract pests; and (3) antibiosis, whereby the host-plant variety reduces viability of
pests (Bugg 1992). At a higher integrative level, the aim should not be to achieve
merely host-plant resistance, but agroecosystem resistance.

4.6 Conclusion

Worldwide, the demand for clean, pesticide free food has expanded quickly in
recent years, stimulated by increasing consumer education and awareness regarding
the harms of pesticides. Conservation agriculture has been proven as the best
approach for sustainable crop production on many production lands across the
world. Among other factors, serious pest management challenges hamper wide
scale adoption of conservation agriculture, especially in the transitional stage. In
this chapter, we explored some tactics that can be used for pest management within
the context of conservation agriculture principles. Farmers practicing conservation
agriculture have several cultural methods that they can put together to build up a
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good pest management strategy such as proper application of cultivar choice, timely
planting dates, increased planting density, and irrigation and fertilizer management.
Well planned sequences of crops in which each crop differs radically from its
predecessor can be beneficial in the control of weeds and animal pests.
Intercropping components are better than monoculture in reducing damage by
weeds and insect pests. Much research work is still needed in order to refine the
integration of cover crops, crop rotation and reduced tillage with other pest control
tactics such as narrow rows, fertilizer application methods and reduced pesticide
dosages for effective weed control in conservation agriculture. A more inclusive,
integration approach of control tactics in conservation agriculture, which goes
beyond the three principles is essential for effective pest management.

References

Altieri MA, Nicholls CI (2004) Biodiversity and pest management in agroecosystems. Food
Products Press. An imprint of Haworth Press Inc., Binghamton, NY

Altieri MA, Nicholls CI (2003) Soil fertility management and insect pests: harmonizing soil and
plant health in agroecosystems. Soil Till Res 72(2):203–211. https://doi.org/10.1016/S0167-
1987(03)00089-8

Altieri MA, Schmidt LL (1985) Cover crop manipulation in northern California orchards and
vineyards: effects on arthropod communities. Biol Agric Hortic 3:1–24. https://doi.org/10.
1080/01448765.1985.9754453

Badenes-Perez FR, Shelton AM, Nault BA (2004) Evaluating trap crops for diamondback moth,
Plutella xylostella (Lepidoptera: Plutellidae). J Econ Entomol 97:1365–1372. https://doi.org/
10.1093/jee/97.4.1365

Badenes-Perez FR, Shelton AM, Nault BA (2005) Using yellow rocket as a trap crop for the
diamondback moth, Plutella xylostella (L.) (Lepidoptera: Plutellidae). J Econ Entomol 98:884–
890. https://doi.org/10.1603/0022-0493-98.3.884

Bajwa AA, Walsh M, Chauhan BS (2017) Weed management using crop competition in Australia.
Crop Prot 95:8–13. https://doi.org/10.1016/j.cropro.2016.08.021

Bastiaans L, Paolini R, Baumann DT (2008) Focus on ecological weed management: what is
hindering adoption? Weed Res 48(6):481–491. https://doi.org/10.1111/j.1365-3180.2008.
00662.x

Berkowitz GA, Rabin J (1988) Antitranspirant associated abscisic acid effects on the water
relations and yield of transplanted bell peppers. Plant Physiol 86:329–331. https://doi.org/10.
1104/pp.86.2.329

Blackshaw RE, Anderson RL, Lemerle D (2007) Cultural weed management. In: Upadhyaya MK,
Blackshaw RE (Eds) Non-chemical weed management. principles, concepts and technology.
CABI, Wallingford, UK, pp 35–47

Blackshaw RE, Semach G, O’Donovan JT (2000) Utilization of wheat seed rate to manage
redstem filaree (Erodium cicutarium) in a zero tillage cropping system. Weed Technol 14:389–
396. https://doi.org/10.1614/0890-037X(2000)014[0389:UOWSRT]2.0.CO;2

Bottenberg H, Masiunas J, Eastman C, Eastburn D (1997) Yield and quality constraints of cabbage
planted in rye mulch. Biol Agric Hortic 14:323–342. https://doi.org/10.1080/01448765.1997.
9755168

Boucher TJ, Ashley R, Durgy R, Sciabarrasi M, Calderwood W (2003) Managing the pepper
maggot (Diptera: Tephritidae) using perimeter trap cropping. J Econ Entomol 96:420–432.
https://doi.org/10.1603/0022-0493-96.2.420

146 M. Fanadzo et al.

http://dx.doi.org/10.1016/S0167-1987(03)00089-8
http://dx.doi.org/10.1016/S0167-1987(03)00089-8
http://dx.doi.org/10.1080/01448765.1985.9754453
http://dx.doi.org/10.1080/01448765.1985.9754453
http://dx.doi.org/10.1093/jee/97.4.1365
http://dx.doi.org/10.1093/jee/97.4.1365
http://dx.doi.org/10.1603/0022-0493-98.3.884
http://dx.doi.org/10.1016/j.cropro.2016.08.021
http://dx.doi.org/10.1111/j.1365-3180.2008.00662.x
http://dx.doi.org/10.1111/j.1365-3180.2008.00662.x
http://dx.doi.org/10.1104/pp.86.2.329
http://dx.doi.org/10.1104/pp.86.2.329
http://dx.doi.org/10.1614/0890-037X(2000)014[0389:UOWSRT]2.0.CO;2
http://dx.doi.org/10.1080/01448765.1997.9755168
http://dx.doi.org/10.1080/01448765.1997.9755168
http://dx.doi.org/10.1603/0022-0493-96.2.420


Brainard DC, Bryant A, Noyesa DC, Haramoto ER, Szendrei Z (2016) Evaluating pest-regulating
services under conservation agriculture: a case study in snap beans. Agric Ecosyst Environ
235:142–154. https://doi.org/10.1016/j.agee.2016.09.032

Bugg RL (1992) Using cover crops to manage anthropods on truck farms. HortScience 27:
741–745

Caldwell BA, Sideman E, Seaman A, Brown Rosen E, Shelton AM, Smart CD (2005) Resource
guide to organic insect and disease management. New York State Agricultural Experiment
Station. http://web.pppmb.cals.cornell.edu/resourceguide/pdf/resource-guide-for-organic-insect-
and-disease-management.pdf. Accessed 28 December 2016

Chauhan BS, Florentine SK, Ferguson JC, Chechetto RG (2017) Implications of narrow crop row
spacing in managing weeds in mungbean (Vigna radiata). Crop Prot 95:116–119. https://doi.
org/10.1016/j.cropro.2016.07.004

Chiduza C, Dube E (2013) Maize production challenges in high biomass input smallholder farmer
conservation agriculture systems: a practical research experience from South Africa. African
Crop Sci Conf Proc 11:23–27

Clark A (2007) Managing cover crops profitably, 3rd edn. Sustainable Agriculture Network.
United Book Press, Inc., p 247. http://www.sare.org/publications/covercrops/covercrops.pdf.
Accessed 24 Feb 2016

Cochran VL, Morrow LA, Schirman RD (1990) The effect of N placement on grass weeds and
winter wheat in three tillage systems. Soil Till Res 18:347–355. https://doi.org/10.1016/0167-
1987(90)90119-X

Conway GR, Pretty J (1991) Unwelcome harvest: agriculture and pollution. Earthscan, London
Douglas MR, Tooker JF (2012) Slug (Mollusca: Agriolimacidae, Arionidae) ecology and

management in no-till field crops, with an emphasis on the mid-Atlantic region. J Integr Pest
Manag 3(1):C1–C9. https://doi.org/10.1603/IPM11023

Drews S, Neuhoff D, Köpke U (2009) Weed suppression ability of three winter wheat varieties at
different row spacing under organic farming conditions. Weed Res 49(5):526–533. https://doi.
org/10.1111/j.1365-3180.2009.00720.x

Dube E, Chiduza C, Muchaonyerwa P, Fanadzo M, Mthoko TS (2012) Winter cover crops and
fertiliser effects on the weed seed bank in a low-input maize-based conservation agriculture
system. S Afr J Plant Soil 29(3–4):195–197. https://doi.org/10.1080/02571862.2012.730637

Dumanski J, Peiretti R, Benetis J, McGarry D, Pieri C (2006) The paradigm of conservation
tillage. In: Proceedings of world association of soil and water conservation, FAO, Rome,
pp 58–64

Eskenazi B, Marks AR, Bradman A, Harley K, Barr DB, Johnson C, Morga N, Jewell NP (2007)
Organophosphate pesticide exposure and neurodevelopment in young Mexican-American
children. Environ Health Perspect 115(5):792–798. https://doi.org/10.1289/ehp.9828

Fahad S, Hussain S, Chauhan BS, Saud S, Wu C, Hassan S, Huang J (2015) Weed growth and
crop yield loss in wheat as influenced by row spacing and weed emergence times. Crop Prot
71:101–108. https://doi.org/10.1016/j.cropro.2015.02.005

Fahad S, Hussain S, Saud S, Hassan S, Muhammad H, Shan D, Chen C, Wu C, Xiong D,
Khan SB, Jan A, Cui K, Huang J, Zwerger P (2014) Consequences of narrow crop row spacing
and delayed Echinochloa colona and Trianthema portulacastrum emergence for weed growth
and crop yield loss in maize. Weed Res 54:475–483. https://doi.org/10.1111/wre.12104

FAO (2008) Investing in Sustainable Agricultural Intensification: The role of conservation
agriculture. A Framework for Action. Food and Agriculture Organization of the United
Nations, Rome

Finney DM, Creamer NG (2008) Weed management on organic farms. The Organic Production
Publication Series, CEFS, p 1–34

Flint ML, Van den Bosch R (1981) Introduction to Integrated Pest Management. Springer, New
York Inc. https://doi.org/10.1007/978-1-4615-9212-9

Forcella F, Westgate ME, Warnes DD (1992) Effect of row width on herbicide and cultivation
requirements in row crops. Am J Alt Agric 7:161–167. https://doi.org/10.1017/
S0889189300004756

4 Application of Conservation Agriculture Principles … 147

http://dx.doi.org/10.1016/j.agee.2016.09.032
http://web.pppmb.cals.cornell.edu/resourceguide/pdf/resource-guide-for-organic-insect-and-disease-management.pdf
http://web.pppmb.cals.cornell.edu/resourceguide/pdf/resource-guide-for-organic-insect-and-disease-management.pdf
http://dx.doi.org/10.1016/j.cropro.2016.07.004
http://dx.doi.org/10.1016/j.cropro.2016.07.004
http://www.sare.org/publications/covercrops/covercrops.pdf
http://dx.doi.org/10.1016/0167-1987(90)90119-X
http://dx.doi.org/10.1016/0167-1987(90)90119-X
http://dx.doi.org/10.1603/IPM11023
http://dx.doi.org/10.1111/j.1365-3180.2009.00720.x
http://dx.doi.org/10.1111/j.1365-3180.2009.00720.x
http://dx.doi.org/10.1080/02571862.2012.730637
http://dx.doi.org/10.1289/ehp.9828
http://dx.doi.org/10.1016/j.cropro.2015.02.005
http://dx.doi.org/10.1111/wre.12104
http://dx.doi.org/10.1007/978-1-4615-9212-9
http://dx.doi.org/10.1017/S0889189300004756
http://dx.doi.org/10.1017/S0889189300004756


Gaylor JG, Fleischer SJ, Muehleisen DP, Edelson JV (1984) Insect populations in cotton produced
under conservation tillage. J Soil Water Conserv 39:61–64

Giller KE, Witter E, Corbeels M, Tittonell P (2009) Conservation agriculture and smallholder
farming in Africa: the heretics’ view. Field Crop Res 114:23–34. https://doi.org/10.1016/j.fcr.
2009.06.017

Glen DM, Symondson WOC (2003) Influence of soil tillage on slugs and their natural enemies. In:
El Titi A (ed) The role of soil tillage in agroecosystems. CRC Press, Boca Raton, USA,
pp 207–227

Godfrey LD, Leigh TF (1994) Alfalfa harvest strategy effect on Lygus bug (Hemiptera: Miridae)
and insect predator population density: implications for use as trap crop in cotton. Environ
Entomol 23:1106–1118. https://doi.org/10.1093/ee/23.5.1106

Gregory WW, Musick GJ (1976) Insect management in reduced tillage systems. Bull Entomol Soc
Am 22:302–304. https://doi.org/10.1093/besa/22.3.302

Gunsolus J, Wyse D, Moncada K, Fernholz C (2010) Weed management. In: Moncada KM (ed)
Guyton KZ, Loomis DY, El Ghissassi F, Benbrahim-Tallaa L, Guha N, Scoccianti C, Mattock H,

Straif K, International Agency for Research on Cancer Monograph Working Group, IARC,
Lyon, France (2015) Carcinogenicity of tetrachlorvinphos, parathion, malathion, diazinon, and
glyphosate. Lancet Oncol 16(5):490–491

Hauser EW, Buchanan GA (1982) Production of peanuts as affected by weed competition and row
spacing. Alabama Agric Exp Stn Bull 538:35

Heap I (2014) Global perspective of herbicide-resistant weeds. Pest Manag Sci 70(9):1306–1315.
https://doi.org/10.1002/ps.3696

Henderson DR, Riga E, Ramirez RA, Wilson J, Snyder WE (2009) Mustard biofumigation
disrupts biological control by Steinernema spp. nematodes in the soil. J Nematol 41(4):337–
337. https://doi.org/10.1016/j.biocontrol.2008.12.004

Hill DS (1983) Agricultural insect pests of the tropics and their control. Cambridge University
Press, London

Hill DS (2008) Pests of crops in warmer climates and their control. Springer, Dordrecht, The
Netherlands

Hokkanen HMT (1989) Biological and agrotechnical control of the rape blossom beetle
Meligethes aeneus (Coleoptera: Nitidulidae). Acta Entomol Fenn 53:25–30

Hoy CW, Vaughn TT, East DA (2000) Increasing the effectiveness of spring trap crops for
Leptinotarsa decemlineata. Entomol Exp Appl 96:193–204. https://doi.org/10.1046/j.1570-
7458.2000.00697.x

Jabran K, Mahajan G, Sardana V, Chauhan BS (2015) Allelopathy for weed control in agricultural
systems. Crop Prot 72:57–65. https://doi.org/10.1016/j.cropro.2015.03.004

Jackai LEN, Adalla CB (1997) Pest management practices in cowpea: a review. In: Singh BB,
Mohan Raj DR, Dashiell KE, Jackai LEN (eds) Advances in cowpea research. Copublication
of International Institute of Tropical Agriculture (IITA) and Japan International Research
Center for Agricultural Sciences (JIRCAS), pp 240–257

Jackai LEN, Singh SR (1983) Suitability of selected leguminous plants for development of
Maruca testulalis larvae. Entomol Exp Appl 34:174–178. https://doi.org/10.1111/j.1570-7458.
1983.tb03314.x

Johnson TB, Turpin FT, Schreiber MM, Griffith DR (1984) Effects of crop rotation, tillage, and
weed management systems on black cutworm (Lepidoptera: Noctuidae) infestations in corn.
J Econ Entomol 77(4):919–921. https://doi.org/10.1093/jee/77.4.919

Khan ZR, Pickett JA (2004) The ‘push–pull’ strategy for stemborer management: a case study in
exploiting biodiversity and chemical ecology. In: Gurr GM, Wratten SD, Altieri MA
(eds) Ecological engineering for pest management: advances in habitat manipulation for
arthropods. CABI Publishing, Wallingford, Oxon, UK

Khan ZR, Pickett JA, Van den Berg J, Wadhams LJ, Woodcock CM (2000) Exploiting chemical
ecology and species diversity: stem borer and striga control for maize and sorghum in Africa.
Pest Manag Sci 56:957–962. https://doi.org/10.1002/1526-4998(200011)56:11<957:AID-
PS236>3.0.CO;2-T

148 M. Fanadzo et al.

http://dx.doi.org/10.1016/j.fcr.2009.06.017
http://dx.doi.org/10.1016/j.fcr.2009.06.017
http://dx.doi.org/10.1093/ee/23.5.1106
http://dx.doi.org/10.1093/besa/22.3.302
http://dx.doi.org/10.1002/ps.3696
http://dx.doi.org/10.1016/j.biocontrol.2008.12.004
http://dx.doi.org/10.1046/j.1570-7458.2000.00697.x
http://dx.doi.org/10.1046/j.1570-7458.2000.00697.x
http://dx.doi.org/10.1016/j.cropro.2015.03.004
http://dx.doi.org/10.1111/j.1570-7458.1983.tb03314.x
http://dx.doi.org/10.1111/j.1570-7458.1983.tb03314.x
http://dx.doi.org/10.1093/jee/77.4.919
https://doi.org/10.1002/1526-4998(200011)56:11&lt;957:AID-PS236&gt;3.0.CO;2-T
https://doi.org/10.1002/1526-4998(200011)56:11&lt;957:AID-PS236&gt;3.0.CO;2-T


Khan ZR, Pickett JA, Wadhams L, Muyekho F (2001) Habitat management strategies for the
control of cereal stemborers and striga in maize in Kenya. Insect Sci Appl 21:375–380. https://
doi.org/10.1017/S1742758400008481

Kogan M (1998) Integrated pest management: historical perspectives and contemporary
developments. Annu Rev Entomol 43(1):243–270. https://doi.org/10.1146/annurev.ento.43.1.
243

Koul O, Cuperus GW (2007) Ecologically based integrated pest management. CABI Publishing,
Wallingford

Kruger M, Van JBJ, Van den Berg J (2009) Perspective on the development of stem borer
resistance to Bt maize and refuge compliance at the Vaalharts irrigation scheme in South
Africa. Crop Prot 28:684–689. https://doi.org/10.1016/j.cropro.2009.04.001

Lemerle D, Cousens RD, Gill GS, Peltzer SJ, Moerkerk M, Murphy CE, Collins D, Cullis BR
(2004) Reliability of higher seeding rates of wheat for increased competitiveness with weeds
in low rainfall environments. J Agric Sci 142:395–409. https://doi.org/10.1017/S002185960
400454X

Lemerle D, Gill GS, Murphy CE, Walker SR, Cousens RD, Mokhtari S, Peltzer SJ, Coleman R,
Luckett DJ (2001) Genetic improvement and agronomy for enhanced wheat competitiveness
with weeds. Crop Past Sci 52:527–548. https://doi.org/10.1071/AR00056

Lemerle D, Verbeek B, Diffey S (2006) Influences of field pea (Pisum sativum) density on grain
yield and competitiveness with annual ryegrass (Lolium rigidum) in south-eastern Australia.
Aust J Exp Agric 46:1465–1472. https://doi.org/10.1071/EA04233

Levine E, Oloumi-Sadeghi H (1991) Management of diabroticite rootworms in corn. Annu Rev
Entomol 36:229–255. https://doi.org/10.1146/annurev.en.36.010191.001305

Lichtfouse E, Navarrete M, Debaeke P, Souchere V, Alberola C, Menassieu J (2009) Agronomy
for sustainable agriculture: a review. Agron Sustain Dev 29:1–6. https://doi.org/10.1051/agro:
2008054

Liebman M, Dyck E (1993) Crop rotation and intercropping strategies for weed management. Ecol
Appl 3(1):92–122. https://doi.org/10.2307/1941795

Linker HM, Orr DB, Barbercheck ME (2009) Insect Management on Organic Farms. North Carolina
Cooperative Extension Service. https://cefs.ncsu.edu/wp-content/uploads/insectmgmtfinaljan09.
pdf?x47549. Accessed 27 December 2016

Lu J, Liu YB, Shelton AM (2004) Laboratory evaluations of a wild crucifer Barbarea vulgaris as a
management tool for diamondback moth. Bull Entomol Res 94:509–516. https://doi.org/10.
1079/BER2004328

Magdoff F, Van Es H (2000) Building soils for better crops. SARE, Washington, DC
Marks CF, Townshend JL (1973) Multiplication of the root lesion nematode Pratylynchus

penetrans under orchard cover crops. Can J Plant Sci 53:187–188. https://doi.org/10.4141/
cjps73-034

Matsuo N, Yamada T, Hajika M, Fukami K, Tsuchiya S (2015) Planting date and row width
effects on soybean production in Southwestern Japan. Agron J 107:415–424. https://doi.org/10.
2134/agronj14.0268

McCarty LB, Murphy TR (1994) Control of turfgrass weeds. In: Turgeon AJ, Kral DM, Viney MK
(eds) Turfgrass weeds and their control. ASA and CSSA, Madison, Wisconsin

McGuiness H (1993) Living soils: sustainable alternatives to chemical fertilizers or developing
countries. Consumers Policy Institute, New York

Menalled F (2008) Weed seedbank dynamics and integrated management of agricultural weeds.
Bozeman: Extension Publication, Montana State University. http://www.msuextension.org/
publications/AgandNaturalResources/MT200808AG.pdf. Accessed 9 Jan 2017

Minotti PL, Sweet RD (1981) Role of crop competition in limiting losses from weeds. In:
Pimentel D (ed) CRC Handbook of pest management in agriculture, vol 2. CRC Press Inc,
Boca Raton, Florida

Mohler CL (2001) Enhancing the competitive ability of crops. In: Liebman M, Mohler CL,
Staver CP (eds) Ecological management of agricultural weeds. Cambridge University Press,
Cambridge, UK

4 Application of Conservation Agriculture Principles … 149

http://dx.doi.org/10.1017/S1742758400008481
http://dx.doi.org/10.1017/S1742758400008481
http://dx.doi.org/10.1146/annurev.ento.43.1.243
http://dx.doi.org/10.1146/annurev.ento.43.1.243
http://dx.doi.org/10.1016/j.cropro.2009.04.001
http://dx.doi.org/10.1017/S002185960400454X
http://dx.doi.org/10.1017/S002185960400454X
http://dx.doi.org/10.1071/AR00056
http://dx.doi.org/10.1071/EA04233
http://dx.doi.org/10.1146/annurev.en.36.010191.001305
http://dx.doi.org/10.1051/agro:2008054
http://dx.doi.org/10.1051/agro:2008054
http://dx.doi.org/10.2307/1941795
https://cefs.ncsu.edu/wp-content/uploads/insectmgmtfinaljan09.pdf%3fx47549
https://cefs.ncsu.edu/wp-content/uploads/insectmgmtfinaljan09.pdf%3fx47549
http://dx.doi.org/10.1079/BER2004328
http://dx.doi.org/10.1079/BER2004328
http://dx.doi.org/10.4141/cjps73-034
http://dx.doi.org/10.4141/cjps73-034
http://dx.doi.org/10.2134/agronj14.0268
http://dx.doi.org/10.2134/agronj14.0268
http://www.msuextension.org/publications/AgandNaturalResources/MT200808AG.pdf
http://www.msuextension.org/publications/AgandNaturalResources/MT200808AG.pdf


Mohler CL, Callaway MB (1995) Effects of tillage and mulch on weed seed production and seed
banks in sweet corn. J Appl Ecol 32:627–639. https://doi.org/10.2307/2404658

Moody K (1981) Weed-fertilizer interactions in rice. IRRI research paper series, No, p 68
Morrill WL (1977) Red imported fire ant control with diazinon and chlorpyrifos drenches.

J Georgia Entomol Soc 12:96–100
Munsif F, Ali K, Khalid S, Ali A, Ali M, Ahmad M, Ahmad W, Ahmad I, Basir A (2015)

Influence of row spacing on weed density, biomass and yield of chip bud settling of sugarcane.
Pak. J Weed Sci Res 21:137–144

Muthiah C (2003) Integrated management of leafminer (Aproaerema modicella) in groundnut
(Arachis hypogaea). Ind J Agric Sci 73:466–468

Oerke EC, Dehne HW (2004) Safeguarding production: Losses in major crops and the role of crop
protection. Crop Prot 23:275–285. https://doi.org/10.1016/j.cropro.2003.10.001

Oliveira CM, Auad AM, Mendes SM, Frizzas MR (2014) Crop losses and the economic impact of
insect pests on Brazilian agriculture. Crop Prot 56:50–54. https://doi.org/10.1016/j.cropro.
2013.10.022

Osten V, Wu H, Walker S, Wright G, Shields A (2006) Weeds and summer crop row spacing
studies in Queensland. In: Preston C, Watts JH, Crossman ND (eds) Proceedings of the 15th
Australian weeds conference, 24–28 Sep 2006. Adelaide, South Australia, pp 347–350

Otabbong E, Izquierdo MML, Talavera SFT, Geber UH, Ohlander LJR (1991) Response to P
fertilizer of Phaseolus vulgaris L. growing with or without weeds in a highly P-fixing mollic
Andosol. Trop Agric 68:339–343

Pair SD (1997) Evaluation of systemically treated squash trap plants and attracticidal baits for
early-season control of striped and spotted cucumber beetles (Coleoptera: Chrysomelidae) and
squash bug (Hemiptera: Coreidae) in cucurbit crops. J Econ Entomol 90:1307–1314. https://
doi.org/10.1093/jee/90.5.1307

Pimentel D (1995) Amounts of pesticides reaching target pests: environmental impacts and ethics.
J Agric Environ Ethics 8(1):17–29

Pingali PL (1993) Pesticides, rice productivity, and farmers’ health: an economic assessment. Plant
Dis 70:906–911

Power JF, Wilhelm WW, Doran JW (1986) Crop residue effects on soil environment and dryland
maize and soya bean production. Soil Till Res 8:101–111. https://doi.org/10.1016/0167-1987
(86)90326-0

Rashid A, Nawaz S, Barker H, Ahmad I, Ashraf M (2010) Development of a simple extraction and
clean-up procedure for determination of organochlorine pesticides in soil using gas
chromatography–tandem mass spectrometry. J Chromatogr A 1217:2933–2939. https://doi.
org/10.1016/j.chroma.2010.02.060

Rasmussen IA (2004) The effect of sowing date, stale seedbed, row width and mechanical weed
control on weeds and yields of organic winter wheat. Weed Res 44:12–20. https://doi.org/10.
1046/j.1365-3180.2003.00367.x

Rebek EJ, Frank SD, Royer TA, Bográn CE (2012) Alternatives to chemical control of insect
pests. Insecticides–basic and other applications, pp 171–196. http://cdn.intechopen.com/pdfs-
wm/27804.pdf. Accessed 27 Dec 2016

Sankula S, VanGessel MJ, Kee WE, Beste CE, Everts KL (2001) Narrow row spacing does not
affect lima bean yield or management of weeds and other pests. HortScience 36:884–888

Sarwar M (2015) Mechanical Control Prospectus to Aid in Management of Fruit Flies and
Correlated Tephritid (Diptera: Tephritidae) Pests. Int J Anim Biol 1(5):190–195

Sattell R, Dick R, Mcgrath D (1998) Faba bean (Vicia faba L.). Oregon State University Extension
Service, P 2

Seal DR, Chalfant RB, Hall MR (1992) Effects of cultural practices and rotational crops on
abundance of wireworms (Coleoptera: Elateridae) affecting sweet potato in Georgia. Environ
Entomol 21:969–974. https://doi.org/10.1093/ee/21.5.969

Shelton AM, Badenes-Perez FR (2006) Concepts and applications of trap cropping in pest
management. Annu Rev Entomol 51:285–308. https://doi.org/10.1146/annurev.ento.51.
110104.150959

150 M. Fanadzo et al.

http://dx.doi.org/10.2307/2404658
http://dx.doi.org/10.1016/j.cropro.2003.10.001
http://dx.doi.org/10.1016/j.cropro.2013.10.022
http://dx.doi.org/10.1016/j.cropro.2013.10.022
http://dx.doi.org/10.1093/jee/90.5.1307
http://dx.doi.org/10.1093/jee/90.5.1307
http://dx.doi.org/10.1016/0167-1987(86)90326-0
http://dx.doi.org/10.1016/0167-1987(86)90326-0
http://dx.doi.org/10.1016/j.chroma.2010.02.060
http://dx.doi.org/10.1016/j.chroma.2010.02.060
http://dx.doi.org/10.1046/j.1365-3180.2003.00367.x
http://dx.doi.org/10.1046/j.1365-3180.2003.00367.x
http://cdn.intechopen.com/pdfs-wm/27804.pdf
http://cdn.intechopen.com/pdfs-wm/27804.pdf
http://dx.doi.org/10.1093/ee/21.5.969
http://dx.doi.org/10.1146/annurev.ento.51.110104.150959
http://dx.doi.org/10.1146/annurev.ento.51.110104.150959


Shelton AM, Nault BA (2004) Dead-end trap cropping: a technique to improve management of the
diamondback moth, Plutella xylostella (Lepidoptera: Plutellidae). Crop Prot 23(6):497–503.
https://doi.org/10.1016/j.cropro.2003.10.005

Sipes BS, Arakaki AS (1997) Root-knot nematode management in dryland taro with tropical cover
crops. Suppl J Nematol 29:721–724

Smith B (2006) The farming handbook. University of KwaZulu-Natal Press, South Africa, p 431
Spencer JL, Hibbard BE, Moeser J, Onstad DW (2009) Behaviour and ecology of the Western

corn rootworm (Diabrotica virgifera LeConte). Agr Forest Meteorol 11(1):9–27. https://doi.
org/10.1111/j.1461-9563.2008.00399.x

Srinivasan K, Krishna Moorthy PN (1991) Indian mustard as a trap crop for management of major
lepidopterous pests on cabbage. Trop Pest Manag 37:26–32. https://doi.org/10.1080/
09670879109371532

Stehle S, Schulz R (2015) Agricultural insecticides threaten surface waters at the global scale.
PNAS 112:5750–5755

Stephenson DO, Brecke BJ (2010) Weed management in single- versus twin-row cotton
(Gossypium hirsutum). Weed Technol 24:275–280. https://doi.org/10.1614/WT-D-09-00056.1

Strand JF (2000) Some agrometeorological aspects of pest and disease management for the 21st
century. Agr Forest Meteorol 103(1):73–82. https://doi.org/10.1016/S0168-1923(00)00119-2

Sturz AV, Carter MR, Johnston HW (1997) A review of plant disease, pathogen interactions and
microbial antagonism under conservation tillage in temperate humid agriculture. Soil Till Res
41(3):169–189. https://doi.org/10.1016/S0167-1987(96)01095-1

Svotwa E, Jiyane J, Ndangana F (2006) Integrated weed management: a possible solution to weed
problems in Zimbabwe. In: Muchabayiwa B, Trimble J, Dube S (eds.) Proceedings from the
2nd international conference on appropriate technology. National University of Science and
Technology, Bulawayo, Zimbabwe, July 12–15, 2006

Swanton CJ, Weise SF (1991) Integrated weed management: the rationale and approach. Weed
Technol:657–663. https://doi.org/10.1017/S0890037X00027512

Swanton CJ, Shrestha A, Knezevic SZ, Roy RC, Ball-Coelho BR (2000) Influence of tillage type
on vertical seed bank distribution in a sandy soil. Can J Plant Sci 80:455–457. https://doi.org/
10.4141/P99-020

Talekar NS, Shelton AM (1993) Biology, ecology, and management of the diamondback moth.
Annu Rev Entomol 38:275–301. https://doi.org/10.1146/annurev.en.38.010193.001423

Teasdale JR (1996) Contribution of cover crops to weed management in sustainable agricultural
systems. J Prod Agric 9:475–479. https://doi.org/10.2134/jpa1996.0475

Teasdale JR, Frank JR (1983) Effect of row spacing on weed competition with snap beans
(Phaseolus vulgaris). Weed Sci 31:81–85. https://doi.org/10.1017/S0043174500068582

Teasdale J (1998) Influence of corn (Zea mays) population and row spacing on corn and velvetleaf
(Abutilon theophrasti) yield. Weed Sci 46:447–453

Teasdale J (1995) Influence of narrow row/high population corn on weed control and light
transmittance. Weed Technol 9:113–118

Tharp BE, Kells JJ (2001) Effect of glufosinate-resistant corn (Zea mays) population and row
spacing on light interception, corn yield, and common lambsquarters (Chenopodium album)
growth. Weed Technol 15:413–418. https://doi.org/10.1614/0890-037X(2001)015[0413:
EOGRCZ]2.0.CO;2

US Congress (1979) Pest Management Strategies in Crop Production. Office of Technology
Assessment, October 1979

Van der Werf HMG (1996) Assessing the impact of pesticides on the environment. Agric Ecosyst
Environ 60:81–96. https://doi.org/10.1016/S0167-8809(96)01096-1

Vanlauwe B, Wendt J, Giller KE, Corbeels M, Gerard B, Nolte C (2014) A fourth principle is
required to define conservation agriculture in sub-Saharan Africa: the appropriate use of
fertiliser to enhance crop productivity. Field Crops Res 155:10–13. https://doi.org/10.1016/j.
fcr.2013.10.002

Verhulst N, Govaerts B, Verachtert E, Castellanos-Navarrete A, Mezzalama M, Wall P, Deckers J,
Sayre KD (2010) Conservation agriculture, improving soil quality for sustainable production

4 Application of Conservation Agriculture Principles … 151

http://dx.doi.org/10.1016/j.cropro.2003.10.005
http://dx.doi.org/10.1111/j.1461-9563.2008.00399.x
http://dx.doi.org/10.1111/j.1461-9563.2008.00399.x
http://dx.doi.org/10.1080/09670879109371532
http://dx.doi.org/10.1080/09670879109371532
http://dx.doi.org/10.1614/WT-D-09-00056.1
http://dx.doi.org/10.1016/S0168-1923(00)00119-2
http://dx.doi.org/10.1016/S0167-1987(96)01095-1
http://dx.doi.org/10.1017/S0890037X00027512
http://dx.doi.org/10.4141/P99-020
http://dx.doi.org/10.4141/P99-020
http://dx.doi.org/10.1146/annurev.en.38.010193.001423
http://dx.doi.org/10.2134/jpa1996.0475
http://dx.doi.org/10.1017/S0043174500068582
http://dx.doi.org/10.1614/0890-037X(2001)015[0413:EOGRCZ]2.0.CO;2
http://dx.doi.org/10.1614/0890-037X(2001)015[0413:EOGRCZ]2.0.CO;2
http://dx.doi.org/10.1016/S0167-8809(96)01096-1
http://dx.doi.org/10.1016/j.fcr.2013.10.002
http://dx.doi.org/10.1016/j.fcr.2013.10.002


systems? In: Lal R, Stewart BA (eds) Advances in soil science: food security and soil quality.
CRC Press, Boca Raton, pp 137–208

Vincelli PC (1994) Fundamental principles of plant pathology for agricultural producers.
Agriculture and Natural Resources Publications. Paper 77. http://uknowledge.uky.edu/anr_
reports/77. Accessed 27 Dec 2016

Walker SR, Medd RW, Robinson GR, Cullis BR (2002) Improved management of Avena
ludoviciana and Phalaris paradoxa with more densely sown wheat and less herbicide. Weed
Res 42:257–270. https://doi.org/10.1046/j.1365-3180.2002.00283.x

Watson W, Orr D and Bambara S (2015) NC cooperative extension, North Carolina cooperative
extension

Williams MM II, Boydston RA (2013) Crop seeding level: implications for weed management in
sweet corn. Weed Sci 61:437–442. https://doi.org/10.1614/WS-D-12-00205.1

Wu H, Walker SR, Osten VA, Robinson G (2010) Competition of sorghum cultivars and densities
with Japanese millet (Echinochloa esculenta). Weed Biol Manage 10:185–193. https://doi.org/
10.1111/j.1445-6664.2010.00383.x

Xu QC, Fujiyama S, Xu HL (2011) Biological pest control by enhancing populations of natural
enemies in organic farming systems. J Food Agric Environ 9:455–463

Yenish JP, Worsham AD, York AC (1996) Cover crops for herbicide replacement in no-tillage
corn (Zea mays). Weed Technol 10:815–821. https://doi.org/10.1017/S0890037X00040859

152 M. Fanadzo et al.

http://uknowledge.uky.edu/anr_reports/77
http://uknowledge.uky.edu/anr_reports/77
http://dx.doi.org/10.1046/j.1365-3180.2002.00283.x
http://dx.doi.org/10.1614/WS-D-12-00205.1
http://dx.doi.org/10.1111/j.1445-6664.2010.00383.x
http://dx.doi.org/10.1111/j.1445-6664.2010.00383.x
http://dx.doi.org/10.1017/S0890037X00040859


Chapter 5
Population Ecology of Aphid Pests
Infesting Potato

Mohd Abas Shah, Sridhar Jandrajupalli, Vallepu Venkateshwarlu,
Kamlesh Malik, Anuj Bhatnagar and Sanjeev Sharma

Abstract Potato is one of the most important food crops contributing to nutritional
and food security in the world. It is grown as a summer crop in temperate areas of
the world and as a winter crop in the subtropics of India and China. Potato crop is
damaged by numerous pests and diseases of which aphid transmitted viruses are the
major concern for healthy seed potato production. Since potato is a vegetatively
propagated crop, the viral diseases lead to an ongoing decline in health of the
propagating material i.e., seed degeneration. Hence, the management of aphids and
aphid transmitted viruses is the first and foremost requirement for seed potato
production. Potatoes are infested by a large number of aphid species very few of
them actually able to colonise the crop. Most of the aphids are non-specific to the
crop and are cosmopolitan and polyphagous. The common colonising aphid species
are Myzus persicae, Macrosiphum euphorbiae, Aulcorthum solani, Aphis gossypii,
A. fabae, A. spiraecola etc.; while as more than 100 species of aphids are reported
to transiently visit potato crop. Of these, more than 65 species are known to transmit
one or more potato viruses. Aphids because of their cyclic parthenogenesis and
short life cycle can assume epic proportions while on the other hand, their host
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selection and feeding behaviour predisposes them to being the most effective virus
vectors. The host rang and life cycle characteristics of aphids are also key in
determining the rate of spread of the viruses. Keeping in view the importance of life
cycle variation and population ecology of aphids for virus transmission in potato
crop, information is compiled and analysed to identify the gaps in knowledge and
help determine the direction of future research, with special emphasis on the
subtropics.

Keywords Migration � Myzus persicae � Non-persistent transmission
Parthenogenesis � Potato virus Y � Primary host � Seed potato

5.1 Introduction

Potato (Solanum tuberosum L.) is a major world food crop, exceeded only by
maize, rice and wheat in world production. Over three-fourth of the potato area is in
Europe and Asia and the remainder is in Africa, North-Central America, South
America and Oceania. Major areas are located between 45°N and 57°N that rep-
resent potato production zones in the temperate climate where potato is a summer
crop (Fig. 5.1). Another potato concentration area is between 23°N and 34°N that
mainly represents potato area in Gangetic plains, southern China and Egypt, where
potato is grown as a winter crop. This belt that goes from south-west to south China
and continues into the plains of Ganges River dominates potato production in Asia
(Khurana and Naik 2003).

Fig. 5.1 Worldwide distribution of potato producing areas, Source: FOA, 2014. (Modified after
Actualitix.com)
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In India, potato is cultivated in almost all states under very diverse agro-climatic
conditions (Pandey and Kang 2003). More than 85% of India’s potatoes are grown
in the vast Indo-Gangetic plains of north India (subtropics) during short winter days
from October to March. The states of Punjab, Uttar Pradesh, West Bengal, and
Bihar account for more than 75% of the potato-growing area in India and for about
80% of total production. Hilly areas, where the crop is grown during the summer
from April to September (temperate), account for less than 5% of production. In the
plateau regions of south-eastern, central, and peninsular India (tropics), which
constitute about 6% of the potato-growing area, potato is mainly a rain-fed crop or
is irrigated as winter crop. In the Nilgiri and Palni hills of Tamil Nadu, the crop is
grown year-round under both irrigated and rain-fed conditions (Chandel et al.
2013).

Among the various biotic and abiotic stresses that constrain potato production,
viruses are of highest importance for quality seed production. A series of mosaic
causing potyviruses like potato virus Y (PVY) and the potato leaf roll virus (PLRV)
are of utmost concern (Fig. 5.2). These viruses are transmitted by aphids in
non-persistent and persistent manner, respectively. Aphids rarely cause a direct
damage as a pest by feeding on the plants but they are important for potato being
the natural vectors that transmit a large number of viruses responsible for pro-
gressive degeneration of the seed stock. Among the aphids, Myzus persicae (Sulzer)
is the most efficient and most common vector of potato viruses. The main aphid
species associated with potatoes worldwide are non-specific to this crop. Most of
them are cosmopolitan and polyphagous. Apart from the aphid species that colonise
potato crop, hundreds of non-colonising species are important to various extents. In
this chapter, we first present attributes common to most aphid species and then we
discuss characteristics that are specific to the most important aphid species of
potato. In this chapter, emphasis is laid on the population ecology of aphids, mainly
their life cycle and host range that are of potential importance in subtropical and
tropical areas of potential production mainly so in India. An attempt has been made
to bring out the knowledge gaps so that investigations could be taken up for the

Fig. 5.2 a Healthy potato plant. b Potato plant with viral mosaic symptoms
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better understanding of the biology and ecology of the concerned species for the
purpose of modelling, forecasting and hence better management.

5.2 Aphids Infesting Potato; Fundamentals of Population
Ecology

Aphids have complex life cycles, and their classification depends on host alterna-
tion and on their mode of reproduction (Blackman and Eastop 2000; Williams and
Dixon 2007). Different morphs are associated with these life cycles. Heteroecy and
monoecy refer to the status of aphids regarding their host plant. Aphids that practice
host alternation are heteroecious. They live on a primary host during the winter and
colonize secondary hosts during the rest of the year before coming back to their
primary host. Heteroecy occurs in only 10% of aphid species that generally colo-
nize herbaceous plants, including economically important crop species such as
potatoes. In contrast, a majority of aphid species live on the same plant throughout
the year, do not have host plant alternation, and are classified as monoecious
species. Some of these species are monophagous. Other species are oligo- or
polyphagous and may migrate between plant species. However, they do not have
regular alteration of primary and secondary hosts in their life cycles (Williams and
Dixon 2007).

Holocycly and anholocycly refer to the ability of aphids to reproduce using
parthenogenesis alone or in combination with sexual reproduction (Blackman and
Eastop 2000). Most aphid species alternate parthenogenesis and sexual reproduc-
tion and are holocyclic. In this case, parthenogenesis occurs from the first gener-
ation in spring to the appearance of sexual morphs in autumn. The appearance of
sexual individuals is triggered by seasonal changes in temperature and photoperiod.
In contrast, some species are anholocyclic; they do not produce sexual morphs or
eggs, and only reproduce by parthenogenesis (Williams and Dixon 2007).
Anholocyclic life cycles may occur when climatic conditions are favourable for
aphids to maintain populations on various plants during winter. Depending on the
region, certain populations in some holocyclic aphid species can lose their sexual
phase and become anholocyclic or generate only male populations (androcycly)
during winter (Blackman 1971; Fenton et al. 1998; Williams and Dixon 2007).
Aphids that colonize potato are mainly heteroecious and holocyclic. Their life
cycles include an overwintering phase, during which fertilized eggs constitute the
resistant form during periods of cold temperatures. Because potato is an annual
plant, its colonizing aphids are heteroecious.

The viviparous mode of reproduction in aphids confers a rapid reproduction rate
with short developmental times, resulting in population growth that is atypically
high, even for insects. For instance, Dixon (1971) estimated that aphid populations
in potato fields can reach densities of 2 � 109 individuals per hectare. Douglas
(2003) suggested that such rates of population increase reflect nutrient allocation to
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the reproductive system. Energy is preferentially invested in embryo biomass and
larval development rather than in maternal tissues. Aphids have telescoping gen-
erations—i.e., ovarian development and embryo formation start at the same time in
embryonic mothers (Powell et al. 2006). Parthenogenetic reproduction results in
clonal aphid colonies that have the same genotype. With this reproduction mode, an
atypical characteristic can be amplified and become predominant in a given pop-
ulation after several generations. This can explain why aphids are able to adapt
quickly to disturbances in their environment. Aphid populations may crash
depending on the weather (Barlow and Dixon 1980), deteriorating resources, or
pesticide treatments. However, parthenogenesis rapidly generates new populations
that are adapted to their environment and, in some cases, resistant to pesticides.
Parthenogenesis generally occurs during the warmer months of the year and
maximizes offspring production. In fall, it is interrupted and followed by sexual
reproduction that produces overwintering eggs.

Aphids produce both apterous (wingless) and alate (winged) morphs. Production
of alate morphs is energetically costly (Dixon et al. 1993). Alates appear at different
times during the year. They are considered to be colonizers, and use winds to
disperse and locate new hosts. Wingless fundatrices emerge from eggs laid on the
primary host. Their alate progeny are the spring migrants. Alate production is
completed within a 2-week period (Radcliffe 1982). These individuals fly to sec-
ondary hosts (e.g., potato) and, when conditions are favourable, generate apterous
and parthenogenetic populations. During summer, overpopulation of aphids,
degradation of host plant nutritional suitability, or variations in light intensity,
temperature, and precipitation induce the decline in aphid populations and the
appearance of winged morphs that move to more suitable host habitats.

In autumn, as day length and temperature decrease, the quality of secondary host
plants is altered. These factors generate the appearance of a new generation of
virginoparous alates that migrate to the primary host. After the second generation
on the primary host, oviparous females appear and are fertilized by winged males
(Radcliffe 1982). After reproduction, oviparous females lay their eggs on the pri-
mary host for overwintering (Powell et al. 2006). Timing of flight and the number
of migrants are important for colonization, clonal fitness, and overwintering
success.

5.3 Biodiversity of Economically Important Aphid Species
on Potato

Aphids belong to the Stenorrhyncha (Hemiptera). The most important genera found
on potato crops, i.e. Myzus spp., Aulacorthum spp., Aphis spp. and Macrosiphum
spp. belong to the family Aphididae. Aphids are characterized by high polymor-
phism. The colour of the individuals can also be highly variable within a given
population and can be influenced by the symbiotic bacteria they host (Tsuchida
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et al. 2010). Morphology is influenced by several factors, such as environmental,
climatic, and seasonal conditions; quality of the host plants and population densi-
ties. Blackman and Eastop (1994, 2000) listed more than 22 species of aphids that
commonly infest potato plants (Table 5.1), and provided an identification key using
morpho-anatomic criteria such as body colour, length, shape, and segmentation;
antennal tubercles, head, siphunculi, legs and femurs, cauda and anal plate; and
hairs on these structures. Verma and Chandla (1990) described five major species
ingesting potato under Indian conditions viz., Myzus persicae, Aphis gossypii,

Table 5.1 List of aphid species colonising potato (After Blackman and Eastop 1994, 2000, 2006)

S. No Aphid species Subfamily Life cycle

1. Acyrthosiphon
malvae

Aphidinae Autoecious Holocyclic

2. Aphis craccivora Aphidinae Anholocyclic, sexual morphs recorded
from India and Germany

3. Aphis fabae Aphidinae Heteroecious Holocyclic

4. Aphis frangulae
ssp. beccabungae

Aphidinae Heteroecious Holocyclic

5. Aphis gossypii Aphidinae Anholocyclic/Holocyclic

6. Aphis nasturtii Aphidinae Heteroecious Holocyclic

7. Aphis spiraecola Aphidinae Anholocyclic/Holocyclic

8. Aulacorthum solani Aphidinae Anholocyclic/Holocyclic

9. Brachycaudus
helichrysi

Aphidinae Heteroecious Holocyclic/Anholocyclic

10. Macrosiphum
euphorbiae

Aphidinae Heteroecious Holocyclic/Anholocyclic

11. Myzus antirrhinii Aphidinae Anholocyclic

12. Myzus ascalonicus Aphidinae Anholocyclic

13. Myzus ornatus Aphidinae Anholocyclic, Males recorded from
India

14. Myzus persicae Aphidinae Heteroecious Holocyclic/Anholocyclic

15. Neomyzus
circumflexus

Aphidinae Anholocyclic

16. Pemphigus sp. Eriosomatinae Not clear

17. Pseudomegoura
magnoliae

Aphidinae Mainly Anholocyclic

18. Rhopalosiphoninus
latysiphon

Aphidinae Anholocyclic

19. Rhopalosiphum
rufiabdominale

Aphidinae Heteroecious Holocyclic/Anholocyclic

20. Smynthurodes betae Eriosomatinae Heteroecious Holocyclic/Anholocyclic

21. Uroleucon
compositae

Aphidinae Anholocyclic

158 M. A. Shah et al.



A. fabae, Rhopalosiphoninus latysiphon and Rhopalosiphum rufiabdominalis with
notes on biology, life cycle, migration and management, in addition to two minor
species Rhopalosiphum nymphaeae and Tetraneura nigriabdominalis. Later,
Shridhar et al. (2015) compiled information on 13 species of aphids recorded on
potato viz., M. persicae, A. gossypii, A. fabae, A. phis spiraecola, A. nerii,
A. craciivora, Macrosiphum euphorbiae, Brevicoryne brassicae, Aulacorthum
solani, Lipaphis erysimi, Hydaphis coriandari, Rhopalosiphum rufiabdominalis
and Rhopalosiphum maidis.

Although green peach aphid is the most efficient vector of potato virus Y
(PVY) in potato (van Hoof 1980; Sigvald 1984; Singh et al. 1996; Fernandez-
Calvino et al. 2006), several non-colonizing species also contribute to PVY
prevalence (Ragsdale et al. 2001). Non-colonizing species do not reproduce on
potato, but may transiently visit potato plants. Such species can occur in very large
numbers, making their effect on virus spread large despite their lower virus trans-
mission efficiency (Halbert et al. 2003). Hundreds of non-colonising aphid species
have been reported from potato fields and tested for virus transmission ability. In
Table 5.2, a consensus list of non-colonising aphid species is given most of which
have been implicated with virus transmission albeit with low efficiency. In addition,
notes on common hosts are also given which are indicative of the probable host
plants from which they originate or are oriented to while crossing through potato
fields.

Next, we will briefly introduce the main species of aphids infesting potato from
ecological point of view and the variation they exhibit round the world.

