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Preface

1 like farmers because they are not learned enough for wrong
thinking

Montesquieu
Farming is a profession of hope

Brian Brett

Farmer Thinking

The global food demand will sharply increase in 2050 to feed an estimated population
of nine billion. At that time, agricultural extension will not be possible anymore
because production has already reached sustainable limits in many parts of the
world due to environmental degradation and climate change. Worse, in the name of
immediate profits industrial agriculture is actually producing contaminated food
and water, increasing atmospheric CO, by burning soil carbon, and decreasing soil
fertility in the long term. Industrial agriculture has also deepened the social gap
between the farmers from the countryside and the customers from the cities, leading
to many food security issues. As cleverly foreseen by Montesquieu, we should
never have ignored farmer thinking. The actual challenge of agriculture is therefore
to be sustainable and ecological and to produce safe food.



vi Preface

On field discussions on a seeder adapted to direct sowing in tropical wet areas. © 2013 Magalie
Lesueur Jannoyer

Agroecology

Agroecology is a scientific discipline that uses ecological theory to study, design,
manage, and assess agricultural systems that are productive but also resource
conserving, according to Altieri (http://nature.berkeley.edu/~miguel-alt/what_is_
agroecology.html; Altieri 2012; Altieri and Nicholls 2012; Altieri et al. 2012). The
main agroecological goals are thus to feed the world without degrading natural
resources and to sustain productivity by optimizing ecological processes. These
overall principles are developed for decision makers in the FAO Save and Grow
reports for sustainable intensification of smallholder crop production (Food and
Agriculture Organization 2011) and in the ONU special contribution of Olivier de
Shutter (De Shutter 2011, 2012). The future of agriculture depends on how effectively
we understand and manage both social and ecological factors. The science of agro-
ecology involves by nature the study of the whole agrosystem. As a consequence,
investigations must be multidisciplinary with contributions from all disciplines
relevant to the farming system, such as biological, physical, and social sciences.
The major breakthrough versus industrial agriculture is that agroecology does not rely
solely on technical knowledge. Farmers and human networks are indeed considered
central players of the system. As a consequence, the classical top-down directives are
not efficient anymore. Alternatively, bottom-up, participatory, and codesign studies will
lead to sustainable innovations that will be accepted by farmers and the public.
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Preface vii

Cover crop trials in banana cropping systems. © 2013 Magalie Lesueur Jannoyer

Family Farming

2014 is the International Year of Family Farming. Most farmers worldwide practice
family farming, which yields nearly 70 % of the global agricultural production.
Family farming is a very good topic for agroecological investigations, because most
of the time family farming involves the use of biological regulations in diversified
production systems instead of monoculture and chemical solutions. Family farming
also provides local knowledge and know-how accumulated over centuries. Family
farming is also a good case for agroecological studies, because it involves interac-
tions at various scales and organization levels, from individuals to communities and
territories landscapes.

This book shows applications of agroecological principles. The overall finding is
that farming diversification and mixed cropping systems lead to both ecological
intensification of agriculture and to the mitigation of global change. Chapter 1 by
Angeon et al. explains the design of agroecology with a focus on the connection of
life with economic and social sciences to build sustainable systems. Chapter 2 by
Preston and Rodriguez reviews the recycling of farm products into feed, food and
fuel. Chapter 3 by Ratnadass and Barzman reviews advances for crop protection.
Chapter 4 by Alexandre et al. focusses on animal science, which is usually over-
looked in agroecology. Chapter 5 by Clermont-Dauphin et al. explains how to
manage soil biodiversity to design new cropping systems. Chapter 6 by Boval et
al. reviews alternatives for grasslands intensification in tropical areas. Chapter 7 by
Valet and Ozier-Lafontaine reviews traditional farmer intercropping systems for
free ecosystem services, with a focus on participatory and codesign research.
Chapters 8 by Chave et al. reviews advances in biocontrol for soil pests. Chapter 9 by
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viii Preface

Mixed cropping system: the example of the creole garden in the Caribbean. © 2013 Harry
Ozier-Lafontaine

Archimede et al. reviews the potential of local tropical resources for livestock
nutrition. Chapter 10 by Le Henaff and Cebesi highlights the need to remove
language barriers for agroecological education. Chapter 11 by El Ramady et al.
presents an exhaustive review of soil quality and plant nutrition. Chapter 12 by El
Ramady et al. presents the advanced concept of micro-farms.

Petit-Bourg, Guadeloupe Harry Ozier-Lafontaine
Le Lamentin, Martinique Magalie Lesueur Jannoyer
Dijon, France Eric Lichtfouse
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Agroecology Theory, Controversy
and Governance

Valérie Angeon, Harry Ozier-Lafontaine, Magalie Lesueur-Jannoyer,
and Arnaud Larade

Abstract Industrial agriculture has clearly reached its limits. Industrial agriculture
is not able anymore to satisfy the basic needs of the growing worldwide population
while ensuring the conditions of reproduction of natural assets. New production
models have to be designed to protect and reclame polluted and degraded agricultural
areas. Agroecology is considered as a promising way to achieve ecologically-
intensive agrosystems, since the seminal contribution of Altieri in 1995. Nevertheless
agroecology has not fully emerged as a scientific discipline yet. Agroecology is
more that a traditional scientific discipline because agroecology breaks the frontiers
between biophysical sciences and social sciences. This chapter reviews the roots
and evolution of agroecology in the first section. Here we propose a mathematical
theory of viability to handle uncertainty and complexity within agrosystems.
This theory allows to define a kern of viability in which the agrosystem stay viable
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in the long term (section “Scientific stakes: New frontiers”). However, agroecological
innovations create new uncertainties and controversies that must be solved. Some
solutions can be found individually while other solutions must by co-constructed
using innovative collective actions and hydrid forums (Callon et al. 2001, section
“Scientific controversy and uncertainty”’). Such collective knowledge makes
agroecology as the starting point of a representative democracy by setting up adaptive
governance on territories (section “How to manage agrosystems in the context of
global changes?”).

Keywords Agroecology * Agrosystems * Social and ecological systems * Panarchy
* Viability * Adaptive governance ¢ Strategic management

Introduction

The competitive quest for economic growth based on the use or even the depletion
of natural resources is under suspicion since the 1970s. The Meadows report was
one of the first major contributions of the last century that brought on the political
agenda the question of sustainable growth. The most important challenge to be risen
in the twentieth century consists in feeding an increasing population with scarce
resources. This Malthusian and pessimistic viewpoint explaining the gap existing
between the exponential needs of the population and the slow evolution of raw
resources is nowadays shared and taken into consideration. As a matter of fact, there
is strong interest in paying attention to alternative ways of consumption but also
production. In this perspective, the new turn driven by agroecology principles is
central and is worth being under scrutiny.