5.3.1 Acyrthosiphon pisum (Harris) (Pea Aphid)

Acyrthosiphon pisum is a complex of races and subspecies with different host
ranges and preferences. This species feeds mostly on Leguminosae. It is worldwide
in distribution. Biology is holocyclic on various leguminous hosts in temperate
regions; in warmer climates there is presumably facultative anholocycly (Blackman
and Eastop 2000).

Not much is known about the biology of the aphid in India where both adult
apterous and alate viviparous females reproduce parthenogenetically. One genera-
tion apparently takes about a week for completion. The colony of green or pink
aphids is found round the stems, young shoots and the underside of leaves, they
drop to the ground at the slight disturbance. It is sporadically serious pest of peas
and causes cupping and distortion of leaves. It’s distributed throughout the country
and has wide host range. It happens to be potential vector of more than 30 viruses,
including Potato virus Y (Misra 2002).
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Table 5.2 List of aphid species associated with potato but not colonising the potato cropa

S. No Aphid Species Major host plants

1. Acrythosiphon pisum Fabaceae, important pest of peas and alfalfa

2. Acyrthosiphon kondoi Fabaceae such as Medicago, Melilotus, Trifolium,
Dorycnium, Lotus; also Pisum, Vicia and Lens

3. Acyrthosiphon lactucae Lactuca spp.

4. Aphis glycines Fabaceae, particularly Glycine spp., a major pest of
soybean

5. Aphis helianthi (= Aphis
carduella)

Asteraceae and Apiaceae, sexual phase on Cornus
stolonifera

6. Aphis pomi Rosaceae including Chaenomeles, Cydonia, Malus
and Pyracantha

7. Aphis sambuci Sambucus spp., Host alternation occurs to roots of
plant such as Cerastium, Dianthus, Silene,
Melandrium, Moehringia, Spergula), also often
on Rumex, Capsella, Oenothera and Saxifraga

8. Brachycaudus cardui Compositae e.g. Arctium, Carduus, Cirsium, Cynara,
Chrysanthemum, Tanacetum, Matricaria) and
Boraginaceae e.g. Borago, Cynoglossum, Echium,
Symphytum

9. Capitophorous elaeagni Elaeagnus spp., and sometimes on Hippophae,
migrate to Compositae (Arctium, Carduus, Cirsium,
Cynara, Gerbera, Silybum)

10. Capitophorous
hippophaes

Elaeagnaceae (Elaeagnus spp., Hippophae spp.),
migrate to Polygonacease such as Polygonum and
Persicaria spp.

11. Caveriella aegopodii Numerous genera and species of Umbelliferae, sexual
phase on various Salix spp.

12. Cryptomyzus galeopsidis Ribes spp., migrating to Lamium and Galeopsis

13. Cryptomyzus ribis On Ribes spp., migrating to Stachys spp.

14. Diuraphis noxia On grasses and cereals Agropyron, Anisantha,
Andropogon, Bromus, Elymus, Hordeum, Phleum,
Triticum

15. Dysaphis aucuparie On Sorbus terminalis migrating to Plantago spp.

16.. Hyalopterus pruni On Prunus domesticus, migrating to Phragmites, or
sometimes to Arundo donax

17. Hydaphis foeniculi On Lonicera spp., migrating to various Umbelliferae

18. Hyperomyzus lactucae On Ribes spp. migrating to Sonchus spp., and
occasionally other Asteraceae

19. Lipaphis erysimi On various Brassicaceae (Arabis, Capsella,
Coronopus, Erysimum, Isatis, Lepidium, Matthiola,
Sinapis, Sisymbrium, Thlaspi, etc.), but not usually on
field Brassica crops

20. Macrosiphum rosae On Rosa spp. in spring, migrating to Dipsacaceae
(Dipsacus,Knautia, Succisa) and Valerianaceae
(Centranthus, Valeriana)

21. Metopolophium albidum On grasses such as Arrhenatherum elatius
(continued)
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Table 5.2 (continued)

S. No Aphid Species Major host plants

22. Metopolophium
dirhodum

On Rosa spp. in spring, migrating to numerous species
of Poaceae and Cyperaceae

23. Myzus cerasi On Prunus spp., migrating to secondary hosts in
Rubiaceae (Asperula, Galium), Orobanchaceae
(Euphrasia, Rhinanthus), Plantaginaceae (Veronica),
and certain Brassicaceae (Capsella, Cardamine,
Coronopus, Lepidium)

24. Myzus certus On Caryophyllaceae (Cerastium, Dianthus, Stellaria)

25. Nasonovia ribis-nigri On Ribes spp., migrating to liguliferous compositae
(Cichorium, Crepis, Lactuca, Lampsana)

26. Phorodon humuli On Prunus spp., migrating to Humulus lupulus

27. Prociphilus americanus Host-alternating between Fraxinus spp. and roots
of Abies (balsamea, grandis, procera)

28. Rhopalosiphum maidis On Avena, Hordeum, Oryza, Saccharum, Secale,
Sorghum, Triticum and Zea, migrating to Prunus spp.

29. Rhopalosiphum
nymphaeae

Variety of water plants (Alisma, Butomus, Callitriche,
Echinodorus, Juncus, Nelumbo, Nuphar, Nymphaea,
Potamogeton, Sagittaria, Sparganium, Triglochin,
Typha), sexual phase on Prunus spp.

30. Rhopalosiphum
oxyacanthae
(= R. insertum)

On Pyroideae (Cotoneaster, Crataegus, Malus, Pyrus,
Sorbus) migrating to Poaceae (Agropyron, Agrostis,
Alopecurus, Dactylis, Festuca, Glyceria, Phalaris,
Poa, Triticum)

31. Rhopalosiphum padi On Prunus spp., migrating to to numerous grasses and
cereals,

32. Rhopolomyzys poae Grasses Agrostis, Dactylis, Festuca, Glyceria,
Phalaris, Poa), migrating to Lonicera spp.

33. Schizaphis graminum Various species of Poaceae

34. Sipha elegans Various grasses and cereals (Aegilops, Agropyron,
Agrostis, Ammophila, Arrhenatherum, Bromus,
Elymus, Festuca, Hordeum, Phleum, Puccinellia,
Setaria, Triticum)

35. Sitobion avenae On numerous species of Poaceae, including all the
cereals and pasture grasses

36. Sitobion fragariae Apterae on Rubus and other Rosaceae, migrating to
Poaceae

37. Therioaphis riehmi Commonly on Melilotus spp., also recorded from
Medicago, Trigonella and Trifolium

38. Therioaphis trifolii On many plants of Leguminosae/Fabaceae in genera
Astragalus, Lotus, Medicago, Melilotus, Onobrychis,
Ononis and Trifolium

39. Uroleucon sonchi Mainly on Sonchus spp. and other genera in the tribe
Cichoriaceae (Lactuca, Cichorium, Hieracium,
Ixeridium, Picris, Reichardia)

aBlackman and Eastop 2000; De Bokx and Pirion 1990; DiFonzon et al. 1997; Halbert et al. 2003;
Harrington and Gibson 1989; Harrington et al. 1986; Katis and Gibson 1985; Mondal et al 2016a,
b; Piron 1986; Sigvald 1984, 1987, 1989, 1990; van Hoof 1977, 1980
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5.3.2 Aphis craccivora Koch (Cowpea Aphid; Groundnut
Aphid; Black Legume Aphid) (Fig. 5.3)

Aphis craccivora Koch, commonly known as black aphid, attacks many plants and
most often leguminous crops. It is a major pest of bean and cowpea. The aphid
species is known to infest at least 90 plant species belonging to 23 plant families in
India (Raychaudhuri 1983; Chakrabarti and Sarkar 2001). The species acts as a
vector of numerous viral diseases.

Both apterous and alate viviparous females reproduce asexually and both breed
throughout the year (Talati and Butani 1980). Reproduction is the highest in
February and lowest in June. The species completes 31 overlapping generations in a
year (Bakhetia and Sidhu 1977). This species is anholocyclic almost everywhere,
but monoecious holocyclic populations are recorded from Germany and India;
sexuales on leguminous plants in Germany (Falk 1957/58) and on Tinospora
cordifolia (Family Leguminosae) in Calcutta. Verma and Khurana (1974) reported
males and oviparous females on green gram during December, 1973 at Haryana
(India). Sometimes alatae of A. craccivora and A. gossypii are confused particularly
if small, lightly coloured specimens are involved. However, both can be separated
by the relative lengths of u.r.s. and h.t.2. Also, it differs from gossypii in the
transverse sclerites on the individual tergites being much longer, particularly on the
posterior segments, when they often extend along the entire width of the tergites,
uniting with the postsiphuncular and marginal sclerites (Cottier 1953).

Fig. 5.3 Aphis craccivora
apterae. Courtesy: Andy
Jensen (aphidtrek.org)
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5.3.3 Aphis fabae Scopoli (Black Bean Aphid) (Fig. 5.4)

Aphis fabae causes curling of the leaves of Euonymus europaeus in spring and
migrates to a wide range of secondary hosts, including young growth of some trees,
and many crops. It has one of the broadest host ranges, having been recorded from
nearly 120 plant families. It is particularly important on beans, peas, beets, cru-
cifers, cucurbits, potato, tobacco, tomato, and tulip (Blackman and Eastop 2007).
Anholocyclic populations of aphids of the A. fabae group occur on secondary hosts
in southern Europe, south-west Asia, Africa, Indian subcontinent, Korea (Kim et al.
2006), South America, Hawaii and Auckland Isles. Over much of Europe, A. fabae
is heteroecious holocyclic, alternating between Euonymous and a wide range of
secondary host plants.

Aphis fabae is a bewildering complex of species, at least some of which also
have wide host ranges. Favret (2014) has recognised five subspecies of Aphis fabae
viz. cirsiiacanthoidis Scopoli, 1763, eryngii Blanchard, 1923, evonymi Fabricius,
1775, fabae Scopoli, 1763, mordvilkoi Mordvilko, 1923, in addition to two species
viz. Aphis solanella Theobold, 1914 and Aphis euonymi Gmelin in the context of
the species complex.

In India, adults of both apterae and alatae reproduce parthenogenetically
throughout the year. The life cycle is rather very complicated. The female deposits
about 100 nymphs which become adults in about 10 days, passing through four
moults. When the population is overcrowded and food source is hampered, the
number of adult winged viviparous females increases so that they migrate from one
plant to another. However, sexual forms of both apterous oviparous females as well
as alate males are on record (Raychaudhuri et al. 1980a) from India. This suggests
that the pest species enjoys both anhlolocyclic and holocyclic life cycle in the
Indian conditions.

Fig. 5.4 Aphis fabae alate
adult and nymphs Courtesy:
Bob Dransfield
(influentialpoints.com)
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5.3.4 Aphis gossypii Glover (Melon Aphid; Cotton Aphid)
(Fig. 5.5)

Aphis gossypii occurs on a very wide range of host plants, its polyphagy being
particularly evident during the dry season in hot countries. It’s a major pest of
cotton and cucurbits, and in glasshouses in cold temperate regions (Blackman and
Eastop 2000). Distributed almost worldwide, A. gossypii is particularly abundant
and well-distributed in the tropics. Life cycle is anholocyclic in warm climates, and
mainly so in Europe. Host alternation and a sexual phase occur more regularly in
parts of east Asia (e.g. Japan, Takada 1988; China, Zhang and Zhong 1982) and
also in North America (Kring 1959), with several unrelated plants utilised as pri-
mary hosts (such as Catalpa bignonioides, Hibiscus syriacus, Celastrus orbicula-
tus, Rhamnus spp. and Punica granatum). Apterae of spring populations on
primary hosts are usually greenish. Males are always alate.

In India, A. gossypii is highly polyphagous and infests more than 500 species of
plants in 76 families both cultivated as well as wild. On cotton it inflicts appreciable
damage to the crop and hence it is commonly known as cotton aphid. Both adults
and nymphs suck plant sap of many ornamental plants like Hibiscus rosa-sinensis
Linn., Cassia glauca Linn., Tecoma capensis Lindl. and Rosa spp. from September
to April in northern India. The maximum population is observed in H. rosa-sinensis
during March-April. On Rosa spp., it is also observed in September to October and
on C. glauca in March-April. The aphid is present throughout the year in the plains.
In Punjab it remains very active from 4th week of July to third week of October on
okra, from first week of August to 4th week of November on brinjal and from
second week of August to fourth week of December on chilli (Jamwal and
Kandoria 1990). In western Uttar Pradesh it is found in early, main and late potato
crops while in Bihar its population is heavy on the seed crop (Verma and Parihar
1991). In Bangalore, the population of A. gossypii remains high from 3rd week of
October to 1st week of January, and from last week of June to the last week of July,

Fig. 5.5 Aphis gossypii a alate b apterae. Courtesy: (a) Bob Dransfield (influentialpoints.com)
(b) Andy Jensen (aphidtrek.org)

164 M. A. Shah et al.



respectively. Aphids are observed in more numbers in August planted cotton crop
than the March planted crop (Jalali et al. 2000).

The life cycle of this cotton aphid is very complicated. It is polymorphic and
adults of both apterae and alatae are viviparous and reproduce parthenogenetically.
The female deposits 80–100 nymphs which become adults in 7–9 days on cotton
after passing through four moults. When the population is overcrowded, the number
of winged adults increases so that they migrate from one plant to others. Both males
and oviparous females have been reported from India (Ghosh 1970; Basu and
Raychaudhuri 1980). The complete life-cycle is still unknown under Indian
conditions.

5.3.5 Aphis nasturtii Kaltenbach (Buckthorn Aphid;
Buckthorn-Potato Aphid)

It is found on a wide range of herbaceous plants in summer, including Nasturtium
officinale, Solanum tuberosum, Veronica beccabunga, Drosera rotundifolia (Müller
1978) and Rumex spp. In India, the species infests nearly 74 species belonging to 64
genera under 37 plant families (Ghosh 1990). Severe infestation results in curling of
leaves, started growth and gradual drying and death of young plants. Adults of both
apterae and alatae are viviparous and reproduce by parthenogenesis. However,
sexual morphs of both apterous oviparous females and alate males are known to
occur in India. This hints at the possibility of holocyclic life cycle of the species in
the Indian conditions. Life cycle is heteroecious holocyclic worldwide, with a
sexual phase on Rhamnus cathartica (Blackman and Eastop 2006).

5.3.6 Aphis spiraecola Patch (Spiraea Aphid; Green Citrus
Aphid) (Fig. 5.6)

Highly polyphagous species, usually colonises the under surface of leaves and
tender buds of the host plants chiefly Citrus group of fruit trees. The species is
however, not host specific to Citrus plants; instead it has wide preference of
alternate hosts. Emigrant alatae normally initiate colonies on the tender leaves and
shoots during late monsoon and sizeable population is produced on apical twigs,
branches and sometimes even on young fruits. Increase in population is accom-
panied by the production of alatae and a large part of the aphid infestation migrates
to other plants. Citrus plants support moderate to heavy aphid population for
2–3 months and it is preceded and succeeded by poor colonization for 15–20 days
respectively. The species usually reproduces anholocyclically. However, Ghosh
et al. (1972) reported sexual female of the species for the first time in India. Life
cycle is holocyclic in North America and Brazil where Spiraea is the primary host.
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In Japan both Spiraea and Citrus serve as primary hosts; differences are indicative
of either separate host races or species occur between the forms colonising these
two plants (Komakazi et al. 1979).

5.3.7 Aulacorthum solani (Kaltenbach) (Glasshouse-Potato
Aphid; Foxglove Aphid) (Fig. 5.7)

Aulacorthum solani is extremely polyphagous, colonising nearly 40 species
belonging to 21 plant families. The important families are Asteraceae, Brassicaceae,

Fig. 5.6 Aphis spiraecola a alate b apterous. Courtesy: Andy Jensen (aphidtrek.org)

Fig. 5.7 Aulacorthum solani a alate b apterous. Courtesy: (a) Bob Dransfield (influential-
points.com) (b) Andy Jensen (aphidtrek.org)
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Leguminasae, Poaceae, Polygonaceae, Solanaceae etc. Probably of European ori-
gin, now almost world-wide in distribution. Life cycle is monoecious holocyclic
with apterous or alate males, and with the unusual ability to go through the sexual
phase on many different plant species. Also, anholocycly is commonly reported in
mild climates and glasshouses (Blackman and Eastop 2006).

Aulacorthum solani was reported by David (1958) for the first time from India.
Apterous and alate viviparous females were found on the leaves of Digitalis in the
Nilgiris. David (1958) believed that the aphid was introduced around the
mid-twentieth century into the country. Basu (1967) recorded apterous and alate
viviparous females on potato in West Bengal. In Indian Conditions, this aphid
reproduces parthenogenetically throughout the year. Several generations are com-
pleted in a year. One generation takes about two weeks in favourable conditions.
The biology of the species is not properly known.

The brownish aphids usually infest young shoots and the undersides of young
leaves of the host plants. As a result, leaves are cupped or otherwise distorted and
become yellowish. Drops of sticky honey dew or patches of sooty mould on the
upper sides of leaves. According to Misra (2002) this aphid is a vector of more than
30 viruses and is known to be present throughout the country.

5.3.8 Brachycaudus helichrysi (Kaltenbach)
(Leaf-Curling Plum Aphid)

Brachycaudus helichrysi is extremely polyphagous, infesting nearly 185 species
belonging to 115 genera under 49 plant families. Primary host plants are various
Prunus species, notably domestica, insititia, spinosa. Secondary hosts are numerous
species of Compositae (e.g. Achillea, Chrysenthemum, Erigeron, Ageratum) and
Boraginaceae (Myosotis, Cyanoglossum) and sometimes other plants e.g.,
Cucurbita, Rumex, Veronica etc. life cycle is heteroecious holocyclic, but with
widespread anholocycly in mild climates and in glasshouses (Blackman and Eastop
2000). The damage is caused by nymphs and females (apterous and alate) which are
confined to the growing shoots and leaves, from where they suck the cell sap. It also
sucks the sap from buds, blossoms, petioles, tender fruits and leaves. Excess
feeding causes ventral curling of peach leaves which adversely affects the yield. On
sprouting the leaves emerge curled while the fruits either do not set or falloff
prematurely. The infestation starts with the commencement of bud swelling and
continues during and after flowering.

In India, the pest species is active from February to March on temperate fruits.
During the winter, it is found only in the egg stage at the base of the buds. During
spring the eggs hatch and nymphs move on to the young leaves. Here they start
sucking the plant sap. In about 4 weeks the nymphs become apterous viviparous
female adults. The viviparous females give birth to young ones. 3 or 4 generations
are completed on the fruit plants. With the warming up winged females and
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probably males are also produced. They migrate to other alternative host plants such
as golden-rod and start reproducing parthenogenetically again. 4 or 5 generations
are completed on the said plant from June to October. Early in November, the alate
viviparous females are produced again. They migrate back to peach, plum and other
fruit trees. Later, the females lay eggs at the base of the buds. Egg laying is
completed by the middle of December. In Kumaon hills, this peach leaf curl aphid
infests peach, plum and almond from November to May and from May to October
it spends on an alternate host Erigeron Canadensis and other Asteraceae. On both
the fruit trees and E. canadenses reproduction is normally through parthenogenesis.
Basu et al. (1970) reported ovipara from Prunus sp. and alate males at Shillong.
Alate males were also recorded (Ghosh et al. 1971) from Prunus sp. at Kalimpong
(N-E Himalaya). Ghosh (1986) reported both oviparous female and alate males
from N.W. Himalaya. Thus, it is a holocyclic and heteroecious species alternating
between Prunus spp. (primary host) and a number of heterogenous secondary host
plants including Anaphalis sp., Ageratus conyzydes, Chrysanthemum sp.,
Eupatorium sp., Erigeron canadensis (Raychaudhuri 1983)

It is widely distributed in North India, South India including Nilgiris and
Coimbatore and also Eastern India including Assam, Meghalaya, Manipur, Sikkim
and West Bengal.

5.3.9 Brevicoryne brassicae (L.) (Cabbage Aphid;
Mealy Cabbage Aphid)

Brevicoryne brassicae is virtually restricted to members of the Cruciferae and is
common in all temperate and warm temperate parts of the world. Life cycle is
monoecious holocyclic in colder regions, anholocyclic where winter climate is mild
(Blackman and Eastop 2000).

It forms colony of soft mealy-grey nymphs and apterous viviparous females that
are found feeding in clusters on leaves, stems and flowers. White cast skins and
drops of sticky honeydew and sooty mould growing on the honeydew are often
noticed on the leaves. In India, both apterous and alate viviparous females are
reported besides the sexuales; apterous oviparous females and alate males. In most
of the cases, the aphid reproduces parthenogenetically both in the plains and alti-
tudes (Debraj et al. 1995). Although anholocycly takes place in most of the cases of
this aphid, sexual reproduction plays significant role in the biology of the aphid
occurring at the higher elevations where cold climate prevails and day length is
short. David (1958) reported the occurrence of only apterous oviparous females on
Brassica oleracea from Shimla. Banerjee et al. (1969) reported males (alate) from
Kuti valley (Uttar Pradesh) and Ghosh et al. (1969) reported alate male on
B. oleracea in colony with viviparae at Shimla (Himachal Pradesh). All the above
records of the aphid are from the plants of Brassicaceae growing at an elevation of
above c 5,000 feet in the Western Himalaya. This suggests that Brevicoryne
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brassicae (L.) reproduces both anholocyclically and holocyclically at higher ele-
vations. It is known that the species is more common above ca. 3,000 feet in Indian
conditions where there is a chance of overlapping of mustard aphid Lipaphis erysini
(Kaltenbach) and cabbage aphid Brevicoryne brassicae (L.)

5.3.10 Macrosiphum euphorbiae (Thomas) (Potato Aphid)
(Fig. 5.8)

The potato aphid is a common and highly polyphagous species. Primary host plant
is Rosa spp., and the species is hoghly polyphagous on secondary hosts feeding on
over 200 plant species. It is often a pest on various crops such as potato (Solanum
tuberosum), lettuce (Lactuca sativa) and beets (Beta vulgaris) as well as on
numerous garden ornamentals. Macrosiphum euphorbiae is a vector of about one
hundred plant viruses. The species originates from the north-eastern USA where it
produces sexual forms and host alternates with rose (Rosa) as its primary host.
Elsewhere it usually overwinters as viviparae. Aphid numbers increase rapidly from
early spring, and alatae spread infestations to other plants. It is an especial problem
in unheated greenhouses (Blackman and Eastop 2000).

Life cycle is heteroecious holocyclic with a sexual phase on Rosa in
north-eastern USA, but elsewhere probably mainly or entirely anholocyclic on
secondary hosts in more than 20 different plant families.

5.3.11 Myzus antirrhinii (Macchiati)

These aphids occur on leaves and young growth of numerous plants, on which it
may be confused with M. persicae (Blackman and Paterson 1986). It often forms

Fig. 5.8 Macrosiphum euphorbiae a alate b apterous. Courtesy: Andy Jensen (aphidtrek.org)
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large, dense colonies, and only produces alatae rather sporadically. This species
enjoys anholocycly almost everywhere, and produces alatae only sporadically, so it
is most often found on perennial plants. However, there is now evidence of a
possible sexual phase in Japan (Shigehara et al. 2006). Separation from M. persi-
cae is difficult except using enzyme or molecular analysis (Hales et al. 2000).

5.3.12 Myzus ascalonicus Doncaster (Shallot Aphid)

Myzus ascalonicus is extremely polyphagous, with hosts in more than 20 families,
but particularly Alliaceae, Caryophyllaceae, Compositae, Brassicaceae, Liliaceae
and Rosaceae (Blackman and Eastop 2000). This species of aphids is apparently
completely anholocyclic everywhere. During winter, it is frequently found on
stored bulbs, potatoes or root vegetables, in glasshouses and on potted plants
(Müller and Möller 1968).

5.3.13 Myzus ornatus Laing Violet Aphid

Myzus ornatus is extremely polyphagous, infesting nearly 180 species of plants.
They live singly on the leaves of host plants in many different plant families
including especially Bignonaceae, Compositae, Lamiaceae, Polygonaceae,
Primulaceae, Rosaceae, and Violaceae. Anholocyclic populations occur throughout
the world, and in colder climates they probably overwinter in glasshouses, on pot
plants, or in sheltered situations. Both alate males and oviparaous females (Maity
and Chakrabarti 1981) are known from India. This suggests that the species enjoys
holocycly besides usual anholocyclic life cycle in the Indian conditions.

5.3.14 Myzus persicae (Sulzer) (Peach Potato Aphid;
Green Peach Aphid) (Fig. 5.9)

The peach potato or green peach aphid, Myzus persicae is the most economically
important aphid crop pest worldwide (van Emden and Harrington 2007). It is a
notable example of a heteroecious aphid species. As the day length drops below a
critical level in the autumn, apterous holocyclic viviparae produce gynoparae and
males on secondary (herbaceous) hosts which migrate to the primary host, peach,
Prunus persica L. (Rosaceae). The gynoparae then give birth to oviparae that lay
the overwintering eggs after mating with males (van Emden et al. 1969). However,
the life cycle of M. persicae appears to be polymorphic. The life cycle categories
have been described in relation to the photoperiodic response and temperature
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regime, i.e. holocyclic, anholocyclic, androcyclic and intermediate. In temperate
regions clones with different reproductive strategies could coexist. The relative
frequencies of holocyclic and anholocyclic populations in the spring depend on the
severity of the previous winter. Anholocyclic clones are unable to produce any
sexual morph and overwinter as parthenogenetic females on weeds or winter crops.
Other genotypes are able to invest in both reproductive and overwintering strate-
gies. Androcyclic clones, under short day conditions, produce parthenogenetic
morphs and males, which are able to mate with oviparae of holocyclic or inter-
mediate clones. Intermediate genotypes produce many apterous and alate vir-
ginoparae, some males and alate females which give birth both to virginoparae and
oviparae (Blackman 1971, 1972).

Blackman (1974) reviewed the life cycle variation of M. persicae in different
parts of the world and propounded that in tropics, where some varieties of peach are
grown the mean monthly temperature never falls below 20 °C except at high
altitudes, so that sexual morph production may be directly inhibited by high tem-
perature all the year round. Parthenogenesis may continue uninterrupted for a long
period of time, and although the holocyclic character could not be selected against,
because it is not phenotypically expressed, one might expect loss of sexual viability
due to the accumulation of chromosomal and genetic mutations. Apparently distinct
anholocyclic biotypes of M. persicae such as that on tobacco may have originated
in the tropics in this way. The extent to which splitting of the species occurs in
tropical conditions must be largely governed by the frequency and degree of mixing
between populations and integration of genotypes due to migrations between
host-plants (Shaposhnikov 1966). The tropics cannot however be considered in
isolation from the rest of the world, as the extent of frequently of long-range
displacements into and out of the tropics of M. persicae from other latitudes is not
known. In subtropical zone temperature is not low enough to permit the production
of sexual morphs by October north of the equator, and by April south of the

Fig. 5.9 Myzus persicae a alate b apterous. Courtesy: (a) Bob Dransfield (influentialpoints.com)
(b) Andy Jensen (aphidtrek.org)
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equator, then it will be too late for migration to Prunus and maturation of the
oviparae before leaf fall. Therefore an induced holocycle in these regions is likely to
be abortive. During the winter months temperature ceases to be inhibitory to sexual
morph determination, and in winter or spring gynoparae and males may migrate to
primary hosts (Bodenheimer and Swirski 1957). Mating and oviposition on peach
trees in February and March have been recorded at localities in Egypt, Pakistan and
India. As far as is known, any eggs laid in spring do not hatch. Where an abortive
holocycle persists in climatic conditions which strongly favour anholocycly this
implies immigration of holocyclic genotypes from other regions. This situation
warrants further investigation. Winters are so mild in this subtropical zone that they
present no obstacle to continuous parthenogenesis, and anholocycly predominates.
It is significant that male M. persicae were caught from June to September in
all-year-round traps for flying aphids in the region of Sao Paulo, Brazil, where the
holocycle has not yet been recorded (Costa 1970). Males have also been collected
from Solanaceae in Hong Kong in January and in Taiwan in March (Takahashi
1923). It is likely that the life cycle is androcyclic under such conditions.

Myzus persicae is a notorious polyphagous pest infesting nearly 250 species
belonging to 77 genera in India, inflicting heavy losses to variety of crops and is
also an important vector of many plant virus diseases (Raychaudhuri 1983;
Chakrabarti and Sarkar 2001). It is universally distributed present in all ecological
conditions prevailing in the country. The pest species usually appears on potato
crop in the field from mid November onwards in most parts of Indo-Gangetic plains
and does not migrate to the primary host plant for egg laying as in other temperate
countries. Its population goes on increasing up to the end of February and early
March (Chauhaf et al. 1975). However, by the end of March many alatae are
formed and migrate to mid and then to higher hill where the climate is mild and
suitable and a number of secondary host plants are available. The aphids keep on
multiplying till November-December on high hills and thereafter, its return mi-
gration starts from hills to plains and vice versa. It is, thus, clear that M. persicae is
present on the secondary host plants throughout the year either in the plains or hills
(Nirula and Pushkarnath 1970). It can also overwinter in the hills, in green houses,
sprouts of stored tuber and even in the fields (Lal and Verma 1987).

Ghosh and Raychaudhuri (1962) recorded sexual male from Delhi while sexual
female was reported by Verma and Ghosh (1990) from northern part of the country
such as Nainital (Uttarakhand) and Shillong (Meghalaya), but also from plains like
Modipuram and Meerut (Uttar Pradesh). Verma and Chauhan (1993) reported that
in the plains a few gynoparae (alatae) which produce oviparae, start arriving on
peach trees by the end of January and February, the nymphs laid by these alatae
mature into oviparous females by the middle of February. The males also start
arriving during this period and mating takes place which lasts for about 2–5 min.
The eggs are laid in the crevices of auxillary buds in clusters. Some eggs are also
laid on the twigs. The eggs are first greenish in colour which later turn shining
black. During this period, the temperature and day length go on rising and most of
the eggs die and are also preyed on by the predators. It seems that these conditions
are not suitable for egg hatching. Based on these observations, Singh and Ghosh
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(2012) presumed that it enjoys both asexual and sexual life cycle in northern India
which however, does not seem to be the case as this type of abortive life-cycle is
known in many subtropical conditions and is referred to as androcycly
(Margaritopoulos et al. 2002). The oviparae and eggs do not contribute to and nor
continue the life cycle instead are a dead end to it. The life cycle continues through
migration of alate virginoparae out of the subtropics to mild climate areas and then
back as the temperature becomes suitable.

5.3.15 Neomyzus circumflexus (Buckton)
Mottled Arum Aphid

It is extremely polyphagous, feeding on numerous species of both monocots and
dicots, and even ferns and gymnosperms. In temperate climates N. circumflexus is
found especially in glasshouses and on house plants (e.g. Cineraria, Cyclamen,
Fuschia, Zantedeschia). Distribution is virtually world-wide. Apparently it is
entirely anholocyclic; no sexual morphs have been recorded.

The crescent-marked lily aphid is entirely parthenogenetic with no sexual stage
in the life cycle. In temperate climates it is primarily a pest of glasshouse crops
where it attacks Asparagus, Begonia, Fuchsia and many others. Heavy infestations
cause direct harm to many ornamental plants, and the aphids also transmit viruses
(Blackman and Eastop 2000).

5.3.16 Pseudomegoura magnoliae (= Aulacorthum
magnoliae) (Essig and Kuwana)

Polyphagous, feeding mainly on leaves of plants in over 20 different families,
including Citrus and many ornamental shrubs and trees. Indian records are mainly
from Cucurbitaceae (Raychaudhuri et al. 1980a). Life cycle is mainly anholocyclic,
with a “relict” holocycle on Sambucus in Japan (Blackman and Eastop 2000).
Matsuka and Imanishi (1982) studied its life cycle on Sambucus sieboldiana near
Tokyo, where populations overwinter both as viviparae and, less commonly, as
eggs. Clones descended from fundatrices produced males and viviparous females,
but very few oviparae, so the sexual phase was almost non-existent in that popu-
lation. Males are also recorded from India (Raychaudhuri et al. 1980b).
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5.3.17 Rhopalosiphoninus latysiphon (Davidson)
Bulb and Potato Aphid

It colonizes bulbs (Tulipa, Gladiolus) and potato tubers in store, and the roots of
many plants, especially in clay soils (e.g. potato crops), or on etiolated stems or
runners growing in darkness under stones (e.g. Bromus sterilis, Convolvulus
arvensis, Potentilla anserina, Vinca major, Urtica spp.). It is a recorded vector of
PVY and also has the ability to tranamit potato leaf roll virus (Bell 1988).
Anholocyclic, overwintering on stored bulbs and potatoes in cold temperate regions;
sexual morphs are not recorded. However, it is possible that Rhopalosiphoninus
deutzifoliae (q.v.) on Hydrangaceae in Japan and east Siberia is the primary host
form. Rhopalosiphoninus latysiphon ssp. panaxis Zhang, described from Panax
quinquefolium in China (Qiao and Zhang 1999) appears to be a synonym (Blackman
and Eastop 2006).

5.3.18 Rhopalosiphum padi (L.) Bird Cherry-Oat Aphid

Common primary hosts are Prunus padus in Europe and P. virginiana in North
America. Secondary hosts are numerous species of Graminae, including all major
cereal and pasture grasses. Also it has been found overwintering on dicotyledonous
weeds (Capsella, Stellaria). Life cycle is heteroecious holocyclic between Prunus
padus and Graminae in Europe, or anholocyclic on Graminae where winter con-
ditions permit and in many part of the world where P. padus or alternative primary
hosts are not available.

In India, Rhopalosiphum padi is known to infest about 30 species of plants
belonging to many families Severe infestation is observed in the poaceous plants
(November–March). From centres of infestation, it spreads in ever-widening cir-
cles. The aphid is responsible for Barley yellow dwarf (Nagaich and Vashisth 1963)
and Wheat streak mosaic (Raychaudhuri and Ganguli 1968).

The species apparently reproduces parthenogenetically throughout the year in
India. However, oviparae of this species are recorded from India (Raychaudhuri
1980a, b). This hints at the possibility that it may have sexual life cycle in the
altitudinal areas where day length is short and temperature is low which may initiate
the production of the sexuales. According to Richards (1960) the number of gen-
erations of alienicolae produced is unknown, but certainly several are produced.
Fall migrant alate viviparous females resemble spring migrants but are produced by
alienicolae and sexuales occur on the winter host from the middle of September to
the end of October.
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5.3.19 Rhopalosiphum rufiabdominale (Sasaki)
Rice Root Aphid

Apterae in spring colonise on young leaves, stems and suckers of Prunus spp.
(e.g. mume, salicina, yedoensis) (Moritsu 1983). Rhodotypos scandens may also be
used as a primary host (Torikura 1991). Heteroecious holocyclic (Tanaka 1961);
alatae migrate in May-June to form colonies on underground parts of numerous
species of Poaceae, Cyperaceae and some dicots, particularly Solanaceae (potato,
tomato, capsicums). Alatae on secondary hosts normally have 5-segmented antennae.
It is a major pest of rice (Yano et al. 1983; Blackman and Eastop 2000). Anholocyclic
populations occur throughout most of the world on secondary hosts, particularly in
warmer climates and in glasshouses. However, early spring populations have recently
been found on Prunus spp. (armeniaca, domestica) in Italy (Rakauskas et al. 2015),
indicating that a holocycle may now have been established in Europe.

In India, R. rufiabdominalis has been found to attack roots and aerial parts of
potato. Heavy infestations have been recorded on potato roots (Chahal et al. 1974)
but the exact role the species plays is still unknown. The adults reproduce
parthenogenetically and produce nymphs throughout the year. The alate forms that
are produced after 2–3 generations of the apterous forms are responsible for dis-
persal of this aphid. They are carried to the potato fields by wind and subsequently
nymphs are produced on the leaves, which move towards the roots at soil level. In
India, alate male was reported and described for the first time from snow at Naini
peak (Ca. 8,563 ft) in Uttar Pradesh by Ghosh (1969). Later, Verma (1988) reported
apterous oviparous females collected on Peach. The finding of both sexual male and
female from the same geographical range hints at the possibility that the species
breeds holocyclically at least in the northern part of India.

Young et al. (1971) reported the aphid species from roots and underground
stems of barley in Delhi. The aphid colonies were present on the crop from the 1st
week of January to the end of February.

5.3.20 Smynthurodes betae Westwood (Bean Root Aphid)

Primary hosts are Pistacia spp. (atlantica, mutica and, rarely, vera). The galls on
Pistacia spp. are yellow-green or red, spindle-shaped, about 20 mm long, formed
by rolling of the edge of the leaflet near its base. These are secondary galls,
produced by the progeny of the fundatrix, which lives in a small red mid-rib gall
(Burstein and Wool 1991). Smynthurodes betae is heteroecious holocyclic with a
two-year cycle; alatae emerge in September-November and migrate to roots of
numerous, mostly dicotyledonous, plants. Secondary hosts are particularly
Compositae/Asteraceae (Artemisia, Arctium), Leguminosae/Fabaceae (Phaseolus,
Vicia, Trifolium), and Solanaceae (Solanum tuberosum, S. nigrum, Lycopersicon
esculentum); also sometimes on Beta, Brassica, Capsella, Gossypium,
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Heliotropum, Rumex, etc. Only rarely is it found on monocots (Poaceae,
Cyperaceae). The holocycle is recorded throughout the range of the primary hosts;
Algeria, Morocco, Israel, Syria, Iran, southern Crimea, Transcaucasus and Pakistan.
Anholocyclic populations occur commonly on secondary hosts in other parts of the
world (Blackman and Eastop 2000).

5.3.21 Uroleucon compositae (Theobald)

On flower stems, and in low numbers along the mid-ribs of the leaves, of a wide
range of Compositae/Asteraceae in tropical and subtropical climates, particularly
plants growing in moist or shady situations at the end of the dry season. It is a pest
of Carthamus tinctoria (safflower) in India (Blackman and Eastop 2000), and is
common on herbaceous Vernonia after the rains in Africa (Eastop 1958).
Sometimes it is found on non-composite plants such as Malva and Morus. The
aphid species is widely distributed in Africa, South America and on the Indian
subcontinent. Apparently it is anholocyclic everywhere; no sexual morphs have
been recorded. U. compositae is difficult to distinguish from the East Asian
species U. gobonis, and it could even possibly be an anholocyclic form of that
species. Early records of U. jaceae or U. solidaginis on safflower in Africa or India
probably all refer to U. compositae (Blackman and Eastop 2000).

5.4 Summary

Various aphid species such as M. persicae, A. gossypii etc. exhibit huge variation in
life cycle. It appears that in tropical and subtropical zones the aphid life cycle gets
modified given the exorbitantly high temperature in summer and round the year
availability of favourable temperature in tropics and absence of preferred primary
hosts. The survival and life cycle variation of aphids in areas other than temperate
zone needs thorough exploration.

A section of the population of M. persicae migrates from temperate to tropical
and subtropical areas as was identified by Blackman (1974). However the factors
inducing production of such migratory clones and their subsequent routes and
behaviour in immigration zone needs further exploration. It is of paramount
importance keeping in view the impact of M. persicae for the healthy seed pro-
duction in subtropics like India.

It has been identified that there is influx of various species of aphids from
various Poaceous plants into potato bringing viruses along. In this connection the
importance of cropping pattern vis-a-vis healthy seed production needs exploration.
Since the occasional visitor aphids can contribute to virus transmission and spread
in an appreciable manner, the possibility of feeding repellents and physical barriers
needs to be re-explored.

176 M. A. Shah et al.



References

Bakhetia DRC, Sidhu AC (1977) Biology and seasonal activity of the groundnut aphid
Aphis craccivora Koch. J Res Punjab Agric Univ 14(3):299–303. AGRIS record
ID = US201302431594

Banerjee H, Ghosh AK, Raychaudhuri DN (1969) On a collection of aphids (Homoptera) from
Kutivalley West Himalaya. Orient Ins 3(3):255–264. https://doi.org/10.1080/00305316.1969.
10433914

Barlow ND, Dixon AFG (1980) Simulation of lime aphid population dynamics. Pudoc,
Wageningen, 165 pp. ISBN: 9022007065

Basu AN (1967) One new genus and seven new species of aphids from Darjeeling district, West
Bengal (Homoptera: Aphididae). Bull Ent 8(2):143–157

Basu RC, Raychaudhuri DN (1980) A study on the sexuales of aphids (Homoptera: Aphididae) in
India. Records of Zoological Survey of India, Occasional Paper No. 18, 54 pp. ISSN: 0375-1511

Basu RC, Ghosh AK, Raychaudhuri DN (1970) A new genus and records of some sexual forms
from Assam. Proc Zool Soc Calcutta 23:83–91

Bell AC (1988) The efficiency of the bulb and potato aphid Rhopalosiphoninus latysiphon
(Davidson) as a vector of potato virus V. Potato Res 31(4):691–694. https://doi.org/10.1007/
BF02361862

Blackman RL (1971) Variation in the photoperiodic response within natural populations of Myzus
persicae (Sulz.). Bull Ent Res 60:533–546. https://doi.org/10.1017/S0007485300042292

Blackman RL (1972) The inheritance of life-cycle differences in Myzus persicae (Sulz.) (Hem.,
Aphididae). Bull Ent Res 62:281–294. https://doi.org/10.1017/S0007485300047726

Blackman RL (1974) Life-cycle variation ofMyzus persicae (Sulz.) (Horn., Aphididae) in different
parts of the world, in relation to genotype and environment. Bull Ent Res 63:595–607. https://
doi.org/10.1017/S0007485300047830

Blackman RL, Eastop VF (1994) Aphids on the World’s trees. CAB International, Wallingford,
987 pp. ISBN: 0851988776

Blackman RL, Eastop VF (2000) Aphids on the world’s crops: An identification and information
guide, 2nd edition. Wiley, Chichester, UK. 466 pp. ISBN: 978-0-471-85191-2

Blackman RL, Eastop VF (2006) Aphids on the world’s herbaceous plants and shrubs. (2 vols)
Wiley, Chichester, 1439 pp. ISBN: 978-0-471-48973-3

Blackman RL, Eastop VF (2007) Taxonomic Issues. In: van Emden, HF, Harrington R (eds),
Aphids as Crop Pests. CABI, Wallingford, UK., pp 1–29. https://doi.org/10.1079/
9780851998190.0001

Blackman RL, Paterson AJC (1986) Separation of Myzus (Nectarosiphon)
antirrhinii from M. (N.) persicae and related species in Europe. Syst Ent 11:267–276.
https://doi.org/10.1111/j.1365-3113.1986.tb00181.x

Bodenheimer FS, Swirski E (1957) The Aphidoidea of the Middle East. Weizmann Science Press,
Jerusalem, p 378

Burstein M, Wool D (1991) A galling aphid with extra life-cycle complexity: population ecology
and evolutionary considerations. Res Pop Ecol 33:307–322. https://doi.org/10.1007/
BF02513556

Chahal BS, Sekhon SS, Sandhu MS (1974) Rhopalosiphum rufiabdominalis recorded on roots of
potato in the Punjab. In: Symposium on problems in potato production. CPRI, Shimla, India

Chakrabarti S, Sarkar A (2001) A supplement to the’ food plant catalogue of Indian Aphididae.
J Aphidol 15:9–62

Chandel RS, Chandla VK, Verma KS, Pathania M (2013) Insect pests of potato in india: biology
and management In: Giordanengo P, Vincent C, Alyokhin A (eds) Insect pests of potato.
Global Perspectives on Biology and Management Elsevier Inc, USA, pp 227–270. http://dx.
doi.org/10.1016/B978-0-12-386895-4.00008-9

5 Population Ecology of Aphid Pests Infesting Potato 177

http://dx.doi.org/10.1080/00305316.1969.10433914
http://dx.doi.org/10.1080/00305316.1969.10433914
http://dx.doi.org/10.1007/BF02361862
http://dx.doi.org/10.1007/BF02361862
http://dx.doi.org/10.1017/S0007485300042292
http://dx.doi.org/10.1017/S0007485300047726
http://dx.doi.org/10.1017/S0007485300047830
http://dx.doi.org/10.1017/S0007485300047830
http://dx.doi.org/10.1079/9780851998190.0001
http://dx.doi.org/10.1079/9780851998190.0001
http://dx.doi.org/10.1111/j.1365-3113.1986.tb00181.x
http://dx.doi.org/10.1007/BF02513556
http://dx.doi.org/10.1007/BF02513556
http://dx.doi.org/10.1016/B978-0-12-386895-4.00008-9
http://dx.doi.org/10.1016/B978-0-12-386895-4.00008-9


Chauhaf BS, Sekhon SS, Bindra OS (1975) The incidence and the time of appearence of Myzus
persicae in autumn potato crop under different agroclimatic conditions in the Punjab. Indian J
Ecol 2:155–162. AGRIS record ID = IN19760083833

Costa CL (1970) Variacoes sazonais da migracao de Myzus persicae em Campinas nos anos de
1967 a 1969. Bragantia 29:347–359. http://repositorio.unb.br/handle/10482/15811

Cottier W (1953) Aphids of New Zealand. Bull N Z Dept Sci Ind Res 106:1–368
David SK (1958) Some rare Indian aphids. J Bombay Nat Hist Soc 55(1):110–116
De Bokx JA, Piron PGM (1990) Relative efficiency of a number of aphid species in the

transmission of potato virus YN in the Netherlands. Ned J Pl Path 96(4):237–246. https://doi.
org/10.1007/BF01974261

Debraj Y, Singh SL, Shantibala K, Singh TK (1995) Comparative biology of the cabbage aphid,
Breuicoryne brassicae (L.) on six cruciferous hosts. J Aphidol 9:30–35

DiFonzo CD, Ragsdale DW, Radcliffe EB, Gudmestad NC, Secor GA (1997) Seasonal abundance
of aphid vectors of potato virus Y in the Red River Valley of Minnesota and North Dakota.
J Econ Ento 90:824–831. https://doi.org/10.1093/jee/90.3.824

Dixon AFG (1971) The role of intra-specific mechanisms and predation in regulating the numbers
of the lime aphid Eucallipterus tiliae L. Oecol 8:179–193. https://doi.org/10.1007/
BF00345812

Dixon AFG, Horth S, Kindlmann P (1993) Migration in Insects: cost and strategies. J Animal Ecol
62:182–190. https://doi.org/10.2307/5492

Douglas AE (2003) Nutritional physiology of aphids. Adv Insect Physiol 31:73–140. https://doi.
org/10.1016/S0065-2806(03)31002-1

Eastop VF (1958) A study of the Aphididae of East Africa. Colonial Research Publication, H.M.S.
O, London, 126 pp

Falk U (1957/58) Biologie and Taxonomic der Schwarzen Blattlause der Leguminosen. Wiss. Z.
Uniu Rostock 7(4):616–634

Favret C (2014) Aphid Species File. Version 5.0/5.0. [30-12-2014]. http://Aphid.SpeciesFile.org
Fenton B, Woodford JAT, Malloch G (1998) Analysis of clonal diversity of the peach–potato

aphid, Myzus persicae (Sulzer), in Scotland, UK and evidence for the existence of a
predominant clone. Mol Ecol 7:1475–1487. http://doi.org/:10.1046/j.1365-294x.1998.00479.x

Fernandez-Calvino L, Lopez-Abella D, Lopez-Moya JJ, Fereres A (2006) Comparison of Potato
virus Y and Plum pox virus transmission by two aphid species in relation to their probing
behavior. Phytoparasitica 34:315–324. https://doi.org/10.1007/BF02980959

Ghosh LK (1969) Notes on the male of Rhopolosiphum rufiabdominalis (Sasaki) (Homoptera:
Aphididae) from Uttar Pradesh, India. Indian J Sci Indust 3(4):215–217

Ghosh LK (1970) On a collection of aphids (Homoptera: Aphididae) from Rajasthan, India.
Indian J Sci Indust (B) 4(2):85–89

Ghosh LK (1986) A conspectus of Aphididae (Homoptera) of Himachal Pradesh in Northwest
Himalaya, India. Technical Monograph No. 16. Zoological Survey of India, 282 pp

Ghosh LK (1990) A taxonomic review of the genus Aphis Linnaeus (Homoptera: Aphididae) in
India. Mem Zool Surv India 17(3):45–48

Ghosh AK, Chakrabarti S, Chowdhuri AN, Raychaudhuri DN (1969) Aphids (Homoptera) of
Himachal Pradesh, India-II. Orient Ins 3(4):327–334

Ghosh AK, Raychaudhuri DN (1962) A preliminary account of bionomics and taxonomy of
aphids from Assam. J Bombay Nat Hist Soc 59:238–253

Ghosh AK, Ghosh MR, Raychaudhuri DN (1971) Studies on the aphids (Homoptera: Aphididae)
from Eastern India. VII. New species and new records from West Bengal. Oriental Ins 5
(2):209–221. http://dx.doi.org/10.1080/00305316.1971.10434009

Ghosh AK, Ghosh MR, Raychaudhuri DN (1972) Studies on the aphids (Homoptera: Aphididae)
from eastern India XI: Descriptions of hitherto unknown or newly recorded sexual morphs of
some species from West Bengal. Oriental Ins 6(3):333–341. http://dx.doi.org/10.1080/
00305316.1972.10434083

Halbert SE, Corsini DL, Wiebe MA (2003) Potato Virus Y transmission efficiency for some
common aphids in Idaho. Am J Potato Res 80:87–91. http://doi.org/10.1007/BF02870-207

178 M. A. Shah et al.

http://repositorio.unb.br/handle/10482/15811
http://dx.doi.org/10.1007/BF01974261
http://dx.doi.org/10.1007/BF01974261
http://dx.doi.org/10.1093/jee/90.3.824
http://dx.doi.org/10.1007/BF00345812
http://dx.doi.org/10.1007/BF00345812
http://dx.doi.org/10.2307/5492
http://dx.doi.org/10.1016/S0065-2806(03)31002-1
http://dx.doi.org/10.1016/S0065-2806(03)31002-1
http://Aphid.SpeciesFile.org
http://doi.org/:10.1046/j.1365-294x.1998.00479.x
http://dx.doi.org/10.1007/BF02980959
http://dx.doi.org/10.1080/00305316.1971.10434009
http://dx.doi.org/10.1080/00305316.1972.10434083
http://dx.doi.org/10.1080/00305316.1972.10434083
http://doi.org/10.1007/BF02870-207