The popularity of agroecology comes from Altieri (1995) though pioneer works
(Bensin 1928) had set up the concept. In his seminal article, Altieri (1995) describes
agroecology as a science, a practice, a movement. As a science, it pushes back the
frontiers of common knowledge and founds new paradigms: this science of natural
resource management addresses the basis for the conception of performing ecologi-
cally, biodiverse, resilient, sustainable and socially just agrosystems (Altieri et al.
2012). As a practice, agroecology aims at furnishing guide of action, techniques,
innovations — rooted in societal features (propensity to collective action, quality of
coordination) — that support the ecological management of natural resources. As a
movement, agroecology corresponds to societal aspirations that contest the intensi-
fication and the standardization of production and consumption systems. This
movement pleads for ethical values, responsible development for sustainable future
and raises agroecology as a consistent topic that should be debated across academ-
ics and stakeholders whether they are farmers, decision-makers or civil society.

Almost 20 years later Altieri’s key contribution, what are the new challenges
faced by agroecology? How should agroecology evolve? In this introductory chapter,
we wonder about the frontiers agroecology must stretch to successfully set up the
third agricultural revolution. We argue that one of the main challenges agroecology
has to face to consists in strengthening its scientific maturity and its credential as a
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discipline. This scientific reawakening implies new directions that may abolish the
traditional boundaries existing between science and practice, between the academic
sphere and the civil society. Such a stance invites to conceive in a more holistic
approach science, practice and action by substituting to the top-down principle of
knowledge transfer, collective learning processes.

In this article, we seek to appraisal the consistency of agroecology as a scientific
discipline, paying attention to the foundations of its research program and to the
front of science it attempts to renew. We then explore the general framework of
agroecology, considering what it brings in terms of theoretical soundness, method-
ological robustness and empirical results.

To fulfill this ambition, our reasoning unfolds in three steps. In section “Scientific
stakes: New frontiers”, we design the theoretical frame of this integrative discipline
as a science for action. Nevertheless, the accumulation process of information,
knowledge and innovation is far from being complete. It becomes evident that the
agrotechnological advances are not yet stabilized and that their impacts are not
either well known. This opens spaces for scientific controversy and incertitude. This
context of scientific incertitude is a strong feature of the end of the last century
which impacts societal norms of action as debated in section “Scientific controversy
and uncertainty”. We then discuss in section “How to manage agrosystems in
the context of global changes?” in what extent governance processes are likely to
sustainably manage agrosystems under uncertainties.

Scientific Stakes: New Frontiers

The transition, from an agroindustrial model to a model based on diversification and
ecological intensification for a better satisfaction of the local food demand and the
production of ecosystem services, is henceforth inescapable (Griffon 2006).
Alternative solutions have been studied by the agronomic research for decades, just
as original initiatives have been taken by producers in the prospect of innovative
system design. This funds the historical development of agroecology.

Rooted in crop physiology, ecology, zoology, agroecology is an integrative science
which main challenge is probably to be erected as a full discipline. This implies that it
is not anymore considered as a patchwork of approaches but builds its own research
program. In this section, the case for considering agroecology as a distinctive scien-
tific discipline with a coherent scientific corpus is examined. We then pay attention to
the developments on the panarchical framework which conceptualizes the interaction
between humans and their environment (Gunderson and Holling 2002).

Panarchy: The Theoretical Roots of Agroecology

In the field of systemic ecology (Capra 2003), the objective of the Panarchy is to
develop a conceptual framework to describe the dynamics of change of social and
ecological systems (Fig. 1). It brings together the environmental, economic and
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connexité —»

Fig. 1 Representation of the four ecosystem functions (r, K, €, a) and the action flow that makes
link between them. The cycle reflects changes within two dimensions, (1)Y axis: the inherent
potential of biomass and nutrient resources accumulation; (2) X axis: the degree of connectivity
(connectence) among control variables. Arrows show the flow speed in the cycle. Along time,
system structures and functions are changing because of the internal dynamics and external influences,
resulting in four specific stages, described by Holling for the ecological system dynamic: a growth
stage (r) with slow biomass and nutrients accumulation; a conservation stage (K): the system
becomes more and more interconnected, less flexible and more vulnerable; a stage of limited resources
liberation (2), after disturbance; a reorganization phase (a), then leading to another phase of
growth in a new cycle, with a phase r similar or different from the previous one

social concerns, and conditions of change and stability, and takes into account the
complex interactions between different areas and different scales (Gunderson and
Holling 2002). This consideration is thoroughly compatible with the notion of social
and ecological systems.

Following Anderies’ et al. (2004, p. 3) definition, “a social and ecological sys-
tem is an ecological system intricately linked with and affected by one or more
social systems. An ecological system can loosely be defined as an interdependent
system of organisms or biological units. ‘Social’ simply means “tending to form
cooperative and interdependent relationships with others of one’s kind” (Merriam-
Webster Online Dictionary 2004). Broadly speaking, social systems can be
thought of as interdependent systems of organisms. Thus, both social and ecologi-
cal systems contain units that interact interdependently and each may contain inter-
active subsystems as well. We use the term “social and ecological system” to
refer to the subset of social systems in which some of the interdependent rela-
tionships among humans are mediated through interactions with biophysical and
non-human biological units”.

The numerous interactions between social and ecological systems augment the
complexity of the overall social and ecological system, involving multiple levels
and scales of uncertainty. In addition to natural determinants of uncertainty, relational,
spatial, jurisdictional etc. uncertainties appear as core features of the societal matrix
in which social and ecological systems evolve.
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This concept allows that natural ecosystems are disturbed and managed. It carries
four main axioms including the double and seemingly contradictory characteristic
of all complex systems, namely stability and change:

1. The change is neither continuous nor progressive, nor always chaotic, but
controlled by interactions between fast and slow variables.

2. Different scales concentrate resources and potential in different ways, and non-
linear processes reorganize resources between the different levels.

3. Ecosystems do not have one but multiple equilibrium. They are associated
with processes that maintain stability in terms of biogeochemical cycles and
productivity, as well as destabilizing processes that stimulate diversity, resilience
and opportunism.

4. Management systems should take into account these dynamic characteristics of
ecosystems and flexibility, adaptation and experience at levels consistent with
the scale of ecosystem functions and their critical levels.

Nevertheless, if this conceptual framework helps to tackle the complexity of
structures and relations that are inherent to the analysis of social and ecological
systems, it does not provide any concrete tools to guide action and decision-making.
The need of instruments for governing social and ecological systems and managing
their long run evolution is crucial especially in the context of global changes. We
mean by global change all the combined effects of the globalization of socio-
economic exchanges (Young et al. 2006), the dynamics of population (mobility and
migration), the evolution of societal and cultural changes (Giddens 1999; Bajoit
2006), of food requirements and modernization of agriculture, the potential rise of
environmental crises (global warming, extreme natural hazards, etc.), the impacts of
human activities on ecosystems and natural resources (depletion of fossil fuels,
access to water, pressure on fisheries, loss of biodiversity, etc.). Numerous studies
lead by the IPCC (2007, 2013) come to the conclusion that the natural capacity of
social and ecological systems to adapt to shocks is overcome, a fact that reaffirms
the importance of human intervention to promote their viability.

In the following sub-section, we give some highlights on the viability theory.
This theoretical frame defines for any system the set of initial states for which exists
at least one future evolution and the rules of decisions that warrant this viability.