Hales DH, Wilson ACC, Spence JM, Blackman RL (2000) Confirmation that Myzus antirrhinii
(Macchiati) (Hemiptera: Aphididae) occurs in Australia, using morphometrics, microsatellite
typing and analysis of novel karyotypes by fluorescence in situ hybridisation. Austr J Entomol
39:123–129. https://doi.org/10.1046/j.1440-6055.2000.00160.x

Harrington R, Gibson RW (1989) Transmission of potato virus Y by aphids trapped in potato
crops in southern England. Potato Res 32(2):167–174

Harrington R, Katis N, Gibson RW (1986) Field assessment of the relative importance of different
aphid species in the transmission of potato virus Y. Potato Res 29(1):67–76. https://doi.org/10.
1007/BF02361982

Jalali SK, Singh SR, Biswas SR (2000) Population dynamics of Aphis gossypii Glover
(Homoptera: Aphididae) as its natural enemies in the cotton ecosystem. J Aphidol 14:25–32

Jamwal R, Kandoria JL (1990) Appearance and build up of Aphis gossypii (Homoptera:
Aphididae) on chilli, brinjal and okra in Punjab. J Aphidol 4:49–52

Katis N, Gibson RW (1985) Transmission of potato virus Y by cereal aphids. Potato Res 28:65–
70. https://doi.org/10.1007/BF02357571

Khurana SMP, Naik PS (2003) The potato: an overview. In: Khurana SMP, Minhas JS, Pandey SK
(eds) The potato—production and utilization in subtropics. Mehta Publishers, New Delhi,
India, pp 1–14

Kim H, Lee W, Lee S (2006) Three new records of the genus Aphis (Hemiptera: Aphididae) from
Korea. J Asia-Pacific Ent 9:301–312. https://doi.org/10.1016/S1226-8615(08)60307-6

Komakazi S, Sakagami Y, Korenaga R (1979) Overwintering of aphids on citrus trees. Jap J Appl
Ent Zool 23: 246–250. https://doi.org/10.1303/jjaez.23.246

Kring JB (1959) The life cycle of the melon aphid, Aphis gossypii Glover, an example of
facultative migration. Ann Ent Soc Am 52:284–286. https://doi.org/10.1093/aesa/52.3.284

Lal L, Verma KD (1987) Seasonal incidence and over seasoning of Myzus persicae (Sulzer) on
potato in Meghalaya. Indian J Hill Frmg 1:35–39

Maity SP, Chakrabarti S (1981) On poplar inhabiting aphids (Homoptera: Aphididae) of India and
adjoining countries with notes on some species. Entomon 6(4):297–305. AGRIS record no.
19820591768

Margaritopoulos JT, Tsitsipis JA, Goudoudaki S, Blackman RL (2002) Life cycle variation of
Myzus persicae (Hemiptera: Aphididae) in Greece. Bull Entomol Res 92:309–319. https://doi.
org/10.1079/BER2002167

Matsuka M, Imanishi M (1982) Life cycle of an aphid, Acyrthosiphon magnoliae (Essig et
Kuwana) observed near Tokyo and in a laboratory under controlled condition. Bull Fac Agric
Tamagawa Univ 22:56–66 (in Japanese)

Misra SS (2002) Aphids as Vector of plant diseases and their chemical control. Abs.: Nat. Seminar
on Ecology and Diversity of aphids and aphidophaga complex, Tripura University May 4–5,
2002, p 26

Mondal S, Wenninger EJ, Hutchinson PJS, Weibe MA, Eigenbrode SD, Bosque-Pérez NA
(2016a) Contribution of noncolonizing aphids to potato virus y prevalence in potato in Idaho.
Env Ent pii: nvw131. http://doi.org/10.1093/ee/nvw131

Mondal S, Wenninger EJ, Hutchinson PJS, Whitworth JL, Shrestha D, Eigenbrode SD,
Bosque-Pérez NA (2016b) Comparison of transmission efficiency of various isolates of Potato
virus Y among three aphid vectors. Ent Exp et App 158(3):258–268. https://doi.org/10.1111/
eea.12404

Moritsu M (1983) Aphids of Japan in colours. Zenkoku Noson, Tokyo, 545 pp (ISBN
4-88137-017-0)

Müller FP (1978) Untersuchungen über Blattläuse mecklenburgischer Hochmoore. Arch Freunde
Naturg Mecklenb 18:31–41

Müller FP, Möller FW (1968) Ein bermerkenswerters Massenauftreten von Myzus ascalonicus
Doncaster (Homoptera: Aphididae) in Freiland. Archiv der Freunde der Naturgeschichte in
Mecklenburg 14:44–55

Nagaich BB, Vashisth KS (1963) Barley yellow dwarf, a new virus disease for India. Indian
Phytopath 16:318–319

5 Population Ecology of Aphid Pests Infesting Potato 179

http://dx.doi.org/10.1046/j.1440-6055.2000.00160.x
http://dx.doi.org/10.1007/BF02361982
http://dx.doi.org/10.1007/BF02361982
http://dx.doi.org/10.1007/BF02357571
http://dx.doi.org/10.1016/S1226-8615(08)60307-6
http://dx.doi.org/10.1303/jjaez.23.246
http://dx.doi.org/10.1093/aesa/52.3.284
http://dx.doi.org/10.1079/BER2002167
http://dx.doi.org/10.1079/BER2002167
http://doi.org/10.1093/ee/nvw131
http://dx.doi.org/10.1111/eea.12404
http://dx.doi.org/10.1111/eea.12404


Pande SK, Kang GS (2003) Ecological and varietal improvement. In: Khurana SMP, Minhas JS,
Pandey SK (eds) The Potato—Production and Utilization in Subtropics. Mehta Publishers,
New Delhi, India, pp 48–60

Piron PGM (1986) New aphid vectors of potato virus YN. Ned J Pl Path 92(5):223–229. https://
doi.org/10.1007/BF01977688

Powell G, Tosh CR, Hardie J (2006) Host plant selection by aphids: behavioral, evolutionary, and
applied perspectives. Ann Rev Entomol 51:309–330. https://doi.org/10.1146/annurev.ento.51.
110104.151107

Pushkarnath Nirula KK (1970) Aphid-warning for production of seed potato in subtropical plains
of India. India J Agr. Sci 40(12):1061–1070

Qiao G, Zhang G (1999) Five new species and one new subspecies of Macrosiphinae from Fujian
province, China. Acta Zootaxonomica Sinica 24:304–314

Radcliffe EB (1982) Insect pests of potato. Ann Rev Entomol 127:173–204. https://doi.org/10.
1146/annurev.en.27.010182.001133

Ragsdale D, Radcliffe E, diFonzo CD (2001) Epidemiology and field control of PVY and PLRV.
In: Lobenstein G, Berger, PH, Brunt AA, Lawson R (eds), Virus and virus-like diseases of
potatoes and production of seed potatoes. Kluwar Academic Publishers, Dordrecht,
Netherlands. pp 237–70. https://doi.org/10.1007/978-94-007-0842-6_22

Rakauskas R, Bašilova J, Bernotienė R (2015) Aphis pomi and Aphis spiraecola (Hemiptera:
Sternorrhyncha: Aphididae) in Europe—new information on their distribution, molecular and
morphological peculiarities. Eur J Ent 112:270–280. https://doi.org/10.14411/eje.2015.043

Raychaudhuri DN (1983) Food plant catalogue of Indian Aphididae. Grafic Print All, Calcutta,
p 181

Raychaudhuri SP, Ganguly B (1968) A mosaic streak of wheat. Phytopathologische Zeitschrift
59:385–389

Raychaudhuri DN, Pal PK, Ghosh AK (1980a) Subfamily Pemphiginae. In: Raychaudhuri DN
(ed) Aphids of North East India and Bhutan. The Zoological Society, Calcutta, pp 409–433

Raychaudhuri DN, Ghosh MR, Basu, RC (1980b) Subfamily Aphidinae. In: Raychaudhuri DN
(ed) Aphids of North East India and Bhutan. The Zoological Society, Calcutta, pp 47–275

Richards WR (1960) A synopsis of the genus Rhopalosiphum in Canada. Memoirs Ent Soc
Canada 92(S13):5–51. https://doi.org/10.4039/entm9213fv

Shaposhnikov GK (1966) Origin and breakdown of reproductive isolation and the criterion of the
species. Ent Rev 45:1–18

Shigehara T, Komazaki S, Takada H (2006) Detection and characterization of new genotypes of
Myzus antirrhinii in Japan, with evidence for production of sexual morphs. Bull Ent Res
96:605–611. https://doi.org/10.1079/BER2006460

Shridhar J, Venkateshwarlu, Nagesh M (2015) Aphids. In: Singh BP, Nagesh M, Sharma S, Sagar,
Jeevalatha A, Shridhar J (eds) A manual on diseases and pests of potato. Technical Bulletin
No. 101. ICAR-central Potato Research Institute Shimla, pp 56–61

Sigvald R (1984) The relative efficiency of some aphid species as vectors of potato virus Yo

(PVYo). Potato Res 27(3):285–290. https://doi.org/10.1007/BF02357636
Sigvald R (1987) Aphid migration and the importance of some aphid species as vectors of potato

virus YO (PVYO) in Sweden. Potato Res 30:267–283. https://doi.org/10.1007/BF02357668
Sigvald R (1989) Relationship between aphid occurrence and spread of potato virus Yo (PVYO) in

field experiments in southern Sweden. J App Ent 108:35–43. https://doi.org/10.1111/j.1439-
0418.1989.tb00430.x

Sigvald R (1990) Aphids on potato foliage in Sweden and their importance as vectors of potato
virus Yo. Acta Agric Scand 40(1):53–58. https://doi.org/10.1080/0001512900943-8547

Singh R and Ghosh S. (2012) Sexuales of Aphids (Insecta: Homoptera: Aphididae) in India.
Lambert Academic Publishing Gmbh & CO KG Germany, pp 402

Singh RP, Kurz J, Boiteau G (1996) Detection of stylet-borne and circulative potato viruses in
aphids by duplex reverse transcription polymerase chain reaction. J Virol Methods 59:189–
196. https://doi.org/10.1016/0166-0934(96)02043-5

180 M. A. Shah et al.

http://dx.doi.org/10.1007/BF01977688
http://dx.doi.org/10.1007/BF01977688
http://dx.doi.org/10.1146/annurev.ento.51.110104.151107
http://dx.doi.org/10.1146/annurev.ento.51.110104.151107
http://dx.doi.org/10.1146/annurev.en.27.010182.001133
http://dx.doi.org/10.1146/annurev.en.27.010182.001133
http://dx.doi.org/10.1007/978-94-007-0842-6_22
http://dx.doi.org/10.14411/eje.2015.043
http://dx.doi.org/10.4039/entm9213fv
http://dx.doi.org/10.1079/BER2006460
http://dx.doi.org/10.1007/BF02357636
http://dx.doi.org/10.1007/BF02357668
http://dx.doi.org/10.1111/j.1439-0418.1989.tb00430.x
http://dx.doi.org/10.1111/j.1439-0418.1989.tb00430.x
http://dx.doi.org/10.1080/0001512900943-8547
http://dx.doi.org/10.1016/0166-0934(96)02043-5


Takada H (1988) Interclonal variability in the photoperiodic response for sexual morph production
of Japanese Aphis gossypii Glover (Hom., Aphididae). J Appl Ent 106:188–197. https://doi.
org/10.1111/j.1439-0418.1988.tb00582.x

Takahashi R (1923) Aphididae of Formosa Part 2. Rep. Govt Res. lnst. Dep. Agric. Formosa
No. 4, 173 pp

Talati GM, Bhutami PG (1980) Reproduction and population dynamics of groundnut aphids.
Gujarat Agric Univ J Res 5:54–56

Tanaka T (1961) The rice root aphids, their ecology and control. Spec Bull Coll Agric
Utsunomiya 10:1–83

Torikura H (1991) Revisional notes on Japanese Rhopalosiphum, with keys to species based on
the morphs on the primary host. Jpn J Ent 59:257–273

Tsuchida T, Koga R, Horikawa M, Tsunoda T, Maoka T, Matsumoto S, Simon JC, Fukatsu T
(2010) Symbiotic bacterium modifies aphid body color. Science 330:1102–1104. https://doi.
org/10.1126/science.1195463

van Emden HF, Harrington R (2007) Aphids as crop pests, 1st edn. CAB International,
Willingford, United Kingdom

van Emden HF, Eastop VF, Hughes RD, Way MJ (1969) The Ecology of Myzus persicae. Ann
Rev Entomol 14:197–270. https://doi.org/10.1146/annurev.en.14.010169.001213

van Hoof HA (1977) Determination of the infection pressure of potato virus YN. Ned J Pl Path
83:123–127. https://doi.org/10.1007/BF01981557

van Hoof HA (1980) Aphid vectors of potato virus YN. Eur J Pl Path 86(3):159–162. https://doi.
org/10.1007/BF01989708

Verma KD (1988) First record of apterous oviparous females of potato root aphid from India.
J Indian Potato Assoc 15:192

Verma KD, Chandla VK (1990) Potato aphids and their management. Technical Bulletin
No. 26 (Revised). ICAR-Central Potato Research Institute, Shimla, 34 pp

Verma KD, Chauhan RS (1993) The life cycle of potato vector, Myzus persieae (Sulzer). Curr Sci
65:488–489

Verma KD, Ghosh LK (1990) Discovery of sexual female of Myzus persicae (Sulzer) with
redescription of its alate male from India. J Aphidol 4:30–35

Verma KD, Khurana AD (1974) Sexuals of Aphis craccivora Koch, on green gram in India.
Entomol News l 4:53

Verma KD, Parihar SBS (1991) Build up of the vector Aphis gossypii (Glover) on potato.
J Aphidol 5:16–18

Williams IS, Dixon AFG (2007) Life cycles and polymorphism. In: van Emden H, Harrington R
(eds) Aphids as crop pests. CAB International, Wallingford, UK, pp 69–86

Yano K, Miyake T, Eastop VF (1983) The biology and economic importance of rice aphids
(Hemiptera: Aphididae): a review. Bull Ent Res 73:539–566. https://doi.org/10.1017/
S0007485300009160

Young WR, Bhatia SK, Phadke KG (1971) Rice Root Aphid observed on Barley at Delhi.
Entomol Newsl 1:53

Zhang G, Zhong T (1982) Experimental studies on some aphid life-cycle patterns. Sinozoologia
2:7–17

5 Population Ecology of Aphid Pests Infesting Potato 181

http://dx.doi.org/10.1111/j.1439-0418.1988.tb00582.x
http://dx.doi.org/10.1111/j.1439-0418.1988.tb00582.x
http://dx.doi.org/10.1126/science.1195463
http://dx.doi.org/10.1126/science.1195463
http://dx.doi.org/10.1146/annurev.en.14.010169.001213
http://dx.doi.org/10.1007/BF01981557
http://dx.doi.org/10.1007/BF01989708
http://dx.doi.org/10.1007/BF01989708
http://dx.doi.org/10.1017/S0007485300009160
http://dx.doi.org/10.1017/S0007485300009160


Chapter 6
Organic Carbon and Ecosystem Services
in Agricultural Soils
of the Mediterranean Basin

Rosa Francaviglia, Luigi Ledda and Roberta Farina

Abstract Soil organic carbon (SOC), the major component of soil organic matter
(SOM), is extremely important in all soil processes. Organic material in the soil is
essentially derived from plant and animal residues, synthesized by microbes and
decomposed under the influence of temperature, moisture and soil conditions.
The problem of soil organic carbon depletion is of particular concern in the
Mediterranean basin, with mild or moderately cold humid winters and warm dry
summers, since high temperatures and reduced soil moisture conditions accelerate
decomposition processes. This depletion is often in combination with
non-conservative agronomic practices such as deep tillage and the low inputs of
organic matter to soils, as well as other soil degradation processes, e.g. soil erosion
by water. Typically, soils developed in the Mediterranean basin exhibit a high
spatial variability of soil properties, are prone to drought, have low water holding
capacity, and are shallow particularly on slopes or stony on the soil surface. They
are also relatively fragile, and vulnerable to different human activities arising from
changes in land cover and land use such as deforestation, urban development and
deep soil tillage, and as a result of unsustainable agricultural and forestry practices.
In this situation many ecosystem services (ES) are severely threatened. Here we
describe the main ecosystems services including provisional, regulating, aesthetic
and supporting services, with a focus on the provision of services from soil carbon
and crop sustainable management in the Mediterranean basin, including the threats
derived from soil erosion and floods. We highlight the specific measures for a
sustainable cropland management that can decrease soil organic carbon
(SOC) losses, increase the external organic matter (OM) input, and how to effi-
ciently combine both. We reviewed different measures adopting external organic
input addition to soil, conservation agriculture by no-tillage, residues retention,
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cover crops, organic farming compared to conventional agriculture and sustainable
crop management by irrigation. In arable cropping systems, we reported an increase
in C sequestration rate ranging from 1.3 to 5.3 Mg C ha−1 yr−1 with the addition of
organic external inputs, and equal to 0.27 Mg C ha−1 yr−1 with the adoption of
cover crops. No tillage and reduced tillage can increase C sequestration rate by 0.44
and 0.32 Mg C ha−1 yr−1 respectively. The adoption of combined management
practices, where organic matter inputs and conservation tillage practices are
simultaneously applied, increase C sequestration rate by 1.11 Mg C ha−1 yr−1.
Organic farming management increase C sequestration rate by 0.97 Mg C ha−1 yr−1

as average, ranging from 0.62 to 1.32 Mg C ha−1 yr−1 with compost application and
manure combined with cover crops respectively. Organic farming is also effective
in increasing soil organic carbon stocks by about 70% compared with conventional
management, and depending on soil type in permanent crops such as olive groves.
Regulated deficit irrigation in summer crops is able to decrease CO2 emissions by
about 10%, and consequently soil organic carbon losses without any negative effect
on crop yields such as tomato. Soil erosion by water in permanent crops can be
decreased by more than 70% with the use of cover crops, and by more than 40%
with the adoption of temporary ditches on sloping soils in arable crops.

Keywords Soil organic carbon � Ecosystem services � Agricultural soils
Soil erosion � Crop management � Mediterranean basin
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6.1 Introduction

Organic material in the soil is essentially derived from residual plant and animal
material, synthesized by microbes and decomposed under the influence of tem-
perature, moisture and soil conditions. Soil organic carbon (SOC), the major
component of soil organic matter (SOM), is extremely important in all soil pro-
cesses. In general, SOC content is positively correlated with a fertile soil status, and
plays a mostly beneficial role in determining the physical, chemical and biological
qualities of a soil, the ecosystem functioning, and the magnitude of the different
processes.

SOC varies among environments and management systems, and generally
increases with higher mean annual rainfall (Burke et al. 1989) and lower mean
annual temperatures (Jenny 1980); with higher clay content (Nichols 1984); with an
intermediate grazing intensity (Parton et al. 1987; Schnabel et al. 2001); with higher
crop residue inputs (Franzluebbers et al. 1998); with native vegetation compared
with cultivated management (Burke et al. 1989; Francaviglia et al. 2014); with
conservative tillage compared with plough tillage (Rasmussen and Collins 1991;
Farina et al. 2011). In addition, SOC changes with land use, compaction, landscape
position and slope (Cerdá et al. 2014; Fernández-Romero et al. 2014; Francaviglia
et al. 2014; Lozano-García and Parras-Alcántara 2014; Parras-Alcántara et al.
2015a; Fissore et al. 2017).

SOC is of special interest in the Mediterranean basin, where rainfed cropping
systems are prevalent, inputs of organic matter in soils are low and mostly rely on
crop residue availability, while losses are high due to climatic and anthropogenic
factors such as intensive farming practices that enhance SOC mineralization.
Estimates indicate that 74% of the land in Southern Europe is covered by soil
containing less than 2% of organic carbon, i.e. 3.4% organic matter in the top-soil
(Zdruli et al. 2004).

6.1.1 Soil Organic Carbon and Ecosystem Services

The Millennium Ecosystem Assessment (MEA) investigated the consequences of
ecosystem change for human well-being through an appraisal of ecosystem services
(MEA 2005). The MEA categorizes ecosystem services into four different classes:

i. Provisioning services, the products obtained from ecosystems, including food,
fiber, fuel, genetic resources, ornamental resources, freshwater, biochemical,
natural medicines and pharmaceuticals.

ii. Regulating Services, the benefits obtained from the regulation of ecosystem
processes including air quality, climate, water, erosion, water purification and
waste treatment, disease, pest, pollination and natural hazard.
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iii. Cultural Services, the non-material benefits people obtain from ecosystems
including cultural diversity, spiritual and religious values, knowledge systems,
educational values, inspiration, aesthetic values, social relations, sense of
place, cultural heritage values, recreation and ecotourism.

iv. Supporting services, necessary for the production of all other ecosystem ser-
vices. Some services, like erosion regulation, can be categorized as both a
supporting and a regulating service. These services include soil formation,
photosynthesis, primary production, and nutrient and water cycling.

The organic matter content of soils and more specifically soil organic carbon
(SOC) is essential for the majority of these services. The more relevant services
provided by agro-ecosystems and soils are shown in Table 6.1 and Fig. 6.1.

6.1.2 The Role of Soil and Soil Organic Matter in Providing
Ecosystems Services

Despite the currency of the ecosystem services concept, there are few clear and
comprehensive definitions of soil-based ecosystem services (Bennett et al. 2010).
Following a recommendation by Fisher et al. (2008), the focus should be on final
services because these are directly utilized by humans, and are supported by single

Table 6.1 Ecosystem
services provided jointly by
agro-ecosystems and soils
according to the Millennium
Ecosystem Assessment
(Adapted from MEA 2005).
They include the products
obtained from ecosystems, the
benefits obtained from
regulation of ecosystem
processes, the non-material
benefits obtained from
ecosystems, and the services
necessary for the production
of all other ecosystem
services

Class Ecosystem service

Provisioning services Food, fiber and fuel

Genetic resources

Regulatory services Seed dispersal

Pest regulation

Disease regulation

Climate regulation

Water regulation

Erosion regulation

Natural hazard regulation

Cultural services Recreation and ecotourism

Cultural heritage

Aesthetic values

Supporting services Primary production

Provision of habitat

Soil formation and retention

Nutrient cycling

Water cycling
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or multiple intermediate services, which maintain the soil capital, but are not
directly utilized.

Final services and examples of associated goods/benefits are: productive
capacity of land for food or fiber, net gas emissions from land aiming to equitable
climate, water runoff from land and flood control, groundwater and surface quality
in particular for drinking water, ecological condition of rivers and lakes for present
and future values of water quality, conditions suitable for recreation, habitat pro-
vision for landscapes and biodiversity.

Intermediate services and examples of associated processes are: soil structure
maintenance such as aggregation, bioturbation, cheluviation, organic matter
cycling, e.g. litter break up, decomposition, and humification, nutrient cycling
linked with mineral weathering, mineralization, nitrification, ion retention and
exchange, water cycling, gas cycling, and soil biological life cycles such as changes
in biotic richness and composition.

Fig. 6.1 Soils deliver provisioning, regulatory, cultural and supporting ecosystem services that
enable life on earth. With permission of Philippe Baveye (Baveye et al. 2016)
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Soil organic carbon and soil organic matter are at the center of soil-related
processes and intermediate services (Fig. 6.2). Soil biota contributes living biomass
to soil organic matter with its microbes and earthworms, that mix and break down
the organic matter through physical and biochemical reactions. These biochemical
reactions release carbon and nutrients back to the soil, and greenhouse gases such as
carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) to the atmosphere.

Soil management can affect the relative balance of these processes and their
environmental impacts. As soil organic matter is broken down, part of the carbon is
mineralized rather rapidly to CO2 and is lost from the soil. Soil organic matter may
also be lost through physical erosion. Organic nitrogen contained in biodegrading
soil organic matter is transformed to N2O and other nitrogen oxide (NOx) com-
pounds. However, some fractions of soil organic matter are not readily degraded.
Soil organic carbon content therefore tends to increase as soil is left undisturbed
over time. In water-saturated soils, soil organic matter may even accumulate as
thick layers of peat (Beer and Blodau 2007). Organic matter binds to minerals,
particularly clay particles, a process that further protects carbon (Von Lützow et al.
2006). Organic matter also provides cohesive strength to soil and improves soil
fertility, water movement, and resistance to erosion.

Ways to estimate soil carbon stocks and fluxes from field to global scales
continue to be developed (Bernoux et al. 2010; Hillier et al. 2011). Actually, the
lack of adequate methodologies and approaches has been one of the main con-
straints to accounting for the significant mitigation effects that land management
planning actions can have, and there is a relevant need to develop universally
agreed and reproducible field and laboratory methods for measuring, reporting and
verifying changes in soil carbon over time. In fact, a number of studies points out

Fig. 6.2 Soil-plant carbon interrelationships and associated ecosystem services. Soils, formed by
the action of biota and infiltrating water and solutes on parent rock material, provide many
ecosystem services as flows of materials, such as sequestered carbon, water and solutes, plant
nutrients, crop biomass, and information encoded in the genetics of soil organisms. Figure freely
available from UNEP citing the source (Reynaldo et al. 2012)
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the need to make a joint effort to homogenize the terminology, the methods to
calculate the soil organic carbon storage, and even the soil sampling methods
(Powlson et al. 2011; Parras-Alcántara et al. 2015b; Lorenz and Lal 2016;
Francaviglia et al. 2017). Thus, the choice of sampling methods is important in
providing results that are reliable, comparable and can be extrapolated (Lal 2005).

Soil carbon stocks are highly vulnerable to human activities. They decrease
significantly and often rapidly in response to changes in land cover and land use
such as deforestation, urban development and increased tillage, and as a result of
unsustainable agricultural and forestry practices. Even deep soil carbon pools,
previously considered resilient to degradation, have been shown to be vulnerable to
environmental or anthropogenic change, contributing to net CO2 exchange between
the land and the atmosphere (Bernal et al. 2016).

Soil organic carbon may also be increased, although much more slowly by
afforestation, retention of crops residues, direct addition of external organic carbon,
and other activities that decrease the breakdown of soil organic matter, e.g. mini-
mum or zero tillage, perennial pastures, designation of protected areas.

The incorporation of crop residues, such as cereal straw or cover crops, is an
important measure to maintain or increase soil organic matter levels of cropland in
particular under rainfed cropping system (Lugato et al. 2014).

External organic carbon can be applied to the soil as organic manure, compost,
digestate, black carbon or biochar, and will be subjected to degradation, with CO2

release (by heterotrophic respiration), and humification processes. Generally,
mineralization of organic products ranks inversely with respect to their C/N ratio.
Nowadays digestates tend to originate from biogas production of livestock
biodegradable wastes, and are increasingly applied to soils as organic fertilizers,
with positive environmental and agricultural benefits. However, anaerobic diges-
tates generally have a lower C/N ratio than their aerobic compost counterparts
(Canali et al. 2011), thus could represent a higher risk to the environment and
human health than undigested animal manures and slurries, and they should be used
cautiously (Nkoa 2014). The application of biochar or charcoal has been suggested
to increase soil carbon stocks and to improve soil fertility especially of soils poor in
carbon. Unfortunately, the impact of biochar addition to soils on heterotrophic
respiration is not fully understood and inconsistent findings are reported
(Mukherjee et al. 2014, and the references therein).

Climate change is expected to have significant impacts on soil carbon dynamics.
Rising atmospheric CO2 levels could increase biomass production and inputs of
organic materials into soils. However, increasing temperatures could reduce soil
organic carbon by accelerating the microbial decomposition and the oxidation of
soil organic matter. Current scientific knowledge of how local soil properties and
climatic conditions affect soil carbon stock changes and carbon fluxes is insufficient
and conflicting (Tuomi et al. 2008; Conant et al. 2011; Falloon et al. 2011). Further
study is needed to enable more accurate predictions of the impacts of climate
change on soils, soil carbon and associated ecosystem services at scales relevant to
local management, as well as to national carbon inventories.
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6.2 Mediterranean Climate and Soils

Mediterranean climate is present on all continents apart from Antarctica, mainly at
latitudes between 35° and 42°, and occurs in just five regions of the world: the
Mediterranean Basin, the Cape Region of South Africa, Southwestern and South
Australia, California, and Central Chile.

The Mediterranean basin is characterized by a specific climate, with mild or
moderately cold humid winters and warm dry summers (Cowling et al. 2005), thus
soil temperatures are higher than in Northern Europe, with an expected negative
impact on soil organic carbon content. Moreover, Mediterranean and dryland
ecosystems are more prone to land degradation due to soil organic carbon degra-
dation and depletion, often coupled with erosive processes (Muñoz-Rojas et al.
2015). Erosion is further influenced by the incomplete coverage of the soil by the
vegetation as a consequence of drought or land uses with bare soils such as vine-
yards and olive groves.

The issue of low soil organic carbon is of particular concern in perennial systems
such as orchards and vineyards (Meersmans et al. 2012), which play an important
role in Southern Europe. Grasslands and pastures can be subjected locally to
overgrazing with a potential threat on soil organic matter. In addition, wildfires can
also have a negative impact on soil organic matter, but they normally affect forests
and rangelands and are of limited concern in cultivated agro-ecosystems. However,
in the abandoned agricultural lands and rangeland, the consequent increase in dead
plant biomass is expected to increase fire hazard.

Irrigation is widely utilized in intensive cropping systems in semi-arid envi-
ronments, but this practice can induce an overall decrease in soil organic matter
(Costantini and Lorenzetti 2013), unless combined with specific soil management
techniques and rational use of irrigation for the summer crops (Boulal and
Gómez-Macpherson 2010; Boulal et al. 2011; Di Bene et al. 2016; Farina et al.
2017). Typically soils developed in the Mediterranean basin exhibit a high spatial
variability of soil properties, have unfavorable physical conditions due to drought
and decreased water holding capacity, are shallow particularly on slopes, and stony
on the soil surface (Rodeghiero et al. 2011). Calcareous soils with neutral to slightly
alkaline pH values are more abundant than in Northern Europe, offering conditions
that favor a rapid decay of SOM (Romanyà and Rovira 2011). The prevailing soil
types are Cambisols, followed by Fluvisols, Luvisols and Leptosols. Cambisols are
common in wide areas of the Iberian Peninsula and in most of the central and
western Mediterranean islands, as well as in most parts of the Italian Peninsula.
Fluvisols, Leptosols and Luvisols are also present in many Mediterranean areas. For
instance, Leptosols are predominant in many areas of the countries influenced by
the Aegean Sea, as well as some other parts of the eastern Iberian Peninsula.
Luvisols are predominant in some areas of the regions influenced by the Marmara
Sea, regions affected by the eastern part of the Ionian Sea or some areas of the
central and western Iberian Peninsula (Rodeghiero et al. 2011).
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6.3 Agro-Ecosystems Services from Soil Carbon in
the Mediterranean Basin

6.3.1 Provisional Ecosystem Services: Food, Fiber
and Fuel, Energy

Agriculture in the Mediterranean basin is mainly based on three cropping systems
(Mørch 1999): (i) Rainfed annual crops based on the winter rain. (ii) Permanent
crops, e.g. olive groves and vineyards, able to survive during the dry summer.
(iii) Irrigated cropping systems, where irrigation is able to compensate for the lack
of precipitation in summer, and enabling to grow more than one annual crop, e.g.
horticultural crops, and fruits such as citrus, almonds, etc.

Winter crops are sown in the autumn, harvested in late spring-early summer, and
thus utilize the winter rain and avoid the summer drought. Of the arable crops, half
of them are cereals, of which 50% is wheat. Due to demand and European Union
subsidies, wheat has gained importance over barley, the other classical
Mediterranean cereal crop, and oats. More than two thirds of the wheat area is bread
wheat, the rest is durum wheat located in the dryer parts of southern Mediterranean
Europe and in North Africa. Barley is increasingly confined to semi-arid areas, e.g.
in South-Eastern Spain, North Africa, and Near East because of its higher tolerance
to drought. Maize is sometimes mentioned as a typical Mediterranean crop, but
accounts for just one eight of the cereal area and is restricted to irrigated areas.
Legume crops have a significance generally in rotation with cereals as fodder crops
such as alfalfa, vetch, etc., and for human consumption since broad bean, chickpea,
and lentils are important sources of protein in the traditional Mediterranean diet.
Also vegetables are cultivated as field crops, and some, like tomato, peas, etc., are
even cultivated for the agro-industrial production. The arable farming is predomi-
nantly located on plain land and terrain with moderate slopes. In rainfed agriculture,
cereals are grown in rotation with fallow and possibly with legumes crops.
Presently there is a trend to introduce cover crops after the winter cereals, to
contribute to the storage of soil water for the following crop, to be used as green
manure, and to uptake soil nitrogen before it can leach; in addition, legume cover
crops fix nitrogen from the atmosphere that is available to subsequent crops
(Dabney et al. 2001). But more complex rotations exist, depending on the agri-
cultural system, soils, duration of drought period, and local tradition.

Due to extended root systems permanent crops such as fruit orchards, vineyards
and olive tree plantations can better utilize soils which are too shallow, stony and
steep for arable agriculture, and are grown in almost any type of terrain. In the more
intensive systems, the soil is held free from weeds, thus the surface is exposed to
surface run off and erosion. But cover crops can be established below the trees
protecting the soil from erosion, contributing to soil carbon sequestration
(González-Sánchez et al. 2012; Aguilera et al. 2013) and potentially serving as
animal feed (Ramos et al. 2011). Olives and grapes are by far the most important
crops, figs and almonds and locally carob, pistachio, apricot, and others are also
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widespread. Fruit tree orchards also produce large amounts of residual biomass in
the form of pruning residues, which can be used for soil conditioning, animal
feeding, or for energetic purposes (Kroodsma and Field 2006; Infante-Amate and
González de Molina 2013).

The solution to the summer drought is irrigation, by which it is not only possible
to utilize the arable land for a longer period, but also to take advantage of the high
potential plant production in the summer period. However, irrigation depends on
soil morphology, available water and technological level. The irrigated areas gen-
erally represent a very small share of the agricultural land, mainly on plain soils,
and are under very intensive cultivation of citrus and other fruit crops, vegetables
such as tomato, sweet pepper, aubergine, artichoke, fennel, cucumbers, melons, and
many common industrial crops including tobacco, sugar beets, and cotton.

Growing energy crops has received increased interest as a non-traditional land
use option able to convert solar energy into stored biomass relatively efficiently, and
leading to positive input/output energy balances for the overall system (Sims et al.
2006). Combining production and environmental sustainability, they help to reduce
soil degradation due to the protection that the dense canopy affords against the
erosion caused by the intense precipitations that occur in Mediterranean areas
(Grammelis et al. 2008; Lag-Brotons et al. 2014). Bioenergy crops produce both
lignocellulosic biomass for solid biofuel production, and oil seeds for human
consumption or biodiesel production (Acquadro et al. 2013; Ledda et al. 2013;
Francaviglia et al. 2016), and have been recognized as promising energy crops for
rainfed farmlands in Mediterranean climates under low external management
supplies in marginal lands.

6.3.2 Regulating Ecosystem Services: Climate and Gas
Regulation, Carbon Sequestration, Erosion and Flood
Control

Agriculture is a major source of greenhouse gases and is also indirectly responsible
for a large share of the greenhouse gases emitted in deforestation and other land use
changes. Arable agriculture produces direct and indirect nitrous oxide (N2O)
emissions from nitrogen (N) application to soils, methane (CH4) from rice paddies,
carbon dioxide (CO2) from direct fossil energy use, and N2O and CH4 from open
biomass burning. Further emissions occur due to fossil energy use in the production
of agricultural inputs, particularly N fertilizers (Aguilera et al. 2015). A recent
meta-analysis of the N2O emissions from Mediterranean cropping systems distin-
guished the effects of water management, crop type, and fertilizer management.
Increasing the N fertilizer rate led to higher emissions, rainfed crops have lower
emissions than irrigated crops, drip irrigation systems lower than sprinkler irrigation
methods, extensive crops, such as winter cereals (wheat, oat and barley), had lower
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emissions than intensive crops such as maize. For flooded rice, anaerobic conditions
likely led to complete denitrification and low emissions (Cayuela et al. 2017).

The CO2-C emissions in a 20 years simulation in Southern Italy were higher in
arable irrigated crops, land use change from pasture to arable and vineyards, with
emissions equal to 41.6, 40.8, and 40.1 Mg CO2-C ha−1 respectively. The emis-
sions from other land uses, e.g. rainfed arable crops and olive groves were on
average less than 39 Mg CO2-C ha−1 (Farina et al. 2017). Di Bene et al. (2016)
indicated that deficit irrigation in summer crops decrease CO2 emissions by about
10% without affecting tomato yield.

Lastly, the other major link between agriculture and climate change is soil
carbon (C) balance. Historical C losses from agricultural soils have contributed to
the increase in both the global greenhouse gas budget and the vulnerability of
agriculture to climate change (Lal et al. 2011), suggesting the need of management
decisions to reduce soil erosion, increase carbon sequestration and contribute to the
resilience of soils and cropping systems, and aimed to respond to climate change
and related challenges such as food security.

Increasing soil organic carbon (SOC) is a key process in both mitigation and
adaptation strategies to climate change. SOC is highly sensitive to changes in
agricultural management under Mediterranean conditions, and Recommended
Management Practices significantly increase soil organic carbon when compared to
conventional management (Aguilera et al. 2013). Relevant increases are achieved
by the application of external organic inputs to the soil, suggesting a high potential
for carbon storage in the soil. Soil organic carbon is also increased by internal
organic inputs and the reduction in soil disturbance by introducing cover crops, and
adopting reduced tillage and no tillage. The combination of organic inputs and
reduced disturbance is the most promising strategy to maximize soil organic carbon
levels. Slurry applications only maintained soil organic carbon at the same level as
mineral fertilization, while in unfertilized treatments a slight decrease was observed.
Moreover, C sequestration is effectively promoted by organic farming practices and
the relative increase of SOC sequestration over conventional practices is more
marked in more intensive cropping systems, where differences in C inputs are
higher (Aguilera et al. 2013).

Erosion has been recognized as one of the most significant environmental issue
worldwide (Bakker et al. 2007), particularly in areas having seasonally contrasted
climate and a long history of human pressure. This is the case of the Mediterranean
basin, where concerns about soil loss and its consequences emerged mainly with the
cultivation of steep slopes (López-Bermúdez 2008). A recent review of European
sediment yields demonstrated that Mediterranean rivers have higher yields than
those in the rest of Europe, which has been attributed to climate, topography,
lithology and land use (Vanmaercke et al. 2011). Intense erosion processes are
widespread, particularly sheet erosion, rilling, gullying, shallow land sliding and the
development of active badlands in sub–humid and semi–arid areas (Figs. 6.3
and 6.4).

The complex mosaic that characterizes the Mediterranean landscape is a product
of the occurrence of intense rainstorms and prolonged droughts, the presence of
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Fig. 6.3 Olive groves in the province of Jaén (Spain). Soil with high erosion rates, due to the lack
of vegetation from high herbicide use, leads to a heavy soil organic carbon decrease (a). Olive
groves with spontaneous resident vegetation are adopted to protect soils from erosion and increase
soil organic carbon content (b). With permission of José Luis Vicente-Vicente (University of Jaén,
Spain)
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Fig. 6.4 Arable fields in Rome province (Italy). Heavy rill erosion and sediment accumulation in
a sloping arable field (a). Temporary ditches can be adopted to decrease water runoff and soil
erosion (b). With permission of Paolo Bazzoffi and Ulderico Neri (Consiglio per la ricerca in
agricoltura e l’analisi dell’economia agraria, Italy)

6 Organic Carbon and Ecosystem Services in Agricultural … 195



steep slopes, topographic diversity, high evapotranspiration, recent tectonic activity,
and the long history of human activity reflected in the recurrent use of fire, over-
grazing and farming (García-Ruiz et al. 2013). Such complexity explains why some
areas are well preserved, including those with dense plant cover and deep soils,
whereas in other areas most of the soil and plant cover has been lost, and they are
now degraded, covered by stones and affected by rilling and gullying. Wealth and
poverty, and land management intensification and extensification co-exist, resulting
in a variety of hydrological and geomorphological processes. Thus, widespread
land abandonment has occurred in all Mediterranean countries, particularly on the
northern side of the basin. Other areas are affected by increasing erosion because of
land use intensification arising from expansion of cultivation areas in response to
population growth (North Africa), poorly targeted subsidies (vineyards, almond and
olive orchards), attempts to increase profits through irrigation, and the expansion of
urban areas into rural zones.

Many Mediterranean landscapes can be considered man-made, and to be pre-
served they require the presence of a rural population. This is the case of
bench-terraced fields, which have a history of construction over several centuries;
these enabled cultivation on slopes and avoided soil erosion. Their recent evolution
has been dominated by landslides between the terraces and by gullying, processes
that have led to the degradation of these impressive cultural relics. In other cases,
population migration and the European Union Agricultural Policy have encouraged
land use changes that have not been considered in the context of their impact on
infiltration rates, water storage and the connectivity between hillslopes and chan-
nels. Many areas of the Mediterranean appear to be degraded, while others have
maintained their geoecological functions. Efforts must be invested in understanding
the hydro morphological functioning of the former, even if they are poorly pro-
ductive. Both types of areas need to be considered as part of a delicate equilibrium
between nature and the long history of human activities.

Leaving aside droughts, floods are the most dangerous meteorological hazards
affecting the Mediterranean countries, followed by windstorms and hail (Llasat
et al. 2010). This is due not only to high flooding frequency, but also to the
vulnerability caused by various human activities, e.g. soil sealing. Indeed, in
Mediterranean regions such as eastern Spain, southern France, Italy and the west of
the Balkan Peninsula, floods are frequent enough to be considered as a component
of the local climate. These regions have widespread and intense economic activity
and high population densities, with significant economic losses following flood
events. Although floods affect the entire Mediterranean region, their frequency and
impact is not homogeneous over the entire area. Their greater frequency and social
impact in the north-western part, together with major preventive measures such as
emergency plans, environmental laws, participation in international projects, con-
trasts with the scant information available on floods in some southern and eastern
countries. This fact points to a clear need for better coverage of such hazards in
countries such as Spain, France and Italy. The spatial distribution of the different
kinds of floods is neither homogeneous in the region nor stationary over time, and
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shows a clear difference between the western and eastern Mediterranean, with a
major concentration in the former region. Flood events in the western part usually
occur during autumn, while in the eastern part the major contribution is during the
winter months. Spain and Italy show the highest floods frequency, though the
material damage is worse in the latter country.

6.3.3 Cultural Ecosystem Services: Aesthetic Values,
Recreation, Cultural Heritage

Cultural ecosystem services are commonly defined as the nonmaterial benefits
people obtain from ecosystems through spiritual enrichment, cognitive develop-
ment, reflection, recreation, and aesthetic experience, including, e.g. knowledge
systems, social relations, and aesthetic values. In general, cultural ecosystem ser-
vices incentivize the multifunctionality of landscapes. However, depending on the
context, cultural ecosystem services can either encourage the maintenance of
valuable landscapes or act as barriers to necessary innovation and transformation.
Hence, cultural ecosystems services influence landowner decision-making, com-
munity engagement, and landscape planning (Plieninger et al. 2015).

Many people enjoy the beauty of natural or human-made landscapes and are
fascinated by animals, plants and ecosystems. Landscapes have also been the source
of inspiration for much of our art and culture as well as for technological inno-
vations. Changes in land use and degradation caused by unsustainable land use
reduce the attractiveness and scenic beauty of a landscape. They also compromise
the environmental conditions that are crucial for all cultural ecosystem services.
Cultural landscapes are especially vulnerable to social and economic changes and
loss of traditional knowledge. Cultural services from landscapes are the expression
of historical integration among social, economic and environmental factors,
influencing all aspects of development. Many world heritage sites, e.g. the Amalfi
coast in Italy (Fig. 6.5a), reflect a harmonious relationship between humankind and
the natural environment and are of great aesthetic appeal. This area shows the
versatility of the inhabitants in adapting their use of the land to the diverse nature of
the terrain, which ranges from terraced vineyards and citrus orchards on the lower
slopes to wide upland pastures. The Chianti wine region in Tuscany (Italy) can be
considered as a well known example providing both provisional and cultural
ecosystem services, linked to the aesthetic value of the landscape (Fig. 6.5b).

Very few studies on soil ecosystem services cover or identify “cultural services”.
This is a curious omission as soils alone, as part of landscapes that supports veg-
etation, have been a source of aesthetic experiences, spiritual enrichment, and
recreation (Dominati et al. 2010). At the non-physical level, ecosystems provide
aesthetics, spiritual and cultural benefits through cultural services, thereby fulfilling
self-actualization needs. The cultural and historic function of soil is mentioned by
Weber (2007), the provision of recreational services by Swinton et al. (2007), the
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aesthetic value of managed agro-ecosystems by Zhang et al. (2007), the aesthetic
services by Sandhu et al. (2008) and Porter et al. (2009).

6.3.4 Supporting Ecosystem Services: Weathering/Soil
Formation and Retention, Nutrient Cycling, Water
Cycling

Soils are complex dynamic systems consisting of soil components (abiotic and
biotic) interconnected by biological, physical and chemical processes. Soil pro-
cesses support soil formation, which is the development of soil properties and soil
natural capital stocks. Soil processes also form the core of soil functioning and
allow the establishment of equilibria and the maintenance of natural capital stocks.
The following supporting processes are included in the conceptual framework
(Dominati et al. 2010):

i. Nutrient cycling, which refers to the processes by which a chemical element
moves through both the biotic and abiotic compartments of soils. Nutrient
cycles are a way to conceptualize the transformations of elements in a soil. The
transformation, or cycling, of nutrients into different forms in soils is what
maintain equilibria between forms, e.g. soil solution concentrations of nitrate

Fig. 6.5 Terraced citrus orchards in the Amalfi coast (Italy) are an example of adapting the use of
the land to the nature of the terrain (a). Provisional and aesthetic services in the Chianti region,
Italy (b). Pictures are freely available from the WEB
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drive many processes such as plant uptake, exchange reactions with clay
surfaces or microbial immobilization.

ii. Water cycling, which refers to the physical processes enabling water to enter
soils, be stored and released. Soil moisture is the driver of many chemical and
biological processes and is therefore essential in soil development and func-
tioning. The continuous movements of water through soils carrying nutrients
disturb chemical equilibria, and thereby drive transformations.

iii. Soil biological activity: soils provide habitat to a great diversity of species,
enabling them to function and develop. In return, the activity and diversity of
soil biota are essential to soil structure, nutrient cycling, and detoxification.
Biological processes include predation, excretion and primary production
among others.

These processes are at the core of soil formation (pedogenesis), building up the
physical, biological and chemical stocks of soils. Pedogenesis is the combined
effect of physical, chemical, biological, and anthropogenic processes on soil parent
material. Soils are formed from the rock materials that make up the earth’s crust.
Soils can be formed from the underlying bedrock, from material moved at relatively
small distances e.g. down slope, or even at considerable distances from where the
bedrock was originally exposed to the environment by heavy erosion events or
landslides. The formation of a soil in these mineral deposits is a complex process. It
may take centuries for a developing soil to acquire distinct profile characteristics.
Minerals derived from weathered rocks undergo chemical weathering creating
secondary minerals and other compounds that vary in water solubility. These
constituents are translocated through the soil profile by water and biota. In addition
to chemical weathering, physical weathering also takes place. It refers to the dis-
integration of mineral matter into increasingly smaller fragments or particles.
Pedogenic processes, driven by nutrients and water cycles and biological activity,
include the accumulation of organic matter, leaching, the accumulation of soluble
salts, calcium carbonate and colloids, nutrient redistribution, gleying and the
deposition and loss of materials by erosion, and are very important in soil devel-
opment and defining soil properties.

6.4 How to Improve the Soil Organic Carbon Content
and Ecosystem Services of Agricultural Soils
in Mediterranean Regions

Soil organic carbon (SOC) sequestration via agricultural soils has the potential to
contribute significantly to climate change mitigation, provided that specific mea-
sures are implemented. Sustainable cropland management can play a positive role
in reducing greenhouse gases (GHGs) emissions, and in particular carbon dioxide
(CO2), either by decreasing soil organic carbon (SOC) losses, or by increasing the
external organic matter input, or with a combination of both.
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The adoption of reduced or no-tillage systems, characterized by a lower soil
disturbance in comparison with conventional tillage, has proved to impact posi-
tively SOC and other physical and chemical processes and functions, e.g. erosion,
compaction, ion retention and exchange, buffering capacity, water retention and
aggregate stability in the top soils (Novara et al. 2011; Lieskovský and Kenderessy
2014; Marques et al. 2015; Brunori et al. 2016). Moreover, a reduced tillage
intensity usually improves soil biological and biochemical processes (Caravaca
et al. 2002; Riffaldi et al. 2002; García-Orenes et al. 2010; Marzaioli et al. 2010;
Lagomarsino et al. 2011; Laudicina et al. 2011; Novara et al. 2012; Balota et al.
2014; Bevivino et al. 2014; Laudicina et al. 2015).

Table 6.2 Main categories considered in Aguilera et al. (2013). Management practices were
grouped in levels, according to their focus on organic inputs, e.g. crop residues, organic
amendments, slurry, wastes, or tillage management including conventional and conservation
tillage, such as no tillage, reduced or minimum tillage

Category Organic input Tillage type Remarks

Conventional
management

None or CR Conventional Used as control

Organic
farming

All except municipal
solid waste/sewage
sludge

All except no
tillage with
herbicides use

No synthetic compounds are
used

Organic
amendments

Compost, manure,
agro-industrial wastes

Conventional External inputs <10 Mg C
ha−1 yr−1

Land
treatment

Compost, manure,
agro-industrial wastes,
municipal solid wastes,
sewage sludge

Conventional Organic
amendments >10 Mg C
ha−1 yr−1 or municipal solid
waste/sewage sludge at any
rate

Cover crops Cover crops Conventional,
RT, NTM

CC replace bare fallow

Slurry Slurry Conventional Raw or digested liquid
manures

No tillage None or CR No tillage Organic C inputs may be
different from conventional

Reduced
tillage

None or CR Reduced,
minimum,
subsoil

Organic C inputs may be
different from conventional

Combined
management
practices

Organic amendments
and CC/CR

Conventional,
RT, NT, NTM

Organic amendments
combined with CC, CR, RT
or NT

Unfertilized As in conventional As in
conventional

No synthetic fertilizer

CC: cover crops; CR: crop residues; NT: no tillage; NTM: no tillage by mowing; RT: reduced
tillage.
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Tillage management together with other Recommended Management Practices
(RMPs) in Mediterranean cropping systems were widely studied in a meta-analysis
by Aguilera et al. (2013) with the categories described in Table 6.2.

On average, SOC content increased by 98.2% and C sequestration rate by 5.29 Mg
C ha−1 yr−1 in land treatment with the addition of organic amendments at
rates >10 MgC ha−1 yr−1, or wastes or sludges at any rate. The application of organic
amendments at agronomic rates <10 Mg C ha−1 yr−1 increased SOC by 23.5% and C
sequestration rate by 1.31 Mg C ha−1 yr−1. In cover crop category, where the organic
matter input is always produced within the system, the average increases in SOCwere
reduced to 10% andC sequestration averaged 0.27 MgC ha−1 yr−1. In slurry category
the differences with conventional management were not significant.

Both the studied conservation tillage categories enhanced C sequestration. No
tillage showed an average increase of 11.4% in SOC resulting in a C sequestration
rate of 0.44 Mg C ha−1 yr−1. Under reduced tillage, SOC content increased by 15%
and C sequestration rate by 0.32 Mg C ha−1 yr−1. Changes in SOC under no tillage
reflect the localization of C derived from crop residues, as most C is gained in the
vicinity of the soil surface and might be lost at lower depths. Conversely, under
conventional tillage crop residues are distributed throughout the ploughed zone, and
can show C levels similar or even higher than no tillage for a given depth (Kay and
VandenBygaart 2002; López-Fando and Pardo 2011).

Combined management practices is a mixed category, where organic matter
inputs and conservation tillage practices are simultaneously applied. These practices
promoted an increase of 49.2% in SOC, and enhanced C sequestration rate by
1.11 Mg C ha−1 yr−1.

SOC concentration increased by 19.2% and carbon sequestration rate by
0.97 Mg C ha−1 yr−1 in organic farming, and carbon increase in organic systems
over conventional management was 25% under irrigation, and 13% under rainfed
conditions. When analyzed by crop type, the data shows that the best performing
organic group is horticulture where SOC is increased by 48%. The type of organic
input employed in the organic farming also influences the differences observed
among systems. Compost, either applied alone or in combination with cover crops,
is the input associated with the highest increases in SOC, equal to 48% for compost
alone and 26.2% for mixtures with cover crops. The corresponding carbon
sequestration rates were 1.32 and 0.97 Mg C ha−1 yr−1 respectively. With manure
application, the increase in carbon sequestration rate over the conventional fertil-
ization is not significant when the amendment is applied alone. When manure is
combined with cover crops, the carbon increase and the sequestration rate over the
conventional fertilization are significant, and equal to 35.8% and 0.62 Mg C ha−1

yr−1 respectively.
The use of cover crops during the winter season, used as green manure or the use

of a roller crimper to terminate cover crops, is a successful strategy to increase SOC
in horticultural crops and woody crops and for weed control (Smith et al. 2011;
Canali et al. 2013; Pardo et al. 2017).

Water management can reduce greenhouse gas emissions in Mediterranean rice
paddy fields (Meijide et al. 2017). In Mediterranean areas, strategies to decrease
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water consumption are recommended as good agricultural practices; thus midseason
drainage of the otherwise flooded field can reduce the CH4 emissions and water
consumption, while N2O emissions are slightly increased and yield reduced.
Regulated deficit irrigation in summer crops is able to decrease CO2 emissions
(Zornoza et al. 2016), without any negative effect on crop yields such as tomato
(Patanè and Cosentino 2010; Leogrande et al. 2012).

Conservation agriculture (CA) approaches, proposed to reduce the risk of soil
erosion and degradation, refer to several practices of soil management in agricul-
tural systems, that minimize the effect on composition, structure and biodiversity.
Conservation agriculture includes direct sowing/no-tillage, reduced tillage/
minimum tillage, incorporation of crop residues and establishment of cover crops
in both annual and perennial crops.

In the Mediterranean basin, conservation agriculture systems have been widely
studied in rainfed conditions (Hernanz et al. 2009; López-Bellido et al. 2010; Farina
et al. 2011; Barbera et al. 2012; Mazzoncini et al. 2016). The residues left on the
ground help to protect the soil from the wind and the rain (López et al. 1998),
improve soil aggregation and fertility (Blanco-Moure et al. 2013) and increase
water infiltration in the soil and water availability for the crop (Cantero-Martínez
et al. 2007), although a minimum mulch layer is required (Lampurlanés and
Cantero-Martínez 2005; Stagnari et al. 2014). In most cases yield is unaffected,
although it may increase especially in dry years (Ben-Hammouda et al. 2006; De
Vita et al. 2007; Troccoli et al. 2015). In contrast to the extensive research work in
rainfed conservation agriculture systems, limited research work is available under
irrigation (Lithourgidis et al. 2005; Boulal et al. 2008; Casa and Lo Cascio 2008).

The conventional management of olive groves has been associated with soil
erosion (Castro et al. 2008), river and water body pollution (Colombo et al. 2005),
degradation of landscape (Parra-López et al. 2009), and climate change
(Rodríguez-Entrena et al. 2012). In addition, conventional management reduces soil
fertility and olive production, and increases production costs (Calatrava-Leyva et al.
2007), and these effects are more evident in Mediterranean climatic conditions
(Gómez et al. 2009).

Organic farming of olive groves at Cordoba (Southern Spain) increased SOC
stocks in comparison with a conventional management (Parras-Alcántara and
Lozano-García 2014). The highest differences were found in Cambisols, with 74.7
versus 43.8 Mg C ha−1, and Luvisols with 95.4 versus 57.3 Mg C ha−1. In the same
area, a cover crop of barley sown in the olive groves had soil losses by erosion of
0.8 t ha−1 yr−1 and an average annual runoff coefficient of 1.2%; conversely, the
conventional management had higher soil losses (2.9 t ha−1 yr−1) and the average
runoff coefficient was 3.1% (Gómez et al. 2009). Other studies support the use of
cover crops or spontaneous natural vegetation to reduce runoff and soil loss in olive
groves and vineyards (Bruggeman et al. 2005; Gómez and Giráldez 2007; Novara
et al. 2011; Vicente-Vicente et al. 2016).

Temporary ditches have been proposed in the European cross-compliance
scheme to reduce soil erosion in sloping soils. During a field monitoring, erosion
rates were studied with a UAV-GIS methodology (Bazzoffi 2015) in two farms of
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central Italy. The results of soil erosion monitoring during two years of observations
have shown that temporary ditches were effective in decreasing the cumulated soil
erosion in comparison to the field with no ditches, on average by 42.5% (Bazzoffi
et al. 2015).

We can conclude that the adoption of sustainable measures for cropland man-
agement can decrease soil organic carbon (SOC) losses, increase the external
organic matter input, or efficiently combine both. Further measures include sus-
tainable crop management by irrigation, conservation agriculture by no-tillage,
residues retention, and cover crops, and soil protection against erosion by water that
may increase SOC losses.
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Chapter 7
Long-Term Effects of Fertilization
on Soil Organism Diversity

Tancredo Augusto Feitosa de Souza and Helena Freitas

Abstract Fertilization applied in long-term farming systems exerts a crucial
influence on soil organism diversity and soil properties. This chapter reviews the
use of fertilizers for conventional and alternative farming systems in field experi-
ments in order to improve our understanding of the temporal changes on soil
organic carbon, soil total nitrogen, arbuscular mycorrhizal fungi diversity and soil
macroarthropods during their long-term utilization. We introduce what are the main
effects of long-term fertilization systems on several agricultural farming systems
around the world. We also present our experimental data about long-term utilization
of mineral and organic fertilization from wheat and rapeseed field experiments.
Published field studies show that the continuous use of mineral fertilizers might
affect negatively soil organic carbon and total nitrogen, which in turn modifies the
community composition of macroarthropods, and arbuscular mycorrhizal fungi,
whereas organic fertilizers might affect positively these soil properties and soil
organism diversity. Our review shows that inputs of organic matter sources can
change positively soil properties and annual crop development and yield. Our
review also highlights the importance of considering the long-term effect of organic
fertilization combined with agricultural management practices, such as stubble
retention, fertilization with micronutrient, and inoculation with arbuscular mycor-
rhizal fungi and N-fixing bacteria on the maintenance of soil fertility and to improve
the diversity of soil organisms.

Keywords Fertilization systems � Mineral (NPK) fertilization � Organic
fertilization � Sustainable agriculture
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7.1 Introduction

During the last decades, the traditional production of food, fiber and energy was
based on conventional farming systems (Robertson and Vitousek 2009). This
system includes the use of mineral fertilizers, pesticides, herbicides, genetically
modified organisms, heavy irrigation, intensive tillage and/or concentrated mono-
culture production (Souza and Freitas 2017). Accordingly, Tian et al. (2017)
mineral fertilization is a kind of soil improvement which uses any material of
synthetic origin that is applied to soils to supply one or more plant nutrients, such as
nitrogen, phosphorus, potassium, calcium, magnesium, and sulfur. Also, fertiliza-
tion have been a historical contribution to the impressive crop yield increases
realized since the 1950s (Geisseler and Scow 2014). Nowadays, fertilization is
recognized as one of the most important activities that influences negatively or
positively soil chemical, as well as crop yield and soil organism community
structure (LeBauer and Treseder 2008; Allison and Martiny 2008; Mikanová et al.
2013; Souza et al. 2015a, b, c; 2016a, b).

There are evidences that fertilization can affect diversity and function of soil
organisms (Carneiro et al. 2015). Soil organisms are classified as any organism that
inhabits the soil during part or all of its life. It ranges in size from microorganisms,
such as bacteria and fungi to macroarthropods that live primarily on soil surface
(Moreira et al. 2010).

While crop production is generally nitrogen or phosphorus limited, soil organ-
isms, such as macroarthropods, soil bacteria, and soil fungi may be carbon and
nitrogen limited (Wardle 1992; Allison and Martiny 2008; Liu and Greaver 2010;
Lu et al. 2011). According Belay and co-workers (2015) mineral fertilization can
affect aboveground community, which in turn affects belowground community
structure and their function (Bossio et al. 2005). Treseder (2008) also reports that
increasing N inputs by mineral fertilization can suppress soil microorganisms.
Conversely, Mikanová and co-workers (2013) reported that the long-term fertil-
ization management, such as practices with the use of farmyard manure can
improve soil biological activity and fertility, especially by constant input of organic
matter.

Thus, the response of soil organisms and annual crops depends from the kind of
fertilizer, its concentration, and its frequency of utilization (Lu et al. 2011;
Abdullahi et al. 2013). Considering mineral fertilization as a widespread agricul-
tural practice, we can find several ways to use mineral fertilizers, and in some cases
the long-term utilization of this practice could be very dangerous for soil organisms,
for environment, and for our survival (Table 7.1) (Gao et al. 2015; Robertson et al.
2015). For example, why the continuous use of mineral fertilizers become less
benefic to soil biology, and their interaction with plant yield and soil fertility than
the use of organic fertilizers in the same conditions? (See the works done by Zhong
et al. 2010, Sharma et al. 2011, Carneiro et al. 2015, and Souza et al. 2015a, b, c to
more details). Conversely to mineral fertilization, organic fertilization is a kind of
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soil improvement which uses any recycled plant- or animal-derived matter that is
applied to soils.

The conventional fertilization significantly affects the populations of soil
organisms (Mäder et al. 2000). Over time, mineral fertilization cause soil fertility
and annual crop yield declines (Muchere-Muna et al. 2007; Gabriel et al. 2010;
Drakopoulos et al. 2015). These declines may occur through leaching, soil erosion,
crop harvesting, and low input carbon systems (Robertson and Vitousek 2009;
Panwar et al. 2010; Conyers et al. 2012; Robertson et al. 2015). Conversely, the
continuous input of organic matter source contributes to increase plant yield and
soil fertility in several agricultural areas around the world (Muchere-Muna et al.
2007; Hossain et al. 2010; Mikanová et al. 2013). This increase may occur because
organic fertilizer nutrients are not readily available, its availability occurs slowly
with cumulative effects. So, organic fertilizer is able to provide restoration of
nutrients, reconstruction of soil organic matter, soil nutrient levels increasing
continuously, low rate of soil erosion and high activity of soil biological component
(Bayu et al. 2006; Muchere-Muna et al. 2007; Belay et al. 2015; Gao et al. 2015;
Carneiro et al. 2015).

In this chapter, we will illustrate some concepts related to the effects of fertil-
ization systems and agricultural management practices on soil properties, such as
soil organic carbon and total nitrogen that in turn affect soil organism community
structure, diversity and functioning. By the end of this chapter, we hope to have
described some inherent attributes of mineral and organic fertilization that alters soil
organic carbon and total nitrogen, which in turn change soil organism diversity,
community structure, soil organism activity, plant development and plant yield. In
this chapter, we will not consider other soil chemical properties, such as available P,
exchangeable K, and soil pH or any soil physical properties, such as texture,
moisture and soil density. For additional information about these properties which
we will not consider in this chapter, see Souza et al. (2015a, b, c, 2016a, b, c).

7.2 Soil Organisms

Soil organisms can be classified as actinomycetes, algae, arthropods, bacteria,
earthworms, fungi, nematodes, and protozoa (Moreira et al. 2010). Each of these
groups has characteristics that define them and their functions in soil (Table 7.2).
They play a vital role in determining soil fertility, plant growth, and soil structure
(Muchere-Muna et al. 2007; Robertson and Vitousek 2009; Gabriel et al. 2010;
Panwar et al. 2010; Conyers et al. 2012; Drakopoulos et al. 2015; Robertson et al.
2015).

All soil organism groups can be classified in one or more functional groups
(Table 7.2). Each functional group is defined by morphological, physiological,
behavioral, and biochemical characters or even by environmental changes and
taxonomical characters (Setäla et al. 1998). So, we can define twelve functional
groups of soil organism accordingly Brussaard (1998), Swift et al. (2010):
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Table 7.1 Summary of main services of ecosystem affected by long-term conventional
fertilizations systems

Services of
ecosystem

Effect of
long-term
mineral
fertilization on

As a result of long-term
mineral fertilization, we
found:

Soil organisms affected

Biomass,
energy, food
and fiber
production

Nutrient
cycling;
Soil organic
matter
dynamics;
Soil structure

Less biomass, food, fiber and
energy production;
Increase soil organic matter
decomposition;
Decrease soil functionality,
soil organic carbon, and
nutrient cycling

Ecosystem engineers
(Macroarthropods from
Order Hymenoptera and
Isoptera, and earthworms);
Decomposers or
saprotrophs (fungi,
bacteria);
Soil pathogens (fungi,
bacteria);
Microfauna (nematodes);
Symbionts (N-fixing
bacteria and arbuscular
mycorrhizal fungi)

Water supply
and quality

Soil structure;
Nutrient
cycling

Increase erosion and soil
organic matter decomposition;
Increase nitrate leaching on
the groundwater

Ecosystem engineers
(Macroarthropods from
Order Hymenoptera and
Isoptera, and earthworms);
Decomposers or
saprotrophs (fungi,
bacteria)

Global
climate and
atmospheric
composition

Soil organic
carbon
dynamic;
CO2

concentration
into the
atmosphere

Increase global climate
changes;
Increase nitrous oxides and
CO2 emissions into the
atmosphere

Decomposers or
saprotrophs (fungi,
bacteria)

Erosion
control

Soil structure Increase soil erosion Ecosystem engineers
(Earthworms, and
Macroarthropods species
from Order Coleoptera)

Soil
pollutants
and heavy
metals

Nutrient
cycling;
Decomposition
process

Increase soil pollutants and
heavy metals by inputs of
toxic and dangerous
compounds from the
fertilizers, herbicides or
insecticides

Decomposers or
saprotrophs (fungi,
bacteria);
Soil pathogens (fungi,
bacteria);
Microfauna (nematodes);
Symbionts (N-fixing
bacteria and arbuscular
mycorrhizal fungi)

(continued)
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(1) Decomposers—The soil organisms which are capable to produce enzymes that
breakdown complex substrates (Organic or inorganic) into their simpler forms
to get their energy are included here;

(2) Ecosystem engineers—The soil organisms with strong influence on the
physical properties of soil are included here;

(3) Herbivores—The soil organisms which consume and digest living plant tis-
sues are included here;

(4) Litter transformers—The soil organisms which feed and grind organic matter
debris making it more accessible to decomposers are included here;

(5) Micro regulators—The soil organisms which are capable to regulate bio-
chemical cycles through herbivory are included here. We can also find micro
regulators associated with decomposers;

(6) Pathogens—The soil organisms which can produce disease in other organisms
and obtains their nutrients from living organisms are included here;

(7) Predators—The soil organisms which regulate the size of the population of
other soil organisms by predation are included here;

(8) Primary producers—The soil organisms with photoautotrophic metabolism
which assimilate carbon dioxide from the atmosphere are included here;

(9) Prokaryotic transformers—The soil organisms which perform specific trans-
formations on carbon, nitrogen, phosphorus and sulfur cycles are included
here;

(10) Regulators—The soil organisms which control the population of herbivores,
pathogens, predators, and other soil organisms by biological control process
are included here;

Table 7.1 (continued)

Services of
ecosystem

Effect of
long-term
mineral
fertilization on

As a result of long-term
mineral fertilization, we
found:

Soil organisms affected

Disease and
pest control

Protection
against soil
pathogens and
insect pests

Decrease the benefic soil
organism community
diversity, functionality and
activity by changes in soil pH,
soil organic matter, and
essential mineral nutrients

Macroarthropods from
Order Araneae and
Mantodea;
Arbuscular mycorrhizal
fungi;
N-fixing bacteria;
Nematodes;
Algae;
Archaea

Biodiversity
conservation

Provision of
habitat
diversity;
Ecosystem
maintenance

Changes on soil structure;
Increases the use of
monoculture farming system

Soil bioindicatorsa

Accordingly, the work done by Swift et al. (2010), Mielniczuk (2008) and Souza et al. (2015a, b, c);
a accordingly the classification proposed by Kibblewhite et al. (2008) and Oehl et al. (2011)
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Table 7.2 Resume of soil organism groups and their functions (Adapted from Moreira et al.
2010, Souza et al. 2016a, b, c)

Domain Kingdom Phylum Genus Functional
Group

Archaea Archaea Not described Not described Prokaryotic
transformers;

Bacteria Prokaryote Actinobacteria Actinomyces
Arthrobacter
Brevibacterium
Corynebacterium
Frankia
Micrococcus
Micromonospora
Nocardia
Nocardiopsis
Rhodococcus
Sphaerisporangium
Streptomyces
Streptoverticillium
Virgisporangium

Decomposers;
Micro
regulators;
Pathogens;
Prokaryotic
transformers;
Regulators
Saprotrophs;
Symbionts;

Bacteria Prokaryote Bacteroidetes Flavobacterium
Pedobacter

Pathogens;

Bacteria Prokaryote Cyanobacteria Not described Primary
producers;
Symbionts;

Bacteria Prokaryote Firmicutes Anaerobacter
Bacillus
Clostridium
Desulfitobacterium
Desulfosporosinus
Desulfosporomusa
Desulfotomaculum
Exiguobacterium
Paenibacillus
Pasteuria
Sarcina
Staphylococcus
Sporosarcina
Thermolithobacter

Decomposers;
Micro
regulators;
Pathogens;
Prokaryotic
transformers;
Regulators
Saprotrophs;

Bacteria Prokaryote Gemmatimonadetes Gemmatimonas Prokaryotic
transformers;

Bacteria Prokaryote Proteobacteria Agrobacterium
Azotobacter
Desulfovibrio
Geobacter
Pseudomonas
Nitrosomonas
Nitrobacter
Rhizobium
Wolbachia

Decomposers;
Pathogens;
Primary
producers;
Prokaryotic
transformers;
Symbionts;

(continued)
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(11) Saprotrophs—The soil organisms which live on dead and decaying organic
material in the soil are included here;

(12) Symbionts—The soil organisms which are very closely associated with other
organisms (also called host) in a positive (mutualistic) relationship are
included here;

Table 7.2 (continued)

Domain Kingdom Phylum Genus Functional
Group

Eukarya Arthropoda Arachnida
Chilopoda
Diplopoda
Entognatha
Insecta
Malacostraca

Not described Ecosystem
engineers;
Herbivores;
Litter
transformers;
Micro
regulators;
Predators;
Regulators;

Eukarya Animalia Annelida Not described Ecosystem
engineers;
Litter
transformers;

Eukarya Animalia Nematoda Not described Herbivores;
Predators;
Micro
regulators;
Symbionts;

Eukarya Fungi Ascomycota
Basidiomycota
Blastocladiomycota
Chytridiomycota
Glomeromycota
Microsporidia
Neocallimastigomycota

Acaulospora
Aspergillus
Fusarium
Gigaspora
Glomus
Mucor
Penicillium
Rhizoctonia
Rhizoglomus
Rhizophagus
Trichoderma

Decomposers;
Pathogens;
Predators;
Micro
regulators;
Regulators;
Saprotrophs;
Symbionts;

Eukarya Plantae Chlorophyta
Streptophyta

Not described Primary
producers;

Eukarya Protista Not described because
the classification of
Protista has been and
remains a problematic
area of taxonomy

Not described Decomposers;
Micro
regulators;
Pathogens;
Primary
producers;
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The classification of functional groups is based on soil organism function and
their services to the ecosystem (Brussaard 1998). Basically, there are four main
services to the ecosystem:

(a) Decomposition of organic matter;
(b) Nutrient cycling;
(c) Bioturbation;
(d) Control of pests and diseases.

The relationship between these four services determines the balance among the
quantity of soil carbon and atmospheric carbon dioxide concentration. So, we can
conclude that soil organism has an important role regulating atmospheric compo-
sition while at the same time improving soil services, soil fertility and agricultural
productivity (Lal and Follett 2009; Robertson et al. 2015). We can find soil
organisms exhibiting different community composition in several habitats, such as
temperate forests, grasslands, tropical forests, shrublands and anthropogenized
habitats (Conyers et al. 2012; Drakopoulos et al. 2015 and Robertson et al. 2015).
Their community composition is significantly affected by soil organic carbon and
total nitrogen contents (Allison and Martiny 2008), but before to explain how soil
organisms are dependents to carbon and nitrogen (Geisseler and Scow 2014), we
will introduce you in the next section how fertilization (mineral or organic) affects
these soil properties that in turn affects directly or indirectly soil organism com-
munity composition.

7.3 Changes in Soil Organic Carbon and Total Nitrogen
Content by Fertilization

Increasing soil fertility in annual crop systems by using continuous input carbon
practices is a widely suggested way to achieve sustainable grain production by
improving soil functioning to increase agricultural productivity (Robertson et al.
2015). It is well established that conventional tillage with mineral fertilization
reduced carbon input and accelerated carbon loss, as well as total nitrogen and in
some case available P through erosion (Bravo-Garza and Bryan 2005; Chen et al.
2011; Guo et al. 2012). Thus, management of organic matter that slowly increases
soil fertility may result in erosion reduction (Lal 2004; Yang et al. 2015).

Although inorganic fertilization could provide essential nutrients for annual
crops, it could lead to decrease soil functioning and improve soil acidification and
soil hardening. In organic systems, many studies have reported greater levels of soil
organic carbon and total nitrogen under organic fertilization that under NPK fer-
tilization (Chan et al. 2011; Conyers et al. 2012; Gao et al. 2015; Souza et al.
2015a). Figure 7.1 illustrate the long-term effects of mineral and organic fertiliza-
tion on soil organic carbon (Fig. 7.1a), and total nitrogen (Fig. 7.1b) (two important
soil properties that modulate soil organism diversity and functionality) from a wheat
field cultivated on a Ferralsol.
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These results showed positive effects of organic fertilizers with their long-term
utilization on soil organic carbon and total nitrogen (Kimetu et al. 2008; Major et al.
2010; Hossain et al. 2010) and could have been attributed to (i) the lower rate of
decomposition and mineralization of organic matter as described by Muchere-Muna
et al. (2007), and (ii) these variables are improved as a result of residual effects from
continuous use of the alternative fertilization treatment. Saha et al. (2008) reported
an increase in soil organic carbon after 3 years of the continuous use of manure
application where about 40% carbon was retained in the soil carbon pool. Several
previous studies have reported similar positive effects (30 to 54% more soil organic
carbon) of cumulative inputs of organic matter by manure and stubble retention on
soil organic carbon (Thomas et al. 2007; Kong et al. 2009; Chan et al. 2011; Zhang
et al. 2012; Gao et al. 2015). Thomas et al. (2007) reported 21% less total nitrogen
in conventional tillage with utilization of mineral fertilizers than no-tillage with
stubble retention. Manure and mineral fertilizers have the advantage of supplying

Fig. 7.1 Long-term effects of
conventional (black line) and
alternative (dotted line)
fertilization on soil organic
carbon (g/kg, Fig. 7.1a) and
total nitrogen (g/kg,
Fig. 7.1b) from a wheat field
cultivated on a Ferralsol for
5 years (Adapted from Souza
et al. 2015a). Conventional
fertilization was based
accordingly EMBRAPA’s
recommendation for Triticum
aestivum cv. BRS-Guamirim,
while alternative fertilization
was based accordingly
regional familiar agriculture
sustainable system
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essential plant nutrients either directly or indirectly by alleviating some soil stresses
like acidic, toxicity or increasing nutrient availability (Lazcano et al. 2012).

The effect of various fertilization systems on soil organic carbon and total
nitrogen has been studied in many countries around the world (Treseder 2008; Liu
and Greaver 2010; Lu et al. 2011). Despite the considerable research that has been
undertaken to measure these effects of fertilization systems on SOC and TN, pre-
dicting how these soil properties respond to mineral and organic fertilization remain
difficult because the slowness of change and the apparent site specificity of the
effects (Zhang et al. 2012; Geisseler and Scow 2014; Gao et al. 2015). Below, we
summarize the main effects of different fertilization systems on soil organic carbon
and total nitrogen content (Table 7.3).

So, the organic fertilization examined in this section (e.g. Straw bedding
impregnated with liquid and solid horse manure, turkey manure, wine-grape solid
residue, vermicompost, rabbit manure, farmyard manure, cattle slurry, and biochar)
resulted in a fairly wide range of soil organic carbon and total nitrogen, but the
effects of individual fertilization were variable, increasing these both soil properties
in all studied long-term field experiments (Table 7.3). While, mineral fertilization
increased soil organic carbon and total nitrogen in some cases but not in others. We
can presume that mineral fertilizations (N, NP, NK, PK, or NPK fertilization) may
not reliably increase soil organic carbon and total nitrogen on their own, but that
significant increases are possible in some situations through the long-term use of
multiple practices combined with the use of mineral fertilizers such as organic
fertilizers, stubble management, alternative tillage, legume N input, crop rotation,
and elimination of fallow.

7.4 Soil Organisms, Soil Organic Carbon
and Soil Total Nitrogen

Several studies reported that soil organisms have been found to be strongly related
to soil organic carbon and total nitrogen contents (e.g. Cleveland and Liptzin 2007;
Fierer et al. 2009; Kallenbach and Grandy 2011; Geisseler and Scow 2014; Souza
et al. 2015a, b, c, Souza et al. 2016a, b, c). This close relationship suggests that
changes in soil organic carbon and total nitrogen may alter (positively or not) the
dynamic and diversity of soil organisms.

Soil organisms, such as soil macroarthropods, bacteria, fungi and archaea,
contain most of the total nitrogen and up to half of the carbon stored in living
organisms (Bengtsson et al. 2005; Allison and Martiny 2008). Indeed, this soil
biological component carries out the bulk of decomposition and catalyzes important
transformation in the nutrient cycles (LeBauer and Treseder 2008; Lu et al. 2011).
We also can confer on them a principal role in providing ecosystem services, such
as soil fertility, soil quality and water purification (Reich et al. 2007). Despite their
importance to the functioning of ecosystems, we must consider that changes in the
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Table 7.3 Summary of main effects of different processes and fertilization systems on soil
organic carbon and total nitrogen content

Authors (Year) Kind of fertilization Frequency of
utilization

Main findings

Ai et al. (2013) Mineral fertilization (Urea
—300 kg N ha−1;
superphosphate—150 kg
P2O5 ha

−1; and potassium
chloride—150 kg K2O
ha−1) and organic
fertilization (Straw bedding
impregnated with liquid
and solid horse manure—
37.5 T ha−1)

31 years The soil organic carbon
(SOC) and total nitrogen
(TN) tended to be greater in
the rhizosphere than in bulk
soil, and increased in
response to long-term
organic fertilization in a
wheat-maize rotation field
cultivated on a fluvo-aquic
soil, Hebei Province, China

Barrios-Masias
et al. (2011)

Organic fertilization
(Turkey manure and
wine-grape solid residue—
17 T ha−1)

12 years The organic fertilization
increased SOC as
suggested by high soil
microbial biomass and low
CO2 emissions and reduced
N leaching potential during
winter in a tomato field
cultivated on a Paleosol,
Yolo County, California

Gao et al.
(2015)

Mineral fertilization (Urea
—285 and 210 kg N ha−1;
Calcium superphosphate—
142.5 kg P2O5 ha

−1; and
KCl—71.3 kg K2O ha−1)
and organic fertilization
(Manure—11 T ha−1)

33 years The long-term application
of fertilizer (organic and
inorganic) resulted in a
significant increase in the
SOC and TN contents in a
double wheat-summer
maize rotation system
cultivated on a fluvo-aquic
soil, Tianjin, Northern
China

Lazcano et al.
(2012)

Organic (vermicompost—
Standard dose 4.2 and high
dose 6.3 T ha−1; and rabbit
manure—Standard dose
5.4 and high dose 8.2 T
ha−1) and inorganic
fertilizers (commercial
NPK fertilizer—Standard
dose 80-24-20 kg ha−1 and
high dose
120-36-30 kg ha−1)

3 months They found significant
increases in SOC with the
high dose of vermicompost
in a sweet corn field
cultivated on a Humic
cambisol, Pontevedra,
Northwestern Spain. There
were no differences in TN
of the soil samples at
harvest

Mbuthia et al.
(2015)

Inorganic N fertilization
(Ammonium nitrate—0,
34, 67 and 101 kg N ha−1),
tillage (till and no-till) and
cover crops (Hairy vetch

31 years The no-till treatments under
cover crop (vetch or wheat
cover) having significantly
greater SOC and TN to no
cover under the lower
N-rates (0, 34 and 67 N).

(continued)
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Table 7.3 (continued)

Authors (Year) Kind of fertilization Frequency of
utilization

Main findings

and winter wheat, and a no
cover control)

At the highest N-rate
(101 N kg/ha), there were
no significant differences in
SOC and TN across tillage
or cover crop treatments in
a continuous cotton field
cultivated on a Ultic
Argisol, Jackson, West
Tennessee, USA

Mikanová et al.
(2013)

Mineral (NPK commercial
fertilizer—63 kg N ha−1)
and organic fertilization
(farmyard manure—35 T
ha−1 and cattle slurry)

More than
50 years

Organic fertilization (e.g.
farmyard manure addition)
increased SOC and TN in a
crop rotation field (45%
cereals, 33% root crops,
and 22% fodder crops)
cultivated on a Orthic
Luvisol, Prague-Ruzyne,
Czech Republic

Muchere-Muna
et al. (2007)

Organic (manure, Tithonia
diversifolia, Calliandra
calothyrsus, and Leucaena
leucocephala) and mineral
fertilization (30 and
60 kg N ha−1)

2 years After 2 years of trial
implementation, SOC and
TN contents were
improved with the
application of organic
residues, and manure in an
maize field cultivated on
Humic Nitosols, Meru
South District, Kenya

Olmo et al.
(2015)

Biochar addition (0, 0.5, 1,
and 2.5% w/w on a dry
weight basis)

2 months
(Greenhouse
conditions)

Biochar addition reduced
TN in durum wheat plants
cultivated on plastic pots
with Haplic Luvisol,
Córdoba, Spain. There is
no report about SOC

Riley (2016) Mineral (NPK fertilizer—
100-25-120 kg N, P and
K ha−1 and organic
fertilization (Cattle manure
20–60 T ha−1)

30 years Both manure and mineral
fertilizer had increased
SOC, by 11.3 and 3.4 T
ha−1 respectively. The
author also reports that no
residual response of
mineral fertilizer was
found, but previous manure
use gave large effects in a
crop rotation field
cultivated on Endostagnic
Cambisol, Norway

(continued)
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dynamic and diversity of soil organisms can affect terrestrial ecosystem processes
and influences ecosystem responses to disturbances such as CO2 and N addition
(Spehn et al. 2005; Reich et al. 2007; Souza et al. 2015a, b, c).

Below, we illustrate the potential impacts of changes in soil organic carbon and
total nitrogen contents on soil organism community composition and/or ecosystem
processes (Fig. 7.2). Consider fertilization (mineral or organic) or any disturbance,
such as biological invasion, fire or drought applied to an annual crop field and the
soil organism communities within it. Soil organism composition might be unaltered
or resistant to the disturbance, and not change (Fig. 7.2a and b). Alternatively, if the
community is sensitive and does change, it could be resilient and quickly recover to
its initial composition (Fig. 7.2c). Finally, a community whose composition is
sensitive and not resilient might produce process rates similar to the original
community if the members of the community are functionally redundant
(Fig. 7.2d).

To assess whether soil organism community composition is resistant, resilient,
functional redundancy or not change when exposed to fertilization or disturbance as
illustrated in the Fig. 7.2, we must consider some points:

Table 7.3 (continued)

Authors (Year) Kind of fertilization Frequency of
utilization

Main findings

Robertson et al.
(2015)

They used three rotation
treatments (fallow/wheat,
pasture/fallow/wheat, and
pasture/ Wheat) combined
with two fallow
management treatments
(traditionally tilled fallow,
with crop stubble
incorporated by sloughing
after harvest, and
traditional drilling of the
following crop) and a
zero-tilled fallow

Three
long-term (12,
28 and
94 years) field
experiments

They report that the
management practices
examined in the present
study may not reliably
increase SOC on their own,
but that significant
increases in SOC are
possible under some
circumstances through the
long-term use of multiple
practices, such as stubble
retention + zero
tillage + legume N
input + elimination of
fallow on a Calcarosol and
on a Vertosol, Victoria,
Australia

Rondon et al.
(2007)

Biochar addition (0, 30, 60,
and 90 g kg−1 soil) and

40 days
(Greenhouse
conditions)

The SOC and TN
significantly increased with
the high biochar
applications (90 g kg−1

soil) by 208.27 and 37.04%
respectively in the soils
with N-fixing plants
cultivated on plastic pots
with Latosol, Cali,
Colombia
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(1) The soil organism composition is limited to temperature, fertilization (NPK
fertilization or organic fertilization), CO2 enrichment, and enrichment with C
substrates (Allison and Martiny 2008; Armstrong et al. 2015);

(2) The concentration and the kind of the used fertilizer and how often it is applied
will have an effect (positive or negative) on the soil organism community
composition (Mäder et al. 2000; Hole et al. 2005; Zhong et al. 2010; Carneiro
et al. 2015);

(3) Application of organic amendments, increases soil organic carbon and stimulate
microbial activity which provides N and P to soil (Abdullahi et al. 2013);

(4) The soil organisms are often limited by energy in soils, litter, and root exudates
such as organic acids, sugars and amino acids may stimulate the abundance of
soil macroarthropods and growth of microbial populations capable of
influencing biogeochemical cycling of C, N, P, and S (Ai et al. 2013);

Fig. 7.2 A schematic of how changes in soil organic carbon and total nitrogen content can change
soil organism community composition and thereby affect ecosystem processes versus when
changes in these soil properties would not have this effect. Here, soil organism community
composition are classified as resistant, resilient, or functionally redundant) (Adapted from Allison
and Martiny 2008; Geisseler and Scow 2014; Gosling et al. 2016)
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(5) Generally, organic amendments have positive effects on species richness and
abundance of all soil organism groups (macroarthropods, N-fixing bacteria,
archaea species, and arbuscular mycorrhizal fungi), except non-predatory
insects and soil pathogens (Bengtsson et al. 2005);

(6) Carbon and nitrogen are the limiting nutrients for soil organisms in many
terrestrial ecosystems and increased C and N input often leads to higher
abundance of soil organisms (Wardle 1992; LeBauer and Treseder 2008;
Treseder 2008; Liu and Greaver 2010; Lu et al. 2011);

(7) And finally, maintenance of biodiversity in agricultural landscapes will depend
on the preservation, restoration and management of non-cropped areas, such as
field margins, edge zones, habitat islands, hedgerows, natural pastures, wet-
lands, ditches, ponds and other small habitats, are important refuges and source
areas for many soil organisms, such as soil macroarthropods (Stopes et al.
1995; Baudry et al. 2000; Tscharntke et al. 2002).

After this section, we asked the following questions? (i) Is soil organism C and
N dependents? (ii) Does organic fertilization generally affect positively the diversity
within soil organism groups? (iii) Does organic fertilization generally affect posi-
tively the abundance of the soil organism community? (iv) Do the effects of organic
fertilization differ between soil organism groups? For example, do pest organisms
increase more than non-pest groups in organic fertilization?

7.5 Effects of Long-Term Inputs of Nutrients to the Soil
on Soil Organism Community Diversity

Soil organism communities and their diversity are also affected by inputs of
nutrients provided by fertilization (Geisseler and Scow 2014). According Allison
and Martiny (2008) 84% percent of the studies about fertilization and its effects on
soil biology components report that belowground communities are sensitive to N,
P, and K fertilization. Usually, in conventional systems with mineral NPK fertil-
ization, fertilizer N inputs exceed rates of atmospheric decomposition and fertilizer
N is often added in one large application during sowing (Gao et al. 2015).
Fertilizer P and K inputs are also added in one large application during sowing, to
provide sufficient P and K to plants and to prevent nutrient losses by immobi-
lization, leaching or reaction with clay, and iron and aluminum oxides (Bressan
2001; Sandim et al. 2015).

7.5.1 Soil Macroarthropods

For aboveground communities, Pfiffner and Luka (2000), Gabriel et al. (2010),
concluded in their studies that the abundance and diversity of soil macroarthropods
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depend on farming practices, such as organic versus conventional systems. Organic
farming usually increases macroarthropod richness (average 30% higher species
richness and 50% higher abundance than conventional farming systems). Usually
non-predatory insects and pests respond negatively to organic farming, while
predatory insects respond positively (Bengtsson et al. 2005). Macroarthropods
contribute to services (e.g., soil fertility) impacting on plant yield in organic
farming systems (Pearce and Venier 2006; Gabriel et al. 2010; Mikanová et al.
2013). Macroarthropods actively affect chemical, physical, and biological processes
(Lavelle et al. 2006) and believed that they play an important role in nutrient
cycling and in the maintenance of good soil quality (Brussaard et al. 1997; Sackett
et al. 2010).

Our data indicate that the organic fertilization system changed positively the
macroarthropod frequency of occurrence (Fig. 7.3), especially the frequency of
predatory insects in the wheat field cultivated on a Ferralsol during 5 years of its
utilization. The use of farmyard manure, as an organic fertilizer promoted positive
effects whereas the use of mineral fertilizer promoted negative on Order Araneae,
Blatodea, Homoptera, Hymenoptera, Mantodea and Orthoptera. So, our findings
suggest that inputs of organic matter promoted by organic farming had positive
effects on macroarthropod community composition. Plant residues are important to
this group of organisms and act as food resource and refuge site to macroarthropods
(Costa et al. 2009; Pearce and Venier 2006).

Macroarthropods, especially orders with greater abundance, are widely used to
assess the conservation status of ecosystems (Luz et al. 2013). Among the orders
that we observed in our study, the most frequent orders were Hymenoptera and
Isoptera for all studied treatments (Fig. 7.3b). The first one, especially in the or-
ganic fertilization, and the second one is more frequent in the mineral fertilization.
Among the Hymenoptera, the family Formicidae were predominant in the mineral
fertilization. For the organic fertilization, we found three different families of the
order Hymenoptera: Apidae, Formicidae, and Multilidae, but with Formicidae as a
dominant group. Our results agree with the works done by Wink et al. (2005) that
found Formicidae as a dominant group in different ecosystems and habitats and Luz
et al. (2013) that reported higher diversity of ants in habitats with high organic
matter contents than disturbed habitats. Among the order Coleoptera, the most
frequent families were Carabidae and Scarabaeidae, but the second one only was
found in the organic fertilization. Our results agree with the work done by Luz et al.
(2013) that reported Scarabaeidae in preserved areas. Beetles of this family are very
sensitive to changes in habitat, especially soil organic carbon (Costa et al. 2009;
Azevedo et al. 2011). For the mineral fertilization treatments, orders Araneae and
Mantodea only occur in the first year of our study, and the release of beneficial
macroarthropods was probably more significant, since after its continuous use, there
was an increase in number of individuals from order Hymenoptera, family
Formicidae, and a decrease in the number of individuals from order Araneae,
Mantodea, and Hymenoptera (Souza et al. 2015c). Generally, predators are related
to more diverse habitats, with a depth layer of litter that provides hunting and
foraging niches and for protection from desiccation (Pearce and Venier 2006).
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7.5.2 Arbuscular Mycorrhizal Fungi

But high application rates of these macronutrients lead to temporally very high
osmotic potentials, potentially toxic concentration, changes in soil pH, and other
soil nutrient concentrations by synergic and antagonist interactions (Clark et al.
2007; Cleland and Harpole 2010; Souza et al. 2015a). For example, the supply of
mineral nutrients has a strong influence on the AM fungi functionality (Eltrop and
Marschner 1996). Accordingly, Smith and Read (2008) and Hodge and Storer
(2014), the AM fungi infectivity potential is considerable reduced by high levels of

Fig. 7.3 Long-term effects mineral (pale brown) and organic (gray bar) fertilization on
macroarthropod frequency of occurrence (%) (Means ± Standard deviation, N = 90; Adapted
from Souza et al. 2015c) from less frequent Orders of macroarthropod (Fig. 7.3a); and the two
most dominant Orders (Fig. 7.3b); Bars of each parameter labeled by different letters indicate
significant differences assessed by the Bonferroni test after performing three-way ANOVA
(P < 0.05)
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nitrogen and phosphorous provided by mineral fertilization, as described in the
Fig. 7.4.

The Fig. 7.4 describes the potential for subsequent annual crop (maize in our
study) to form mycorrhizas provided by soil inoculum from rapeseed (a
non-mycorrhizal plant species) and wheat (a mycorrhizal plant species) field. We
observed that the infectivity potential by arbuscular mycorrhizal fungi was signif-
icantly higher in soil inoculum from wheat field than soil inoculum from rapeseed
field (Fig. 7.4a and b). According Lankau et al. (2011) and Warwick (2011) plant
species from Family Brassicaceae produce antifungal compounds with negative
phytochemical effects on infectivity potential by arbuscular mycorrhizal fungi in

Fig. 7.4 Long-term effects of mineral (pale brown) and organic (gray bar) fertilization on
infectivity potential by arbuscular mycorrhizal fungi (%) from soil inoculum from non-mycorrhizal
(a) and mycorrhizal annual crop root zone (b) (Means ± standard deviation, N = 90; Adapted
from Souza et al. 2016a, b, c). The non-mycorrhizal annual crop considered in this study was
rapeseed, while wheat was considered as mycorrhizal annual crop. Mineral fertilization was based
accordingly EMBRAPA’s recommendation for Brassica napus cv. H401, and Triticum aestivum
cv. BRS-Guamirim, respectively, while organic fertilization was based accordingly regional
familiar agriculture sustainable system; Bars of each parameter labeled by different letters indicate
significant differences assessed by the Bonferroni test after performing three-way ANOVA
(P < 0.05)
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soil inoculum from rapeseed field. Among the fertilization treatments, we also
found cumulative negative effect of mineral fertilization on infectivity potential by
arbuscular mycorrhizal fungi. Bressan (2001) and Siqueira et al. (1982) reported
that the metabolites synthesis during the asymbiotic phase of AM fungi from genus
Claroideoglomus and Gigaspora was negatively affect in substrate with high level
of nitrogen, and Siqueira et al. (1985) reported that high level of phosphorous
reduced significantly energy supply and root colonization during the asymbiotic,
pre-symbiotic and symbiotic of arbuscular mycorrhizal fungi from genus
Claroideoglomus, Funneliformis, Gigaspora, and Glomus. For the organic fertil-
ization the positive effects on infectivity potential could be attributed to improve-
ment on mycelium growth, protein synthesis and sporulation during the
pre-symbiotic and symbiotic phases of arbuscular mycorrhizal fungi from genus
Claroideoglomus, Gigaspora, Glomus, and Scutellospora as described by Siqueira
and Hubbell (1986), Vilariño and Sainz (1997), Fracchia et al. (2001) and Silva
et al. (2005).

7.5.3 Soil Bacteria

For soil bacteria, Ai et al. (2013) concluded that mineral fertilization, such as N
application increased soil bacteria community, while organic fertilization (manure
application) increased archaea community. This study was conducted on a
fluvo-aquic soil during two years of a long-term field experiment with wheat and
maize. They also report that soil bacteria, such as species from genus Nitrosospira
was more sensitive to change its structure than archaea community (e.g. species
from Phylum Crenarchaeota) after long-term N fertilization and they reported that
organic fertilizers can stimulate soil bacteria and archaea activities by providing
organic acids, sugars and amino acids that are essential for the growth of their
populations (Fontaine and Barot 2005). These two soil organism groups played an
important role in nitrogen cycle (soil bacteria more important than soil archaea)
(Verhamme et al. 2011) and they are strongly affected by fertilization (Wang et al.
2009).

Soil bacteria and archaea species also can be affected by other soil conditions
which are changed by fertilization (mineral or organic) such as pH, total nitrogen
content, total organic carbon content and root exudates that determine the services
of these soil organisms in agricultural ecosystems (Jia and Conrad 2009). Some
studies report that soil bacteria present high activity in near-neutral or alkaline soils,
whereas soil archaea presents high activity on acidic soils (Shen et al. 2008; Glaser
et al. 2010; Yao et al. 2011). Other studies report that soil bacteria can assimilate
more carbon (e.g. CO2, soil organic matter, soil organic carbon) than soil archaea
(Kowalchuk et al. 2000; Ai et al. 2013). So, we can presume three important
questions about soil bacteria and soil archaea:
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(1) They act in the same services of ecosystem (e.g. nitrogen cycle) (Ai et al.
2013);

(2) They present different metabolic pathways (Verhamme et al. 2011);
(3) They differ in their cell physiology (Walker et al. 2010).

7.6 Changing Soil Organic Carbon, Total Nitrogen
and Crop Yields

Current interest in the fertilization management is curious considering that there are
many differing interpretations (Gao et al. 2015; Robertson et al. 2015). Numerous
field studies have reported greater level of soil organic carbon (SOC) under agri-
cultural systems with continuous input of organic matter source than under tradi-
tional tillage with input of mineral fertilizers (Muchere-Muna et al. 2007; Hossain
et al. 2010; Mikanová et al. 2013). This has given rise to the widespread view that
substantial SOC decreasing may be resulted by the continuous use of mineral
fertilization in traditional tillage areas around the world (Saha et al. 2008; Panwar
et al. 2010; Conyers et al. 2012; Wezel et al. 2014). However, recent studies
suggest that the increasing SOC under organic tillage practices may be less than
initially estimated (Luo et al. 2010; Ladha et al. 2011; Körschens et al. 2013;
Geisseler and Scow 2014). Other long-term experiments have been reported to
increase SOC in some situations under mineral fertilizations (Kallenbach and
Grandy 2011; Conyers et al. 2012) and to have no significant effect in other studies
(Dalal et al. 2011) compared with mineral fertilization in conventional tillage.

Nitrogen fertilization is one of the most important agricultural N management
practices to increase crop yield and to minimize environmental impact of
agro-ecosystem (Robertson and Vitousek 2009) by increasing carbon dioxide fix-
ation and root biomass production by annual crops (Rothamsted Research 2008)
leading to more crop root residue return to soil (LeBauer and Treseder 2008). But,
many studies have reported environmental problems related to the continuous use
of mineral N fertilizer on the groundwater and atmosphere (Omar and Ismail 1999;
Gao et al. 2015). Therefore, nitrogen management is a key factor in controlling the
deterioration of soil quality and the continuous use of chemical fertilizer instead of
organic fertilizer have decreased significantly soil organic carbon, total nitrogen and
consequently crop yield (Zhang et al. 2008; Wessén et al. 2010; Schroder et al.
2011).
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7.6.1 Long-Term Fertilization Systems in a Wheat Field
(2007–2011)

The fertilization systems represented by this case are a non-fertilization systems
(control), conventional fertilization (mineral NPK fertilization), and alternative
fertilization (organic fertilization with farmyard manure) (See more details about
fertilizers, doses, and application mode in Table 7.4). The soil of the experimental
site is generally quite acid, and low in nutrient status (Table 7.5).