Exploring the Conditions of Viability of Social
and Ecological Systems

The viability theory has its roots in “Le hasard et la nécessité ” (Monod 1970)
and has been translated in mathematics (Aubin 2010; Saint-Pierre 1994, 1997).
It enables a form of application of the principles of Panarchy in a dynamic process.
It describes the behavior of controlled evolutionary systems in which the evolu-
tion of the state of the system is governed by a differential equation set describing
diverse variables.
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Fig. 2 (a) Retroactions. On the left, an input/output system composed of two boxes, the first box
takes the regulon inputs and provides states as outputs, that interact themselves with regulons,
constraining regulons to obey to constrains depending on states (through what it is called a vicariant
correspondence). On the right, the mathematical translation of this evolutionary example (Aubin
2010). (b) Framework of an environment and its viability kernel. On the /eft, any subset K, but
including its boundaries (closed subset). On the right, its viability kernel. From the viability kernel,
one evolution at least is viable in this set. From the viability kernel complementary set, all evolutions
leave the environment in a limited time (Aubin 2010)

According to their roles, these variables have a specific name (Aubin 2010):

— Coefficient, if the variable remains constant;

— Command or control, if there is an identified actor driving the evolution of this
variable, as automations, robotics or financial markets;

— Regulon, when the drivers of the evolution of this variable are not known or when
these drivers are abstractions. States, economic agents, individuals, metabolisms,
markets are some examples of regulon;

— Tyche, referenced as chance in the Greek mythology, when no information is
given on the drivers nor on their effect. These variables are called tychastic.

The main question remains in the knowledge of the set of initial states from
which there is at least one viable evolution in the environment. This set is called the
viability kernel. Beyond knowledge of the viability kernel, which guarantees the
existence of viable or persistent changes, we must drive them and provide decision
rules that will help to ensure the sustainable evolution of a system. It goes through
a feedback, which associates each state to the regulon to be used to maintain
sustainable development in the environment (Fig. 2a). The viability theory is based
on a collection of mathematical theorems characterizing the viability kernels in
various ways, exploring their properties and focusing on their applications in various
fields (Fig. 2b). The tools of classical analysis familiar to mathematicians and math-
ematics users are not suited to the study of such problems (Saint Pierre 1994, 1997).
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The viability theory consists in a rigorous analytical framework to formalize the
evolution of systems under uncertainty. It determines the “right” decisions that
strengthens the robustness of social and ecological systems and helps a contrario to
identify those that have to be indisputably avoided. Based on an algorithm, the
viability theory provides numerical applications that lead to operational decision
rules. Despite its systemic vision, its compatibility with a holistic approach of social
and ecological systems, and its empirical application, with the production and use
of specific indicators, this conceptual frame requires strong capacities to aggregate
all the variables that depict a system, with no capacity to more than four variables.

The necessity to adjust the real complexity of the problems, set down to the
dimensionality of the models, is of first importance to validate the built model and
to make it operational. Few attempts have been made to give applied consistency
to the viability theory. The expected results from the research program coordinated
by Ozier-Lafontaine and Angeon (2012-2016) on “viability and adaptive gover-
nance of tropical island agrosystems” aims at modeling some possible agricultural
futures according to the evolution of global changes and their consequences by
calibrating the variables in consultation with stakeholders (Angeon et al. 2013).
Such implemented, the viability theory is used to help the stakeholders to specify
the objectives to reach, the levels to respect in matters of sustainability and the
means to achieve them. It can then be apprehended as a tool that is likely to improve
partnership and reflexive processes in the context of complexity and uncertainty
raised by global changes.

The mathematical theory of viability gives a robust conceptualization of
sustainable social and ecological systems focusing on internal driving forces that
guarantee to what extent the system remains resilient. It provides satisfying tools for
action and decision-making processes to successfully manage natural or anthropized
systems whatever the foreseeable impacts or uncertainties it is submitted to.
Otherwise, it measures the gap existing between the future trajectory of a system
and its initial state. There is clear evidence that the uncertainty context in which
social and ecological systems are managed depends not only on external factors
such as natural hazards, global markets, but also on internal determinants depending
on societal contexts and cognitive norms that shape stakeholders’ behaviour.
Agroecology as scientific outputs faces controversies. As a practice, it is confronted
with experimental and non controlled results.

Scientific Controversy and Uncertainty

The rationale for agroecology is the need to develop sustainable systems of food
production. This requires that knowledge must be effectively delivered to the people
who are in a position to take appropriate action. In a context of scientific uncertainty,
the place and the role of experts become less and less credible. The legitimacy of
action is not all the more left to scientists. This opens new spaces for new categories
of stakeholders in decision-making processes.
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Photo 1 Multi roots species within the same plot (yams, sweet potatoes, taro) inside a biodiverse
landscape. When practical knowledge contributes to manage biodiversity and productivity

The Blindness of Science

Since the third agricultural revolution and its technological package around
transgenesis, scientists are not anymore the unique owners of knowledge and
truth. At the end of the last twentieth century, many controversies have discredited
scientific research, a fact that still persists today (Callon et al. 2001). The impacts of
genetically modified organisms on biodiversity and human health are one of the
subjects that have attracted the most debate and argument over the last decades.
As a result, scientific uncertainty on these concerns made experts losing their
propensity to advise the regulator. The lack of objective knowledge opens space
for new categories of actors as long as they remain mobilized to assert their rights
to participate in the debate though the quality of the information they base on is
disputable. This situation highlights the limits, or maybe the failures, of the system
of representative democracy.

Agroecology has so far received little criticisms on the accuracy of its objectives
(sustainable agriculture, better interactions between plants, animals, humans and
the environment). The main criticisms are related to the irenic nature of its ambition
to feed the world with alternative farming systems whose yields and productivity
will obviously be lower than those obtained in conventional systems (Kassie et al.
2009). In this section, we show that the scientific fundaments of agroecology are
also subject to the law of uncertainty and can lead to results opposite to those
expected (Batary et al. 2011). We illustrate this point with two examples: cover
plants and ecological corridors (Photo 1).
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Photo 2 Mixing Citrus
and beans, managing
productivity and treasury

Getting Results Opposite to Those Expected: Some Examples

Emergent Properties Versus Resilience in Intercropping Systems

Agroecological systems, as well as conventional systems are not immune to emerging
phenomena. Finding a solution to a constraint can generate new ones, sometimes
more damaging. Many examples in the literature demonstrate facts relating to the
emergence of new diseases related to changes in micro-climatic conditions more
favorable to the expression of new pathogens such as fungi or bacteria, or related to
changes in bio-physicochemical properties of soils such as acidification. The design
of innovative systems will therefore seek to promote synergies at different levels in
order to compensate for their weaknesses. Care should be taken to mobilize several
functions with a holistic approach in the fight against particular pests or in facilitating
the bioavailability of soil resources (Brussaard et al. 2010) (Photos 2, 3, and 4).

Ecological Corridors

The notion of ecological infrastructure or corridor is promoted by the European
Union in its strategy for the biodiversity until 2020. The target 2 consists in main-
taining and in enhancing the ecosystems and their services by the establishment of
a green infrastructure and the restoration of at least 15 % of degraded ecosystems
(EU 2011). At the international level, the notion of ecological corridors was introduced
by the International Union for Conservation of Nature in its World Conservation
Strategy published in 1980. More recently, one of the Aichi Objectives (from the
Nagoya conference, Convention on Biologic Diversity in October 2010) re-asserts
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Arnaud Larade

Photo 3 Producing in same plot exploring two different spheres: roots spheres with Cassava and
atmosphere by Maize

Arnaud Larade

Photo 4 Closing the biochemical cycles with integrated (goat) breeding

the need to create representative ecological networks at the Earth scale. It emphasizes,
on one hand, the relations between nature and society and, on the other hand,
the landscape scales (Debray 2011). The ecological network aims at ensuring the
connections between habitats of natural species by maintaining or creating corri-
dors, between biodiversity tanks participating in the physical connectivity of
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Photo 5 Taro roots culture within a swamp forest of Pterocarpus officinalis

elements of the landscape (Baudry and Burel 1999; Vimal 2010). The role of agricul-
tural activities by the use of agroecological practices is then underlined as they rely
on local knowledge crop management practices which better fit to local conditions
and lead to the conservation and regeneration of the natural resources.

Despite this large political consensus around the notion of ecological corridors,
infrastructures and networks, its scientific roots are controversial. Firstly, the
effectiveness of ecological corridors is not always proven and can deeply reduce
the population viability: augmentation of diseases transmission, propagation of
catastrophic disturbances for adjacent landowners, development of exotic species, etc.
The structural conception of the functionality of ecological corridors is incriminated.
Secondly, the basis of ecological networks relies on a great simplification of complex
mechanisms: continuity at a large spatial scale cannot properly take into account the
multiple spatial interactions that emerge at lower scales.

These two examples illustrate that there is no general answer to the question: “does
agroecology systematically prevent social and ecological systems from vulnerability?”
Decision-making processes in a context of risk and uncertainty is even more a complex
problem when stakeholders are embedded in their normative visions.

A Changing Institutional Context: New Players
in the Innovation Arena

New players, with no more stabilized information than others on the environmental
topics they feel concerned with, are welcomed to the decision-making table. This
implies to take into account the different stakeholders’ voices in a meaningful way.
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Innovation is the process by which social actors Social actors engage in innovation
create value from knowledge processes to address challenges that
W . they cannot address on their own,
Tsct Transforming Economic ¢ are important enough to justify
Scientific Knowledge Social the transaction costs.

Its products comprise
technologies, processes, modes of
Business ‘ Ecological prganisgtion, po]icie?s, etc. The
Social learning - innovation process involves
Political - elney transformation of knowledge
through social learning (not a linear
process).

Knowledge — Innovation process —> Value

Fig. 3 Agricultural Innovation Systems (AIS): schematization of the innovation process (World
Bank 2006)

The participation of the plurality of actors is favored by two main contemporary
factors. Firstly, it is inherent to the evolution of public policies referential that encourages
the implementation of governance principle to facilitate collective decision-making
procedures. The actors are thus involved in deliberative processes that engage their
shared responsibility. Secondly, the extension of the sphere of actors is also permitted
in the ongoing context of uncertainty which has been reinforced with the transgenic
revolution. Discrediting scientific knowledge, the place and the role of experts,
uncertainty and complexity of living systems create new decision spaces that are
occupied by epistemic communities. These communities called by Callon et al.
(2001) “hybrid forums” discuss or legitimize socially the agro-technical choices.
These socio-technical controversies shape the basis of a “dialogic democracy” that
contributes to the redefinition of the social pact to ratify.

These actors are marked by their normative visions or interests that are
sometimes (or often) divergent. The challenge to be raised is then to define: how to
guide collective decision-making process? What forms of governance to invent?
What institutional arrangements to instigate? The answers to these questions are
central for implementing innovation dynamics.

Innovation is a central issue in agroecology. The question of how to enable agricultural
innovation for development is now discussed and researched more and better understood
than ever before. From Hall (2009), innovation is the process of creating and putting
into use combinations of knowledge from many different sources (Fig. 3):

— This knowledge may be brand-new, but usually it results in new combinations of
existing knowledge.

— To be termed innovation, the use of this knowledge has to be novel to the farmer
or the firm, neighbors and competitors, but not necessarily new globally.

— Invention, on the other hand, is the creation of new knowledge, new to the world,
usually by research organizations, but also by artisans and others.

Whatever the type of innovation, the farmer can rarely alone develop its innovations.
It is obvious that the demand for innovation in agricultural systems is supported by
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Fig. 4 Towards a changing vision: from the ‘top down’ approach to a participative approach of
innovation (World Bank 2007)

many actors (Fig. 4), not just by farmers. Studies on innovation show that the ability
to innovate is often linked (i) to collective action and sharing of knowledge between
actors, (ii) to incentives and available resources that were invested in collaboration
actions and (iii) to the creation of an enabling environment for the production of
ideas and innovations by different actors (World Bank 2006). This challenges our
ability to advance together (Ozier-Lafontaine et al. 2011):

technologies, i.e. principles underpinned by ecological intensification;
institutions vs. socio-economic expectations, to identify the institutional constraints
to solve: laws, regulations, traditions, customs, beliefs, societal norms and nuances;
policies, which, if they are appropriate, timely and relevant, may promote and
facilitate the generation, sharing and using of knowledge for innovation;

the various public and private organizations that must innovate in the services
they provide; the priority is to increase investments in agricultural science and
technology, research and extension, education and agricultural training, farmers
organizations and other local institutions and thus contribute to widely spread the
knowledge and innovation. The role of the inter-branch associations, profes-
sional training and technical institutes is particularly important.

According to Funes-Monzote (2009), when innovation is applied to the design of

ecologically intensive agricultural systems, four levels of innovation can be observed
and crossed (Fig. 5).

Level 1: innovation optimizes agricultural practices; this results in marginal
changes in the agroecosystem, usually focusing more on the decision rules for
the application of practices than of their technical modification. Here are mainly
mobilized the classical concepts of agronomy.
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| Level 3> Re-design the production system |

| Level 2> Substitute inputs ]

Level 1> Increase efficiency of conventional practices

Fig. 5 Innovation levels for ecological intensification of production systems (Adapted from Hill;
Gliessman)

— Level 2: new objectives or constraints, such as no use of chemical inputs, are
applied to the system, implying a larger change in involved practices. The concepts
of agronomy and ecology are used at the scale of the field plot.

— Level 3: a more systemic approach is applied at the field plot scale and to the
main crop. The overall functioning of the agroecosystem is revisited and deeper
changes are emerging, such as integration and management of biodiversity through
new species, as example. The concepts of agronomy and functional ecology are
mobilized at field scale.

— Level 4: more radical changes are being considered within the farming system
and the agroecosystem by integrating functional diversity and associations of
different productions at different scales, leading to a global management of ecological
processes. Systems from this approach are usually out compared to conventional
systems. The concepts of systemic agronomy and ecology are assembled at different
scales from field plot and its immediate environment to farm and landscape.

The development of agroecological practices requires their appropriation by
those who are able to take accurate decision for consistent action. This is likely to
occur in the implementation of governance processes.