The main objective of this study was to determine whether the continuous use of
mineral and organic fertilizers influence plant-soil interaction in wheat plants in
field conditions. We used the wheat variety, Triticum aestivum var. BRS-Guamirim,

Table 7.4 Experimental setup, fertilizers, doses, and fertilization application mode during the five
years of the study

Activitiesa Control Conventional Alternative

Soil prepare
(traction)

Yes (Animal) Yes (Mechanical) Yes (Animal)

Limingb No Yes—1.2 T ha−1 Yes—1.2 T ha−1

Mode of
application

– Limestone was incorporated 4 months before planting

Fertilization No Yes—Mineral Yes—Organic

Fertilizer
(doses)

– Ammonium sulfate (30 kg N
ha−1)
Triple superphosphate (70 kg
P2O5 ha

−1)
Potassium chloride (60 kg K2O
ha−1)

Farmyard manure
(20 T ha−1)

Mode of
application

– Incorporated during planting Incorporated
2 months before
planting

Seeds density 300 seeds/m2

Distance
between crop
lines

17 cm

Top dressing No Yes—N fertilization No

Fertilizer
(doses)

– Urea (30 kg N ha−1) –

Mode of
application

– Incorporated besides crop lines
30 days after planting

–

After care Yes–
manual control
of invasive
herbs

Yes—Chemical control of
invasive herbs (Glyphosate 2L
ha−1)

Yes–
manual control of
invasive herbs

aThese activities were performed during the five years of the study;
bLiming was used two times, during the first year (2007), and in the last year (2011)
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which is a highly cultivated wheat variety, particularly in the Southeastern Brazil.
We investigated whether the influence of fertilization systems (alternative and
conventional) on plant performance, and soil properties in a wheat field cultivated
on a Ferralsols after 5 years of continuous use of mineral and organic fertilizers.

The experimental field was under grasses for about 10 years, where signalgrass
(Brachiaria decumbens Stapf.) was the dominant grass species before to start the
experiment. Mineral fertilization significantly increased total nitrogen and wheat
yield, but for this last variable the mineral fertilization only promotes positive
effects until the second year of its utilization (Fig. 7.5a and c). The wheat yield of
the conventional fertilization system was not stable, the yield decreased after the
second year of the continuous use of mineral fertilization, and the conventional
agriculture system based on the continuous input of mineral NPK fertilization could
not be considered sustainable in our study case. Mineral fertilization also signifi-
cantly decreased soil organic carbon from 5.5 ± 0.3 g/kg in the first year of its
utilization to 2.1 ± 0.2 g/kg in the end of the experiment (61.8% less soil organic
carbon, Fig. 7.5b). So, based on our results we concluded that the long-term effect
of mineral fertilization on wheat yield was soil organic carbon dependent (Fig. 7.5).
We also concluded that overtime the mineral fertilization tended to reduce soil
organic carbon, while increased total nitrogen in a Ferralsol. The continuous uti-
lization of mineral fertilizers also affected positively soil pH and available phos-
phorous (Souza et al. 2015a).

In contrast, after 5 years of continuous utilization of the alternative fertilization
system (based on the continuous input of an organic matter source) the values of
soil organic carbon, total nitrogen and wheat yield were significantly increased
(Fig. 7.6). the wheat yield was improved from 840.93 ± 68.01 kg/ha to
1379.85 ± 54.57 kg/ha (Fig. 7.6a), soil organic carbon was improved from values
of 7.7 ± 0.4 g/kg in the first studied year to 10.6 ± 0.5 g/kg (37.66% more soil
organic carbon) in the end of the experiment (Fig. 7.6b), and total nitrogen was
improved from 0.32 ± 0.02 g/kg to 1.14 ± 0.03 g/kg (256.25% more total nitro-
gen; Fig. 7.6c). This study shows that the continuous use of fertilization systems

Table 7.5 Soil properties of
Ferralsol from the
experimental area, Areia, PB,
Brazil

pH (1:2.5 Soil:H2O)
a 4.28

Total organic carbon (g kg−1)b 7.30

Total nitrogen (g kg−1)a 0.19

Available P (mg dm−3)c 4.29
aSoil pH and total nitrogen were determined in a suspension of
soil and distilled water and using the Kjeldahl method,
respectively (Black 1965);
bSoil organic carbon was estimated according to the methodology
described by Okalebo et al. (1993); and
cAvailable phosphorus (Olsen’s P) was determined
colorimetrically on spectrophotometer at 882 nm by extraction
with sodium bicarbonate for 30 min (Olsen et al. 1954)
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changes the plant yield, and soil properties (e.g. soil organic carbon and total
nitrogen), while total nitrogen experienced positive effects of both fertilization
systems, conventional and alternative, soil organic carbon and wheat yield only
experienced positive effects of alternative fertilization system. For the conventional
fertilization, we found that after the third year of its use, occurs cumulative negative
effects on wheat yield. In conclusion, the alternative fertilization system changed
positively the plant performance, and soil properties in the wheat field cultivated on
a Ferralsols during 5 years of its utilization. The use of farmyard manure promoted
positive effects whereas the use of mineral fertilizers promoted negative on all

Fig. 7.5 Harvest yield
(kg ha−1) of wheat plants a,
soil organic carbon (g kg−1)
b and total nitrogen (g kg−1)
c under conventional
fertilization during the 5 years
of its utilization
(Means ± Standard
deviation, N = 90; Adapted
from Souza et al. 2015c)
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studied variables in our study. The alternative fertilization system enhanced wheat
yield after a long-term experiment. The results of our study highlight the impor-
tance of considering the long-term effect of fertilizers (mineral or organic) on the
growth and mineral status of annual crops, such as T. aestivum. Thus, the long-term
utilization of an alternative fertilization system with continuous input of organic
matter may exploit positive situations of jointly beneficial biotic and abiotic
conditions.

Fig. 7.6 Harvest yield
(kg ha−1) of wheat plants
a soil organic carbon (g kg−1)
b and total nitrogen (g kg−1)
c under alternative
fertilization during the 5 years
of its utilization
(Means ± standard deviation,
N = 90; Adapted from Souza
et al. 2015c)
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7.6.2 Long-Term Fertilization Systems and Stubble
Management in a Rapeseed Field (2007–2011)

We performed a long-term study in this area for five years (2007–2011). Thus, we
used an area of 28 � 24 m which was under grasses for about 10 years, where
signalgrass (Brachiaria decumbens Stapf.) was the dominant grass species before to
start the experiment. Six treatments were allocated in a factorial design, that con-
sisted of three fertilization systems: (1) Control—non-fertilization; (2) Mineral
fertilization—NPK fertilization according EMBRAPA’s recommendation for
Brassica napus L. tillage; and (3) Organic fertilization—Organic fertilization
according regional familiar agriculture sustainable system; and two stubble man-
agements: (1) Stubble removed and (2) stubble retention (left standing). Each
treatment plot (5.0 � 1.4 m) was replicated in four blocks, and to our analysis we
used the central portion (4.0 � 0.75 m) of each plot. The treatments are summa-
rized in the Table 7.6. The objective of the present study was to compare soil
chemical properties and rapeseed yield under stubble management and fertilization
systems in a long-term field experiment in a Ferralsols of Northeastern Brazil. We
used the rapeseed variety, Brassica napus L. var. H401, which is a highly cultivated
rapeseed variety, particularly in the Southern Brazil. Our hypotheses were that soil
organic carbon, total nitrogen, and rapeseed yield are increased by: (1) stubble
retained (left standing) rather than stubble removal; and (2) organic fertilization,
rather than mineral fertilization.

For the non-fertilization treatment (control), we did not use any fertilizer, her-
bicide or pesticide to control soil fertility, weed and insect occurrence during the
long-term experiment. Rapeseed in the mineral fertilization treatment was sown
with 300 kgNPK ha−1 as conventional compound field fertilizer (06-24-12). For the
organic fertilization treatment, organic fertilizer was farmyard manure. The carbon,
nitrogen, and phosphorus contents from the used organic fertilizer were 298.66,
21.19 and 7.29 g kg−1 respectively (See more details about fertilizers, doses, and
application mode in Table 7.7).

The soil examined was classified as a Ferralsols (WRB 2006). Soils were col-
lected at the beginning of the experiment (March 2007) during the dry period and
when the plants were in bud formation stage. The soil of the experimental site is
generally quite acid, and low in nutrient status (Table 7.8).

Table 7.6 Summary of experimental treatments during the five years (2007–2011) of the study

Treatment code Fertilization systems Stubble management

C-LS Non-fertilization (Control) Retained, left standing

C-R Non-fertilization (Control) Removed

M-LS Mineral fertilization Retained, left standing

M-R Mineral fertilization Removed

O-LS Organic fertilization Retained, left standing

O-R Organic fertilization Removed
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After the five years of our study, the utilization of C-LS, C-R, M-LS, and M-R
treatments decrease the soil organic carbon from 3.82 ± 0.18, 3.20 ± 0.25,
4.48 ± 0.18, and 5.04 ± 0.24 g kg−1 to 2.84 ± 0.08, 1.32 ± 0.10, 3.46 ± 0.16,
and 2.46 ± 0.10 g kg−1, respectively. Conversely, for the continuous use of or-
ganic fertilization (O-LS and O-R) we found cumulative positive effects of these
treatments on soil organic carbon. The O-LS and O-R treatments improved it from
7.02 ± 0.38 and 5.00 ± 0.42 to 11.06 ± 0.20 and 10.06 ± 0.20 g kg−1, respec-
tively (Fig. 7.7).

After the second year of study, the utilization of mineral fertilization had
decreased the total nitrogen from values of 1.73 ± 0.09 to 1.32 ± 0.10 g kg−1. For
the organic fertilization, we observed a significant positive effect on total nitrogen

Table 7.7 Fertilizers, doses, and fertilization application mode during the five years of the study

Activitiesa Control Mineral Organic

Soil prepare
(traction)

Yes (Animal) Yes (Mechanical) Yes (Animal)

Limingb No Yes—1.2 T ha−1 Yes—1.2 T ha−1

Mode of
application

– Limestone was incorporated 4 months before planting

Fertilization No Yes—Mineral Yes—Organic

Fertilizer
(doses)

– Conventional compound field fertilizer,
06-24-12 (300 kg ha−1)

Farmyard
manure
(10 T ha−1)

Mode of
application

– Incorporated during planting Incorporated
2 months before
planting

Top
dressing

No Yes—N fertilization No

Fertilizer
(doses)

– Urea (120 kg N ha−1) –

Mode of
application

– Incorporated besides crop lines 30 days
after planting

–

After care Yes–
manual
control of
invasive herbs

Yes—Chemical control of invasive herbs
(Glyphosate 2L ha−1)
Foliar fertilization with micronutrients,
when the plants starting flower bud
development (Albatroz 300 mL ha−1)
Chemical control of Diabrotica speciosa
Germar and Myzus persicae Sulzer, during
flowering (Decis-25 160 mL ha−1;
Monocrotophos 300 mL ha−1)

Yes–
manual control
of invasive herbs

aThese activities were performed during the five years of the study;
bLiming was used two times, during the first year (2007), and in the last year (2011)
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after the first year of its utilization, and in the end of the experiment we did not find
difference between the results of these soil properties from mineral and organic
fertilization treatments (Fig. 7.8).

In the mineral, organic and control treatments combined with stubble retained,
their continuous use had positive effects on rapeseed yield. Conversely, for control
and mineral treatments, both combined with stubble removed treatment, there was a
significant negative effect of its continuous use on this variable (Fig. 7.9). These
confirm our findings that the organic fertilization combined with stubble retained
treatment changed positively the plant yield, and soil properties in the rapeseed field
cultivated on a Ferralsols during 5 years of their utilization. The use of farmyard
manure promoted positive effects whereas the use of mineral fertilizer promoted
negative on soil organic carbon, total nitrogen and available phosphorous in our
study. The organic fertilization combined with stubble retained treatment enhanced
rapeseed yield after a long-term experiment. The results of our study highlight the
importance of considering the cumulative effect of stubble retention and organic
fertilizers on the yield of annual crops, like rapeseed. Thus, the long-term utilization
of practices with continuous input of organic matter might enhance soil chemical
properties and annual crop (rapeseed in our study) development.

Fig. 7.7 Effects of different fertilization systems (Control, mineral and organic), stubble
management (retained and removal), and years of their utilization (2007–2011) on soil organic
carbon (g kg−1, means ± Standard deviation, N = 90; Bars of each parameter labeled by different
letters indicate significant differences assessed by the Bonferroni test after performing three-way
ANOVA (P < 0.05) Adapted from Souza et al. 2016a)
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Fig. 7.8 Effects of different fertilization systems (Control, mineral and organic), and years of their
utilization (2007–2011) on total nitrogen (g kg−1, means ± Standard deviation, N = 90; Bars of
each parameter labeled by different letters indicate significant differences assessed by the
Bonferroni test after performing three-way ANOVA (P < 0.05) Adapted from Souza et al. 2016a)

Fig. 7.9 Effects of different fertilization systems (Control, mineral and organic), stubble
management (retained and removal), and years of their utilization (2007–2011) on rapeseed yield
(kg ha−1, means ± Standard deviation, N = 90; Bars of each parameter labeled by different letters
indicate significant differences assessed by the Bonferroni test after performing three-way
ANOVA (P < 0.05) Adapted from Souza et al. 2016a)
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7.7 Main Fertilizers Used in the Modern Agriculture

The majority of the mineral fertilizers used in the modern agriculture have been
refined to extract nutrients and bind them in specific concentrations with another
mineral nutrient or compound (Jones 2012). These fertilizers may be made from
petroleum, rocks or even organic sources, and they are refined by massive industries
to their pure state with a high consume and demand of energy for their production.
Mineral fertilizers have the advantage to provide immediately to the plants essential
nutrients, but they do not promote life or soil health (Fan et al. 2008). In the other
hand, the organic fertilizers are minimally processed, and the nutrients remain in
their natural forms. Organic fertilizers are usually made from animal or plant waste
or powdered minerals (e.g. manure, compost, bone and cottonseed meal) and
sometimes they are classified as “soil conditioners”. Organic fertilizers have the
advantage to improve the structure of the soil and increase its ability to hold water
and nutrients, and overtime these fertilizers improve soil and plant health (Dittmar
et al. 2009). Below, we present the main mineral and organic fertilizers, their main
nutrient concentration, and nutrient form for each fertilizer (Table 7.9).

Table 7.8 Soil chemical characteristics (0–20 cm) of the experimental field, March 2007

pH (1:2.5 Soil:H2O)
a 4.38

Total organic carbon (g kg−1)b 7.20

Total nitrogen (g kg−1)a 0.19

Available P (mg dm−3)c 3.64
aSoil pH and total nitrogen were determined in a suspension of soil and distilled water and using
the Kjeldahl method, respectively (Black 1965);
bSoil organic carbon was estimated according to the methodology described by Okalebo et al.
(1993) and
cAvailable phosphorus (Olsen’s P) was determined colorimetrically on spectrophotometer at
882 nm by extraction with sodium bicarbonate for 30 min (Olsen et al. 1954)

Table 7.9 Main mineral and organic fertilizers used in the modern agriculture

Fertilizer Nutrient % Nutrient form

Mineral fertilizers

Ammonium chloride 25% NH4
+; 62–66% Cl NH4

+; Cl

Ammonium molybdate 54% Mo; 5–7% N Mo; NH4
+

Ammonium polyphosphate 10% N; 34% P2O5 NH4
+; P2O5

Ammonium nitrate 34% N (17% NH4
+ and 17%) NH4

+; NO3
−

Ammonium sulfate 21% N; 20–24% S NH4
+

Anhydrous ammonia 82% N NH4
+

Anhydrous ammonium nitrate 32% N NH4
+; NO3

−

(continued)

7 Long-Term Effects of Fertilization on Soil Organism Diversity 239



Table 7.9 (continued)

Fertilizer Nutrient % Nutrient form

Boric acid 17% B B

Calcium ammonium nitrate 20% N (10% NH4
+, 10% NO3

−); 2–
8% Ca; 1–5% Mg

NH4
+; NO3

−;
Ca; Mg

Calcium chloride 24% Ca Ca

Calcium nitrate 14% N; 18–19% Ca; 1–5% Mg NO3; Ca; Mg

Calcium sulfate 16% Ca; 13% S Ca; S

Copper nitrate 22% Cu; 9% N Cu; NO3
−

Copper sulfate 13% Cu; 18% S Cu; S

Diammonium phosphate 18% N; 46% P2O5 NH4
+; P2O5

Iron(II) chloride 23% Fe; 30% Cl Fe; Cl

Iron(II) sulfate 19% Fe; 10–11% S Fe; S

Iron(III) chloride 15% Fe; 30% Cl Fe; Cl

Iron(III) nitrate 11% Fe; 8% N Fe; NO3
−

Iron(III) sulfate 23% Fe; 18–20% S Fe; S

Magnesium sulfate 9% Mg; 12–14% S Mg; S

Manganese oxide 41% Mn Mn

Manganese(II) chloride 35% Mn; 45% Cl Mn; Cl

Manganese(II) nitrate 16% Mn; 8% N Mn; NO3
−

Manganese(II) sulfate 26% Mn; 14–15% S Mn; S

Monoammonium phosphate 11% N; 52% P2O5 NH4
+; P2O5

Monocalcium phosphate 18% P2O5; 18–20% Ca; 10–12% S P2O5; Ca; S

Muriate of potash 60–62% K2O K2O

Nitrogen solutions 28–32% N NH4
+; NO3

−;
CO(NH2)2

Nitrophosphate 14% N; 18% P2O5; 8–10% Ca NO3
−; P2O5;

Ca

Phosphate rock 24% P2O5; 23–27% Ca P2O5; Ca

Potassium chloride 58% K2O; 45–48% Cl K2O; Cl

Potassium hydroxide 70% K2O K2O

Potassium nitrate 44% K2O; 13% N K2O; NO3
−

Potassium sulfate 50% K2O; 15–17% S; 1–1.2% Mg K2O; S; Mg

Sodium molybdate 39% Mo Mo

Sodium nitrate 15% N NaNO3

Sulfate of potash magnesia 22% K2O; 4.5% Mg; 22–24% S; 1–
2.5% Cl

K2O; Mg; S; Cl

Thomas slag 12% P2O5; 20–29% Ca; 0.4–3% Mg P2O5; Ca; Mg

Triple superphosphate 46% P2O5 P2O5

Urea 46% N CO(NH2)2
Zinc chloride 40% Zn; 44% Cl Zn; Cl

Zinc nitrate 19% Zn; 8% N Zn; NO3
−

Zinc sulfate 20% Zn; 16–18% S Zn; S
(continued)
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7.8 Conclusion

In our analysis of organic and mineral fertilization in different crop systems, we
found evidence that the continuous use of organic fertilizer promoted positive
effects on soil organic carbon and total nitrogen, whereas the continuous use of
mineral fertilizer promoted negative on these soil properties. For both organic and
mineral fertilization, we show that soil organisms (for example, macroarthropods,
arbuscular mycorrhizal fungi, and N-fixing bacteria) are carbon and nitrogen
dependents while plants are only mineral nutrient dependents. Overall, arbuscular
mycorrhizal fungal infectivity potential was very sensitive in long-term mineral
fertilization systems than other soil organism group. Additionally, we conclude that
the long-term utilization of organic fertilizations systems, based on organic farming
without use of pesticides, herbicides, and inorganic fertilizers changed positively
the macroarthropod and microorganism community composition.

Table 7.9 (continued)

Fertilizer Nutrient % Nutrient form

Organic fertilizers

Blood meal 70% Organic matter; 10% N –

Bone meal 6% Organic matter; 1.5% N; 20%
P2O5

–

Cattle manure 57% Organic matter; 1.7% N; 0.9%
P2O5; 1.4% K2O

–

Chicken manure 50% Organic matter; 3.0% N; 3.0%
P2O5; 2.0% K2O

–

Compost 31% Organic matter; 1.4% N; 1.4%
P2O5; 0.8% K2O

–

Crop residue (sugarcane, rice) 36% Organic matter; 20:1 C:N; 1%
N

–

Crop residue (coffee) 46% Organic matter; 20:1 C:N;
1.3% N

–

Crop residue (cotton, peanut,
castor bean, soybean)

70% Organic matter; 5% N –

Fish meal 50% Organic matter; 4% N; 6%
P2O5

–

Horse manure 46% Organic matter; 1.4% N; 0.5%
P2O5; 1.7% K2O

–

Peat 30% Organic matter; 18:1 C:N ratio;
1% N

–

Sheep manure 65% Organic matter; 1.4% N; 1.0%
P2O5; 2.0% K2O

–

Swine manure 53% Organic matter; 1.9% N; 0.7%
P2O5; 0.4% K2O

–

Accordingly, the Agronomy Guide (2016)
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Chapter 8
Agroecological Protection of Mango
Orchards in La Réunion

Jean-Philippe Deguine, Maxime Jacquot, Agathe Allibert,
Frédéric Chiroleu, Rachel Graindorge, Philippe Laurent,
Guy Lambert, Bruno Albon, Marlène Marquier, Caroline Gloanec,
Luc Vanhuffel, Didier Vincenot and Jean-Noël Aubertot

Abstract Mango is one of the world’s major tropical crops. In Réunion, the crop is
plagued by pests, which have, over several decades, led to an over-reliance on agro-
chemicals. These expensive treatments have limited efficacy, and negative effects on
the environment are associated with health risks and ecological imbalances. In addi-
tion, these agroecosystems are not ecologically sustainable. That is why in recent years,
Agroecological Crop Protection has been applied to mango production in Réunion.
The Biophyto project (2012–2014) was co-designed between 2010 and 2011 and
brought together a number of agricultural partners in a collective approach to the crisis.
It was followed until 2017 with further studies and experiments, as well as an extension
phase to transfer knowledge to production areas. The experience broke new ground in
Agroecological Crop Protection. A large quantity of data was collected which enabled
comparisons between conventional and agroecological orchards. The results of this
pioneering experience were very encouraging and the major points are (1) The
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Agroecological Crop Protection practices, mainly the suppression of pesticides, use of
prophylaxis and permanent vegetal cover, which are the bases of conservation bio-
logical control, have been widely adopted by farmers. (2) These practices were found
to reduce populations of pests and damage caused, e.g. mango bug, mealybugs, and
had no negative impact on flowering level. (3) The treatment frequency index
(TFI) decreased from 22.4 before the project to 0.3 after the project. Production costs
were reduced by 35% without any loss of yield, except in a few specific circumstances.
(4) The 124,001 arthropods identified from the 126,753 arthropods collected in
orchards belong to 4 classes, 23 orders, 215 families, 451 genera and 797 morpho-
types. The parasitoids formed the richest trophic group. (5) Bottom-up and top-down
controls of biodiversity within a single community of arthropods were observed, and
the role of ants, including invasive species, was quantified. (6) There was a negative
effect of parasitoid diversity on the abundance of the Seychelles mealybug; the pro-
portion of mango orchards in the landscape had a positive effect of on the abundance of
South African citrus Thrips. (7) This experience also produced a large number of
transfer assistance tools, particularly in the field of professional training. For example, a
University Certificate of Professional Qualification (UCPQ) entitled “Agroecological
Crop Protection”, and aimed at growers, technicians and agricultural advisers, has been
available since 2013. (8) Other tools have been implemented by agricultural agencies
and policy makers in order to facilitate the extension of agroecological practices:
demonstration Dephy Ferme plots, a Biophyto Agri-Environment and Climate
Measure and an Economic and Environmental Interest Group.

Keywords Agroecology � Crop protection � Co-design � Conservation biological
control � Functional biodiversity � Training � Transfer assistance
Research and development

8.1 Introduction

The mango tree Mangifera indica L. is of the Anacardiaceae family, native from
India. Mango is the world’s main tropical fruit crop after the banana, with 33
million tonnes produced annually (Food and Agriculture Organization 2015). The
main production area is Asia and the main producing countries are India, China and
Thailand. Mango cultivation began to develop in La Réunion from the 1980 s
onwards. Today, nearly 400 ha are intensively cultivated: on average, more than
250 trees are planted per hectare.

This monoculture system is very favourable to the development of pests and
over the last two decades growers have turned to agrochemical protection. Today,
mango growers in Réunion are faced with major phytosanitary problems. Several
pests attack mango trees and, without directly threatening the life of the tree, can
cause serious damage to the crop (Amouroux and Normand 2013). During the
flowering period, the tree is particularly vulnerable to pests (Fig. 8.1). The early
winter blooms are the first to be affected: the coolness of the austral winter favours
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the development of Oidium (Oidium mangiferae Berthet), a fungus capable of
destroying flowers. It is also during this period that the blossom mango gall midge,
Procontarinia mangiferae (Erosomyia mangiferae Felt), mango bug (Orthops palus
Taylor) and various species of thrips proliferate. These early flowerings are very
desirable for the growers because they guarantee an entire crop before the hurricane
season (December to March) which fetches a good price. Chemical protection
started to be used heavily during this period and has now become routine.
Furthermore, the fruits (mangoes) are susceptible to attack from different species of
scale insects including the Seychelles cochineal Icerya seychellarum (Westwood)
and mango scale Aulacaspis tubercularis Newstead and several species of fruit fly
(Bactrocera zonata (Saunders), Ceratitis rosa (Wiedemann), Ceratitis quilicii (de
Meyer)). Immediately after the first rains of the hurricane season, bacterial blight
(Xanthomonas campestris pv. Mangiferae indica) and anthracnose (Colletotrichum
gloeosporioides (Penz)) begin to develop. These diseases can quickly devalue the
market price of the crop. Figure 8.2 shows some of the pests that cause economic
damage during the flowering and fruiting period of the mango.

To manage populations and the damage caused by these pests, growers have
become accustomed to using agrochemicals on their orchards, mainly synthetic
insecticides (Normand et al. 2011). However, chemical protection is a far from
satisfactory solution. Pests quickly become resistant to pesticides in most cases and
very few commercial substances are certified in France for use on mango.
Agrochemical protection has also shown socioeconomic limitations (limited effi-
cacy, high costs, labour-intensive) and poses significant risks to human health and
the environment (Deguine et al. 2009), especially since mango orchards can be
located near urbanized areas. They are also planted in filtering soils sensitive to

Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May

Flowering Production Vegetative flush
Procontarinia
mangiferae
Oidium
mangiferae
Aulacaspis 
tubercularis
Ceratitis quilicii,
Bactrocera zonata
Orthops palus

Thrips spp.

Colletotrichum
gloeosporioides
Xanthomonas
campestris

Fig. 8.1 Risk periods (in pink) of major mango tree pests in Réunion
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erosion and increase the risks of diffuse pollution in drinking water catchments and
coral reefs. Finally, it is also known that agroecosystems using chemicals are not
ecologically sustainable (Deguine et al. 2016). Conversely, there is a growing
emphasis on the intensification of ecological processes in agroecosystems, and
feedback from experience confirms the value of this approach (Tittonnell et al.
2016) which is consistent with the principles of agroecology (Brym and Reeve
2016). This approach is particularly relevant in the field of pest management (Coll
and Wajnberg 2017; Deguine et al. 2009, 2016, 2017; Reddy 2017).

Fig. 8.2 Some pests and pest damage. a Flower midge Procontarinia mangiferae; b Seychelles
mealybug Icerya seychellarum; c Damage caused by oidium (Oidium mangiferae) on mango
inflorescences; d Mango bug Orthops palus; e Natal Ceratitis rosa Fly; f Thrips spp. (Photos: a, b,
d and f: A. Franck, c and e: D. Vincenot)
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At the end of the 2000 s, stakeholders in the Réunion mango industry met and
mobilized for an agroecological approach to protect mango orchards against pests
as an alternative to unsatisfactory agrochemical protection. In this context, a dozen
partners from Réunion in agricultural research, experimentation, training and
development, as well as a dozen volunteer mango growers, began to collaborate
with the aim of reducing or eliminating use of agrochemicals and testing the
principles of Agroecological Crop Protection (Gloanec et al. 2017). Agroecological
Crop Protection (ACP) is an innovative and systematic approach, focusing on the
application of the principles of agroecology to crop protection, in which ecology is
given the utmost importance (Deguine et al. 2009). ACP aims to reconcile the
effectiveness of crop protection against pests and diseases with the socio-economic,
ecological, environmental and health sustainability of agroecosystems (Deguine
et al. 2017). ACP also aims to assist the transition from agrochemical to agroe-
cological farming.

This summary reports the findings of a mango agroecological protection pro-
gram in Réunion, following 6 years of decline. It presents the observation and data
collection systems used in the Biophyto project, the results obtained and the steps
taken to transfer knowledge to growers. This unique experience has helped to
promote agroecological transition.

8.2 Design, Organization and Collective Dynamics
of the Agroecological Experience

8.2.1 Context and Co-design

This experience took place in a specific context: many agroecological techniques
have already been adopted in La Réunion after the success of the Gamour project
and the success of the experience in reducing the number of Fruit flies attacking
Cucurbitaceae (Deguine et al. 2015a). Moreover, this experience also represents a
coherent and tangible adaptation of the national agroecology guidelines (the
agroecological plan for France) and pesticide reduction (Ecophyto 1 and 2).

A first phase of joint discussion and consultation took place as early as 2009 and
continued until 2011 between agricultural organizations and the volunteer mango
growers, placing them at the centre of the scheme as the first beneficiaries of the
expected results. These discussions focused on the co-design and co-construction of
the Biophyto project (Sustainable production of insecticide-free mangoes in
Réunion) (Deguine et al. 2017). This project was submitted for funding under the
2012 Casdar Innovation and Partnership call for projects, proposed by the French
Ministry of Agriculture, Food and Forestry. Biophyto won this call for projects, and
it subsequently took place from 2012 to 2014, testing conservation biological
control (Ferron and Deguine 2005) in mango orchards: suppression of chemical
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protection and use of vegetal cover to promote functional biodiversity (especially
crop auxiliaries) in orchards. The Biophyto project focused on the following
aspects: the implementation of these innovative techniques in pilot sites, the
characterization of functional biodiversity in orchards, economic analysis of the
sector and the assessment of the commercial viability of the production. This
project marked a break with traditional farming and represented a major step
towards the development of organic mango production satisfying Organic Farming
specifications. In view of the good results obtained in this project, Biophyto was
followed by another project, Biophytomang2, financed in 2015 under the Ecophyto
national plan. This new project aimed to provide additional knowledge to Biophyto
through further research and experimentation. The agroecological experiment in
Réunion for the protection of mango orchards then continued under the dual
supervision of agricultural organizations (responsible for knowledge transfer to
growers and the training of professionals) and the public authorities assisting in
regulation, financing and the extension of new agroecological knowledge to other
sectors.

Finally, years of research, experimentation and agroecological protection of the
mango allowed the growers and researchers in Réunion to familiarize themselves
with a field that remained poorly understood during the agrochemical period: the
role of functional biodiversity in the ecology of agroecosystems in general, and
mango orchards in Réunion in particular. This area is the subject of considerable
discussion in this article, taking into account new knowledge acquired on functional
biodiversity in orchards and the factors influencing it, within a framework of natural
pest regulation.

8.2.2 Issues and Objectives of the Biophyto Project

Biophyto took into consideration economic issues related to productivity and gross
margins for the growers. It also focused on commercial issues such as ways of
strengthening the sector. Technical issues were also taken into account, especially
the reduction of the use of conventional chemicals. This project answered an
ecological challenge: to promote ecological processes and interactions between
plant and animal communities whilst respecting the principles of biological con-
servation control. In addition, Biophyto has contributed to the preservation of
biodiversity in Réunion, one of the world’s biodiversity hotspots (Myers et al.
2000). Finally, the project has strengthened the image of the mango, a traditional
and emblematic fruit in Réunion. Biophyto aimed to adapt agroecological tech-
niques for orchard protection, while eliminating insecticides in pilot sites, i.e.
conventional and organic growers, using the benefits of renewed functional bio-
diversity in the absence of insecticide treatments. Downstream, Biophyto aims to
study commercial production for different markets (including short circuits and
export).
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The objectives of the Biophyto project were to bring together partners in
Agroecological Crop Protection, to evaluate the performance of agroecological
protection in a network of pilot farms and to study the transfer of agroecological
protection to growers. Biophyto improved technical routes for mango growers,
contributing to the development of good quality, healthy mangoes; it added new
scientific knowledge on the agroecology of mango orchards and training modules
with innovative teaching. Finally, through this project, agroecological protection
techniques already used in vegetable crops in Réunion are being introduced into
orchards.

8.2.3 Biophyto Project Organization and Partnership

Activities and coordination are divided into 3 clusters: the administrative and
financial management of the project is entrusted to the Réunion Chamber of
Agriculture (development division), the project leader is CIRAD (a research centre)
and technical coordination is provided by AROP-FL.

Eleven technical partners involved in the project have received funding from
CASDAR (agricultural and rural development trust account): the Réunion
Insectarium Association (INSECTARIUM), the Réunion Association of Fruit
Growers (AROP-FL), the Réunion Chamber of Agriculture, the Centre for
International Cooperation in Agronomic Research for Development (CIRAD), the
Réunion Technical Institute of Fruit, Vegetable and Horticulture (ARMEFLHOR),
the Local Public Institution for Agricultural Education and Training (EPLEFPA) in
St-Paul, the Departmental Federation of Defense Against Pests (Réunion)
(FDGDON), the Forum of Reasoned Agriculture Respecting the Environment
(FARRE), the Réunion Island Organic Farming Association (GAB), the Tropical
Certifying Body of Réunion Indian Ocean (OCTROI) and the University of
Réunion (IUT de St Pierre).

Other technical partners involved in the implementation of the project are (ex-
cluding CASDAR funding): the Directorate for Food, Agriculture and Forestry
(DAAF), the Technological Mixed Network “Development of Organic Agriculture”
(RMT DévAB) and the Réunion Water Office. The steering committee comprises
the Directorate for Food, Agriculture and Forestry (DAAF) and the
QUALITROPIC Competitiveness Cluster. In addition to the Ministry of
Agriculture, Agri-Food and Forestry (through the CASDAR grant), financial
partners include the Regional Council of Réunion, the General Council of Réunion,
the French State and the European Union. The ECOPHYTO planners have given
considerable support to the project, and have actively participated in the financing
of various operations and communication projects.
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8.2.4 Other Studies and Experiments

Given the encouraging results achieved in 2012 to 2014, Biophyto was followed by
another project, Biophytomang2, financed in 2015 under the Ecophyto national
plan. The project had two objectives:

(a) To provide complementary knowledge, by finely analyzing data that had not
been analyzed within the time allowed for the Biophyto project. This includes
the data collected by FDGDON from 2012 to 2014 on the Biophyto pilot sites
relating to certain pests (mealybugs, thrips, bugs, and oidium) and mango tree
phenology (flowering). These analyses were carried out by CIRAD. The results
are presented in this summary and the methods used are recalled on a case by
case basis.

(b) To develop a spray irrigation system between rows of mango trees for the
vegetal cover in the Biophyto plots. This irrigation system had to be comple-
mentary to the pre-existing drip irrigation system designed for the mango trees.
This experiment was carried out by Armeflhor. The experimental approach and
the results are presented in this summary.

The Biophyto project also served as a framework for two Ph.D. theses at the
University of Réunion, the results of which are also presented in this summary.

One thesis focused on the Orthops palus, a mango pest: the main results are
presented here (Atiama 2016). The other thesis focused on biodiversity and orchard
ecology and, given the originality of the results, they are presented in detail in this
summary (Jacquot 2016). Finally, this agroecological experiment and the majority
of the results obtained can be integrated harmoniously into new fruit production
systems that go beyond the challenges of crop protection (Simon et al. 2016).

8.2.5 The Foundations of the Dephy Ferme Network

The Dephy Ferme network is a network of demonstration farms managed under the
Ecophyto National Plan. Launched in 2010 in Réunion, this national scheme aims
to reduce the use of pesticides by agricultural professionals, individuals and com-
munities. The Dephy Ferme mango network brings together mango growers aided
by a representative from the Réunion Chamber of Agriculture, the official agri-
cultural development agency. Growers in the Dephy Ferme network voluntarily
took part in a pesticide reduction programme favouring alternative pest control
methods and were thus familiar with Agroecological Crop Protection.

Each farm is a space for information exchange, demonstration and training for
professionals and those studying agriculture. Although the Dephy Ferme Mango
network does not perfectly match Biophyto’s network of pilot sites, it relies on a
number of Biophyto projects. For example, mango growers in the Dephy Ferme
network were among the first to use agroecological protection in their orchards by
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halting herbicide and insecticide treatments and planting permanent vegetal cover.
They also opened their farms to growers curious about this new technique.
Biodiversity, the Treatment Frequency Index (TFI), yields and harvest quality are
important indicators for evaluating the effectiveness of agroecological protection
and are subject to annual technical assessments.

8.3 Methodology, Types of Data Collected and Types
of Results Presented

8.3.1 Selecting Pilot Sites and Agroecological Techniques
in the Biophyto Project

The Biophyto project was based on a network of 13 pilot orchards (http://www.
agriculture-biodiversite-oi.org/Biophyto): an orchard belonging to the agricultural
college of Saint-Paul), 7 orchards adhering to Growers Organisations under
AROP-FL and 2 orchards outside professional organizations and 2 organic orch-
ards. Figure 8.3 shows the location of these orchards in the mango production areas
of Réunion. The growers responsible for these pilot sites were at the centre of the
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Fig. 8.3 Location of Réunion and location of Biophyto project pilot orchards

8 Agroecological Protection of Mango Orchards in La Réunion 257

http://www.agriculture-biodiversite-oi.org/Biophyto
http://www.agriculture-biodiversite-oi.org/Biophyto


scheme and played a major role both in the design of the project and in its
implementation and evaluation.

The selection of orchards took into account three main criteria: the motivation
and commitment of the volunteer growers and the associated monitoring structures
(agricultural college, growers’ organisations, Chamber of Agriculture, ABM) to
guarantee the smooth running of operations; the representativeness of the network
in relation to the mango producing areas; and the possibility of setting up a
“control” plot close to the pilot orchard. In each pilot site, a couple of plots were
identified and compared: a Biophyto plot using agroecological farming (see char-
acteristics below) and a control plot using conventional techniques. The “pilot” plot
is referred to as the “agroecological” plot or the “Biophyto” plot, and the control
plot is sometimes referred to as “agrochemical” or “conventional”. The Biophyto
plot was characterized by the cessation of insecticide treatments and the installation
of a spontaneous vegetal cover, which resulted in the cessation of herbicide treat-
ments. It was compared to the control plot, where the farmer continued to cultivate
as usual.

8.3.2 Collecting and Managing Data in the Biophyto Project

Data collection in the Biophyto network covered many fields: agronomic and
phytosanitary data on farming techniques, plant and animal biodiversity monitoring
in orchards, socio-economic aspects and perception of techniques by growers. The
commercial and economic value of insecticide-free mangos was also studied in the
Biophyto project. Data collected were fed into an impact observatory (Gloanec
et al. 2017). The different methods used to collect the data are presented in detail in
other documents (Gloanec 2015).

As regards the technical itineraries, each operation carried out on the plots
during the project’s three-year duration was recorded by interviewing the volunteer
growers. Information relates collected to insecticides, fungicides and herbicides
(date of product application, type of product used, surface treated, volume of
product used, phenological stage observed on the mango trees at the time of
application). The information also concerns farm management and agroecological
practices (mowing of vegetal cover, use of flower strips, etc.). Phytosanitary
monitoring was carried out on the thirteen pilot sites, each with two plots dedicated
to the Biophyto project. The plots were, depending on the constraints of the farms,
adjacent or separated by a few tens of meters. Their surface area varied from 900 to
2000 m2. This monitoring of the plots was carried out over the lifetime of the
project.

Throughout the Biophyto project, FDGDON regularly monitored mealybug,
thrip, bug and oidium populations (Brun-Vitelli 2015). Pests were described using
criteria based on the pest type (abundance class, damage and/or presence/absence).
Methodologies differed from one pest to another and are described case by case
below.
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The data concerning mango tree phenology were collected by FDGDON
throughout the project. When the trees were not all at the same stage, the majority
phenological stage was noted. The ten phenological stages in the growth of the tree
are: light green olive-shaped swollen buds with unopened protective scales;
Elongations and beginning of bud openings, appearance of inflorescences (bracts);
Opening of the buds with spreading scales which fall, more visible bracts of
inflorescences; Elongation of inflorescences, more bracts present; End of elongation
of inflorescences with clearly visible secondary axes but no or few open flowers;
Flowering with open flowers and flower buds on the inflorescence; Late flowering
with few open flowers, many dry flowers and the presence of small green fruits;
Fruit growth; Fruits; Post-fruiting and flowering stage with vegetative stages of the
tree.

Some data were the subject of specific collection and analysis methods that are
not presented here but are described in the paragraphs devoted to them (e.g.
functional biodiversity).

8.3.3 A Holistic Approach with Varied and Encouraging
Results

At the end of the Biophyto project, a seminar entitled “Biodiversity and
Agroecological Protection of Crops” was organized in St-Pierre (Réunion) from 21
to 24 October 2014 (Deguine et al. 2015b). It was an opportunity to exchange ideas,
discuss the Biophyto project and present the results available at that time. It united
169 participants from different backgrounds: scientists, students, professionals in
agriculture and environmental management, representatives of local authorities and
institutions, etc. The minutes (Deguine et al. 2015b) can be consulted here: http://
www.agriculture-biodiversite-oi.org/Biophyto.

Many results were presented at the seminar: growers’ adoption of techniques
such as vegetal cover, characterization and evolution of functional biodiversity,
tools for marketing insecticide-free mangos, production of information, training and
teaching tools. These results have already attracted considerable attention, both
from the scientific community and professionals such as agricultural technicians
and growers.

Knowledge has been acquired on the characterization of functional biodiversity
in orchards, the impact of agroecological farming (vegetal cover) and landscape on
functional biodiversity and the structure and function of food webs. Other scientific
findings include key pests that were not well known at the beginning of the project
such as the mango bug. The spatial and temporal evolution of levels of several pests
and major diseases, with or without chemical pesticides, were studied in depth.
Interactions between plants, focusing on floral species, trap plants and refuge plants
were also studied. By extension, the studies also involved organic farming, as most
of the results were obtained in situations where organic specifications were met.
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The results of the project were presented in scientific publications, posters and
communications at national and international congresses. The research provided
numerous internships for students (PhD, Master, Agronomy, and University
Technology Degree). These results cannot all be presented here; this summary
presents the agroecological techniques used, the socio-economic results, the pro-
spects for marketing of insecticide-free mangos, data acquired on pests and func-
tional biodiversity, and the main collaborative tools for the transfer of
agroecological knowledge.

8.4 Agroecological Practices in the Field

Agroecological protection techniques applied to mango orchards were based on
conservation biological control, which included eliminating, or severely reducing
insecticides, prophylaxis, and creation of plant biodiversity in orchards (e.g. per-
manent vegetal cover, flower strips or trap plants) and discontinuing of herbicide
treatments. Figure 8.4 presents the objectives, strategy and examples of
Conservation Biological Control (Deguine et al. 2016).
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Fig. 8.4 Biological conservation control. The first circle represents strategies. The second one
highlights tactics. The third circle shows some examples of practices (Adapted from Deguine et al.
2017)
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8.4.1 Installation and Management of Vegetal Cover

Vegetal cover was the preferred method for creating plant biodiversity. Figure 8.5
shows, on the left, a conventional orchard with herbicidal treatments and no vegetal
cover and, on the right, an agroecological orchard with vegetal cover and no
herbicides. Vegetal cover was used on all pilot farms. Growers have widely adopted
this practice, to the extent that some have extended it to some or all of their
operations. In itself, this represents a guarantee of adoption by the growers, but it
has sometimes hampered comparisons between Biophyto plots and control plots.
Technical enhancement of vegetal cover (adapted irrigation systems) and specific
aspects related to possible new interactions (e.g. impact of irrigation on water
supply and mango phenology) was carried out during the Biophytomang2 project,
using an experimental approach. The results are described below. The spray irri-
gation system can now be recommended. Further studies are still being carried out
to optimize this irrigation, especially as regards the supply of water to mango trees.
The satisfaction survey carried out at the end of the project shows that all growers
are very satisfied with the implementation of permanent plant cover in orchards
(Gloanec 2015). Growers appreciate its usefulness; it promotes functional biodi-
versity, helps protect the environment and combats erosion, and installation is
straightforward.

Other techniques for the creation of plant biodiversity in orchards, and in par-
ticular flower strips, have been studied in some parts of the system but are not
presented in detail in this section. We give the main characteristics in this summary.
The implantation of flower strips in orchards has been the subject of additional tests
with some Biophyto growers, in particular organic growers who are particularly
interested in this method of habitat management. We have characterized the
interactions between selected flowering plants and harmful and useful arthropods
present in general and Parasitica (Hymenoptera) in particular. A large proportion of
the Parasitica species were parasitoids of other insects, including pests. The plant
with the greatest abundance and diversity of Parasitica was Lobularia maritima

Fig. 8.5 a Conventional orchard with herbicide treatments and no vegetal cover; b agroecological
orchard, without herbicidal treatment and with vegetal cover. (Photos: a and b: J.-P. Deguine)
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(Brassicaceae). These results confirmed the worth of using flowering plants as a
conservation biological control to promote parasitoid pests in organic farming
(Gloanec et al. 2017). Flower strips are an ideal complement to vegetal cover to
promote functional biodiversity. An evaluation carried out in a Biophyto orchard in
2013 using Malaise traps showed that plots using these two techniques had 10 times
more parasitoids than the agrochemical plot (Gloanec et al. 2017). Detailed results
of flower strip studies are available in other papers (Deguine et al. 2015b; Gloanec
et al. 2017).

8.4.2 Elimination of Insecticides and Herbicides

Insecticides were eliminated on all Biophyto plots. This necessary agroecological
practice promoted functional biodiversity and restored ecological balances. In total,
over all the Biophyto plots and over the three years of the project, only two
insecticide treatments were necessary, with the agreement of the growers and the
project managers. The elimination of insecticide treatments resulted, in a few cases,
in production losses due to attacks by certain pests such as the gall midge or plant
bugs, but did not have an impact on yield in most cases according to growers
(Gloanec and Guignard 2015). It should be noted that establishing ecological
equilibriums, i.e. optimizing the interactions between plant communities such as
mango or introduced plants, as well as animals such as harmful arthropods or useful
ones, requires a long period of time that exceeds the duration of the project. Finally,
herbicides were also eliminated; vegetal cover took the place of herbicide grass
management. Certain fungicides targetting oidium, although compatible with
organic specifications, were not always used; this contributed, in some situations, to
production losses.

8.4.3 Appropriation: Moving from Conventional
to Agroecological Farming

Using the agricultural data collected over three years, we described the two plot
types (Biophyto and Control) using phytosanitary and farming characteristics
(Fig. 8.6). The Biophyto plots required, as expected, fewer phytosanitary products
than the control plots. In our graphical representation, we separated the conven-
tional insecticides from the adulticide bait called Syneis-Appat. This adulticide bait
is authorized in organic farming, and is used locally as an attractant but in a very
different way from conventional insecticides (Deguine et al. 2015a). This bait was
applied to both the Biophyto plots and the control plots. Fungicides were more
widely used on control plots than on Biophyto plots. Vegetal cover trimming took
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place on both plot types; this was due to the gradual introduction, during the
project, of vegetal covers from 2012 on the majority of plots.

Due to the growers’ enthusiasm to set up permanent vegetal cover in the
orchards, another study aimed to describe the evolution of the plots during the
Biophytomang2 project. Cultivation techniques were described for each plot and
each year by a Factorial Correspondence Analysis (FCA), a descriptive statistical
technique. This analysis describes the evolution of plots over time simply and
graphically, based on a large number of data. The FCA was carried out on a
contingency table and makes it possible to highlight the links between rows and
columns of the table (Brun-Vitelli 2015). We used the number of each type of
system per year and per plot. This analysis enabled us to highlight changes in
farming techniques (Brun-Vitelli 2015):

• for certified organic farms, there were few differences between the Biophyto plot
and techniques did not change during the life of the Biophyto project;

• on some farms, there were differences between the two plots, present from the
beginning to the end of the project;

• on the majority of farms, there was a change in techniques: during the project,
the control plots increasingly began to use Biophyto techniques. This reflected
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the satisfaction of growers and the adoption of techniques (vegetal cover, ces-
sation of treatments), although some difficulties were encountered in comparing
results between the two types of plot.

8.4.4 Irrigation Management in Orchards

The move towards agroecological practices—the use of irrigation and vegetal cover
in particular—contributed significantly to the formation of bio-ecological balances
between plant and animal communities. The aim is natural control of pests but this
can have unintended positive or negative consequences on the phenology of the
mango tree and its flowering phase (see Sect. 5.4).

The mango irrigation systems currently used in mango orchards in Réunion are
drip systems placed in rows on the ground under the foliage. Two irrigation sys-
tems, in addition to targeted irrigation of the mango tree, were tested to promote
plant growth in the orchard: long-range micro-sprinklers positioned at the foot of
the trees; dripper lines placed between rows (Fig. 8.7).

The mango tree is a species requiring a warm and humid season (austral sum-
mer) and a cool dry season (austral winter). Four important phenological stages are
generally defined: vegetative growth, vegetative rest, flowering and harvesting
(Vincenot et al. 2009). Summer is favourable to the vegetative growth of the tree
while winter induces flowering, then fruiting and fruit growth. To induce flowering,
conditions must therefore be unfavourable to vegetative growth. Additionally,

Fig. 8.7 The two vegetal cover irrigation systems tested: a long-range micro-sprinklers positioned
at the base of the trees; b lines of drippers placed between the rows. (Photos: a and b: J. Bouriga)
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the decline in temperatures and precipitation beginning in May in Réunion gen-
erally limits late vegetative growth. This phase of vegetative rest is also the period
during which water stress is introduced to allow the growth units to acquire suf-
ficient maturity to flower (Nuñez-Elisea and Davenport 1994). Growers then
reinforce these drought conditions by stopping irrigation, creating genuine water
stress. Considering the phenological characteristics of the mango tree in Réunion,
maintaining a vigorous vegetal cover in the whole orchard requires irrigation of the
vegetal cover without affecting the different phenological stages of the mango tree.
The vegetal cover needs irrigation during the dry season, during which water stress
may be required for the mango trees in order to induce flowering. The effects of
irrigation on a diversified and permanent vegetal cover could thus be either nega-
tive: a resumption of vegetative growth of the mango tree and inhibition of flow-
ering, or positive, by a minimum water supply to the trees, limiting the negative
effects of severe water stress which are often observed (Vincenot et al. 2009).