The theory of viability permits to move apart some non viable conditions. Within
the kern of viability, some uncertainties and controversies related to the proposed
innovations have to be dealt, not only by individuals but also in collective. They can
be discussed and debated within hybrid forums that enable to manage agrosystems
and their innovations. How to operationalize those hybrid forums? (Photos 6 and 7)

How to Manage Agrosystems in the Context
of Global Changes?

Studies on the sustainability of agricultural systems show that innovation in agriculture
passes through a reconciliation with the functioning of natural systems (IAD 2011)
consisting in strengthening the resilience of agricultural systems through the management
of the diversity of crops, livestock, of the soil ecology and of the agro-ecosystems
global diversity, from the field to the landscape (de Schutter 2011). This process of
ecological intensification and design of innovative agricultural systems, less dependent
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Photos 6 and 7 (to the left: clump of trees) and (to the right: a pond): Some fixed landscape
components in grassland; welcoming some ecological processes actors producing some ecological
services useful for agriculture

on chemical inputs, is supported by professionals and citizens concerned about their
health and environmental conservation. In such a context, which form of governance
is likely to increase the propensity of stakeholders to address this challenge in
agroecology? Is adaptive governance adequate?

To answer these questions, we first make a literature review about adaptive gover-
nance. Showing the limits of this contribution, we suggest a more strategic approach.

Adaptive Governance: A Review

Adaptive governance aims at developing new governance forms to manage social
and ecological systems. The term derives from adaptive management defined as “a
systematic process for improving management policies and practices by learning
from the outcomes of management strategies that have already been implemented”
(Pahl-Wostl et al. 2007, p. 4). To expand the focus from adaptive management of
ecosystems to broader social contexts, Dietz et al. (2003) refers to the concept of
adaptive governance. They mean “creating the conditions for ordered rule and
collective action or institutions of social coordination.” Governance is then the
structures and processes by which people in societies make decisions and share
power (Folke et al. 2005).

As reminded in section “Scientific stakes: New frontiers”, social and ecological
systems are characterized by complexity and unpredictability. They are exhibited to
abrupt or continued changes that have unpredictable consequences. The viability of
such systems strongly depends on social decisions. For example: what kind of agri-
culture does the society want to preserve? In what extent? By which means: the
conservation of some biodiversity elements, some ecological functions, the evolution
or adaptive capacities of the whole agrosystem? At what scale? These objectives are
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not pre-determined. They have to be defined by stakeholders committed in collective
negotiations (“hybrid forums” as say Callon et al. 2001). This is why the results of
the decision-making process are likely to change over time and round tables. Social
and ecological systems are exhibited to external shocks (such as natural hazards)
which intensity is more or less high. Will these shocks impact the structure of these
systems occurring simple adaptation or transformation (Pahl-Wostl 2009)?

Several works also point out that the resilience of social and ecological systems
can be conceived by the notion of scales (Cash et al. 2006; Termeer et al. 2010;
Berkes 2006; Angeon and Caron 2009). In addition to spatial and temporal scales,
jurisdictional, institutional, networks, management and knowledge scales have to
be considered. Scales are continuously moving. These changes make more com-
plex environmental management problems as there are cross-scales and cross-level
interactions on the same scale. For instance, mismatch between the environmen-
tal scale and the social organization scale can generate a disruption of some func-
tions of the social and ecological systems. Consistent responses lead to remodel the
social scale, to change or create new institutions in order to settle the problem.
Similarly, cross-level interactions threaten the resilience of social and ecological
systems. Typically, a cross-level issue on the time scale occurs when short term
solutions can aggregate in long term problems. On the institutional scale, a cross-
level issue could be solved by creating better links between the different levels and
not by assuming exclusive top-down or bottom-up interactions (Berkes 2006).

In this perspective, management issue for social and ecological systems to be
resilient deals with “scale challenges”. Such a stance implies that the actors manag-
ing the social and ecological systems are aware of the importance of cross-scale
and cross-level interactions, especially the dynamics between spatial and temporal
ones. As Termeer et al. (2010) underlines, adaptive governance “takes the challenge
of enhancing the capacity to create the right cross-scale and cross-level links at
the right time, around the right issues.”. Adaptive governance assumes the search
of match between scales and levels of scales, for instance, concerning the agro-
ecologic issue, between the scientific knowledge and the traditional knowledge.
This approach admits that there is no single, correct or best characterization of
scale problems and that these concerns result from negotiation, in other words, no
decision is imposed by a group of actors or corresponds to their preferences for a
specific scale or level.

Adaptive governance and management can be seen as based on three pillars:
enhancing the information flow through cross-scales and cross-levels (such as
forum-type prescriptions), improving social innovation for transformative processes
(such as network-type prescriptions) and promoting learning processes (such as
agroecological, social, institutional apprenticeship). Adaptive governance assumes
social relations characterized by cooperation, collaboration and coordination;
matching closely with the idealogic/historical bases of agroecology (cf. section
“Introduction” §1). However, solutions and prescriptions to assume conflicting
social relations are rare or weakly developed.

On another hand, adaptive governance focuses on social and ecological systems
s0, it remains possible to create societal artifacts as far as they may control and
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guide the performances of social and ecological systems. This is a condition within
which the social and ecological system could be resilient but based on non-viable
agrosystems.

Improving Adaptive Governance for Managing Agrosystems

The agroecological approach, which gathers agronomy and ecology at different
scales, strengthens the classical methods of research but also opens new channels,
including the integration of the knowledge on the ecological functioning of the
agroecosystem and the knowledge of producers, mobilizing new methods of gen-
eration and analysis of data (participatory action research and comparative
approach). We may consider in a balanced way the two ecological and social com-
ponents of agrosystems and prevent than societal features encompass environmental
concerns. To reach this objective, adaptive governance process may integrate a stra-
tegic conceptual framework. We suggest to rely on the strategic environmental
management analysis (Mermet et al. 2005) which gives some methodological pre-
requisites to consistently implement governance processes towards an effective
integration of environmental stakes.
This conceptual framework is based on four principles.

1. The analysis of the system of action must imperatively rely on the definition of
the ecological object to take into account and of the aims to be pursued.

2. A social diagnosis of the stakeholders committed in the management of the
environmental object must be done. It is useful to determine the whole human
actions set that strongly influence the properties of the environmental object.
This is what the authors call “effective management”.

3. The third principle is to focus on the actors who initiate appropriate changes for the
effective management of the ecological object. They are identified as “environmental
strategic actors” who operate the “intentional management” (Mermet 2011). These
actors play an effective role as agent of change in favor of environment.

4. The last principle is to replace this environmental strategic analysis in a dynamic
perspective as social and ecological systems change over time especially through
the structuring outcomes of conflicts in which the preoccupations of the envi-
ronmental strategic actors are partly integrated. This theory of action assumes
conflicts as vectors of change.

Strategic environmental management analysis does not propose all answers a
priori. It can be implemented where it is possible to meet some environmental
strategic actors. Is it the case in all societies?

As an orthogonal proposition to the third agricultural revolution, and considering
agroecology as an “ecologization of agricultural practices and public policies”, it
“tends to question in a transversal way the whole space of public and private actions”
(Mzoughi and Napoléone 2013). In that sense, the political side of agroecology
calls for governance proposals. We have identified the levers of adaptive governance
as its limits that can be by-passed by a more strategic perspective (Photos 8 and 9).
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Photo 8 A Guadeloupe
endemic specie Melanerpes
herminieri; needs forest
connectivity to adapt

to global changes and to
survive within the Earth

Photo 9 spontaneous flora (Crotalaria) as producer of useful metabolites in the soil
Conclusion

First we have reminded the roots and the wide range of agroecology assuming its
principles able to face the challenge of producing more to feed exponential needs
while preserving natural resources (Section “Introduction”). Integrating such inno-
vations calls to deal with more uncertainties and complexity, what could be done
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biodiversity

Soil biodiversity and its management

IPM control invasive species and
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Fig. 6 The main challenges for agroecology versus global change

using the mathematical theory of viability to define a kern of viability (section
“Scientific stakes: New frontiers”). Despite the fact the kern of viability is defined,
some others uncertainties and controversies remain. They challenge individuals as
collectives (section “Scientific controversy and uncertainty”) calling for the definition
and the implementation of new governance paradigms. Adaptive governance completed
by strategic perspectives are identified to match some of the challenges (section
“How to manage agrosystems in the context of global changes?”’) on rural territo-
ries. That way, agroecology is not simply a technical and agricultural innovation but
could be seen as a starting point for social innovation, enhancing (or reinforcing)
the representative democracy. Our findings are relevant with some results supported
by other authors.

Agriculture, considered as a structuring agent of rural areas, development of
societies and natural resource management, faces the challenge of producing more
and better with less (de Schutter 2010; FAO 2011). The acceleration of global
change defines a new specification for agricultural research, campaigning for a new
research policy. The challenge is to reduce the vulnerability of our production sys-
tems and agricultural sectors, while strengthening the provision of ecosystem ser-
vices. Such reflection invites to understand farming systemically, i.e., in connection
with the physical productive supports, environmental and social contexts in which it
fits, and cannot be registered outside the sustainability paradigm.

In their article Tomich et al. (2011) point two major challenges for the future, the
first relating to disciplinary connections, and second, technological and management
of agro-ecological processes (Fig. 6).



20 V. Angeon et al.

Related to the issue of disciplinary connection “the integrative study of the ecology
of the entire food system, encompassing ecological, economic and social dimensions”
(Francis et al. 2003) sets the need of articulation of the natural sciences (agronomy,
ecology and environment) and social sciences (sociology, political and management
sciences, economics and geography), required to drive the agroecological approaches
with a view to innovation and sustainability.

From a conceptual point of view, the theory of panarchy and viability theory
were presented as support of the research action process to promote. The perspective
of these concepts emulates a controversy about how to do science for sustainability.
Making science for impact will require an interdisciplinary effort and a perspective
of research differing from the top-down classical model, to enroll in a participatory
co-construction of innovation, supported by current Systems of Agricultural
Innovation (World Bank 2006, 2007).
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Food and Energy Production from Biomass
in an Integrated Farming System

Reg Preston and Lylian Rodriguez

Abstract This chapter describes experiences in a small farm in the Colombian
foothills, in which the aim was to demonstrate — and at the same time to research — the
major components of the strategy that should underpin all future farming systems:
namely the need to “decarbonize” the system, by reducing emissions of greenhouse
gases, generating electricity locally from natural resources, making maximum
use of solar energy and ensuring there is no conflict between use of available
resources for both food and fuel production. The inevitable decline in the produc-
tion of oil (peak oil), which will have negative effects on all features of contemporary
lifestyles, is viewed from the positive standpoint of the opportunities that will
be created for more sustainable farming systems when solar energy, via the pro-
duction of biomass, will be the basis of the required needs for food, feed and
fuel energy.

It is argued that in such a scenario, small scale integrated family farms, will have
comparative advantages — economic, social and environmental — in a world in the
decline phase of the oil age and increasing dependence on solar energy. Transport is
the major end user of fossil fuel, thus as the supply of this resource diminishes and
the price increases, there will be advantages in decentralization and localization of
both production and processing of the immediate products of photosynthesis which
are of low bulk density and therefore expensive to transport. An analysis of the
alternative technologies for production of fuel energy from biomass, as a component
of a farming system, leads to the conclusion that gasification is the most appropriate
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route. The advantages of this process are that: the feedstock is the fibrous parts of
plants which are not viable sources of food or feed. The energy used to drive the
process is derived from the combustion of the feedstock and there is minimal input
of external sources of energy, (mainly for the construction of the gasifier and associated
machinery). The products of gasification are a combustible gas and a carbon-rich
residue (biochar). The gas can be used to drive an internal combustion engine linked
to an alternator producing electricity; while the biochar when returned to the soil
can be a sink for sequestering carbon and a means of improving soil fertility.

The role of livestock in the farming system is emphasized as the means of optimizing
the use of highly productive perennial crops such as sugar cane and multi-purpose
trees. Sugar cane is easily separated into energy-rich juice which can replace cereal
grains in feeding of pigs and residual bagasse which is one of the feed-stocks of the
gasifier. Forage trees are the natural feed resources for goats which selectively con-
sume the leaves, leaving the fibrous stems as another feedstock for gasification.
Sugar cane juice contains no fibre and almost no protein which creates opportunities
for use of vegetative sources of protein such as the foliage of perennial plants, among
which Taro (Colocacia esculenta) and New Cocoyam (Xanthosoma sagittifolium)
have been found to have many advantages. It is concluded that integrated, small
scale, farming systems based around multi-purpose crops and livestock, can provide
food, feed and fuel energy with no conflict among these end uses. Gasification of
fibrous crop residues produces electricity and a soil conditioner (biochar) that is
also a sink for sequestration of atmospheric carbon. Bio-digestion of all liquid
wastes produces a gaseous fuel for cooking with alternative use as a complement
to the gaseous fuel from the gasifier. The system delivers real benefits for the
environment as a negative carbon footprint through carbon sequestration and
improvements in soil fertility.

Keywords Biochar * Biodigesters ® Biomass ® Carbon footprint « Carbon sequestration
* Cattle » Climate change * Electricity * Energy * Feedstock ¢ Fossil fuel * Gasification
* Global warming * Goats * Greenhouse gas emissions ® Livestock * Pigs ¢ Soil fertility
* Sustainable farming systems

Energy as the Stimulus to Development —
And Economic Recession

The components of the world crises — economic recession, global warming and
resource depletion (especially fossil fuels) — presently facing humanity are closely
inter-related. The gaseous emissions from the burning of fossil fuels are the major
contributor to global warming; the apparently inexhaustible supply of fossil fuels
facilitated the exponential growth of the world population during the past century
and, more recently, the unsustainable indebtedness in the developed countries,
which led to the economic recession of 2008-2009.