The results of this experiment made it possible to validate the effectiveness of the
irrigation systems (adapted irrigation of the vegetal cover, limited inconvenience for
other farming work and easy maintenance). In addition, adaptation of vegetal cover
management operations is necessary, particularly mowing. Technical improvements
in mowing methods are planned (use of lawnmowers/strimmers, grazing, etc.).

To summarize, the growers involved in the Biophyto project were trained in
agroecological practices such as suppression of pesticides, prophylaxis, permanent
vegetal cover, which are the bases of conservation biological control and have
generally proved to be effective in protecting against pests. An irrigation system
maintaining vegetal cover in orchards was developed, in addition to the traditional
mango irrigation system. This irrigation needs to be carried out in conjunction with
mango irrigation, in order not to disturb some of its phenological stages, such as
flowering.

8.5 Effectiveness of Agroecological Farming on Mango
Pests and Phenology

8.5.1 New Knowledge on the Biology of Mango Bugs
to Improve Recommendations on Agroecological
Management of Bug Populations

The results that follow were acquired within the framework of a thesis (Atiama
2016). In the early 2010s, Orthops palus, which was wrongly referred to as Lygus
palus or Taylorilygus palus, and referred to by growers as the mango bug, was
considered the number one mango pest in Réunion and very little knowledge was
available on the insect. Knowledge about taxonomy, bioecology and genetic
diversity were obtained during the course of the thesis, forming much of the
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knowledge available today in the literature on O. palus. This knowledge now makes
O. Palus one of the most studied mirids in tropical fruit crops.

The main bio-ecological findings were as follows: The miridofauna in the mango
orchards was inventoried and of the 13-recorded species of mirids, O. palus was the
most abundant on the tree inflorescences during flowering. To assist in identifying
O. palus in the laboratory and recognizing it in the field, three original tools were
used (an identification key, Cytochrome c Oxydase I sequences and a field
recognition form). An O. palus breeding program was developed; it has helped to
study its life cycle and to measure the duration of its development stages (Atiama
2016). In addition, the inventory of O. palus (15 species in Réunion) showed that it
is a polyphagous species and that it is mostly a “flower bug”, likely to spend the
year moving, depending on the availability of resources, from one flowering plant
to another (Fig. 8.8).

Finally, in addition to the precautionary measures to avoid population flows (in-
vasions) between Indian Ocean islands and other sub-regions in light of these find-
ings proposals for the agroecological management of O. palus may now be
established (Fig. 8.9). Further results on mango bug populations were obtained from
observations carried out by FDGDON throughout the Biophyto project (see 5.2).

8.5.2 Noteworthy Results on the Agroecological
Management of Certain Pests

A detailed analysis of the pest results (univariate and multivariate) was carried out
by CIRAD, based on agricultural data (Biophyto observatory) and field data col-
lected by FDGDON. A factor analysis of correspondence for each pest
(Brun-Vitelli 2015) gave the following results.
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Fig. 8.8 Representation of the flowering periods (green) of Orthops palus host plants in Réunion,
showing that this species can potentially spend the year moving from one flowering plant to
another (Atiama 2016)
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Firstly, damage caused by Orthops palus and by oidium was simultaneous. In
80% of the cases where there was no oidium (2387 observations over 3 years),
there was no O. palus. This observation makes it necessary to test the hypothesis
that managing oidium would at the same time manage O. palus populations
(Atiama 2016).

Moreover, with regard to Thrips (notably the South African Citrus Thrips,
Scirtothrips aurantii), there was no difference in infestation between the control and
the Biophyto plots, which makes it possible to propose two hypotheses that should
be tested in the future: the ineffectiveness of insecticide and the effectiveness of a
permanent vegetal cover in orchards.

Finally, during the large outbreak of the mealybug Seychelles Icerya seychel-
larum in 2012, the main results, presented in this summary, show that frequent
insecticide treatments cause mealybug populations to increase.

8.5.3 Predicting Pest Profiles in Different Agricultural
Practices

It is possible to identify agricultural practices using pest profiles. Plots are classified
into three groups according to their status and trajectory: Biophyto plots, control
plots and transition plots (control for Biophyto). Using observed pests we sought to
predict the status of the plots by placing them into one of these three groups. To do
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this, we used the STATIS-LDA method, which is a multi-table analysis (Sabatier
et al. 2013). This approach has two steps: first, the STATIS method (L’Hermier Des
Plantes 1976), which integrates the information contained in several tables (one
table per year for each pest profile) into one compromise table; second, using the
STATIS-LDA method which uses this compromise table to explain another
(Brun-Vitelli 2015). Using this method, plots are reclassified with a success rate of
72.2%, a good level of prediction. This shows the strong link between agricultural
practices and pests.

With the STATIS compromise table, we can use the PLS2 method (Vivien and
Sabatier 2001) to predict the abundance of each pest as a function of insecticide
treatment frequency (Varmuza and Filzmoser 2009). PLS2 is an extension of the
multiple linear regressions for matrices. The first matrix is the compromise for pest
abundance; it contains 18 rows (for plots) and 48 columns (for abundance com-
promise variables for each pest per year). The second matrix is the compromise for
agricultural practices over three years; it contains 18 rows (for plots) and 12 col-
umns (for agricultural practice compromise variables).

Conversely, predicting is also possible. In this case, the PLS2 method is used
between the two compromises issued from STATIS and is based on a summary of
the data on agricultural practices over three years and a summary of pest abundance
data over three years. This method has given excellent results predicting scale insect
populations for different agricultural practices, according to the results presented
above: the plots least damaged by scale insects are those not treated with insecti-
cides, the most damaged plots are those using most insecticides (Fig. 8.10).
Abundance of mango bugs and thrips is also relatively well predicted.

8.5.4 Implications of Changing Agricultural Practices
on Mango Flowering

Several studies have been conducted on the effects of vegetal cover irrigation on the
phenology of the mango tree and its water requirements.

Early experiments carried out during the project showed that agricultural prac-
tices could have a significant effect on flowering, causing a late and less intense
flowering on plots with vegetal cover. By providing trees with water more regularly
and in greater quantity, the vegetative rest phase did not occur. The rate of fruiting
was difficult to evaluate because of the numerous pests attacks on the agroeco-
logical plots (Normand et al. 2015).

FDGDON concurrently monitored flowering during the Biophyto project on all
pilot sites. Descriptive analyses showed that the flowering period in the Biophyto
plots was comparable to that in the control plots (Brun-Vitelli 2015) over the
3 years of the project (Fig. 8.11). However, there were differences during the three
years. In 2012 and 2013, flowering was identical between both types of plots on all
farms, except one where in 2013 flowering in the control plot took place slightly
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earlier. Conversely, in 2014, the flowering period was broader. Identical flowering
was observed on both plots on five farms; early flowering on the Biophyto plot was
noted on two farms; earlier flowering on the control plot was observed on two
farms. This is certainly due to the year and not due to farming practices, as earlier
blooming plots were sometimes the control plots, sometimes the Biophyto plots.
Further observations showed that the flowering period is broader with the José
variety than the Cogshall.
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Fig. 8.10 Representation of predicted values versus mealybug abundance values, issued from
STATIS analysis on pest abundance, by year and according to the observed level (low, medium or
high). The predictions were calculated by PLS2 method (Vivien and Sabatier 2001) and
leave-one-out validation from data issued from STATIS analysis on cultural practices. Each point
corresponds to a coded plot (for confidentiality) with the following code: ‘grower code plot code’.
The colors correspond to the groups defined in multivariate analysis (green: Biophyto, violet:
transition, red: control). The line corresponds to the first bisector. The closer a plot is to this line,
the better the prediction: low and medium mealybug abundance are correctly predicted from
cultural practices, unlike high abundance, due to a lack of annual data by plot
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Finally, other experiments were carried out in 2015 within the framework of the
Biophytomang2 project. The three test plots were located in a large mango pro-
duction area where the low precipitation of the southern winter is not conducive to
maintaining a vegetal cover. Measurements focused on irrigation management
based on soil moisture status, monitoring of flowering and yield, and monitoring of
vegetal cover (Bouriga and Graindorge 2016). Experts agreed to maintain the useful
reserve of the soil at 25% and it has been hypothisized that short and regular
watering would be more favourable to the vegetal cover than to the tree. In 2015,
unusually high precipitation in May and June allowed the vegetal cover to remain
on the plots without additional irrigation. However, the decision rules tested for
vegetal cover irrigation methods showed its effectiveness during the dry season and
the irrigation favoured the vegetal cover during July and August. The condition of
the vegetal cover was heterogeneous in terms of flower height and diversity.

Fig. 8.11 Flowering periods on 10 pilot Biophyto farms from 2012 to 2014, on the control plots
(in red) and the Biophyto plots (in green). The x-axis gives the week numbers in the year. The
y-axis lists the various pilot orchards, identified by letters
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Significant rainfall during the “water “stress”” period caused a slight shift in bud
burst in all orchards during the season. The results also showed that vegetal cover
irrigation appeared to induce a slight delay in flowering (Fig. 8.12), but flowering
was greater on two of the plots. Yield estimates did not reveal any difference,
irrespective of vegetal cover irrigation (Bouriga and Graindorge 2016).

To sum up, Agroecological Crop Protection practices were found to have a
positive impact on the reduction of pest populations and damage, especially mango
bugs and mealybugs. In addition, they have no negative impact on the flowering
levels and fruit production.

8.6 Biodiversity, a Key Component of Orchard Ecological
Functioning

The previous section dealt with pests of mango orchards. This section focuses on
the biodiversity and ecology of mango orchards, with the aim of naturally regu-
lating populations of harmful arthropods and the damage they cause. The summary
of the data and information presented below is based on a thesis on this subject
(Jacquot 2016) and the resulting publications.
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Fig. 8.12 Flowering data by irrigation type (drip: orange, control: green, sprinkling: green). The
curves represent the accumulation of labeled units (90 units per modality) reaching the first
flowering stage according to the irrigation method
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8.6.1 The Role of Biodiversity in Agroecosystems

8.6.1.1 Biodiversity in Communities

At the community level, biodiversity corresponds to the variety and abundance of
the species present (Magurran 2004). Specifically, biodiversity has two compo-
nents: species richness and abundance. Species richness is the total number of
species present in the unit under study. Abundance, on the other hand, expresses the
relative abundance of species in a community. A community with equal species
richness and abundance is one in which each species has the same number of
individuals (equitable community) and is considered to be more diverse than a
community dominated by one or more abundant species in which other species are
rare.

On the other hand, biodiversity and the communities in which it is expressed
also have structure and function attributes (Noss 1990). Community structuring is
often carried out on the basis of trophic interactions between consumers and
resources that occur between species or groups of species. These are known as
trophic networks (Morin 2011). Species can be grouped into functional and trophic
entities, depending on the resources they use (guilds), the functions they perform
(functional groups or trophic groups) or how they acquire energy (trophic levels)
(Morin 2011).

Biodiversity has a close relationship with ecosystem function and in particular
with ecosystem goods, processes and services (Concepts defined from Christensen
et al. 1996). Ecosystem processes are water cycle and storage, biological produc-
tivity, biogeochemical cycles and storage, decomposition and maintenance of
biological diversity. The other two concepts are anthropocentric. On the one hand,
ecosystem goods are to the properties of ecosystems that have a direct market value,
such as food, building materials, medicinal products or genes for plant improve-
ment and biological control agents). On the other hand, ecosystem services are the
properties of ecosystems from which man derives direct or indirect benefits and
which historically have no market value. The values of these services have nev-
ertheless been measured to emphasize their importance in decision making
(Costanza et al. 1997). From the late 1980 s onwards, an intensive period of
research began to study the effect of biodiversity loss on ecosystem function. This
research has been regularly summarized (Cardinale et al. 2009; Duffy et al. 2007;
Hooper et al. 2005; Loreau et al. 2001). It is now recognized that biodiversity
contributes to ecosystem function, diversity loss being one of the main causes of
ecosystem malfunction, comparable to climate change (Hooper et al. 2012). The
results of this research also emphasize that biodiversity produces many goods and
services for humans (Cardinale et al. 2012; Diaz et al. 2006; Mace et al. 2012).
According to Brose and Hillebrand (2016), future studies on the relationship
between biodiversity and ecosystem function should take into account this
multi-trophic community component and consider these relationships within wider
spatial and time scales.
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8.6.1.2 Biodiversity in Agroecosystems

Agricultural habitats occupy more than 30% of the land surface, forming one of the
largest terrestrial biomes (Foley et al. 2005). Based on data for the year 2000,
cropland and pasture represent 12% and 22% of land area, respectively
(Ramankutty et al. 2008). The importance of agriculture on a global scale has two
implications. First, agricultural habitats represent areas of interest for biodiversity
conservation and ecosystem services (Iverson et al. 2014; Pimentel et al. 1992;
Tscharntke et al. 2005). Second, agriculture is one of the most important factors in
global change and biodiversity loss (Tscharntke et al. 2005). For example, agri-
cultural activities account for 48% of diversity loss due to land use change (Murphy
and Romanuk 2014). The impact of agriculture is not confined to land use: agri-
cultural practices also influence the nature of agroecosystems in which they are
conducted as well as adjacent ecosystems. Thus, agricultural intensification,
through increased use of chemical inputs and homogenization of landscapes, is a
major cause of diversity loss (Tscharntke et al. 2005). The impacts of this inten-
sification exceed the negative impact on biodiversity. For example, the use of
pesticides has negative effects both on the environment and on human health, to the
point where it is necessary to quantify the costs of these externalities in assessing
the overall value of pesticide use (Bourguet and Guillemaud 2016).

In the face of environmental and health challenges, and alongside research on the
effect of diversity loss on ecosystem function, scientists have promoted sustainable
agriculture that conserves biodiversity, while its various services as well as those
provided to agroecosystems (Pimentel et al. 1992; Altieri 1999). This concept of a
more sustainable and environmentally friendly agriculture has taken many forms:
organic farming (Bellon and Penvern 2014; Darnhofer et al. 2010), agroecology
(David and Wezel 2012; Deguine et al. 2016; Wezel et al. 2009) and the ecological
intensification of agriculture (Doré et al. 2011; Gaba et al. 2014; Geertsema et al.
2016). Management of biodiversity and its services is central to these forms of
sustainable agriculture and is the subject of specific techniques such as habitat
management (Gurr et al. 2004). In agroecosystems, humans benefit from ecosystem
services. Estimates of the value of these services show that they represent a total of
$92/ha/year, including food supply ($54/ha/year) and two regulatory services:
biological pest control ($24/ha/year) and pollination ($14/ha/year) (Costanza et al.
1997). This estimate underlines the importance of biological pest control in
agroecosystems.

8.6.2 Objectives of Biodiversity Studies on Mango Orchards
in Réunion

In this section, we are interested in biodiversity—more specifically in the biological
regulation of arthropod pests of mango trees in Réunion. In communities,
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crop-damaging arthropods are subject to two types of trophic control: bottom-up
control through plant diversity; top-down control through the diversity of natural
enemies. The diversity of natural enemies and plant diversity favour pest control; In
addition, agricultural practices and the landscape are known to influence natural
enemies, plants and, directly, pests (Rusch et al. 2010). However, the underlying
mechanisms are rarely elucidated. Moreover, the relative importance of these dif-
ferent factors is seldom quantified, thus limiting the knowledge necessary for
effective pest control.

In order to develop biodiversity-based agriculture, it is necessary to acquire
knowledge on agroecosystem function, in particular the factors influencing the
conservation of biodiversity and the provision of its services. Community ecology
(multi-trophic approaches on a large spatial and temporal scale) and crop protection
(mechanistic approaches at multiple scales) provide a relevant framework for
understanding both the mechanisms that would allow better pest control and also
the relationship between biodiversity and ecosystem function in multi-trophic
contexts and at larger spatial scales.

The studies presented in this section address these issues. Through multi-trophic
and multi-scale approaches, and using the Biophyto project network, we studied the
role of biodiversity on ecological function of mango-based agroecosystems in
Réunion, with particular attention paid to insect pest control, taking into account the
effect of agricultural practices and landscape. The three objectives were (1) to
describe the agroecosystem studied: arthropod communities, plants, farming prac-
tices and landscape; (2) to identify and understand the role of biodiversity in
multi-trophic interactions in food webs in different farming practices and land-
scapes; and (3) to identify the services provided by natural enemy diversity and the
effect of farming practices and landscape on pest control.

8.6.3 Acquisition of Biodiversity Data and the Methodology
Used

To meet these objectives, a systemic scientific approach was used, studying objects
and factors simultaneously at multiple scales including arthropod and plant com-
munities, agricultural practices and landscape types. We chose to perform global
“snapshot” sampling. Once a year (2012–2014), in August when all the plots were
in flower, we collected the data over a 2-week period for the different scales of the
study. Of the 13 farms in the Biophyto network, ten were involved in these studies.
We followed the agroecological and control plots at each site. The average size of
the two plots was 1404 m2.
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8.6.3.1 Description of Arthropod Communities

The purpose of sampling arthropod communities was to determine their taxonomic
composition and to quantify the abundance and diversity of trophic groups,
bringing together species with similar functions (Morin 2011). Sampling was
conducted in different strata of mango orchards, the soil surface and the canopy of
the mango trees, in order to obtain a more comprehensive view of the communities.
A detailed methodology of arthropod sampling is presented elsewhere (Jacquot
et al. in prep).

Major work was carried out to identify as many species as possible. The study of
arthropods in Réunion agroecosystems was previously mainly concerned with crop
pests and their specialist natural enemies. At the beginning of the study, we did not
know which taxonomic groups were representative of the trophic groups we wanted
to study. First, the samples were sorted to separate the collected arthropods from the
debris and to classify the arthropods by order. Identifications were then carried out
with the help of the available bibliography and the entomological collection of the
UMR PVBMT (Plant Protection Pole) of Saint-Pierre. For the majority of the
groups, the experts have checked identifications by the CIRAD team. Different
species which were too morphologically similar to be distinguished were grouped
into a single species group (genus name followed by “spp.”).

Assigning species to trophic groups was done using the literature. We examined
10 trophic groups of arthropods including 6 main trophic groups: (1) herbivorous
pests: species known to be harmful to mango, i.e. its feeding or development on
mango trees causes economic losses; (2) non-pest herbivores: herbivorous species
(phytophagous s.l.), not known to be mango pests; (3) detritivores: species of
detritivores, microherbivores and mycetophagous; (4) omnivores: species feeding
on other arthropods as well as on plants and detritus; (5) parasitoids: species that
parasitize or destroy detritivorous or herbivorous arthropods; (6) predators: strictly
predatory species feeding almost exclusively on other arthropods.

8.6.3.2 Description of Agricultural Practices and Landscape

We examined agricultural practices using two indicators: plant communities, which
reflect weed management (mowing, irrigation, mulching, herbicide treatments) and
insecticide treatments.

Each year between 2012 and 2014, vascular plant species were identified in
segments where arthropod sampling by aspiration had taken place one week prior.
We measured the linear distance covered by each plant species and the abundance
and diversity of plants along the transect.

During the Biophyto project, the dates of work done on the plots were analyzed.
This information began to be collected in July 2012. Therefore, only the number of
insecticide treatments carried out during the 2-month period before the arthropod
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collection (July and August) was used as an indicator, although all data are
available from July 2012 to December 2014.

In addition, the use of ArcGis Geographic Information System (GIS) software,
2012 IGN aerial photographs, and annual in situ checks enabled habitats to be
mapped in the landscapes for each sampling period. Landscape was studied within
an 800 m diameter circle around each plot. Landscape indicators were measured
using two tools. The Fragstats software (version 4.2) allowed the indicators to be
quantified on a large scale. These included habitat diversity and border lengths. In
addition, the R software quantified the indicators at habitat level including the
proportion of semi-natural habitats, proportion of mango orchards and other similar
aspects.

8.6.4 Arthropod Communities

8.6.4.1 Composition and Importance of Taxonomic Groups

A total of 126,753 arthropods were collected and 124,001 were identified. They
belonged to 4 classes, 23 orders, 215 families, 451 genera and 797 morphotypes.
The accuracy of the morphotype identification varies, for example: 217 morpho-
types for which we were able to identify to species level, 389 morphotypes to genus
and 156 morphotypes to family or superfamily level.

The order with the most variety and abundance was Hymenoptera, with two
distinct groups: ants (Hymenoptera: Formicidae) and Hymenoptera Parasitica, most
of “Hymenoptera non Formicidae”) (Fig. 8.13). Ants alone accounted for a large
number of arthropods, with 65,487 individuals collected, for only 21 species.
Conversely, the other Hymenoptera represented more than 300 species for only
7,500 individuals collected. Thrips (Thysanoptera) and Hemiptera were two groups
present in high numbers. This can be explained by the fact that three mango insect
pests belong to these two groups: one species of Thrips and two species of
Hemiptera. Spiders (Araneae) and Diptera are also important taxonomic groups
with more than 4,000 individuals identified. In terms of species richness, four
orders were distinguished in addition to Hymenoptera: Diptera, Coleoptera,
Hemiptera and Spiders.

Our results are an important contribution to the knowledge of arthropods in
mango orchards in Réunion, and may be useful for other horticultural systems on
the island and for mango orchards in other areas. This study discovered species new
to Réunion and new to Science. The species new to Réunion mainly consist of
spiders in 11 new families and at least 32 new species (Jacquot et al. 2016). Added
to this are four morphotypes that are potentially species new to Science. Among
Hymenoptera parasitoids, there are two new families, 144 new species (Muru et al.
2017) for Réunion. Photographic catalogues of the new species were created for a
number of orders, in particular for beetles (Fig. 8.14).
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8.6.4.2 Composition and Importance of Trophic Groups

In total, 109,741 individuals from 523 species were assigned to 10 trophic groups,
including 109,079 individuals from 504 species of arthropod assigned to the six
main trophic groups (Table 8.1). The numbers of individuals or species that may
have been attributed to trophic groups based on bibliography or isotopic analyses
differ from one order to another. In terms of abundance and species richness, the
resolution is low for mites (Acari), Coleoptera, Diptera, Non-formicidae
Hymenoptera, Lepidoptera and Orthoptera. The resolution is relatively good for
Hemiptera in terms of abundance, but less in terms of species number.

The main trophic groups have different taxonomic structure (Table 8.1).
Herbivore pests were represented by four insect species, mostly Hemiptera (the
Seychelles mealybug Icerya seychellarum and mango bug Orthops palus), species
of mango midge (Procontarinia spp.) and a species of Thrips (Scirtothrips
aurantii). Non-harmful herbivores were an important trophic group in terms of
individuals and species, mostly Hemiptera, Thrips and, to a lesser extent,
Coleoptera. The detritivores were mainly represented by individuals belonging to
terrestrial crustaceans (Isopods or cloportes and Amphipods), Cockroaches and
Collembola. Psoques and Diptera dominated this trophic group in species richness.
For their part, omnivores were almost exclusively represented by 19 species of ants.
Among them, three invasive exotic species were present in high numbers:

Fig. 8.13 Abundance and number of species by order of arthropods identified: in mango orchards
in Réunion. The white bars indicate the number of species or the number of individuals collected,
the green bars indicate the number of species or the number of individuals collected and attributed
to trophic groups according to the literature
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Pheidole megacephala (55,608 individuals), Brachymyrmex cordemoyi (4,440
individuals) and Solenopsis geminata (1,081 individuals). They were an important
component of the system, as they influence functional biodiversity and its services.
The parasitoids formed the richest trophic group, composed of 182 species of
Hymenoptera and 8 species of Diptera. Parasitoid Hymenoptera diversity was very
high surprisingly so. It can be explained by the complementarity of the three
sampling techniques, whereas most of the studies in this group used malaise traps or
the breeding of host arthropods (often of economic importance). Finally, predators
were mostly represented by spiders.

Fig. 8.14 Example of a photographic catalogue: the Coleoptera identified in mango orchards in
Réunion. (Photo: M. Jacquot)
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8.6.5 Ecological Functioning of Mango Orchards

8.6.5.1 Interactions Between Trophic Groups

Understanding the factors that maintain diversity in communities and the effects of
this diversity on the ecological functioning of agroecosystems is essential for
managing biodiversity and its services. For this, we have used three years’ worth of
data and studied the six main trophic groups of our system. We studied the rela-
tionships between trophic groups and the effects of plant diversity, the frequency of
insecticide treatments and landscape complexity (Shannon index of habitat diver-
sity, percentage of semi-natural elements) on these trophic groups. The results
presented below are from a work in progress (Jacquot et al. in prep).

These results, derived from a comparison of models of structural equations,
show that diversity exerts simultaneous bottom-up and top-down controls within
the same arthropods community (Jacquot et al. in prep). These results diverge from
the historical opposition between systems dominated either by bottom-up or
top-down controls (Hairston et al. 1960; Oksanen et al. 1981). The results of the
analyses show that the relationships between trophic groups are different on the soil
surface and in the tree canopy. Several mechanisms appear to be involved. First, on
the soil surface (a complex stratum containing numerous plants species) the spe-
cialization of secondary consumers appears to be a key factor explaining the
relationship with primary consumers. Moreover, there is a diversity cascade in this
stratum, bottom-up and positive, with plant diversity indirectly supporting para-
sitoid diversity. Secondly, in the canopy (a mono-specific stratum), the bottom-up
control exerted by primary consumer diversity on the diversity of secondary con-
sumers may be due to a “birdfeeder” effect (Eveleigh et al. 2007). Mango
inflorescences attract primary consumers which in turn attract secondary
consumers.

8.6.5.2 Influence of Invasive Ants on Predation

Invasive ants, including Pheidole megacephala and Solenopsis geminata, are an
important component of arthropod communities in mango orchards in Réunion.
They are omnivorous (Holway et al. 2002). In order to identify the species involved
in predation and the role of invading ants, we conducted a sentinel prey experiment
in two strata of the orchards (soil surface and canopy). The results that follow are
from works published elsewhere (Jacquot et al. 2017). Analyses were conducted on
data from the 2014 arthropod collections and the sentinel prey predation rate of the
same year. We constructed a hierarchical Bayesian model to quantify the effect of
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the abundance of dominant invasive ant species on the predation rate and on the
respective diversity of predators and omnivores, as well as the relationship between
the diversity of these trophic groups and predation rate.

The results show that predation of sentinel prey mainly takes place on the soil
surface. In this stratum, Pheidole megacephala provides predation supplied by
omnivore diversity. At the same time, there is direct predation, which reduces
omnivore diversity. This results in a negative interaction between omnivore
diversity and predation. Conversely, Pheidole megacephala does not influence
predator diversity, and this has a positive relationship with predation rate.
Simultaneously, Solenopsis geminata predates directly without affecting the
diversity of the two trophic groups of natural enemies (omnivores and predators).
The role of invasive ants in predation (Crowder et al. 2010; Hogg and Daane 2011;
Snyder et al. 2006) and biodiversity reduction (Hogg and Daane 2011; Kenis et al.
2009; Snyder et al. 2006) is already known. But, to our knowledge, the influence of
invading natural enemies on the predation service provided by diverse natural
enemy communities has never previously been demonstrated, either for ants or for
other taxa.

8.6.5.3 Effects of Natural Enemies, Practices and Landscape on Pests

This study aims to identify the factors influencing the abundance of insect pests, of
which four species, or groups of species are likely to cause damage during the
mango flowering period. These factors include natural enemies, agricultural prac-
tices and landscape.

Mixed linear models were obtained from the 10 pairs of plots, sampled once per
year from 2012 to 2014. We estimated the abundance of each pest species in each
plot based on data from three types of sampling method presented (Jacquot et al.
2016). We tested the effects of (1) the diversity of three groups of natural enemies
(parasitoids, predators and omnivores) with two indicators per group (estimated
richness at the soil surface and in the mango canopy); (2) the frequency of insec-
ticide treatments; (3) the proportion of semi-natural elements and mango orchards
within a radius of 400 m around each plot.

The results confirm the existence of only two effects (Table 8.2). The first is a
negative effect of parasitoid diversity on the abundance of the Seychelles scale. This
suggests the importance of parasitoids in pest control in our system. The other is a
positive effect of the proportion of mango orchards in the landscape on the abun-
dance of South African citrus fruit Thrips.
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8.6.6 Implications for Agroecological Management
of Mango Orchards

8.6.6.1 Importance of Diversity of Natural Enemies

Previous studies aimed to understand the role of biodiversity in the ecology of
mango orchards and to propose strategies for the natural regulation of insect pests.
We studied three groups of natural enemies: parasitoids, predators and omnivores.
Our results confirm the importance of using insect pest control provided by the high
diversity of these natural enemies. In fact, high predator diversity favours predation
on the soil surface (Jacquot et al. 2017). High predator diversity also influences
insect pest communities in the canopy: the higher the predator diversity, the higher
the diversity of insect pests (Jacquot et al. in prep). Finally, analyses of the
abundance of insect pests have shown that higher parasitoid diversity reduces the
abundance of the Seychelles scale.

Our results do not allow us to identify practices that would favour predator and
omnivore diversity. The results also suggest that understanding the interactions
between trophic groups is necessary to identify these practices. For example, the
fact that an ascending cascade effect of plant diversity on predators was not
highlighted rejects the possibility of using this lever to favour predators. In tradi-
tional studies, which do not take into account the multi-trophic structure of net-
works, plant diversity directly favours predator diversity (Dassou and Tixier 2016;
Haddad et al. 2009; Hertzog et al. 2016; Scherber et al. 2010). Understanding the
factors that directly affect natural enemies in mango orchards is therefore essential
for designing cropping systems that exploit their services.

8.6.6.2 Impact of Invasive Ants

Invasive ants are a major problem worldwide (Lowe et al. 2000; Suarez et al. 2010).
The role of these invasive natural enemies needs to be understood to assess their
impact on the agroecosystems they invade, as well as to explain the compromises
that may be necessary to reduce their numbers.

In our system, Pheidole megacephala and Solenopsis geminata were predators
performing a more important role than predator diversity (Jacquot et al. 2017).
However, they also create disservices by reducing omnivore diversity (Pheidole
megacephala) (Jacquot et al. 2017), inflicting painful bites on growers (Solenopsis
geminata (Wetterer 2010) and generally, promoting populations of harmful
Hemiptera (mealybugs, aphids) (Holway et al. 2002; Offenberg 2015). In addition,
these invasive ant species represent a major threat to biodiversity in the areas they
invade (Lowe et al. 2000). We therefore do not recommend the use of techniques
aiming specifically at using ant species as a predation service in mango orchards.
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In order to identify controls for invasive ants and for the conservation of natural
enemies, it would be interesting to identify which agricultural practices and land-
scape characteristics influence ant invasion and the diversity of natural enemies.

8.6.6.3 Importance of Plant Diversity in Insect Pest Control

Of the major results of our work on functional biodiversity, only one technique,
plant diversity in orchard grasses, was highlighted as having any effects. However,
implications for insect pest management during mango bloom can be identified.
The effect of plant diversity in orchard grasses on arthropod communities on the
soil surface is fascinating, both by its nature and when it is compared with the result
on effect of parasitoid diversity. In fact, the results of the structural equation models
show that plant diversity has an ascending diversity cascade effect (Jacquot et al. in
prep). Plant diversity favours the diversity of non-harmful herbivores, which in turn
promotes a more diversified parasitoid community (Jacquot et al. in prep).
However, the greater the parasitoid diversity, the lower the abundance of the
Seychelles scale. As a result, managing diversified grasses in orchards would allow
a biological control of the Seychelles scale, probably by preserving parasitoid
diversity.

8.6.6.4 Diversification of Crops at the Landscape Scale

On a broader scale, the proportion of mango orchards in the landscape promotes the
South African citrus fruit Thrip populations. The main mango production area in
Réunion is expanding. During the Biophyto project, we observed the planting and
replanting of many orchards, which now cover the majority of cultivated areas. In
the medium term, landscape homogenization and the preponderance of mango
orchards could thus increase the damage caused by Thrips and, most likely, favour
the development of other pests by concentrating the same resource in space (Root
1973). Moreover, even if our studies do not show this, landscape simplification
could have negative effects on the diversity of natural enemies, which is often
observed (Bianchi et al. 2006; Chaplin-Kramer et al. 2011; Veres et al. 2013).

To compensate for this landscape simplification via mango monoculture, two
solutions are available. First, crop diversification would result in a higher landscape
complexity and a “dilution” of mango orchards in production basins. Crop diver-
sification is a medium-term objective in areas occupied mainly by perennial crops.
It can be achieved by the planting of alternative fruit species when mango orchards
are renewed (usually every 20–30 years). Diversification could also be envisaged in
orchards by mixing several fruit species (Simon et al. 2010). Using the mixed forest
model, the cultivation of phylogenetically distant species would ensure resistance
by association with specialist and generalist insect pests (Castagneyrol et al. 2014).
Second, the creation and maintenance of semi-natural elements (hedges, groves,
etc.) in production areas could increase landscape complexity and, consequently,
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numbers of natural enemies and pollinators. Studies conducted in mango orchards
in South Africa validate such concepts. They show that natural vegetation found at
greater distances from the orchard result in poorer control of insect pests such as
fruit flies and midges (Henri et al. 2015) and a poorer pollination service provided
(Carvalheiro et al. 2012). Furthermore, Carvalheiro et al. (2010) have also shown
that cultivation of small areas (25 m2) of native flowers (Asphodelaceae and
Acanthaceae) alongside the two types of mango orchards increases the diversity and
number of visitors to mango inflorescences and increases mango production.

To conclude, the role of biodiversity in the ecology of mango orchards was
poorly understood before the Biophyto project. This biodiversity was the subject of
a bibliographic review and detailed studies, which yielded new and valuable results.
The 124,001 arthropods identified of the 126,753 arthropods collected in orchards
belong to 4 classes, 23 orders, 215 families, 451 genera and 797 morphotypes.
Parasitoids form the richest trophic group. Bottom-up and top-down controls of
biodiversity within a single community of arthropods were observed, and the role of
ants, including invasive species, was described. There was a negative effect of
parasitoid diversity on the abundance of the Seychelles mealybug. Inversely, the
proportion of mango orchards in the landscape had a positive effect of on the
abundance of South African citrus Thrips. These results gave rise to recommen-
dations for the agroecological management of mango orchards.

8.7 Sustainable Changes in Agricultural Practices
with Positive Socio-Economic Consequences

8.7.1 Implementation of Results and Satisfaction Survey

Overall, the results are very encouraging. It shows that the pilot farms were willing
to participate in the design of agroecological production methods and are satisfied
with the progress of the project and its achievements. The project marked a break
with traditional farming techniques. A survey was carried out with all partners and
growers. It emerges that they consider that this agroecological experience is a
milestone in the development of agricultural practices in Réunion (Gloanec 2015).

The survey showed that growers are generally satisfied with their experience and
the majority of them are willing to continue the agroecological practices on part or
all of their orchards. Growers have gained some experience, even self-sufficiency,
in vegetal cover management in their orchards (Gloanec et al. 2017). Some of these
growers were asked by their neighbours to demonstrate the techniques used. Nine
of the 11 growers surveyed rated 7/10 or more, reflecting their satisfaction with
improved orchard health. However, the impact of agroecological practices on fruit
yield and quality was difficult to assess due to cyclones during two harvest seasons.
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These growers, however, consider that agroecological practices are economically
viable over the long term.

8.7.2 Production, Production Costs and Treatment
Frequency Index (TFI)

Due to two cyclones during the Biophyto project, one in 2013 and the other in
2014, large differences in production were observed between the different plots,
whether conventional or agroecological. Overall, equivalent yields were recorded in
conventional and Biophyto plots (Gloanec and Guignard 2015; Gloanec et al.
2017). Smaller yield losses, (impossible to state if significant) were only found in 6
out of 24 comparisons, mainly in areas sensitive to the gall midge, especially in
plots with high production potential (Cogshall variety, allowing significant inten-
sification). Certain fungicides, although compatible with organic farming, were not
systematically used against oidium, as growers can underestimate the incidence of
this disease, and this can contribute to production losses. In these few cases of
production loss, the decrease in pesticide outlay helped compensate for the decline
in gross margin, and sometimes even managed to maintain it.

Analysis of input and labour costs shows that agroecological farming has sig-
nificantly lower costs than conventional farming: phytosanitary treatments are
limited to one or two for oidium during flowering, herbicide treatments are elim-
inated and mowing is less frequent. The cost of production for plots in agroeco-
logical management mode is 35% lower (Gloanec et al. 2017) (Table 8.3).

The Treatment Frequency Index (TFI) decreased from 22.4 before the Biophyto
project to 0.3 at the end of the project (Fig. 8.15). In this calculation, biocontrol
products such as Ceratipack are not taken into account. Moreover, these orchard
farming techniques are Organic, as the few fungicides that were used (for treatment
of oidium) are organic approved. Some growers are aware of the negative impact of
treatments on human health and the environment and are trying to find ways to
reduce or eliminate treatments to make their farms entirely agroecological.

8.7.3 A New Perception of Agroecosystems for Growers

All Biophyto project partners have adopted new methods of assessing biocoenosis
in orchards. Previously, focus was almost exclusively on the mango tree production
and pests (without being systematically observed) because of their potential dam-
age. Preventive or regular insecticide treatments were used without considering risk
thresholds. Similarly, systematic herbicide treatments were designed to keep the
plot free from weeds (Fig. 8.15).
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Today, growers know that agroecosystem ecology is based around interactions
between the different trophic groups that constitute functional biodiversity such as
mango trees, weeds, non-harmful and harmful herbivores, detritivores, predators,
parasitoids or pollinators. They know that insecticide treatments have negative
impacts on auxiliaries, including predators and parasitoids, and that stopping her-
bicide treatments allows weeds to play a positive role in the agroecosystem.
Figure 8.16 gives a schematic representation of this evolution in growers’ per-
ception of the agroecosystem.

Agricultural professionals (growers, agricultural advisors and technicians)
learned to recognize natural enemies of pests during training sessions (see
Sect. 8.2.). They are now often able to recognize them in the field and respect the
parasitism and predation services of these natural enemies, such as the action of
certain parasitoids on fruit flies (Fig. 8.17).

Table 8.3 Economic data (time spent and cost in Euros per hectare) between conventional
farming and agroecological farming (in Gloanec et al. 2016)

Data Conventional farming Agroecological farming

Inputs

Pesticides 1614 € 39 €
Mass traps (80 traps/ha) 480 € 480 €
Irrigation (for 2,990 m3) 299 € 299 €
Total inputs 2393 € 818 €
Labour

Phyto monitoring 473 € 473 €
(time spent) (50 h) (50 h)

Phyto treatments 1 031 € 258 €
(time spent) (16 h) (4 h)

Surveillance of mass trapping 525 € 525 €
(time spent) (55 h) (55 h)

Rotary slashing after cutting 516 € 516 €
(time spent on tractor) (8 h) (8 h)

Chemical weed control 645 € 0

(time spent) (10 h)

Mowing beween rows 645 € 322 €
(time spent on tractor) (10 h) (5 h)

Mowing rows 0 € 151 €
(time spent on strimmer) (16 h)

Harvesting 1106 € 1106 €
(time spent) (117 h) (117 h)

Mowing 908 € 908 €
(time spent) (96 h) (96 h)

Total labour 5849 € 4259 €
Production cost 8242 € 5077 €
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8.7.4 Different Marketing Methods

Aside from the technical aspects of the Biophyto project, an important part is a
“marketing toolbox” which can help growers to market insecticide-free mangos.
This marketing method was analysed via a market study involving 400 consumers
and via stakeholder consultations in the grower—distributor chain. These surveys
highlighted the commercial potential of insecticide-free mangoes, as well as a better
understanding of the most suitable marketing routes (Técher et al. 2015).

An inter-stakeholder group composed of some twenty people representing dif-
ferent sectors of production, distribution, consumption, water, environment, terri-
torial development and food recovery, was set up to seek the best agronomic,
economic and marketing solutions for the production of Biophyto mangos
depending on the markets (short circuit, supermarket chains, processing, export).
This group was consulted throughout the project in meetings and by e-mail in order
to take part in the various discussions on the market study and ways marketing
techniques.

Consumers judge mangos by the visual appearance of the fruit (its freshness, its
calibre, its colour, its shape). Sight is the first sense that is used when eating: when
choosing the product, the consumer will prefer a visually appealing fruit compared
to a damaged and aged fruit. The second decisive factor is taste. The dozen varieties
that can be found in Réunion are all very different. Each consumer will have a
different taste preference, which will influence purchase decisions. Price is also a
factor in the final decision, marking acceptance or the refusal of the product.
Consumers considered an acceptable price to be between 1.7 and 3.5 euros/kilo.

plots in 2011 before Biophyto Biophyto plots at the end of 2014

Non-approved
organic herbicide

Non-approved 
organic fungicide

Approved organic 
fungicide

Non-approved 
organic insec cide

Approved organic 
insec cide

22,3 0,4

Treatment Frequency Index
25 

20 

10 

5 

0 

15 

Fig. 8.15 Treatment Frequency index (TFI) before the start and at the end of the Biophyto
project. Averages for five Biophyto farms of the Dephy Ferme Mangue Ecophyto network
(Réunion Chamber of Agriculture 2015) (Adapted from Gloanec et al. 2017)
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Various operators involved in the mango sector (production, marketing, pro-
cessing and institutions) were interviewed as part of the Biophyto project in 2013
and 2014. Scenarios were analysed and different marketing channels identified. For
each of them, information about context, product characterization, type of customer,
methodology and potential were collected during these interviews. It is clear from
this study that a Biophyto mango has marketing potential, but with different
communication strategies depending on the different marketing channels (Técher
et al. 2015).

Hyperpredators and 
Hyperparaistoids

Weeds
Vegetal
detritus

Herbivores Detritivores

Predators and Parasitoids 

Mango

Pests

Insecticide
Treatments

Bare ground
Herbicides
Treatments

Hyperpredators and 
Hyperparasitoids

Weeds
Vegetal
Detritus

Herbivores Detritivores

Predators and Parasitoids 

Mango

Pests

Herbicide
Treatments

Insecticide
Treatments

Covered ground

(a)

(b)

Agrochemical Crop Protection

Agroecological Crop Protection

Fig. 8.16 Evolution of growers’ perception of biocenosis in mango orchards between the
agrochemical protection period (a) and the agroecological protection period (b)
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As a conclusion, insecticides and herbicides have been significantly reduced or
eliminated. The treatment frequency index (TFI) has decreased from 22.4 before the
project to 0.3 after the project. Production costs have been reduced by 35% without
any loss of yield, except in a few specific circumstances.

8.8 Development of Collaborative Tools for Transfer

8.8.1 A Wide Range of Tools Available to Agricultural
Professionals

The creation of a training course for professionals (growers, technicians and agri-
cultural advisers) was an original and innovative idea issued from the Biophyto
project. A University Certificate of Professional Qualification (UCPQ) entitled
“Agroecological Crop Protection” is now available at the University Institute of
Technology (University of Réunion) in partnership with CIRAD, The Chamber of
Agriculture, Armeflhor, Fdgdon and Octroi (Laurent et al. 2015). The course took
place in 2013–2018 and the UCPQ/ACP has already been awarded to some seventy
candidates. This vocational training is now available at the IUT (University Institute
of Technology) and the Réunion Chamber of Agriculture.

Information on the project is available through the website http://www.
agriculture-biodiversite-oi.org managed by CIRAD as part of the Indian Ocean
Regional Plant Protection Program.

A Newsletter was sent to more than 500 recipients to keep them informed of the
project. Various communication events took place at local agricultural events and
national seminars (e.g. EcophytoDom seminar, November 2013, Biophyto restitu-
tion seminar, October 2014, Casdar project restitution seminar, January 2017).

Fig. 8.17 Parasitism of Ceratitis rosa eggs by Fopius arisanus. a C. rosa females laying eggs;
b F. arisanus female looking for C. rosa eggs; c F. arisanus female laying in C. rosa eggs.
(Photos: a, b and c: A. Franck)
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Various educational documents illustrating the project have been published: a
guide to agroecological protection of mango trees (Vincenot et al. 2015); The
UCPQ/ACP training pack (Laurent et al. 2015); Proceedings of the Biophyto
seminar (Deguine et al. 2015b); A film, available on DVD and entitled “Biophyto,
agroecological protection of mango trees in Réunion”; Eight posters illustrating the
different stages of the project; Mirid identification cards (Atiama 2016). Most of
these are available online at http://www.agriculture-biodiversite-oi.org/Biophyto.

8.8.2 Focus on a Diploma Course for Professionals
in Agriculture

An innovative and original training module has been developed to assist knowledge
transfer: the University Certificate of Professional Qualification in Agroecological
Crop Protection (UCPQ/ACP). This is the first diploma course in France aimed at
agricultural professionals who wish to acquire operational skills in this field. The
objectives reflect those of an agroecological transition project taking into account
the constraints of the different actors. The format, programme and organization of
this course are the result of collaboration by a multidisciplinary team. It not only
teaches knowledge and methods, but it is also a network for exchange and
knowledge transfer for various and diverse audiences sometimes with different
objectives and projects.

The teaching team consists of researchers, teacher-researchers, engineers, tech-
nicians and growers who have worked on the Biophyto project. The 36-hour
program mixes theoretical and practical phases over 5 days. The content is initially
disciplinary (ecology, entomology, agronomy) and progressive. Starting with these
concepts, the trainees are given a transdisciplinary approach to ACP. The course
also uses results of projects in Réunion. The field visits give trainees an opportunity
to see the techniques for themselves and are an opportunity to meet growers using
ACP on a daily basis (Fig. 8.18). At the end of the course, incentives and marketing
issues are presented and discussed. The qualification is awarded if the candidate
passes two assessments (written and oral). The course ends with an assessment of
the classes. Technical points are tackled and the trainers and the trainees provide
personalized advice. Finally, the trainees evaluate the quality and relevance of the
course by individually and anonymously completing a questionnaire, the results of
which will help the University to improve future sessions.

To date, 4 training sessions have been organized, with 50 trainees out of 51
graduating, mostly growers, technicians, agricultural advisers and engineers. The
participants represent the diverse professions in the agricultural sectors. This mix is
one of the conditions necessary for the success of this course because it allows the
participants to enrich themselves through the experiences of others and to discuss
crop protection issues, agroecology and its implementation. Growers represented
the majority of participants (56.9%), followed by agricultural advisors and
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technicians (33.3%) and engineers (9.8%). It can be noted that production is rep-
resented in roughly equivalent proportion to research, advice and transfer. Men
(62.7%) are more represented than women (37.3%). The average age of growers
participating in the course (42.8 years ± 8.8) indicates a willingness to change
production models after years of conventional agrochemical practices and an
awareness of the situation these practices have put them in. They come from a
variety of backgrounds: organic farming, rational farming, conventional agriculture,
shelter crops, fruit crops, vegetables and cane, and even livestock breeding, often
with a mix of crops. The surveys carried out at the end of the course show very high
overall satisfaction rates (>90% for all sessions). From 2017, a refresher day was
offered to allow all the previous trainees to learn about recent innovations in ACP
and to discuss their experiences since completing the course. The University
Certificate of Professional Qualification in Agroecological Crop Protection (UCPQ/
ACP) will continue to be offered in Réunion until demands are satisfied and will
soon be extended to the South-western region of the Indian Ocean in order to meet
the needs of regional partners.

In conclusion, the modular UCPQ/ACP is a powerful training tool adapted to
current needs in Agroecological Crop Protection. It is also a transfer tool because it
offers a recognized operational qualification in innovative practices resulting from
research and fieldwork. Finally, it is a powerful awareness and marketing tool
because it brings various issues directly to the attention of professionals thanks to

Fig. 8.18 The field visits give trainees an opportunity to see the techniques for themselves and are
an opportunity to meet growers using Agroecological Crop Protection on a daily basis. (Photo: D.
Vincenot)
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the diverse participants. These participants become valuable tools in spreading
knowledge of ACP to their peers on the island. This type of flexible course can be
adapted to and delivered in many different contexts.

8.8.3 Relays by Transfer Agencies

Since 2015, development agencies, notably the Déphy Ferme Mangue network,
have taken over and have continued to train mango farms in new techniques. The
Treatment Frequency Index decreased by 43% from 2012 to 2015 on all the farms
in the Dephy Ferme Mango network (Réunion Chamber of Agriculture data, 2016).
In 2016, this network consisted of 14 farms.

Also in 2015, a ‘Biophyto Agri-Environment and Climate Measure’ was laun-
ched and has been offered to growers, and is now open to other perennial fruit
growers (e.g. citrus). In the same year, an association of growers supported by the
Chamber of Agriculture applied for Economic and Environmental Interest Group
status for its project to implement agroecological techniques in mango orchards.
This initiative, by nine growers (some of whom participated in the Biophyto pro-
ject) covers an area of 80 ha and demonstrates how the profession has adopted these
new techniques. The Biophyto project, like any agroecological approach, opened up
multiple avenues to be further explored by growers.

Since 2015, training days and one-off hands-on training sessions have been
organized in the field. The Biophyto project has triggered a change in the sector’s
technicians as regards their individual and collective recommendations.

Finally, starting in the 2015–2016 academic year, the Réunion Chamber of
Agriculture, in concertation with the University of Réunion, took over the coor-
dination of the “UCPQ—Agroecological Crop Protection” course.

To sum up, the project also gave rise to a large number of transfer assistance
tools, particularly in the field of professional training. Trained growers now have a
basic knowledge of agroecosystem ecology, especially of mango orchards in
Réunion.

8.9 Generic Keys for Agroecological Transition

It is worth pointing out how agroecological protection strategies for mango orch-
ards in Réunion were developed. Although specific to Réunion, the following five
keys are generic and are essential for the success of agroecological transition
(Fig. 8.19). These five keys may overlap, but are fundamental to agroecological
transition.

The transition from conventional agriculture to agroecology requires a signifi-
cant change in techniques from agricultural professionals, particularly growers. In
conventional agriculture, cropping systems generally aim to maximize yield and
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economic returns for the farmer. Pesticides control pathogens, weeds and pests in a
systematic way. In agroecology, from the outset, a prophylactic approach is nec-
essary to manage biotic stresses. Once in place, Agroecological Crop Protection
ensures an almost ontological resilience of agroecosystems, which simplifies crop
management and especially pest control. One of the essential strategies is the
diversification of crops in time and in space. This implies managing a higher level
of complexity than specialized agroecosystems. Innovation therefore has a central
role to play in agroecological transition (Ricci and Méssean 2015). It should be
pointed out here that the term “innovation” refers to a set of practices rarely
implemented in agroecosystems. They are sources of improvement and progress
and integrate old or new technical solutions with generic characteristics, while
presenting specificities related to the production in hand. Nethertheless, agroecol-
ogy leads to difficulties in management of interstitial spaces, more frequent plot
surveillance and high requirements in botanical, epidemiological and ecological
knowledge. Moreover, the transition to agroecological farming can lead to doubts
and uncertainties, and the link between practices and profits are not always clear.

The preparation and management of an agroecological project requires a col-
lective design. This step is critical. Words and good intentions must be translated
into actions. First, key players should be identified and federated. It would be wrong
to develop innovative programs without involving, from the outset, actors such as
growers, consumers, stakeholders in the sector and environmental associations as
well as those in local development, research, agriculture and academia, as well
as public authorities. The range of points of view makes it possible to enlarge the
scope of the program and ensures solid and coherent implementation of the pro-
gram, with favourable conditions for knowledge dissemination and appropriation.
A collective formalization of objectives, as well as of the methods and means to be
used to achieve the objectives, guarantees support between the various partners
involved, which will remove many difficulties. In the Biophyto project, the design
phase lasted one and a half years (mid-2010–2011) and knowledge sharing took
place up to and beyond the end of the Biophyto project.

Agroecological transition
Changes in 

scientific 
knowledge 
production 

Experience 
sharing

Teaching and 
training

Dissemination 
and extension

Transition 
phase 

management

Fig. 8.19 Agroecological transition cornerstones
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8.9.1 Production of Scientific Knowledge

Scientific research is often issued from reductionist approaches in which the effects
of a given factor on one or more elements of the system are analysed. In agroe-
cology, reductionist approaches are complementary to a systemic approach. The
system studied in the Biophyto project was the mango orchard agroecosystem as
well as elements of the landscape likely to interact with it (Aubertot and Robin
2013). Given the dispersal capacity of pests and auxiliaries, the spatial scale must
include the territory influencing the orchard (e.g. other orchards in the vicinity,
hedges, slopes, gullies, forests). The systemic approach in the Biophyto project took
place via in situ experiments on agricultural land. The challenge was to embrace an
ad hoc level of complexity to analyse the mechanisms underlying biotic regulation
in mango orchards. Thus, all arthropod communities were inventoried, along with
farming practices, with particular focus on the identification of plant communities
present in orchards, as well as climate and the landscape. The collected datasets
thus give a systemic representation of the agroecosystems under study.

Biophyto studies revealed the need for more knowledge of functional biodi-
versity in agroecosystems, including the impacts of agroecological practices and
landscape characteristics (Jacquot et al. 2013). Catalogues of arthropods (spiders,
parasitoids) and identification cards to aid in recognition of certain families of
Miridae were produced during the Biophyto project (Atiama et al. 2016). Versions
for growers are also available. The advent of agroecology will require research and
development approaches to mobilize new knowledge. New biodiversity indicators
will have to be taken into account in experiments and in agricultural field diagnoses.
Consequently, agroecosystem function should be characterized by increasing the
number of variables identified, through adapted observations and protocols or
methodological innovations making it possible to quickly identify the different
components of agroecosystems. Special attention should be paid to the impact of
agricultural practices on biocenosis dynamics, since all practices, even those not
directly related to crop protection, can impact biotic health (Zadoks 1993).
Moreover, modeling must also be adapted to deal with higher levels of complexity.

8.9.2 Empirical Knowledge Sharing

In addition to scientific knowledge, empirical knowledge plays a major role in
agroecological transition. Contrary to the established pattern where R&D would
provide vertical references, tools and methods, agroecology feeds on horizontal
transfers, i.e. knowledge acquired by growers without a scientific approach.
Experience in a farming environment is essential. To do this, different tools or
approaches can be mobilized: meetings between actors with discussions on
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individual experiences; Companion modeling (D’Aquino et al. 2002; Papazian et al.
2017); Qualitative modeling formalizing experts’ proposals (Aubertot and Robin
2013); Elicitation of expertise (Knol et al. 2010). Meetings between growers and
their advisors may take the form of technical guidance, if possible in the field,
thematic meetings and transfer training. It is important to formalize growers’
knowledge so that it can be shared and capitalized upon. Growers observe phe-
nomena and infer hypotheses. The knowledge thus acquired is the object of various
horizontal transfers, generally standardized, cumulative and shared. Growers’
knowledge helped reconstruct bocage in western France. In addition, digital
technology is a powerful tool for sharing and capitalizing on empirical knowledge
(e.g. http://www.savoirfairepaysans.fr).

8.9.3 Training and Education

It is important to train those involved in agroecological transition including farmers,
advisors and development technicians. Training is not only through involvement in
participatory knowledge production and validation but also by spreading research
and development work in the widest and most accessible way possible (Levidow
et al. 2014). This knowledge was presented in concrete quantified form through
various training courses, information and communication campaigns, and made it
possible to transfer the results directly to the growers. Various transfer tools have
been designed for field campaigns by development agencies (Réunion Chamber of
Agriculture, other professional organizations) to promote organic farming tech-
niques acquired during the Biophyto project.

In addition to further education, it is also important that CEAP concepts,
methods and knowledge be taught at university. Agricultural education plays a key
role in the success of the Réunion Plan for Sustainable Agriculture and Agri-Food
(PRAAD), and more broadly, in the France Agroecology Project, as a mechanism
for training those involved in farming. Agricultural education in Réunion, with its
network of public and private agricultural establishments, facilitates knowledge
transfer to current and future agricultural professionals in partnership with research
and development institutes.

Training current and future growers in new practices is a major challenge: it
involves activities like practical work, tutorials, mini-courses and hands-on that puts
learners in close proximity to new knowledge. Demonstrations and information and
exchange workshops in 2013 and 2015 in partnership with the agricultural sector
made it possible to reach more people and create better links between stakeholders.
In addition, a book entitled “Agroecological Crop Protection” (Deguine et al.
2017), a chapter of which is devoted to the Biophyto project (Gloanec et al. 2017),
has been published.

The training program was co-designed between regional education and agri-
cultural professionals to define the role of agricultural establishments in
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agroecological transition. Between 2014 and 2018, this program offers an action
plan based on strengthened links between training, farming and the professional
world to achieve ambitious technical objectives and to disseminate agroecological
innovation to future and current agricultural professionals. This program has been
assigned a Rita (innovation and agricultural transfer networks) status in order to
guarantee strong links between training and research and development for more
effective sharing of agroecological solutions to present and future agricultural
professionals.

Thus, a new marketing and transfer program has been created for Réunion, in the
form of a professional training module: the University Certificate of Professional
Qualification in Agroecological Crop Protection (UCPQ/ACP). The module has a
very broad scope. In addition to the diffusion of knowledge and methods, its raison
d’être is to form the nucleus of a network, a place where projects are exchanged and
mature and where professionals from different backgrounds and sometimes with
different objectives may meet. The aim of the module is to support agricultural
professionals who wish to adopt Agroecological Crop Protection. For the grower or
agricultural technician, this transition requires learning afresh how to manage pest
populations and preserve and promote beneficials. This implies a change in tech-
niques and letting ecological processes do their job.

Agroecological transitions go hand-in-hand with digital transitions, and this
mango pest management experience will feed the GASCON digital module
(Agroecological Management of Crops and Harmful Organisms, Virtual
Agroecology University (UVAE, http://www.ea.inra.fr/uvae). Developing digital
training in agroecology should not be an exhaustive inventory of agroecological
views or techniques. The aim is to build an educational resources for learners to
acquire knowledge and autonomy to analyse the diverse knowledge available. Far
from replacing face-to-face teaching and training, it is a tool that they can share,
evaluate and embrace. Finally, working in partnership and collaboration in digital
training projects where distance work is preferred will assist the progress of an
integrated vision combining research, development and training. Although it has
some benefits, distance self-training alone is not a substitute for face-to-face
training, because of weak learner-trainer and learner-learner interaction.

8.9.4 Dissemination and Knowledge Transfer

In this agroecological mango experience, several tools were useful in transferring
techniques to growers. To recap, the two main tools are the Dephy Ferme network
at the national level and a socio-economic partnership, or GIEE at the local level.
These facilitate cooperation for the transfer of innovations. In addition, Rita net-
works, created in 2011 at the initiative of the Ministry of Agriculture, Food and
Forestry, are networks formed between major stakeholders in agricultural
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development in overseas departments, at the service of professionals (each inter-
vening in its core business in a complementary fashion). The general aim of Rita is
to assist in the socio-economic development of local production. In Réunion, three
networks have been set up in sugarcane, fruit horticulture and livestock sectors. The
challenge is to understand all the facets of a technical problem, and operational
technical groups have been set up within Rita composed of researchers, experi-
menters, technicians and farmers working collaboratively. Within an agroecological
framework, different thematic groups have been set up. This approach is innovative,
voluntary and exemplary in terms of optimizing public and professional funds, to
meet the needs in innovation and transfer for professionals and overseas agricultural
and agri-food sectors. Rita has several objectives in Réunion: to promote the link
between agriculture and science, taking market logic and economics into account;
To promote the transfer of innovations via pilot farm networks and through edu-
cation and professional training; To ensure that results are effectively converted into
technical and economic itineraries; Finally, to strengthen co-operation within sec-
tors and between sectors.

In order to turn innovation into transfer, a specific tool has been designed. In
2014, four research, training, experimentation and regulatory partners (CIRAD,
Armeflhor, Anses, Fdgdon) joined forces in a Mixed Technology Unit called “Plant
Health and Agroecological Production in the Tropical Environment”, to pool their
resources and activities in order to give added value and coherence to convert
innovation to application. This vocation of this unit within the Rita movement is to
better respond to the demands of professionals using an agroecological approach.

It should be emphasized that this is a broad community sharing the same pro-
gram design. The campaigns need to be effectively coordinated. Of the many
different partners involved in an agroecology project, transfer agencies are certainly
the best placed to do this. Their relationship with growers, research, education and
public authorities facilitate day-to-day program coordination. This is necessary for
the proper management of campaigns on the ground.

8.9.5 Management of the Transition Period

The first few years after adapting new practices (elimination of pesticides, estab-
lishment of habitat management practices and conservation biological control) are
the most difficult financially, given the time required to establish or re-establish
ecological balances in orchards. This transition period should be accompanied by
financial support or incentives.

During the agroecological mango experience, aside from the schemes promoted
at operational level by transfer agencies and supported by public authorities (GIEE,
the Dephy Ferme network, etc.), there are the following assistance schemes:
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A regulation scheme to encourage transition to agroecological protection tech-
niques. A Biophyto agri-environment and climate scheme was set up to encourage
producers to become involved in Agroecological Crop Protection. These measures
encourage farmers to protect and enhance the environment by providing remu-
neration for the provision of environmental services. Farmers undertake, for a
minimum period of five years, to adopt environmentally friendly agricultural
techniques that go beyond legal obligations. In exchange, they receive financial
assistance to offset any additional costs and income losses resulting from the
adoption of these practices.

• help for becoming organic. This agroecological experience on mango trees also
contributed to the development of organic farming.

• support can be envisaged downstream for marketing a pesticide-free mango.

The adoption in France of “la loi d’avenir” on 13 October 2014 for agriculture,
food and forestry now asserts that French agriculture and the agri-food and forestry
sectors must rise to the challenge of competitiveness in order to remain competitive
internationally and contribute to the development of production in France. This
endeavour is part of the challenge of ecological transition. The agroecological
project for France aims to put economic and environmental success at the heart of
innovative agricultural practices. Public authorities therefore have an important role
to play in encouraging the adoption of innovative and environmentally friendly
agricultural practices, particularly in the early years of transition.

The government supports growers during the transition phase, but there are
countless press articles and television reports highlighting the risks associated with
residues in agricultural products. Consumers and citizens more generally are
increasingly aware of the health issues associated with crop protection products.
Consumers, through their purchasing choices, can therefore also support agroeco-
logical transition by choosing organic products or products issued from agroe-
cosystems and sometimes, though not always, buy products with certain appearance
defects. Organisations such as the Association for the maintenance of agriculture
(Amap, http://www.reseau-amap.org) play an important role in getting consumers
involved in agroecological transition. The Amap charter requires producers to
respect the principles of agroecology without actually requiring organic certifica-
tion. Similarly, the digital revolution has brought consumers and local producers
together. Different initiatives already exist (e.g. http://laruchequiditoui.fr), allowing
consumers to order products from local family-run farms or local artisans.
Nevertheless, there are not always rules on the agricultural practices used. The
consumer has to be cautious if he or she supports agroecological transition.

Finally, communication campaigns are essential and should not only be aimed at
those involved in agriculture but also the general public. Different media can
provide support during agroecological transition. Labels, certificates, or simply
notices, compatible with logos already used on packaging (e.g. Organic) can help to
give added value to new agroecosystems developed in certain sectors.
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To summarize, after the Biophyto project and the follow-up studies, agricultural
agencies supervised knowledge transfer. The government supported the develop-
ment of agroecological farming during the transition from agrochemical to agroe-
cological practices. Development tools such as demonstration plots (Dephy Ferme
Mango), a Biophyto Agri-Environment and Climate Measure, and an Economic
and Environmental Interest Group, have been set up.

8.10 Conclusion

This research into agroecological protection of mango orchards in Réunion, has
yielded significant results. Growers have adopted agroecological practices such as
vegetal cover in orchards and the elimination or near-elimination of insecticides and
herbicides. The treatment frequency index (TFI) decreased from 22.4 before the
project to 0.3 after the project and production costs were reduced by 35% without
any loss of production except in a few specific situations. Tools and knowledge
have been acquired on the ecological changes following the changes in practices, in
particular in functional biodiversity.

These results show, for mango orchards in Réunion, that transition from agro-
chemical crop protection (with its limits and disadvantages) to agroecological
protection, is possible. To our knowledge, this is the first large scale experience of
its kind (i.e. in a farming environment, over several years) and represents a sig-
nificant step towards demonstrating that Agroecological Crop Protection is viable
for farming environments. It is now possible, based on the knowledge acquired on
the role of biodiversity in agroecosystems, to propose generic management
strategies which can then be adapted to local contexts and growers’ strategies. The
training tools developed assist in the transfer of innovative techniques and the
socio-economic performance of the farms is not affected by the environmental,
health and ecological added value of Agroecological Crop Protection.

Following on from the Gamour experience, the Réunion Biophyto project has
opened up a new dynamic in agroecological attitudes towards mango and fruit
production, not least with the growers themselves. There is a real interest in these
new techniques, as well as a collective awareness of the limits of conventional
agriculture and a desire to develop agroecological solutions for the production of
other fruit and vegetables using the knowledge from the Biophyto transition
experiments.
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Chapter 9
Drought and Agricultural Ecosystem
Services in Developing Countries

Marzieh Keshavarz and Ezatollah Karami

Abstract Agricultural system serves as an important source of provisioning, reg-
ulating, supporting and cultural ecosystem services. However, increased occurrence
of drought has reduced ecosystem services provided by agriculture. Climate change
is also projected to reduce essential ecosystem services, especially in developing
countries. In order to mitigate the negative impacts of climate change on farming
systems, it is necessary to improve our understanding about ecosystem services and
disservices of agriculture and clarify the physical and human factors that drive the
flow of ecosystem services, in developing countries. Since the flows of ecosystem
services and disservices rely on how agricultural ecosystems are managed, it is also
crucial to gain insight into transition of agricultural systems from conventional to
multifunctional production systems. Here, since drought is one of the main drivers of
change in ecosystem services, droughts incidence in developing world and their
impacts on provisioning and non-provisioning services of agriculture are presented.
We explain that the capacity of agricultural systems to provide ecosystem services
under drought is only one part of the framing for services equation. The other parts
are farmers’ willingness to provide additional non-provisioning ecosystem services
and their ecosystem-based adaptation to drought. Furthermore, various strategies
that are already used to protect soil and water resources or deliver environmental
flows during drought are outlined. However, there are some key limitations
regarding ecosystem-based adaptation practices, which can hamper their adoption by
smallholder farmers, especially in developing countries. Thus, appropriate proactive
drought management policies are imperative to facilitate adoption of drought resi-
lient ecosystem based agriculture.
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9.1 Introduction

While agriculture is inherently sensitive to the vagaries of weather, it is now
exposed to unprecedented changes due to climate change, particularly in arid and
semi-arid regions. Climate change is projected to increase the frequency, intensity
and duration of droughts in arid and semi-arid areas (IPCC 2014b). Therefore,
nearly all arid and semi-arid regions are expected to experience significant water
stress. Moreover, extreme weather events are expected to put further pressure on
natural resources and severely reduce productivity of crops and livestock. Climate
change is identified as one of the most important drivers of change in ecosystems
and their services to agriculture (MEA 2005). The most serious impacts such as
watershed changes, pollution and water resource depletion have been observed in
regions under intensive agriculture and areas with water scarcity (Davis et al. 2015;
Hrudey and Hrudey 2004; Keshavarz et al. 2013; Maleksaeidi and Karami 2013).
The intensification of agriculture has put pressure on natural ecosystems through
increased demand for water, food, fiber, minerals and energy (Davis et al. 2015).
These demands are the result of rising world population that is predicted to reach
9.7 billion people by 2050 (UNESA 2015), promoted income, greater global focus
on economic growth and changing dietary preferences (MEA 2005). While global
food production is required to increase by 70% by 2050 (Steduto et al. 2012),
reduction of global water availability along with climate change is likely to con-
strain this production.

Agriculture is the main source of livelihood for more than 2.5 billion rural
residents of the developing world (World Bank 2016). A significant portion of the
developing countries’ farmlands are small, the proportion of which ranges from
62% of Africa to 85% of Asia lands (Vignola et al. 2015). Though most small-scale
landholders face various environmental constraints and rapid economic changes
(Godfray et al. 2010), they provide more than 80% of the food consumed in the
developing countries (IFAD 2013). Water is important in production and an
essential factor to sustain livelihoods (Sullivan 2011). Therefore, direct and indirect
competition for water resources to irrigate intensifies the impact of climate vari-
ability (Davis et al. 2015) and increases vulnerability to climate change. As
smallholder farmers have poor access to natural, financial, physical and institutional
resources (Harvey et al. 2014; Keshavarz et al. 2013, 2014), they are dispropor-
tionately vulnerable to climate change (Vignola et al. 2015).

To reduce the adverse impacts of extreme weather events, effective management
of smallholding agricultural systems and natural ecosystems are imperative
(Keshavarz et al. 2014; Robertson et al. 2014). However, smallholder farmers in
developing countries have limited capacity to adapt to climate change. Although
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many smallholder farmers have experience in coping with a certain degree of
uncertainty (Keshavarz and Karami 2014), most farmers are ill-prepared for the
challenge of adapting to climate change induced hazards (Vignola et al. 2015). This
low level of adaptation to climate change will have major socio-economic and
ecological implications for smallholder farmers and agricultural systems in devel-
oping countries.

In this chapter, first ecosystem services and disservices of agriculture are
described. Since the flows of ecosystem services and disservices rely on how
agricultural ecosystems are managed (Zhang et al. 2007), transition of agricultural
systems from conventional to multifunctional production systems is explained.
Also, the main ecosystem services and disservices of different forms of agriculture
are introduced. After that, the direct and indirect drivers of ecosystem services of
agriculture are expressed. These initial sections provide an understanding of the
importance of agricultural systems in ecosystem services flow and attempt to
identify the physical and human factors that drive generation and evolution of
ecosystem services. Since drought is one of the main drivers of change in
ecosystem services, in the next step, drought incidence in developing world and its
impacts on ecosystem services of agriculture are described. The focus then shifts to
explaining farmers’ willingness to provide ecosystem services and their
ecosystem-based adaptations to drought. Finally, several issues in regard to insti-
tutional management of ecosystem services under drought are discussed and some
recommendations are offered to make ecosystem based agricultural systems resi-
lient to drought.

9.2 Ecosystem Services and Disservices from Agriculture

Ecosystem services are defined as the benefits that are provided by nature for
human populations and society (Costanza et al. 1997). While ecosystem services
depend on context, time and space (Zagonari 2016), the Millennium Ecosystem
Assessment (2005) recognized four categories of services, all of which directly or
indirectly support human survival, health and well-being, through the world
(Costanza et al. 1997; Zhang et al. 2017). These categories include provisioning,
supporting, regulating and cultural services.

Provisioning services include the work of nature that supplies food, fresh water,
fiber, fuel and other raw materials. Supporting services comprise the ecological
processes necessary for production of other ecosystem services. Soil retention and
formation, biodiversity protection and disturbance regimes are recognized as sup-
porting services. Regulating services consist of eco-physiological functions and
ecosystem processes that are imperative for maintenance of the functioning of
ecosystems and they regulate the production of provisioning services. These pro-
cesses regulate climate, flood and disease, provide clean water and maintain bio-
diversity. Cultural services, represent the non-material benefits and
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non-consumptive use values of nature, such as aesthetic landscapes, recreation and
spiritual reflection (MEA 2005).

Ecosystem services intersect with agriculture in three critical ways (Dale and
Polasky 2007). First, agricultural systems provide many provisioning, regulating,
supporting and cultural services for people and communities (Fig. 9.1). Second,
agriculture needs various ecosystem services as inputs for production, especially
soil fertility and pest control (Zhang et al. 2007). Finally, agriculture influences the
quality and quantity of ecosystem services that other ecosystems, i.e. forests and
estuaries, can provide (Dale and Polasky 2007). The following subsections focus on
describing the ecosystem services and disservices of agricultural production
systems.

9.2.1 Provisioning Services

Undoubtedly, the key ecosystem service of agriculture is provision of food, fiber
and fuel and agricultural ecosystems are generally managed to optimize provision
of grain, livestock, fuel, forage and other products which are used to meet sub-
sistence needs. For instance, over the past 55 years, production of cereals- the major
energy component of human diets- and meat has been increased by 369.7% and

Supporting services:
- Soil structure and fertility 
- Nutrient cycling 
- Water cycling 
- Genetic biodiversity  

Regulating services:
- Soil retention 
- Pollination
- Water purification 
- Climate regulation 
- Diseases and pests control  
- Flood control  
- Waste absorption  
- Seed dispersal

Ecosystem disservices:
- Habitat and biodiversity loss 
- Nutrient runoff
- Greenhouse gas emissions 
- Soil deterioration
- Competition for pollination
- Pest outbreaks 
- Pesticide run-off 
- Loss of seed dispersal 
- Soil compaction and fertility 
loss 
- Eutrophication of rivers, 
estuaries and lakes 
- Loss of aesthetic and 
recreation values 
- Loss of well-being  
- Loss of rural lifestyles 

Cultural services:
- Aesthetic landscape
- Recreation 
- Spiritual well-being  
- Rural lifestyles  

Provisioning services:
- Food and Fiber 
- Bioenergy  
- Genetic resources
- Shade and shelter
- Fertilizer 

Agricultural 
Ecosystems

Fig. 9.1 Relationships between agricultural ecosystems and selected ecosystem services; note that
green and red arrows indicate ecosystem services, i.e. provisioning, regulating, supporting and
cultural services and disservices of agricultural systems, respectively (Dale and Polasky 2007;
Kragt and Robertson 2014; Swinton et al. 2007; Tilman et al. 2002; Zhang et al. 2007)
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994.6%, respectively, in developing countries (Fig. 9.2). During this period,
intensification of cultivated systems, e.g. greater inputs of fertilizer, water and
pesticides, new crop strains and other technologies of the ‘Green Revolution’
(Tilman et al. 2002), has been the primary source of increased yield. However,
some developing countries, predominantly found in sub-Saharan Africa, have
continuously relied on expansion of harvested land. For example, over the period of
1961–1999, expansion of cultivated area contributed only 29% to growth in crop
production of developing countries, while 71% of increased yields in sub-Saharan
Africa attributed to land area expansion (MEA 2005).

In addition, a wide variety of crops are used for fiber production such as cotton,
flax, hemp and jute. Among these, cotton production has increased more than
fourfold in developing countries, yet the land area on which cotton is cultivated has
stayed virtually the same (FAOSTAT 2016) indicating that there has been sub-
stantial intensification in the crops production. Furthermore, as indicated in
Fig. 9.2, the developing countries’ timber harvest has increased by 137.3% since
1960 and wood pulp production has increased more than threefold during this
period (FAOSTAT 2016). Also over the past five decades, production of charcoal
has more than doubled in developing countries (Fig. 9.2). In the process of
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Fig. 9.2 Long-term trends in food, fiber and fuel production in developing countries (own
representation based on FAOSTAT 2016)
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optimization, agricultural ecosystems depend on a wide variety of regulating and
supporting services that determine their biophysical capacity to provide food, fiber
and fuel (Zhang et al. 2007).

9.2.2 Regulating Services

Regulating services are the most diverse group of services provided by agriculture
(Fig. 9.1). Agricultural ecosystems can regulate the population dynamics of pests,
pathogens and pollinators, in addition to fluctuations in levels of soil loss, water
quantity and quality, greenhouse emissions and carbon sequestration (Swinton et al.
2007).

9.2.2.1 Pest Control

Multiple studies have examined the relationship between landscape structure and
natural enemy populations as well as between predator communities and pest
suppression (Armbrecht and Perfecto 2003; Chaplin-Kramer et al. 2011; Perfecto
et al. 2004; Philpott et al. 2009; Shackelford et al. 2013; Van Bael et al. 2008; Veres
et al. 2013). Estimates indicate that as little as 20% non-crop habitat can preserve
effective pest suppression, while others show that addition of targeted resource
habitats such as woodlands, field margins, permanent grasslands or hedgerows can
improve local pest control even in landscapes containing 75% non-crop habitat
(Landis 2016).

Furthermore, landscapes with higher structural complexity can support increased
natural enemies and pest suppression (Gardiner et al. 2009; Meehan et al. 2011).
Therefore, the presence of natural enemy populations largely depends on the
availability of appropriate habitat and prey during periods of the year when crop
pests are not available. In order to deliver this service, managing agricultural
landscapes to allow pest regulation is imperative (Rusch et al. 2016; Swinton et al.
2007).

9.2.2.2 Greenhouse Gas Mitigation

Agriculture directly accounts for 12–14% of global anthropogenic emissions of
greenhouse gases (IPCC 2007). This is mainly the result of N2O emitted from soil
and manure and from methane emitted by ruminant animals and burned crop
residues (Robertson et al. 2014). Considering the greenhouse gas costs of agri-
cultural expansion, agronomic inputs, e.g. fertilizers and pesticides, and
post-harvest activities, e.g. food processing, transport and refrigeration, agriculture
accounts for 26–36% of all anthropogenic greenhouse gas emissions (Barker 2007).
However, agricultural practices can effectively reduce or offset greenhouse gas
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emissions through a variety of processes (Smith et al. 2008). For example, replacing
synthetic nitrogen fertilizers with biological nitrogen fixation by legumes can sig-
nificantly reduce CO2 emissions from agricultural productions. Effective manure
management can also reduce emissions from animal waste.

Various agricultural management practices have different effects on greenhouse
gas mitigation may result in trade-offs, e.g. no-till energy savings versus the carbon
cost of additional herbicides. They may also be synergistic, e.g. leguminous cover
crops in the biologically based systems not only increase soil carbon storage but
also reduce the CO2 emissions of manufactured fertilizer nitrogen (Robertson et al.
2014). Designing optimal agricultural systems is not difficult. For instance, soil
conservation practices such as no-till cultivation and conservation tillage can save
soil carbon. Crop rotations and cover crops can also significantly reduce degrada-
tion of subsurface carbon (Power 2010).

Moreover, production of cellulosic biofuels can mitigate some portions of
agriculture’ greenhouse gas emissions (Robertson et al. 2008). Bioenergy has the
potential to offset fossil fuel use. Also, replacement of fossil fuel-generated energy
with solar energy that is captured by photosynthesis has the potential of reducing
CO2, N2O and NOx emissions (Power 2010).

9.2.3 Supporting Services

As indicated in Fig. 9.1, enhancing and maintaining soil structure and fertility,
nutrient and water cycling, as well as biodiversity protection are recognized as
supporting services of agriculture. Arguably, the most important supporting service
of agriculture is the maintenance of long-term productivity of soil. Soil provides
multiple and multifaceted supporting services such as food and raw material pro-
duction, water and nutrients cycle regulation and biodiversity conservation
(Calzolari et al. 2016). Soil fertility is related to soil structure- porosity, aggregate
stability, water holding capacity and erosivity (Robertson et al. 2014) and all of
these factors are potentially affected by agronomic practices. Soil organic matter
provides mineral nutrients imperative for crop growth. For instance, in intensively
fertilized grain crops, soil organic matter provides about 50% of the crop’s nitrogen
needs (Swinton et al. 2007). However, conservation tillage practices can increase
soil organic matter (Kragt and Robertson 2014).

About 50% of soil organic matter is carbon. Carbon provides the chief source of
energy for heterotrophic organisms that form the complex soil food web and plays
an important role in soil structure. Soil aggregates are formed by mineral particles
held together by decomposition products, such as polysaccharides. Aggregates form
the basis for a soil structure which improves infiltration, soil water retention and
porosity (Swinton et al. 2007). These qualities, in turn, enhance microbial activity
and plant growth and therefore provide a more balanced set of services for the
agricultural systems (Landis 2016).
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9.2.4 Cultural Services

Other ecosystem services provided by agricultural landscapes are cultural benefits
including aesthetic landscape, recreation, spiritual well-being and the cultural
heritage of rural lifestyles (Fig. 9.1). Economic valuation of these services can be
difficult as many of the impacts are intangible.

9.2.5 Ecosystem Disservices

While agricultural production systems provide many ecosystem services, they affect
the quality and quantity of ecosystem services that other ecosystems can provide
(Dale and Polasky 2007). If the effects on other ecosystems are negative, they are
defined as ‘disservices’ of agriculture. Some agricultural disservices include loss of
biodiversity, nutrient runoff, agrochemical contamination and sedimentation of
waterways, greenhouse gas emissions and pesticide poisoning of human and
non-target species (Fig. 9.1).

9.3 Transition to Multifunctional Agriculture: Improving
Ecosystem Services

Historically, the basic function of agriculture was food production. Later at the
dawn of economic development, providing industrial raw material and labor
(Fig. 9.3) were also considered (Long et al. 2010). After the Second World War, in
order to enhance agricultural production, more intensive practices based on
mechanization and high levels of inputs such as energy, fertilizers and pesticides
were promoted (Tilman et al. 2002). Intensification incorporates intensive tillage
regimes and reduction in crop diversity (Matson et al. 1997).

Conventional agriculture has contributed substantially to increasing food pro-
duction (Craheix et al. 2016; Montanarella 2007) but it has disrupted many of the
regulating and supporting ecosystem services that are provided by agricultural
ecosystems (Table 9.1). Some of the detrimental impacts of conventional agricul-
ture are:

(1) Depletion of soil ecosystem services: Conventional agriculture can lead to
breakdown of soil aggregates, reduced levels of soil organic carbon and total
nitrogen and also decreased diversity and abundance of soil organisms due to
the monoculture of high-yielding varieties and increased chemical and
mechanical inputs (Mazzoncini et al. 2011; Stoate et al. 2009). Soil degradation
further reduces production potential and enhances need for greater quantities of
external inputs, e.g. fertilizers. As a result, intensive agricultural systems are
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less able to withstand extreme weather events such as drought (Robertson et al.
2014). Moderately intensified agricultural systems can provide a more balanced
set of services. While yields are more modest, other services such as soil
retention can be relatively high (Landis 2016).

(2) Greenhouse gas emission: Conventional agriculture contributes to 12–14% of
global greenhouse gas emissions through methane and nitrous oxide emissions
and also the use of fossil fuel for fertilizer production (IPCC 2007).

(3) Availability and mobility of natural enemies: Reduction in overall complexity
of landscapes, fragmentation of natural non-crop habitats and reduction in plant
species richness that accompanies agricultural intensification, can lead to the
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Fig. 9.3 Transition from conventional to multifunctional agriculture; note that prominent
functions of each agricultural system are indicated with colored lines. ‘H&W’, ‘C’, ‘P’, ‘W&I’,
‘E’ and ‘N&L’ stand for ‘health and well-being’, ‘climate’, ‘production’, ‘work and income’,
‘environment’ and ‘nature and landscape’, respectively (Vereijken 2002)

Table 9.1 Ecosystem services provided by agricultural systems

Agriculture 
paradigms 

Ecosystem services Ecosystem services 
costs 

Pr
ov

is
io

n 
of

 fo
od

 

W
at

er
 su

pp
ly

 a
nd

 
re

gu
la

tio
n 

di
se

as
e 

an
d 

na
tu

ra
l 

pe
st

 c
on

tro
l 

bi
od

iv
er

si
ty

 
co

ns
er

va
tio

n 

gr
ee

nh
ou

se
 g

as
 

m
iti

ga
tio

n 

so
il 

fe
rti

lit
y 

an
d 

er
os

io
n 

co
nt

ro
l 

re
cr

ea
tio

n 
an

d 
ae

st
he

tic
s 

fo
od

 c
os

t 

na
tu

re
 a

nd
 la

nd
sc

ap
e 

co
st

 

he
al

th
 a

nd
 w

el
l-

be
in

g 
co

st
 

pa
ym

en
t f

or
 

ec
os

ys
te

m
 se

rv
ic

es
 

Conventional  
Conservation 
Organic  
Multifunctional  

Cell colors: potential provider of ecosystem services and their costs:      high       medium      low  

9 Drought and Agricultural Ecosystem Services … 317



loss of habitat heterogeneity and significant decline of natural enemy popula-
tions (Tscharntke et al. 2005).

(4) Water quality and quantity: In intensified agricultural systems, less than half of
the applied nitrogen (N) and phosphorous (P) fertilizer is used by crops. Excess
fertilizer is washed away from agricultural fields via surface runoff or leached
into the ground water (Jose 2009). Legacy soil N and P contaminate water
resources and decline water quality (Horrocks et al. 2014). On the other hand,
intensified agriculture has led to increased water withdrawal from surface and
ground water resources. It is estimated that almost 70% of water resources are
used for irrigation (MEA 2005).

The current trend for increasing ecosystem disservices with conventional agri-
culture is forecast to continue in developing countries where demand for
energy-intensive food is expected to grow (Power 2010; Zhang et al. 2007). The
long-term health of agricultural ecosystems, as well as their ability to provide food
and other diverse benefits, requires that farmers in developing countries mitigate the
negative consequences of conventional farming and expand their management
focus to include the provision of ecosystem services (MEA 2005). The three most
widely adopted alternative farming practices are conservation agriculture, organic
farming and multifunctional agriculture (Fig. 9.3). The following subsections focus
on describing these alternative agricultural systems.

9.3.1 Conservation Agriculture

Conservation agriculture is characterized by minimum or no mechanical soil dis-
turbance, permanent organic soil covers by retaining crop residues and crop rota-
tions (Powlson et al. 2016). Conservation agriculture not only preserves high values
of landscape and nature and reduces labor costs (Fig. 9.3), but also mitigates cli-
mate change through soil carbon sequestration and the regulation and provision of
water through soil physical, chemical and biological properties (Haramoto 2014;
Palm et al. 2014; Powlson et al. 2016). Conservation agriculture delivers multiple
ecosystem services (Table 9.1) including:

(1) Providing soil fertility: Conservation agriculture changes soil properties and
processes and reduces soil degradation relative to conventional practices (Palm
et al. 2014). For instance, conservation tillage practices can increase soil
organic matter which helps water storage and reduces soil erosion (Kragt and
Robertson 2014). The presence of cover crops can also increase soil microbial
biomass and microbial activity compared to fallow fields (Mendes et al. 1999)
and thereby enhance soil ecosystem services through increased plant nutrient
uptake and reduced soil erosion (Gianinazzi et al. 2010). Moreover, retaining
crop residues can directly reduce soil erosion by minimizing the time that soil is
bare and exposed to wind, rainfall and runoff (Palm et al. 2014) and increase
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soil carbon sequestration which assists climate change mitigation (Kragt and
Robertson 2014).

(2) Providing greenhouse gas mitigation: Conservation agriculture was not initially
developed as a practice to reduce greenhouse emission. However, it is now
recognized as a potential technology to do so. The net potential of conservation
agriculture to serve as a greenhouse gas mitigation strategy depends on the
direction and magnitude of changes in soil carbon, nitrous oxide (N2O) and
methane (CH4) emissions associated with its implementation compared to
conventional farming (Palm et al. 2014). Various component practices of
conservation agriculture have different effects on soil carbon stock. For
instance, leguminous cover crops in the biologically based systems increase soil
carbon storage compared to conventional practices (Robertson et al. 2014).
Also, no-till cultivation and conservation tillage can save soil carbon (Power
2010). However, changes in soil carbon do not necessarily result in climate
regulation if there is not a net transfer of CO2 from the atmosphere (Palm et al.
2014).

(3) Increasing water quality and quantity: No-till management or minimum tillage
methods such as riparian buffers can reduce erosion and runoff (Robertson et al.
2014). Reducing runoff and water erosion also results in lower transport of
sediments, nutrients and pesticides and consequently higher water quality in the
catchment area (Palm et al. 2014). Moreover, better soil structure, presence of
cover crops and low exposure to drying compared to conventional farming,
results in more water available for plants in conservation agriculture systems.
Water holding capacity of the topsoil is also generally higher due to the
increased soil organic matter contents (Palm et al. 2014; Robertson et al. 2014).

(4) Preserving biodiversity: Biodiversity is higher in conservation agriculture rel-
ative to conventional farming. This higher diversity can be related to improving
regulating services, e.g. pollination (Palm et al. 2014).

Despite these wide-ranging potential ecosystem services, conservation agricul-
ture has been only adopted on large-scale mechanized farms, particularly in
Australia, United States and Europe (Craheix et al. 2016; Kertész and Madarász
2014; Basch et al. 2015) and its practical feasibility for African and Asian small-
holders in mixed crop/livestock systems, where crop residues are used as animal
feed (Lahmar 2010; Valbuena et al. 2012) is questionable. There are also con-
trasting results regarding the short-term effects of conservation agriculture on crop
yield (Aryal et al. 2015; Jat et al. 2012, 2014; Pittelkow et al. 2015; Thierfelder
et al. 2015) and pest regulating services (Brainard et al. 2016).

9.3.2 Organic Farming

Organic farming is designed to alleviate the detrimental impacts of
chemical-synthetic inputs in conventional agriculture (Duru et al. 2015). The
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emphasis is on using smart management rather than relying on external chemical
inputs. These include crop rotation, biodiversity conservation and managing for
biological pest control (Fan et al. 2016). It offers a great potential to develop low
input technologies for producing food without causing damage to human health
(UN 2008). While crop yields from organic agriculture are often lower than con-
ventional agriculture systems (Fan et al. 2016; Noponen et al. 2012), it can deliver
more significant ecosystem services than conventional agriculture (Table 9.1).
Some of the environmental benefits of organic farming are:

(1) Providing soil fertility: Organic farming is designed to enhance levels of soil
organic carbon and total nitrogen and promote greater microbial biomass and
diversity (Reganold et al. 2010; Verbruggen et al. 2010) through various soil
fertility management practices including use of organic residues as soil
amendments, growing nitrogen fixating crops as the major nitrogen source, use
of crop rotation and cultivating species that are diversified in space and time to
control erosion and build soil organic matter (Wander 2015). However, there is
conflicting evidence on the ability of organic farming to enhance soil fertility
above that of conventional agriculture. Gosling and Shepherd (2005) and
Kirchmann et al. (2007) found no significant differences in levels of soil
organic matter and total nitrogen carbon: nitrogen ratio between conventional
and organic farms.

(2) Providing greenhouse gas mitigation: Greenhouse gas emission per hectare in
organic agriculture is significantly lower than conventional agriculture, which
can be attributed to lower synthetic fertilizer input use in organic farming (Bos
et al. 2014; Meng et al. 2017).

(3) Availability and mobility of natural enemies: Pest management agricultural
practices often lead to changed food web structure and communities dominated
by a few common species, which together contribute to pest outbreaks
(Crowder et al. 2010). When enemy evenness is disrupted, pest densities are
high and plant biomass is low (Sandhu et al. 2010). Organic farming potentially
mitigates this ecological damage by promoting evenness among natural enemy
species (Crowder et al. 2010).

(4) Preserving biodiversity: A wide range of birds and mammals, invertebrates and
arable flora benefit from organic farming through increasing in abundance and
species richness (Holt et al. 2016). Beneficial effects of organic agriculture on
fauna and flora can be attributed to prohibition/reduced use of synthetic fer-
tilizers and pesticides and application of environmentally friendly farming
practices such as crop rotations (Meng et al. 2017). Planting a variety of crops
in rotation increases the diversity of soil microbes underground. This in turn
improves soil organic matter and structure and also aids the healthy functioning
of the soil (Tiemann et al. 2015).

Despite various environmental benefits, organic farming has not yet succeeded
in replacing conventional agriculture (Sandhu et al. 2010). A break-through of
organic agriculture will chiefly depend on crop yield enhancement and cost
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reduction (Table 9.1) so that it competes economically with conventional products
(Vereijken 2002).

9.3.3 Multifunctional Agriculture

The concept of multifunctional agriculture was introduced by Japan in the late
1980s (Tao et al. 2014). Multifunctional agriculture aims to maintain sustainable
production and minimize the ecological impact of agricultural practices (Marzban
et al. 2016), it promises benefits over many other forms of agriculture (Manson
et al. 2016) and strengthens the mutual synergies between various ecosystem ser-
vices (OECD 2001; Palm et al. 2014). However, its potential is unrealized in many
places (Jordan and Warner 2010). The notion emerged when it was officially
proposed in the Agenda 21 documents of the Rio Earth Summit, in 1992, partic-
ularly with regard to food security and sustainable development (UNCED 1992).
After being addressed in the Agenda 21, the concept has gradually played an
important role in scientific and political debates on the future of agriculture and
rural development, particularly the ongoing reform of the Common Agricultural
Policy, CAP, of the European Union (Tao et al. 2014).

The meaning attributed to multi-functionality in international debates is
ambiguous. Various institutions have adopted the concept with slightly different
interpretations and in relation to different policy agendas (Renting et al. 2009).
Using the concept of multifunctional agriculture in scientific debates has been most
clearly inspired by the work of the Organization for Economic Cooperation and
Development, stating that agriculture is multifunctional when it has one or several
functions in addition to its primary role of producing food and fiber (Rossing et al.
2007). Another use of the concept can be traced back to the Food and Agriculture
Organization, FAO, which focused on the varied nature of agricultural activities,
specifically in the developing countries, and its multiple contributions to livelihood
strategies of households and rural development. FAO’s notion of multiple roles of
agriculture covers contributions of agriculture to environmental externalities and
development challenges such as food security, poverty alleviation, social welfare
and cultural heritage (Renting et al. 2009). A third use of the concept is related to
the ongoing reform of CAP. Within this approach, beside producing food and basic
materials there is an emphasis on natural resource protection, leisure and recovering
space as well as cultural landscape and non-commodity outputs (Wiggering et al.
2003).

Due to the fact that agriculture has different characteristics and functions and
human demands differ between countries, adoption of multifunctional agriculture
has been very uneven. Some regions such as New Zealand and several European
countries, i.e. United Kingdom, Netherlands, France and Norway, consider the
multi-dimensional nature of agriculture as a provider of private and public goods
and services. However, many developing countries have rarely applied the concept
(Manson et al. 2016). The main focus of the developing countries is still on the
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primary function of agriculture as a supplier of food and basic materials (Tipraqsa
et al. 2007) and their support for agriculture does not take into account public goods
(Peng et al. 2015).

In developing countries, small-scale farming is widely implemented.
Considering the limited resources and small scale, smallholding agriculture cannot
fulfil such a broad set of functions at the farm scale. Only larger regions may meet
this challenge (Vereijken 2002). Therefore, to achieve multi-functionality, a shift to
landscape scale thinking, working across farms and creating a governance that
supports food and basic material production whilst ensuring the protection and
enhancement of public goods is imperative (Holt et al. 2016). Also, to ensure
sufficient work and income for smallholding farmers, ecological functions should
be marketed by a wide variety of rural products and services (Vereijken 2002) and
be supported by policy.

9.4 Physical and Human Factors Underlying
the Ecosystem Services Flow of Agriculture

Rural communities of developing countries are highly dependent on local ecosys-
tems to supply goods and services that support their livelihoods. Therefore, it is
imperative to mitigate negative impacts on ecosystem services, e.g. ecosystem
disservices from agriculture, through improvement of our understanding about the
main drivers of the ecosystem services flow. It is widely acknowledged that mul-
tiple direct, mostly physical, and indirect, mostly human, factors drive generation,
state and evolution of ecosystem services. In general, at a global and state level,
factors including changes in demography, economy, technology, culture and reli-
gion, climate conditions, atmospheric carbon dioxide concentrations and land cover
are the major drivers of the ecosystem services flow (Jiang et al. 2016; MEA 2005).
These factors interact in complex ways to change pressures on ecosystems and use
of ecosystem services, in different locations (MEA 2005).

9.4.1 Direct Drivers

Climate variability, i.e. drought, or change is one of the most important direct
drivers of changes in ecosystem services. During the last 100 years, the global
mean surface temperature has increased about 0.6 °C and precipitation patterns
have altered spatially and temporally (MEA 2005). There are strong evidences that
most warming can be attributed to human activities such as burning of fossil fuels
and changes in land use (IPCC 2013). Current models indicate continued and
accelerated climate change, in the future. Based on the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (IPCC 2014a), the global average
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surface temperature will be very likely to rise in 2100 from 3.7 to 4.8 °C compared
to pre-industrial levels, without additional efforts to reduce greenhouse gas emis-
sions. Also, it is very likely that heat waves will occur more often and last longer,
heavy precipitation events will become more intense and frequent in tropical
regions and drought frequency, intensity and/or duration will increase in arid and
semi-arid areas. It should be noted that climate change induced risks are unevenly
distributed and are generally greater for developing nations, with rapidly growing
human populations (Hernández-Delgado 2015; IPCC 2014a).

Current trends in the changing climate, in combination with mathematical model
predictions, have indicated that climate change, especially warmer regional tem-
peratures, has already had or will unequivocally have unprecedented impacts on
biophysical processes that underpin ecosystem dynamics (Lavorel and Grigulis
2012; Metzger et al. 2008; Seppelt et al. 2011). There have been changes in species
distributions, population sizes and the timing of reproduction or migration events
across multiple terrestrial and marine ecosystems (Bellard et al. 2012; Veron et al.
2009) as well as an increase in the frequency of pest and disease outbreaks,
especially in forested systems (MEA 2005).

Climate change also drives changes in ecosystem structure and spatial pattern,
which would affect key processes such as carbon sequestration (Canadell et al.
2010). The net flux of CO2 between land and atmosphere is a balance between
carbon losses from agricultural practices and carbon gains from plant growth and
sequestration of decomposed plant residues in soils (Power 2010). Since 1750–
2003, the atmospheric concentration of carbon dioxide has increased by about 32%
(from 280 to 376 parts per million), due to combustion of fossil fuels and land use
changes, primarily. While this trend is unprecedented in at least the last
800,000 years (IPCC 2014b), it is predicted that the atmospheric concentration of
carbon dioxide will exceed 450 ppm CO2eq by 2030 and will reach CO2eq con-
centration levels between 750 and more than 1300 ppm CO2eq by 2100 (IPCC
2014a). Soil carbon sequestration provides various ecosystem services to agricul-
ture by conserving soil structure and fertility, improving soil quality, increasing use
efficiency of agronomic inputs and improving water quality by filtration and
denaturing the present pollutants (Smith et al. 2008). However, the switch of some
regional ecosystems from carbon sink to carbon sources or vice versa is expected by
the end of the 21st century (Tao and Zhang 2010).

Furthermore, ecosystem services are predicted to be directly influenced by land
cover change. Land cover is critical in regional climate, biodiversity conservation,
provision of ecosystem services and socioeconomic development (Zhao et al.
2015). However, land cover change has increased since 1750 (MEA 2005) and
many natural ecosystems have suffered severe degradations from long-term crop-
land expansion, extensive use and climate change (Liu et al. 2015). Currently,
managed lands cover more than 60% of earth’s land surface and about 60% of this
amount is under agriculture (Foley et al. 2011). Therefore, agriculture is one of the
major proximate drivers of land degradation but the extent of degradation is
intensified by co-occurrence of the other types of drivers such as increased aridity
(Geist and Lambin 2004).

9 Drought and Agricultural Ecosystem Services … 323



Sandstorms, desertification, deforestation and ecological refugees caused by land
cover degradation have threatened ecological security and sustainable development,
in many arid and semi-arid countries. The Millennium Ecosystem Assessment
(2005) reported that land cover degradation increases surface runoff, topsoil erosion
and exposure to rocky surfaces for arid and semi-arid regions. It has also been
observed that deforestation increases soil runoff and siltation of water in arid
regions (Biswas et al. 2012). Furthermore, large-scale deforestation and desertifi-
cation in the tropics and sub-tropics lead to reduction of regional precipitation,
primarily due to decreased evapotranspiration (MEA 2005).

9.4.2 Indirect Drivers

Collectively, indirect drivers influence the levels of production and consumption of
ecosystem services and sustainability of production. From the four major indirect
drivers, i.e. changes in demography, economy, technology, culture and religion,
unprecedented population and economic growths lead to increased consumption of
ecosystem services. However, the negative environmental impacts of increased
consumption depend on efficiency of the technologies used in production of
ecosystem services (MEA 2005).