In the past century, the needs for energy, and indirectly for food, of the expanding
world population were provided by cheap oil. The inevitable process of adaptation
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to increasing cost and declining supplies of oil, will almost certainly change the
future life style of the majority of the world’s population. On the positive side it will
provide greater opportunities for small scale farmers as there will be comparative
advantages — economic, social and environmental — for the utilization of biomass
for food, feed and fuel production, in a world in the decline phase of the oil
age. This is because over 70 % of fossil fuel is used for transport. As the supply
diminishes and the price increases, transport will be the sector most affected. Most
forms of biomass are of low bulk density. Thus, there will also be comparative
advantages for decentralization and localization of both production and processing
of this resource.

For the future, the only long term alternative to fossil fuel (as exo-somatic
energy — that is energy not derived from digested food — muscle power) is solar
energy, utilized either directly as a source of heat, or indirectly in solar-voltaic
panels, as wind, movements of waves and tides, or in biomass produced by photo-
synthesis. Solar energy will also have to be relied on to produce food, in what must
surely have to be small-farm systems in rural areas, to support the largely urbanized
population, The green revolution which dramatically increased food supplies during
the last 40 years was a “fossil energy” revolution as it was energy in the form of
oil and natural gas which facilitated production of fertilizers, especially nitrogen,
pesticides and herbicides, and the mechanization and irrigation that permitted
multiple cropping.

Another “energy” revolution is possible but it will be based on making greater
use of the energy derived daily from the sun. It must produce both energy and food
and have an EROEI (Energy Return on Energy Invested) of at least 5 (Hall et al.
2008, 2009). It will also need the support of human energy and increased numbers
of people working in rural areas.

There are few difficult decisions about producing food by photosynthesis.
By contrast, the ideas proposed for redirecting energy from the sun into potential
energy to replace that of fossil fuels are many. Rapier (2009) describes many of
these proposals as Renewable Fuel Pretenders arguing that their proponents
believe they have a solution but that it will never develop into a feasible technology
because the proponents “have no experience at scaling up technologies”. In this
category he lists cellulosic ethanol, hydrogen and diesel oil from algae.

It is surprising that gasification of biomass, as a means of producing a combustible
gas, has received so little attention — perhaps because it is not a new technology.
It is one of the purposes of this chapter to demonstrate that it holds real prospects of
being applicable at the small, dispersed farm level, provided it is developed as a
component of a mixed, integrated farming system.

Gasification is a process for deriving a combustible gas by burning fibrous
biomass in a restricted current of air. The process is a combination of partial oxidation
of the biomass with the production of carbon which at a high temperature (600-900 °C)
acts as a reducing agent to break down water and carbon dioxide (from the air) to
hydrogen and carbon monoxide, both of which are combustible gases. In the gasification
process, some of the carbon from the biomass combines with the mineral fraction to
produce biochar (Lehmann and Joseph 2009), which promises to have multiple uses
in the farming system (Rodriguez et al. 2009c; Preston 2014).
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The advantages of gasification are that:

* the feedstock is the fibrous part of plants which are not viable sources of food or feed;

* the energy used to drive the process is derived from the combustion of the feedstock;

* there is minimal input of fossil fuel (mainly for the construction of the gasifier
and associated machinery);

» the process can be de-centralized as units can be constructed with capacities
between 4 and 500 KW.

Food, Feed and Energy from Biomass

Several writers (eg; Brown 2007; Falvey 2008) have challenged the morality of
converting food into liquid fuel, in a world where one third of the population is
already malnourished with certain prospects that this proportion will increase as the
world population marches on to the eight to nine billion predicted before the mid-
point of this century. Second generation ethanol from cellulosic biomass is also not
the answer, as apart from the doubtful economics of the process, the major proposed
feed-stocks — Switch grass and Miscanthus — provide no food component.

This conflict can be avoided by using gasification to produce the fuel energy,
as the feedstock can be the cellulosic component of the plant, leaving the more
digestible protein and carbohydrate components as the source of food/feed. The
most useful end products of gasification are electricity and biochar, thus electri-
fication of most road transport systems is a necessary corollary. Utilization of
biochar will be facilitated by locating the gasification process within the farm
producing the biomass.

Sugar Cane, Protein-Rich Forages and Pigs

The choice of sugar cane as the pivotal crop in the farming system is justified by its
high yield and efficient use of solar energy, and the ease of separating the 100 %
digestible sugar cane juice from the structural fibre (bagassse). Because the juice
contains no fibre, it is the perfect medium for facilitating the incorporation in diets
for pigs of protein-rich vegetative sources such as the edible leaves of trees, shrubs
and vegetables, the levels of which in cereal-based diets are constrained by their
moderately high levels of fibre. Research has been done with several protein-rich
forages, including the leaves of cassava and mulberry, the vines of sweet potato, the
leaves and stems of water spinach and more recently the leaves and stems of Taro
(Preston 2006). In his review of these different forages, Preston (2006) came to the
conclusion that the Colocacia, Alocacia and Xanthosoma members of the Araceae
family offered the greatest potential as vegetative protein sources in pig diets
because of their high yield, ease of cultivation (many species grow wild in ponds
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and in the forests [Peng Buntha et al. 2008; Ngo Huu Toan and Preston 2007]), ease
of conservation by ensiling (Rodriguez and Preston 2009a), and the apparent
relatively high energy value of the stems complementing the protein in the leaves.

The choice of pigs as the main livestock component in an integrated farming
system is justified by several factors: ease of marketing the meat, low investment
(compared with cattle), and the fact that pig excreta is the preferred feedstock in
anaerobic biodigesters.

Feed and Energy from Forage Trees and Goats

The advantages offered by sugar cane as a combined source of feed for pigs and
gasifier feedstock have already been discussed. A similar synergism applies to the
use of forage trees as the protein source for goats. The browsing habit of this species
facilitates the separation of the leaves, which become the protein component of the
diet, while the residual stems are easily processed as feedstock for the gasifier.

In the TOSOLY farming system, the chosen trees species are Mulberry (Morus
alba) and Tithonia (Tithonia diversifolia). Mulberry leaves have been extensively
studied as a protein source for ruminants, mainly goats (Yao et al. 2000; Theng
Kouch et al. 2003; Nguyen Xuan Ba et al. 2005; Pathoummalangsy Khamparn and
Preston 2008). The conclusion of Pathoummalangsy Khamparn and Preston (2008)
was that Mulberry leaves almost certainly were rich in “bypass” protein in view of
the marked increases they induced in the growth rate of goats.

The multi-purpose role of sugar cane is apparent in the fact that for pig feeding
and gasification, only the stalk is used. The growing point and leaves are thus available
as a potential energy-feed resource for ruminants.

Integrated Farming Systems

In a recent paper, on the “Post Carbon Institute” web site, Heinberg and Bomford
(2009) stated that

“The only way to avert a food crisis resulting from oil and natural gas price hikes and
supply disruptions while also reversing agriculture’s contribution to climate change is to
proactively and methodically remove fossil fuels from the food system”. Their proposals in
relation to farming systems were that:

“Farmers should move toward regenerative fertility systems that build humus and sequester
carbon in soils, thus contributing to solving climate change rather than exacerbating it.
More of the renewable energy that will power society can and must be generated on farms.
Wind and biomass production, in particular, can provide farmers with added income while
also powering farm operations”.