Between 1970 and 2015, global population increased by 99.8%, from 3.7 billion
to 7.3 billion. Also, total population of developing countries increased from 2.8 to
6.1 billion, i.e. 117.9% growth rate (World Bank 2016). Developing countries have
accounted for the most recent population growth in the past 45 years. Changes in
population can directly affect the amount of energy use, magnitude of air and water
pollution emissions, amount of land required and other direct drivers of ecosystem
services (Alcamo and ÓNeill 2005). Furthermore, the global rate of urbanization
has increased from 36.5% (1970) to 53.9% (2015) and is projected to reach nearly
60% of human population by 2030 (Alberti 2005; World Bank 2016). While 44
developing countries have populations that are 70–95% urban, some parts of Asia
and Africa are still largely rural (World Bank 2016). Income, lifestyle, energy use
and the resulting greenhouse gas emissions differ significantly between rural and
urban populations (IPCC 2014a). For instance, analyzing the effects of urbanization
on energy use over the period of 1975–2005 for 99 countries indicated that the
impact of urbanization on energy use is negative in the low-income countries, while
this impact is positive and strongly positive in medium and high income countries
(IPCC 2014a).

Economic development as one of the main indirect drivers of ecosystem services
flow comprises many dimensions such as income levels, economic structure,
consumption and income distribution (Alcamo and ÓNeill 2005). Historically,
global economic activity has increased by a factor of 26 over the last 45 years.
Although there was a strong demographic growth in the same period, per capita
GDP growth was about 1.8% per year (World Bank 2016). However, global trends
in per capita GDP varied substantially by region. Economic growth was the

324 M. Keshavarz and E. Karami



strongest in Asia, e.g. Hong Kong, South Korea, Singapore and China, averaging
5.0% per year over the 1970–2015 period but was below the global average of 1.8%
in many developing countries (World Bank 2016). Rising per capita income leads
to greater demand for many ecosystem services. At the same time, the structure of
consumption changes by increasing the proportion of fat, meat, fish, fruits and
vegetables and rising the proportionate consumption of industrial goods and ser-
vices (Alcamo and ÓNeill 2005). Also, many taxes and subsidies such as fertilizer
taxes dramatically increase rates of resources consumption. For instance, subsidies
paid to the agricultural sectors of many developing countries encouraged greater
food production that is associated with more water consumption and nutrient and
pesticide release, in 2001–2003 (MEA 2005).

The rate of technological change, especially in energy, water and agriculture
contexts, is an indirect driver of changes in ecosystem services because it affects the
efficiency by which ecosystem services are produced or used (Alcamo and ÓNeill
2005). Technology accounted for more than one third of total GDP growth in
United States from 1929 to the early 1980s and for 16–47% of GDP growth in
selected OECD countries in 1960–1995 (MEA 2005). Impact of technological
change on ecosystem services is evident in the case of food production. With this
regard, much of the increase in agricultural outputs have been attributed to the
increase in yields per hectare rather than expansion of cultivated area (Burgess and
Morris 2009), which has led to reduced need of converting forest or grassland, over
the past five decades. Technological change, however, can lead to degradation of
ecosystem services (MEA 2005) because technological advancements often require
large amounts of goods and materials and can cause new ecological risks (Alcamo
and ÓNeill 2005).

Cultural and religious drivers are also important indirect drivers of ecosystem
services. These factors can influence the trends of producing energy or consuming
food and values related to environmental stewardship. Also, they may be particu-
larly important drivers of environmental change (Alcamo and ÓNeill 2005; MEA
2005). For example, Tengö and von Heland’s study in Madagascar (2011) indicated
that planting trees serves as a symbol of renewal, purification, agreement and
boundary-making culturally, which confirmed the interdependence of cultural
beliefs and the generated ecosystem services.

9.5 Drought Incidence and Impacts on Ecosystem Services
of Agriculture

Both developing and developed countries are vulnerable to extreme natural disas-
ters. However, developing countries have been more influenced by extreme natural
events, on a per capita GDP basis over the past two decades (Munich Re 2013).
Furthermore, both the number and severity of natural catastrophes have increased in
the world, at the same time (Fig. 9.4). However, the magnitude and duration of
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many droughts exceed those captured by instrumental records (Cook et al. 2004)
and many regions of Asia, Africa, Australia and America have experienced longer
and more intense droughts, in the past four decades (IPCC Special Report 2012).

Also, global and regional studies have projected a significant decrease in mean
annual precipitation and higher likelihood of hydrological drought in the
twenty-first century, in North and South America, south and central Asia, west and
central Australia and central Eurasia (Miyan 2015). Moreover, it is expected that
particular hydro-climatic challenges such as seasonal rainfall, intermittent dry
spells, recurrent drought years and high evaporative demand make some arid and
semi-arid regions, i.e. south Asia and sub-Saharan Africa, more vulnerable to
extreme droughts.

9.5.1 Nature of Drought and Its Prevalence in Some
Developing Countries

Drought is an insidious, slow-onset and multi-dimensional natural disaster that
starts unnoticed and develops cumulatively and its impacts are not immediately
observable (Shakya and Yamaguchi 2007). It is commonly classified into four
categories. A meteorological drought is a period of time, i.e. months to years, with
below-normal precipitation over a region (Vrochidou et al. 2013). Hydrological
drought is a period with insufficient surface and ground water resources for
established water usage of given water resources management system (Mishra and
Singh 2010). Agricultural drought is a period with declining soil moisture and
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Fig. 9.4 Frequency of natural catastrophes worldwide from 1980 to 2012. (Adapted from Munich
Re 2013 with minor changes)
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consequent crop failure that results from below-average precipitation, intense but
less frequent rain events or above-normal evaporation (Dai 2011). Finally, so-
cioeconomic drought is associated with failure of water resources to meet water
demands and its effects can be traced to the economic systems (Backerberg and
Viljoen 2003; Mishra and Singh 2010).

Drought is pervasive to all continents of the world (Fig. 9.5). While short-term
droughts have frequently occurred in various regions of the world, many intense or
long-term droughts have been observed in arid and semi-arid regions since 1970s
(Dai 2011). For instance, the African Sahel drought that started in 1968 and lasted
in 1988 led to the starvation of millions of people (Woods and Woods 2007). Also,
very severe droughts occurred in 1972, 1975, 1979, 1981, 1982, 1984, 1989 and
1994–95 in Bangladesh. These events have typically influenced 53% of the pop-
ulation (Adnan 1993). Furthermore, Afghanistan, India, Pakistan and Sri Lanka
have reported droughts at least once in every three-year period, in the last 50 years
(Miyan 2015). At the same time, in Iran droughts have an unprecedented return
frequency of every five years (Amirkhani and Chizari 2010; Habiba et al. 2011)
while the international expectation is every 20–30 years (Eskandari 2001).

Since early 2000, high magnitude droughts have affected large areas of Asia and
Africa. For example, localized wide-range drought of 2011 affected 14 out of 34
provinces of Afghanistan and approximately three million people (OCHA 2011).
Also, Nepal has experienced consecutive annual drought conditions since 2000.
However, the 2008–2009 winter drought was unprecedented in both scale and
severity and Nepal received less than 50% of average precipitation (Wang et al.
2013). The Iranian drought of 2000–2001 affected 90% of the population and led to
serious shortage of safe drinking water in 12 out of 29 provinces (OCHA 2001b).
Furthermore, the historic 2011 drought in the Horn of Africa affected over 13
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Fig. 9.5 Severity of drought worldwide. (Adapted from University College of London 2016)
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million people, caused huge displacement and malnourishment of 30% of the
drought affected people (Miyan 2015).

While many arid and semi-arid regions suffered from severe droughts in the
recent decades, drought conditions remained constant in South America and
intensified in Asia, in 2013 (GDIS 2013). As a result, 258 million people were
affected globally by an exceptional drought, in 2012–2015 (University College of
London 2016). By 2020s, a large part of Asia is projected to experience increased
risk of severe droughts with multiple impacts (Forster et al. 2012).

9.5.2 Drought Impacts on Ecosystem Services
of Agriculture

Since drought can negatively affect ecosystem services of agriculture through
multiple pathways, investigating the influence of long-term droughts on
agro-ecosystems is imperative. Greater understanding of drought impacts on
ecosystem services in agriculture can improve efforts to support drought planning
and adaptation (Covich 2009).

In largely agrarian countries, drought has widespread and devastating impacts on
provisioning services, i.e. food and forage production (Table 9.2), particularly at
local levels (Keshavarz et al. 2014). The impacts of drought on agriculture depend
on its nature, i.e. chronic and contingent, duration, degree of water/moisture defi-
ciency, periodicity of occurrence within a season and size of the affected area (IPCC
2007). Droughts, in conjunction with socio-economic factors, have significant
consequences in terms of reduction/elimination of agricultural production (Chary
et al. 2010; Keshavarz et al. 2013; Simelton et al. 2012).

In Asia, drought had considerable impacts on food grain production in Jordan,
Iran, Iraq and Syria (Pauw 2005). According to FAO (FAOSTAT 2016), Iran’s
wheat production decreased from 16 million tons in 2007 to 8 million tons in 2008,
causing $775.6 million loss. Furthermore, dairy production experienced a decrease
of 8.2% during the same period (FAOSTAT 2016). The ensuing drought of 2008–
2012 forced Iran to import significant amounts of wheat and it seemed likely that
continuous drought would lead to import expansion (FAOSTAT 2016). Moreover,
about 23 million hectares of Asian rice producing areas experienced frequent yield
loss (Widawasky and ÓToole 1990).

Effects of drought tend to be more severe on rain-fed agriculture (Evans 2009).
For example, there has been a profound reduction in lowland rain-fed rice pro-
duction in Mekong region of Cambodia and Lao PDR (Miyan 2015). Also, more
than 4 million hectares of Iran’s rain-fed agricultural lands were directly affected by
drought during the last decade. Consequently, production of rain-fed wheat and
barley were dropped by 34–75% (OCHA 2001b). Moreover, drought caused seri-
ous shortfall of food production in Afghanistan, especially rain-fed wheat was
reduced up to 80% (OCHA 2001a).
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Table 9.2 Drought impacts on ecosystem services of agriculture

Ecosystem service Direct impacts of drought Indirect impacts of drought

Provisioning Food, fuel and
raw material
production

Reduction of crop and forage
production

• Increased food price
• Food insecurity and crisis
• Increased livestock and
wildlife mortality

• Reduced farm families’
income

Regulating Air quality and
climate
regulation

• Disrupted thermal regulation,
e.g. increased daytime
temperature and faster
evapotranspiration rates

• Increased frequency and
severity of wildfire

• Increased mortality of
less drought and heat
stress adapted species

• Decrease of genetic
diversity

• Negative impacts on
animal and plant
population

Regulation of
water flow

• Reduced water supply and
alteration of timing and
magnitude of runoff and
aquifer recharge

• Reduced water quality, e.g.
salinity

• Reduced the diversity and
abundance of many
aquatic taxa

• Canopy loss
• Conflict about water
access and use

• Damaged farm
infrastructure

• Widespread acidification

Erosion
prevention

Increased soil degradation and
erosion

• Increased rate of
desertification

• Permanent decrease in
yield potential

• Disruption of soil
formation

Soil fertility • Depletion of soil moisture and
productivity

• Massive death of drought
sensitive microorganisms

• Reduced rate of microbial
biomass carbon

• Increased wind erosion

Pollination Decline in distribution,
abundance and effectiveness of
pollinators

Reduced seed and fruit
production in plants

Disease and
pest control

• Increased disease spread
• Increased pest pressure

• Reduced quality of life
• Reduced crop yield
• Increased food price

Supporting Nutrient
cycling

Reduced nitrogen, phosphorous
and carbon uptake

• Reduced plants growth
• Reduced crops tolerance
to biotic and abiotic
stress

Maintenance of
life cycles

• Reduction of vegetative cover
• Degraded wildlife habitat

• Negative impacts on
temperature and
precipitation

• Increased soil erosion
(continued)
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The impacts of drought are more pronounced on fodder availability compared
with that of food grains (Chary et al. 2010). A survey conducted during the 1999–
2000 drought in Rajasthan and Gujarat showed that the fodder deficit in arid parts
of Rajasthan was 50–75%, which resulted in livestock migration in search of food,
fodder and drinking water (Rao and Boken 2005). In extensive grazing lands of
Afghanistan, drought also has led to high mortality of livestock. In Samangan,
about 30% of animals perished due to drought and 1,400,000 animals were sold at
low prices (IRIN 2008). Severe production losses may be tolerated for one year or
longer, but when dry conditions persist for several years, rural communities dete-
riorate particularly for nomads and livestock producers (Karimi et al. 2018; Stehlik
et al. 1999). The drought episode of 1979–1984 in Morocco, for example, reduced
the small ruminant population by 40–50% (Pauw 2005).

While the impacts of droughts on provisioning services of agriculture have been
frequently studied, their effects on other ecosystem services have been less clarified
though several types of regulating services of agriculture can be influenced by
drought (Table 9.2). Droughts have severe and direct impacts on hydrological
ecosystem services such as water supply and quality regulations (Table 9.2). In
societies where agriculture is the primary economic activity, deficiencies of pre-
cipitation and reduction in annual runoff and aquifer recharge are decreasing the
surface and ground water resources with negative impacts on water supply for
agricultural and domestic sectors. For instance, consecutive drought years in Yemen
(2007–2009), Bangladesh (1993–1995), Nepal (2002–2006 and 2008–2009),
Afghanistan (2008–2011) and Iran (2007–2011) caused serious water supply deficit

Table 9.2 (continued)

• Increased possibility of
high intensity wildfires

• Increased competition
between livestock and
wild animals for grazing
and water

• Decreased reproductive
success and survivorship

• Increased migration rate
in search of new
resources

Maintenance of
genetic
diversity

Reduced land use and species
diversity

Deteriorate nutrient
cycling

Cultural Aesthetics;
spiritual and
cognitive
development

Weakened spiritual benefits
people obtain from ecosystems

Reduced quality of life

Recreation and
ecotourism

Decline in quantity and quality
of landscapes

Reduced ecotourism
income
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and drying up of some rivers and wet bodies (Keshavarz and Karami 2016; Miyan
2015; OCHA 2011; Wang et al. 2013).

In the early stages of 2007–2011 drought in Iran, some temporary water bodies
dried up and in all others, the water levels reduced to a critical level (IRNA 2014).
Also, with drought progression, many internationally renowned lakes such as
Kaftar, Bakhtegan, Arjan, and Tashk completely dried up (Jam-e-jam 2014) and
most of the traditional groundwater irrigation systems (qanats) experienced reduced
discharge (Bostani et al. 2009). Changes in water balances greatly reduced the
diversity and abundance of many aquatic taxa, from small invertebrates to fish, and
led to localized extinctions in some areas such as Bakhtegan and Parishan Lakes
(IRNA 2010), which led to decline of farm families’ resilience (Maleksaeidi et al.
2016, 2017).

Low flows in rivers and reduced lake levels also increased levels of nutrients and
salinity in many drought-stricken areas of developing countries. There is also some
evidence that drought induced forest mortality can decrease water quality by
increasing nutrient leaching (Beudert et al. 2007). Moreover, reduced flows affected
safe drinking water standards in Nepal, Yemen and Iran (Miyan 2015; OCHA
2001b).

For regulating services, drought can in some cases affect thermal regulation
(Table 9.2). With this regard, extensive canopy loss has large and spatially complex
effects on land surface microclimate and near-ground solar radiation (Royer et al.
2011). Even, reduction of tree cover from 40 to 25% can produce dramatic changes
in the amount of solar radiation incident on the land surface that influences
microclimates for humans and other biota and can result in increased loss of water
via soil evaporation (Royer et al. 2010). Furthermore, there is some evidence that
drought can increase frequency and severity of wildfire by setting up ideal fire
conditions (Table 9.2). The increasing number of wildfires have negative impacts
on animal and plant population (Taninepasargad 2015).

Frequent droughts can reduce soil fertility and increase soil erosion (Table 9.2).
While winter rains play an important role in replenishing soil moisture and
recharging groundwater aquifers, decreased levels of precipitation during winter
season, i.e. winter drought, increased sunlight and warmer temperature caused
moisture to evaporate from the soil. Combination of reduced soil moisture and
associated crops mortality make the soil tend more to wind and water erosion
(Owen 2008). Moreover, increased frequency of droughts can disrupt soil formation
by changing erosion rates. If high soil erosion rates are triggered in drought prone
areas, then it is expected to result in impacts on soil microbial activity, too.
Disruption of soil microbial activity is attributed to massive death of microorgan-
isms that cannot adapt to drought stress (Hueso et al. 2012).

Widespread and severe-sustained droughts have also negative effects on distri-
bution, abundance and effectiveness of pollinators (Table 9.2). Pollinators are vital
for transferring genes within and among populations of wild and cultivated plant
species (Kearns et al. 1998). However, in addition to drought, pesticide use, land
use changes and agricultural intensification have negatively affected plant-pollinator
interactions (Kremen et al. 2002; Aguilar et al. 2006; Ricketts et al. 2008). Declined
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abundance of pollinators and the associated pollen limitation lead to a reduction in
seed and fruit production in plants but they have rarely resulted in complete failure
to produce seed or fruit (MEA 2005).

Drought can also increase disease spread and pest pressure (Table 9.2). Drought
increases the risk of water-related disease, e.g. E coli, cholera and algal bloom,
airborne and dust-related disease, e.g. coccidioidomycosis, vector borne disease,
e.g. malaria, dengue and West Nile Virus and mental health effects, e.g. depression
and anxiety (Stanke et al. 2013). Moreover, long-term drought conditions have
negative influences on natural enemy species and thereby increase pest pressure.
Water is critical for pests and they congregate where they can find sustaining water
and keeping their numbers in balance. In this way, crops are being destroyed.

Supporting services of agriculture can also be modified under drought
(Table 9.2). Drought can alter ecosystem nitrogen, phosphorous and carbon cycles
(Table 9.2). It can reduce plant growth by decreasing nitrogen and phosphorous
uptake, transportation and redistribution (Rouphael et al. 2012; Sardans and
Penuelas 2012). Various studies have indicated that plants reduce nitrogen and
phosphorous uptake upon reduced soil moisture (Cramer et al. 2009; Waraich et al.
2011) and it usually occurs in the short term, i.e. less than 90 days (He and Dijkstra
2014). Moreover, severe extended droughts can reduce carbon uptake in drought
prone areas (Xiao et al. 2009).

Microclimate differences in temperature and soil moisture, due to changes in
precipitation interception, can influence understory species composition (Kane et al.
2011), which can in turn affect nutrient cycling (Table 9.2; Royer et al. 2011). Also,
the increasing number and severity of droughts can reduce habitat quality for wildlife
(Table 9.2). Lack of water, food and habitat protection may decrease reproductive
success and increase mortality rates for the most vulnerable animal species, espe-
cially endangered species (Breshears et al. 2011; Owen 2008). Moreover, drought
may cause existing animal habitats to become patchy by isolating some populations.
Other populations will be forced to migrate in search of new resources (Owen 2008).
During the 2007–2011 drought event in Iran, loss of a dominant plant species had
many effects on ecosystem processes and functions and some animals and birds, e.g.
Dalmatian Pelican, responded to the changing conditions by migrating to other areas
(Tebna 2013). Also, drought can reduce supply of cultural services (Table 9.2) due
to low inflows, poor water quality and people’s perceptions about the negative
impacts of drought on cultural services (Banerjee et al. 2013).

9.6 Valuing Ecosystem Services of Agriculture Under
Drought: The Social Component

The capacity of agricultural systems to provide ecosystem services under drought is
only one part of framing for services equation. The other parts are farmers’ will-
ingness to implement practices that deliver additional services and the extent at
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which adoption requires social, economic and institutional supports (Robertson
et al. 2014). Farmers are important stewards of ecosystem goods and services
(Greenland-Smith et al. 2016). With their selected land use system and drought
management strategies, farmers considerably influence provisioning, regulating and
supporting services of agro-ecosystems. However, there is often a certain level of
trade-off between primary production and provision of ecosystem services to
society for farmers (Gordon et al. 2010). Therefore, determining the attitudes and
perceptions of farmers regarding how their farming practices affect diverse
ecosystem services of agriculture is important and will provide an insight into
which ecosystem-oriented management practices would most likely be adopted by
farmers (Smith and Sullivan 2014).

Despite increasing abundance of literature on the social values of ecosystem
goods and services in developed countries, relatively few environmental valuations
have been conducted in developing countries, where the majority of the world’s
biodiversity is located (Kenter et al. 2011). The limited research has also been
directed towards understanding the relevant agricultural practices that mediate
between agro-ecosystems and delivery of ecosystem goods and services (Bernués
et al. 2016). There is often a focus on particular ecosystem types such as wood-
lands, forests, grasslands and coastal zones. Furthermore, few studies have solely
focused on farmers’ willingness to adopt new management practices that provide
additional ecosystem services. However, previous studies have revealed that will-
ingness of farmers to provide various provision and non-provision ecosystem goods
and services depends on awareness, attitudes, available resources and incentives
(Robertson et al. 2014).

9.6.1 Factors Affecting the Perception of Ecosystem
Services of Agriculture

Although environmental stewardship is a factor influencing many farmers’ deci-
sions, sustained profitability is usually the overriding concern. Particularly for those
services related to reducing the environmental impacts of agriculture, farmers are
more likely to adopt practices that save labor and inputs or improves farmland water
quality without reducing the expected crop revenue (Poppenborg and Koellner
2013; Robertson et al. 2014). Moreover, previous studies have highlighted the
importance of financial incentives in securing a change of land use from productive
agriculture to provision of ecosystem services (Ma et al. 2012; Robertson et al.
2014; Sullivan et al. 2005; Suter et al. 2008; Yu and Belcher 2011). Recently, there
has been a trend towards policies that focus on rewarding farmers for supplying
specific ecosystem services (Smith and Sullivan 2014), i.e. water, carbon, biodi-
versity, cultural heritage and landscape beauty (Scherr et al. 2006; Simelton and
Viet Dam 2014). However, only few attempts have been made for implementing
Payment for Ecosystem Services (PES) programs in developing countries and most
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farmers do not get any specific economic compensation for ecosystem services that
they deliver. Therefore, they are assigned to less importance compared with these
functions (Bernués et al. 2015).

Previous studies have revealed that farm, farmer and institutional factors are
important determinants of participation in PES programs. Farm and farmer factors
include farm size and location, farm income, farm type, farmer’s age, gender and
education and farmer’s perceptions towards environment. Also, institutional factors
include length of scheme and planning horizon, potential development value,
bureaucratic load, requirements associated with the scheme, flexibility of condi-
tions, confidence in efficacy of recommended practices and funding certainty
(Bremer et al. 2014; Christensen et al. 2011; Kwayu et al. 2014; Ma et al. 2012;
Patrick and Barclay 2009; Shultz 2005; Yu and Belcher 2011; Zanella et al. 2014).

While financial rewards are an important reason for farmers to preserve
ecosystem services in agriculture, they can also be profoundly driven by
non-financial motivations when the issue is providing ecosystem public goods
(Greiner and Gregg 2011). Farmers’ pro-environmental behavior can be guided by
personal or ethical motivations around nature stewardship (Sheidaei et al. 2016;
Thomas and Blakemore 2007). Factors such as pursuing personal and family
well-being, personal norms and self-identity, care based ethics and very strong
stewardship ethics have high association with the importance of ecosystem services
on farm (Broch et al. 2013; Fielding et al. 2008; Page and Bellotti 2015).

In some studies, complex sets of farm and socio-demographic factors have been
found to be influential on farmers’ provision of environmental public goods. These
studies include farm size, agricultural land ownership, household assets, enterprise
mix, productivity per hectare, age, experience, gender, formal education, off farm
employment, experience of agri-environment schemes and availability of suitable
equipment (Campos et al. 2012; Hartter 2010; Johnston and Duke 2009; Ma et al.
2012; Pagiola et al. 2010; Poppenborg and Koellner 2013; Shultz 2005; Winter
et al. 2007; Yu and Belcher 2011).

Access to adequate information about the benefits of ecosystem services also
emerged as an extremely relevant factor driving farmers’ participation in nature
conservation programs (Opdam et al. 2015; Zanella et al. 2014). But the relation-
ship between information and participation is not straightforward (Zanella et al.
2014). Receivers interpret and disentangle framed information based on their values
and beliefs related to nature (Opdam et al. 2015). Still, farmers decline to participate
in nature conservation programs when they are informed that the programs may
lead to negative consequences for themselves (Zanella et al. 2014).

Interests, social norms and beliefs also determine how receivers respond to
information. Rational choice theory suggests that information implying losses to the
receiver is likely to be disregarded. For example, when information calls for pre-
serving ecosystem services which cost time or investment, the probability that the
receiver will respond positively to the information is low (Opdam et al. 2015). Also,
peer influence has been identified as influential in receiver’s responses to the
information (Yu and Belcher 2011). In certain cases, such as community engage-
ment workshops, it would be strongly appreciated if all farmers commit to protect
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the ecosystem services of agriculture and the receiver wills to choose
pro-environmental behaviors. In addition to the above-mentioned factors that
determine if the receiver is willing to understand the message, controlling beliefs
may hamper actual behaviors when participants doubt whether they have the
resources and ability to respond. For instance, the farmer may doubt whether he or
she has sufficient knowledge and understanding to carry out ecological pest control
(Opdam et al. 2015).

9.6.2 Determinants of Farmers’ Pro-environmental
Behavior Under Drought

Few studies focus on valuing ecosystem services of agriculture in the context of
drought, particularly. Results of a survey conducted in Australia indicated that
farmers value the importance of on-farm regulating and supporting services for
maintaining productivity and sustainability of farming enterprise under drought,
specifically (Page and Bellotti 2015). Findings of a research in Iran (Keshavarz and
Karami 2016) also revealed that some farmers postpone protection measures when
encountering a severe sustained drought. Low adoption of conservation practices by
farmers suggests that they have expected limited productivity gains from
conservation.

Based on the findings of Keshavarz and Karami (2016), there are two major
barriers to pro-environmental behavior under drought: (1) the time required to
implement the conservation practices; that means farmers with greater dependence
on farm income adopt strategies that could be implemented in the short run and
reduce the short-term negative impacts of drought, and (2) perception of costs of
pro-environmental behavior; that states while the on-farm incomes are extremely
reduced because of drought, irrigation and energy costs continue to increase.
Therefore, financial constraints confined farmers to adjust to low-cost nature con-
servation measures. Moreover, debt-to-asset ratio affected the protection behavior.
High debt-to-asset ratios prevented farmers from adoption of rather expensive
conservation practices. This potentially degrading cycle could be broken through
the application of schemes paying for ecosystem services (Smith and Sullivan
2014).

Also, findings of Keshavarz and Karami (2016) indicated that farmers’
pro-environmental behavior was significantly influenced by perceived vulnerability.
Perceived higher vulnerability to drought threats provisioning, regulating and
supporting services of ecosystem and results in more positive evaluation of pro-
tection behavior and higher acceptance of conservation practices. Furthermore,
results suggested that farmers’ trust in their own capabilities to actually implement
the conservation measures, i.e. self-efficacy, has a significant influence on their
pro-environmental behavior under drought. While renters, who seek profit in the
short term, were less likely to adopt conservation practices, owners adopted some
protective measures in order to reduce the environmental impacts of drought.
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Moreover, operators of large farms were more likely to adopt conservation mea-
sures with the aim of reducing pressure on drought-affected lands. Their findings
illustrated that income is related to pro-environmental behavior, too. Farmers who
attempted to develop off-farm income sources and those who earned more money
from agriculture were less likely to adopt pro-environmental measures (Keshavarz
and Karami 2016).

9.7 Ecosystem-Based Adaptation of Farmers to Drought

Historically, communities in semi-arid dryland ecosystems have adapted to extreme
weather conditions, such as drought (Egoh et al. 2012; Keshavarz and Karami
2016; Shackleton and Shackleton 2006). However, climate change, coupled with
socioeconomic, cultural and political changes, have increased their vulnerabilities
and undermined the supply, utilization and management of ecosystem services,
over the last few decades (Boafo et al. 2016). In order to reduce the adverse effects
of drought and ensure farm-based sustainable livelihoods, adaptation of agricultural
sector is imperative. Adaptation to drought is recognized as a process that moderate
drought-induced risks and supports system transformation through an understand-
ing of the impacts on the system as well as the attributes of the exposed system that
drives vulnerability (Schoon et al. 2011). There is a wide array of farm management
strategies that can help farmers improve their agricultural production systems and
increase the resiliency of their systems to drought (Wezel et al. 2014). However,
adaptation is location specific and depends on many socio-economic and
agro-ecological factors and also climate conditions. Therefore, there is no single
solution which can fit for all regions or countries (Alam 2015).

Research results show that in Ethiopia, Jamaica and South Africa, using different
crop varieties, sacrificing a portion of the crops under cultivation, crop diversifi-
cation, changing planting dates, switching from on-farm to off-farm activities,
seasonal migration, borrowing money to buy water, increased use of irrigation and
developed soil and water conservation practices have been the most common
adaptation strategies to drought (Bryan et al. 2009; Campbell et al. 2011; Deressa
et al. 2009; Ifejika Speranza and Scholz 2013; Nhemachena and Hassan 2007).
Moreover, various ex post adaptation strategies, e.g. crop diversification, changing
cropping intensity, crop mix, crop type and location, and ex ante strategies, e.g.
crop insurance, extension services, income diversification, food reservation and
storage, migration, land-use change and adoption of new technologies, have been
considered by Indian farmers in order to reduce drought impacts (Mwinjaka et al.
2010). Meantime, in Europe, farmers have inclined to redesign their cropping
systems to cope with drought by introducing new crops with higher water use
efficiency and reducing water consumption through crop rotation (Huntjens et al.
2010; Willaume et al. 2014).

Findings of researches conducted in China have revealed that implementing
comprehensive adaptive measures, such as changing varieties, adjusting seeding
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and/or harvesting dates, enhancing irrigation intensity, implementing precise irri-
gation approaches and diversifying both on- and off-farm activities are essential to
mitigate negative impacts of drought (Sun et al. 2012; Wang et al. 2015; Zhang
et al. 2011). Also, results of the studies in Iran have indicated that growing new
crop varieties, reducing cultivation area, increasing fertilizer use, using conserva-
tion or minimizing tillage and leveling land, water harvesting, re-excavation of
rivers and canal, improving water transfer systems, constructing water reservoir, use
of treated wastewater, water resource exploitation, digging irrigation well and
deepening well, crop intensification, crop diversification, changing cropping pat-
tern, income diversification and expenditure management adaptation strategies have
been used by farmers in response to drought (Keshavarz et al. 2014; Keshavarz and
Karami 2014, 2016; Sheidaei et al. 2016).

Despite the established nexus between drought adaptation and sustainable
agricultural practices, adaptation research does not take into account sustainability
issues in designing and implementing adaptation policies and strategies (Wall and
Smith 2005). Whereas, many smallholder farmers are already implementing
adaptation measures that maintain complex agro-biodiversity that results in higher
capacity of their production units to resist, cope with and/or recover from drought
(Lin 2007). Moreover, several authors and international organizations have high-
lighted the general importance and benefits of ecosystem-based strategies for
adaptation to climate change (Vignola et al. 2015). However, few studies have
defined what ecosystem-based adaptation means in the context of agriculture and
they have used this definition to identify which practices are already in place.

Identifying ecosystem-based management practices in agricultural systems and
landscapes can help farmers adapt to drought and also conserve the
agro-ecosystems’ capacity to provide ecosystem goods and services (Tilman et al.
2002). Ecosystem-based adaptation is defined as agricultural management practices
which use or take advantage of biodiversity or ecosystem services or processes to
help increase the ability of crops or livestock to adapt to climate change, in agri-
cultural systems (SCBD 2009; Vignola et al. 2015). Under this definition,
ecosystem-based agricultural practices must be based on conservation, restoration
and sustainable management of biodiversity and ecosystem services, such as
nutrient cycling and water regulation (Vignola et al. 2015). Ecosystem-based
adaptation practices can be considered appropriate or useful for smallholder farmers
if they help farmers to improve their livelihoods, increase or diversify their sources
of income generation, take advantage of local knowledge, rely on local inputs and
have low implementation and labor costs (Vignola et al. 2015). For example, many
empirical studies have asserted that diverse agroforestry systems can ensure a
broader source of crop resistance-capacity against the negative effects of drought
and also enhance food security of smallholder farmers and increase or diversify
their sources of income generation (Altieri and Nicholls 2008; Jackson et al. 2010).

Various drought management strategies are already used in developing countries
to protect soil and water resources or deliver environmental flows during drought
(Campbell et al. 2011; Keshavarz et al. 2010; Keshavarz and Karami 2016;
Robertson et al. 2014; Swinton et al. 2014; Vignola et al. 2015). Use of shade trees,
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as one of the adaptation measures, can help to ensure continued provision of key
ecosystem services, e.g. pollination, natural pest control and conservation of water
and soil. Also, use of shade trees assures more stable production under
climate-related stresses and provides clear socioeconomic benefits to smallholder
farmers (Vignola et al. 2015). However, this practice often results in lower yields in
normal years and requires significant knowledge, technical skills and labor for
site-specific management of shade (Avelino et al. 2011; Lopez-Bravo et al. 2012).
Furthermore, use of mulching or local species, as winter cover crops, can help
conserving soil structure, humidity and nutrients. Utilizing minimum or no-till
practices and also crop rotation strategies can help restoring soil fertility without
reducing expected crop revenue and also ensuring continued provision of nutrient
regulation services on which farming depends (Lavorel et al. 2015; Robertson et al.
2014).

On the other hand, some adaptation strategies are clearly not ecosystem-based
including converting natural habitats to cultivated land, construction of dams for
irrigation water, use of inorganic fertilizers and pesticides, application of genetically
modified varieties and relocation of crops (Alam 2015; Keshavarz and Karami
2016; Davis et al. 2015; Vignola et al. 2015). These adaptation strategies substitute
the role of agricultural systems in providing ecosystem functions and services.
However, the last decades have seen an intensifying use of these coping strategies,
in many drought-prone areas.

It is worth noting that, there are some key limitations to ecosystem-based
adaptation practices which can hamper their adoption by smallholder farmers,
especially in developing countries. Some of these practices, such as using cover
crops, require farmers to make difficult trade-offs between long-term adaptation
benefits and short-term costs, e.g. labor investment needed for their establishment
and maintenance (Jha et al. 2014).

9.8 Adaptive Governance of Ecosystem Services Under
Drought

Increasing frequency of droughts makes farm level adaptation difficult. Appropriate
drought management policies are necessary to facilitate successful forms of adap-
tive responses and enhance resiliency of individuals and communities, in changing
socio-ecological systems (O’Brien et al. 2006; Shinn 2016). While pre-drought
planning can anticipate the spread of drought risk through communities and devise
actions that will limit the negative impacts, many developing countries are still
applying a traditional, reactive approach that relies on crisis management (Karami
2009; Wilhite and Svoboda 2000).

For many years, policymakers and administrators of many developing countries
assumed drought as a rare occurrence that did not require preparation (Kartez and
Kelly 1988). However, managing drought as a crisis has disrupted many
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provisioning, regulating and supporting ecosystem services (Dey et al. 2011;
Keshavarz and Karami 2016). Meantime, recent changes in the natural ecosystems
and complexity of socio-ecological systems have increased the need for a com-
prehensive understanding of drought, which differs significantly from general
institutional assumptions (Keshavarz and Karami 2013). The dynamic patterns,
complexity and nonstructural nature of droughts emphasize the importance of
adaptive institutions and governance strategies which focus on ‘learning to live with
droughts’, rather than ‘controlling them’ (Farhad et al. 2015; Mann et al. 2015).

Although the ecosystem service approach often takes into account a range of
issues about socio-ecological systems, they do not provide direct solutions to
ecosystem services’ governance. The limited attention to policy implementation
and governance in the ecosystem service is due to the fact that ecosystem service
approaches do not take existing administrative and governance structures and
practices as a starting point (Primmer and Furman 2012). While existing adaptive
management studies have proposed new governance strategies that are able to
respond to changing biophysical dynamics effectively (Shinn 2016), these theo-
retical constructs often pay poor attention to the feasibility of implementation and
issues of power within multi-scalar environmental governance systems (Eriksen
et al. 2015). In this way, those designing polices and making institutional adaptation
decisions are struggling with integrating vulnerability of ecosystem services and the
underlying ecosystem functions of agriculture into sustainable use and management
(Primmer and Furman 2012).

The design and implementation become complicated in the context of drought
due to the fact that interventions can contradict or conflict with one another (Loft
et al. 2015). Besides primary environmental objectives, drought management
policies often target non-environmental objectives, e.g. rural development and
sustainable livelihood management, whereas achieving one policy objective, like
significant reduction of chemical fertilizers and pesticides and also irrigation water
use, may have negative impacts on the livelihoods of small scale farmers. Thus,
inevitable trade-off should be considered between achieving environmental goals
and satisfying other policy objectives, in many cases (Loft et al. 2015). Policies that
focus on providing few ecosystem services such as food may erode the very
structures and functions that maintain the state required to produce the services of
interest and eventually they may lead to declined or collapsed ecosystem services
(Gunderson et al. 2016). Consequently, adaptive governance is required to identify
essential structures and functions and their responses to the environmental crisis,
i.e. drought, to avoid critical thresholds (McFadden et al. 2011; Birge et al. 2016).

Adaptive governance is a set of institutions and frameworks that facilitate and
foster adaptive management (Gunderson and Light 2006). Adaptive management is
based on the idea that acknowledging uncertainty is imperative (Green et al. 2015)
and environmental governance systems should have the ability to change activities
based on new insights and experiences (Pahl-Wostl 2009). Adaptive governance
assists farmers to respond uncertainties effectively and make necessary changes
before negative impacts occur (Ostrom 2007). Adaptive governance can be con-
trasted with other forms of governance in key attributes of: (i) engaging formal and
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informal institutions, (ii) cross-scale interactions and poly-centricity, and (iii) focus
on production and dissemination of new social and ecological knowledge (Chaffin
et al. 2014b; Pahl-Wostl et al. 2007). Based on the adaptive governance approach,
engaging those formal and informal actors who understand, manage and benefit
from the ecosystem services (Primmer and Furman 2012) leads to higher adaptive
capacity for resource management and governance systems (Pahl-Wostl 2009).
Poly-centricity, i.e. smaller, more local units of governance existing within large,
more general ones, assists effective response to change and uncertainty (Bakker and
Morinville 2013; Chaffin et al. 2014a).

There are some potential problems with adaptive governance systems. First, the
feasibility of implementing adaptive strategies in places with limited resources is
questionable (Bakker and Morinville 2013). In examining governance barriers in
Mozambique (Sietz et al. 2011), Australia (Mukheibir et al. 2013) and Iran
(Keshavarz and Karami 2013), resource limitations including human, technical and
financial constrains have been reported as a key challenge for adaptive management
which comprises competing priorities due to limited operational resourcing.
Second, poor communication and coordination between communities and govern-
ment (Mukheibir et al. 2013) might lead to local or community needs being
overlooked in adaptation efforts. Limited engagement between formal national
adaptation efforts and communities is considered as the most common governance
barrier in many developing countries such as Kiribati (Kuruppu 2009), Vanuatu and
Solomon Islands (Wickham et al. 2009), Malaysia (Mann et al. 2015), Iran (Karami
2009; Karami and Keshavarz 2016) and Haiti (Pelling 2011). Third, a focus on
adaptive governance might increase attention to adaptation at the expense of
important mitigation efforts (Bakker and Morinville 2013). Fourth, adaptive gov-
ernance systems have the potential to prevent power dynamics between the actors
involved in governance (Bakker and Morinville 2013).

The key message from the body of literature on this topic is that adaptive
governance requires joint actions of multiple parties (Farhad et al. 2015). To
achieve this goal, empowering local people through participatory processes is
imperative (Ronneberg et al. 2013). However, most adaptation efforts aim to
strengthen four main types of activities that are deemed to improve the capacity of
farmers to manage ecosystem services of agriculture under drought including:
(i) developing new technologies such as early warning systems, (ii) facilitating
government support, subsidies, insurance, technical assistance, etc., (iii) assisting
farmers in accessing credit, capital and risk-insurance, and (iv) adapting farm
management practices (Smit and Skinner 2002; Vignola et al. 2015; Wang et al.
2015; Etemadi and Karami 2016).

A survey conducted in southwest Iran (Keshavarz and Karami 2013) indicated
that government does not have the capacity to provide the first three activities in the
short-term (Table 9.3) due to the time lag and external support required to put in
place the necessary enabling conditions, i.e. appropriate policy, governance struc-
ture and process, resource and infrastructure. According to the survey, the gov-
ernment lacks comprehensive drought management plan; including an effective
early warning system and preparedness schemes; an efficient system for continuous
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assessment of drought impacts and dissemination of accurate information to reduce
vulnerability. Also, while different drought assistance schemes are implemented for
affected rural communities, they are not sustained through awareness-raising
approaches (Table 9.3). Therefore, an immediate and direct way to help farmers
providing agricultural ecosystem services is to focus on helping them to use drought
management practices based on agro-biodiversity and ecosystem services that
provide adaptation benefits (van Noordwijk et al. 2011).

9.9 The Way Forward: Designing Drought Resilient
Socio-Ecological Agricultural Systems

Agricultural management practices are keys to realizing the benefits of ecosystem
services (Power 2010). However, rising human population, income growth and
changing dietary preferences (MEA 2005) have driven agriculture to higher
intensities. Intensification of crop production, i.e. conventional agriculture, can
increase ecosystem disservices, particularly in developing countries (Zhang et al.
2007). Therefore, directing intensified agriculture in a way that it enhances delivery

Table 9.3 Macro-level drought management strategies in Iran (adapted from Keshavarz and
Karami 2013 with minor changes)

Strategies Extent
of use†

Strategies Extent
of use†

Conserving water resources 2.63 Developing emergency response
systems

2.68

Conserving soil resources 2.17 Allocating drought relief funds 2.53

Encouraging reduced public
water consumption

1.37 Providing technical support 2.86

Introducing proper farm
management technologies

2.41 Implementing and improving early
warning systems

1.51

Establishing crop improvement
programs

2.47 Setting up a system of information
management

1.97

Introducing drought resistant
varieties

2.44 Improving drought management
information through extension
systems

2.66

Promoting land consolidation
and farm development
programs

2.22 Establishing awareness-raising
campaign to promote household
economy

1.83

Promoting land leveling
programs

2.71 Leading education and awareness
campaigns using media (TV and
radio)

2.36

Promoting optimal crop
patterns

1.98 Encouraging local participation 2.19

†The mean values relate to a five-point scale from 1 = less than 30% to 5 = 91–100%
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of non-provisioning ecosystem services, i.e. multifunctional agriculture, is imper-
ative (Robertson et al. 2014). However, in many developing countries, conventional
agriculture is still dominant and transition to multifunctional agriculture requires
revisiting policies that are recently undermining adoption of this agricultural
paradigm and also designing new policy instruments to improve our understanding
about multifunctional agriculture and its non-provisioning ecosystem services.

An increasing occurrence of drought has threatened the crops’ natural resilience
and has reduced provisioning services of conventional agriculture (Lereboullet et al.
2013). Moreover, drought has directly influenced hydrological ecosystem services,
i.e. water quality regulations and support of natural habitats (Jiang et al. 2016).
These challenges will be magnified in the face of climate change. Climate change is
expected to significantly influence the supply of ecosystem services across all
socio-ecological agricultural systems of the world (Boafo et al. 2016). However,
developing nations are predicted to be among the most vulnerable countries to
climate change because they depend heavily on agriculture and lack the required
infrastructures to respond effectively to increased variability, i.e. drought, in
addition to having limited capitals to invest on innovative adaptations (Lybbert and
Sumner 2012).

In order to reduce the negative impacts of drought and preserve ecosystem
services of agriculture, policy-makers and resource managers need to find effective
ways of building resilience of socio-ecological agricultural systems. Delaying
actions will result in further environmental degradation and will detach agriculture
more from its biological roots. It seems that building resilient socio-ecological
agricultural systems through management of ecosystem processes under drought
has the potential to increase food and fuel production, i.e. provisioning services,
while it can also minimize some of the negative impacts of agricultural intensifi-
cation on non-provisioning ecosystem services (Power 2010). Resilience of an
ecosystem relates to the functioning of the system, rather than the stability of its
components or the ability to maintain a steady ecological state (Adger and
O’Riordan 2000). Therefore, resilience of socio-ecological agricultural systems can
be achieved when a high level of accessibility to food, health care, credit, public
programs, markets, alternative technologies and education is provided (McCune
et al. 2012).

In many developing countries, designing socio-ecological agricultural systems
that are productive, resilient and able to deliver a rich suite of ecosystem services
(Robertson et al. 2014) in the context of drought is ignored. For most developing
countries, responses to droughts are reactive, reflecting what is commonly referred
to as the crisis management approach. However, this approach is frequently inef-
fective, poorly coordinated and untimely, and more importantly, it does little to
reduce the risks associated with drought (Karami 2009; Keshavarz and Karami
2013; Miyan 2015). Therefore, governments should play more proactive roles than
hitherto. With this regard, clear governance arrangements, appropriate policy and
legislation should be considered to reduce drought related risks and improve
ecosystem services of agriculture. Adoption of drought resilient ecosystem based
agriculture (DREbA) in appropriate farming systems and encouraging continued
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use of this approach in areas where farmers are already applying DREbA can
increase adaptation of the agriculture sector to drought. Also, use of drought resi-
lient ecosystem based adaptation strategies offers opportunities to help farmers
adapt to climate change while providing sustainable livelihood and environmental
co-benefits (Vignola et al. 2015). Many drought coping strategies can help maintain
the ability of agricultural systems to provide ecosystem services, e.g. soil and water
conservation, reduced tillage or no-till management, use of fallows, crop rotation
and crop and farm diversification. However, the current natural, structural, financial,
technical and human constraints limit widespread adoption of these strategies
among smallholder farmers. In order to increase adoption of drought resilient
ecosystem based practices, policy makers and resource managers should promote
the use of appropriate adaptive strategies and support their widespread adoption.

Three ways are proposed in which the use of drought resilient ecosystem based
adaptation practices can be promoted by farmers of developing countries. First, it is
important to improve our understanding and collate scientific evidence of the
long-term effectiveness of different drought coping strategies and ecosystem based
adaptation practices in order to enhance the resilience of crops, livestock and
farming systems in the face of climate change (FAO 2013). There are still few
studies that explicitly compare the relative performance and cost-effectiveness of
ecosystem based drought coping strategies versus non-ecosystem based drought
coping options under different agricultural systems (Vignola et al. 2015). Also, the
long-term impacts of many changes that have occurred in natural ecosystems
should be recognized. It seems likely that developing countries have greatly
underestimated the impact of past land use intensification. As an outcome, they are
ill-prepared for the negative consequences of any future intensification (Davis et al.
2015).

In addition, more information is needed about which drought coping ecosystem
based adaptation strategies are the most appropriate for farmers living in different
socioeconomic and agro-ecological contexts (Vignola et al. 2015), by considering
the ecosystem services, especially provisioning ecosystem services, as parts of a
wider livelihood strategy portfolio of natural resource dependent communities
(Boafo et al. 2016). This is due to the fact that the relative effectiveness of coping
practices is likely to be highly context-dependent and no one-size-fit adaptation
strategy can enhance the resilience of all households and communities. Ecosystem
based adaptation is strongly connected to the social elements of communities and
involves local knowledge, values and practices, so joint actions of multiple gov-
ernmental and local parties are required. Policy tools based on internal motivations,
such as participatory policies for determining appropriate adaptation strategies,
often entail considerable time and risk. However, their effects on building resilience
of socio-ecological systems is more evident (Dedeurwaerdere et al. 2016).

Second, better articulation of agricultural and climate change policies is needed
to promote incentives or actions that achieve production targets, maintain the
ecosystem services of agriculture and improve farmer livelihoods under drought,
simultaneously (Vignola et al. 2015). Indeed, agricultural producers, especially
smallholder farmers, are likely to adopt drought resilient ecosystem based
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adaptation strategies if they perceive that these practices will help them achieve
their production goals (Page and Bellotti 2015) or if they receive direct incentives
for their implementation, e.g. payment for ecosystem services (Robertson et al.
2014). This means that various ecosystem based adaptation practices would need to
be included in payment schemes for ecosystem services. Also, recognition of
farmers’ values of ecosystem services is imperative to establish which regulating
and supporting services are the most important services to them, as well as the
perceived drivers of drought and climate change (Smith and Sullivan 2014).
Through explicit financial and non-financial supports, i.e. creating a better infor-
mation and evidence basis, capacity building and technical support for improved
protection of agro-ecosystems and the services they provide, farmers will be in a
much better position to secure and enhance their important societal role in the future
(Mann et al. 2015; Smith and Sullivan 2014). At the same time, governments
should revisit policies that promote simplification of agro-ecosystems and use of
agrochemicals and fossil fuels (Altieri and Koohafkan 2008).

Third, it is recommended that governments strengthen and provide evolving
support for agricultural extension programs, technical assistance services and uni-
versities to assure that their curricula and outreach activities include the promotion
of drought resilient ecosystem based adaptation practices (Vignola et al. 2015).
Many developing countries have reduced their extension programs noticeably while
the need for such support, especially for smallholder farmers facing severe sus-
tained droughts, is greater than any other time (Chang 2009; Porter et al. 2014).
Effective extension services are imperative to promote information exchange on
drought management and ecosystem based adaptation activities from research
centers to agricultural producers and vice versa (Vignola et al. 2010). Therefore,
greater investment in research, training and transfer of technology services is
required to ensure that farmers have enough access to the best available resources
and information related to drought adaptation strategies and they can make
informed decisions about their farming systems (Keshavarz and Karami 2014;
Vignola et al. 2010).
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