In the same report they referred to papers indicating that, compared with large farms,
“smaller farms have greater biodiversity (Hole et al. 2005), more emphasis on soil-building
(D’Souza and Ikerd 1996) and greater land-use efficiency (Rosset 1999)”.
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In a review of the investment opportunities in agriculture to increase food
production in a resource-depleted world (Kahn and Zaks 2009), the point was made
that “Alternative approaches are being researched and tested in development such as
the reemergence of small, self-sufficient organic farms, characterized as local, multi-
crop, energy and water efficient, low-carbon, socially just, and self-sustaining”.

The TOSOLY Farm in Santander, Colombia

The Farming System

The TOSOLY farm is situated in the Colombia foothills, in the Department
“Santander Sur”, 20 km from the town of Socorro (Map 1).

The region is characterized by relatively uniform rainfall (Fig. 1) and soils that
are acidic (pH 4.0-4.50).

The farm is situated at 1,500 msl and occupies an area of 7 ha on a hillside with
overall slope of 20 % (difference in height of 60 m over a distance of 350 m).
Traditionally the soils in the region have been, and continue to be, exploited for
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shade “Arabica” coffee and small scale production of “Panela” from sugar cane.
In order to promote biodiversity, the crops on the farm are replicated in different
areas (Map 2). The principal crop is sugar cane (Photo 1), presently occupying
1.34 ha but projected to increase to 2 ha as the pasture areas are gradually displaced
with more productive crops.

Tree crops include coffee, cocoa, and forage trees (chiefly mulberry [Morus alba]
(Photo 2), and “Boton de oro” [Tithonia diversifolia] (Photo 3), forage plants
(New Cocoyam [Xanthosoma Sagittifolium] (Photo 4) and Water spinach [Ipomoea
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Photo 2 Mulberry (Morus alba) is the major protein source for goats, cattle and rabbits

aquatica] (Photo5) and trees for timber and fuel, including a grove of ‘Guadua”(Guadua
angustifolia) (Photos 6 and 7), and Guamo (Inga hayesii Benth) for shading the
coffee (Photo 8).

The livestock and fuel components are chosen for their capacity to utilize the
crops and by-products produced on the farm. Sugar cane stalk is fractionated into juice
and residual bagasse. The tops including the growing point and some whole stalk
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Photo 3 “Boton de oro” (Tithonia diversifolia) has excellent agronomic properties and is fed to
the goats along with the mulberry foliage

Photo 4 New Cocoyam (Xanthosoma saggitifolium) is the preferred protein source for the pigs

are the basal diet for dual purpose cattle and goats. The juice is the energy feed for
pigs (Photo 9) and the source of “sweetener” for cooking for the farm family.

The bagasse (Photo 10) is the fuel source for a gasifier (Photo 11) that provides
combustible gas for an internal combustion engine linked to an electric generator.
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Photo 5 Water spinach (Ipomoea aquatica) a high protein vegetable for people and animals.
Needs neutral soils but is now grown in the farm after soil amendment with Biochar

Photo 6 “Guadua” (Guadua angustifolia) finds major uses on the farm for construction (Photo 7)

The goats are the means of fractionating the forage trees (Photo 12), consuming
the leaves, fine stems and bark as sources of protein, with the residual stems being
another source of fuel in the gasifier.

The pig unit has capacity for 40 growing-fattening pigs and 5 sows (Photo 13a, b).
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Photo 7 “Guadua” provides the support structure of the plastic canopy for drying the coffee
beans, the bagasse and the stems of mulberry and Tithonia

Photo 8 Guamo (Inga hayesii Benth) is the traditional shade tree for coffee

The goat unit (Photo 14) has ten breeding does and two bucks. There are
three pens for two crossbred cows and progeny (Photo 15), kept for triple purpose
production of milk, meat and manure.

Hens and ducks are raised in semi-scavenging systems (Photos 16 and 17) for
eggs and meat.



34 R. Preston and L. Rodriguez

Photo 9 Sugar cane juice is
the basal diet for the pigs

Photo 10 The bagasse is sun-dried and separated into fine (on the lef) and coarse particles (on the
right); the former for the gasifier and the latter as litter for the cattle and goats

Rabbit production is a new venture on the farm, applying the principles of 100 %
forage diets developed in Cambodia, Laos and Vietnam (http://www.mekarn.org/
prorab/content.htm) (Photo 18).

A horse serves to transport sugar cane and forages (Photos 19 and 20).

All high moisture wastes are recycled through plug-flow, tubular plastic
(Polyethylene) biodigesters. Pig and human excreta are the feedstock for four
biodigesters (Photo 21). Waste water from coffee pulping, washing of dishes and
clothes go to a fifth biodigester (Photo 22).


http://www.mekarn.org/prorab/content.htm
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Photo 12 Goats are very efficient in fractionating the mulberry and the Tithonia, consuming the
leaves and leaving the stems for the gasifier

Effluents from all biodigesters are combined (Photo 23) and recycled to the crops
as fertilizer.

The pens for the goats and cattle have clay floors covered with a layer of bagasse
to absorb the excreta (Photos 14 and 15). Periodically this manure is returned to the
crops as fertilizer and as a source of organic matter (Photo 24).

The features and links of the farming system are shown in Fig. 2.
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Photo 13 (a, b). New housing for pregnant and lactating sows uses local materials and a construction
technique (“el muro tendenoso”) that reduces cement needs by more than 50 % and eliminates
need for bricks. The amount of “embedded” fossil fuel energy is much reduced by this system

Photo 14 The coarse bagasse not suitable for the gasifier is an excellent bed for the goats.
Mulberry and Tithonia are suspended in racks, a technique that has been shown to stimulate feed
intake (Theng Kouch et al. 2003)

Lessons Learned

The overall aim of the TOSOLY farm was to provide data that would contribute to
the development of sustainable farming systems in the tropics, against a background
of the triple world crises of resource depletion, especially oil, climate change and
economic recession. It is argued that in order to respond to these pressures, future
farming systems must produce not only food for people and feed for animals, but
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Photo 16 Scavenging hens help to control the weeds under the forage trees

also energy that will perform useful tasks on the farm, with surplus supplies being
channelled into the electrical grid or for the use of local communities. These
objectives should be met within a framework of activities that ensures an overall
negative carbon footprint. Responding to the energy crisis not only requires the
development of renewable sources of energy. The efficiency of using energy must
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Photo 17 Duckweed (Lemna minor) is highly appreciated by the ducks in as semi-scavenging
system

Photo 18 Rabbits are fed exclusively on forages produced on the farm

also be increased as there is no alternative form of energy that can replace fossil
fuels at the present rate of usage.
For these reasons, the components that were chosen as subjects to be researched were:

e The nutritional value of the foliage of New Cocoyam (Xanthosoma sagittarius)
as a replacement for soybean meal in diets of growing pigs
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Photo 21 Three biodigesters receive washings from the pig pens and from the family toilets

* The biochar produced as a byproduct of the gasification of the bagasse as a soil
amendment

* Agronomic studies to measure the biomass yield of New Cocoyam

* Ensiling the combined leaves and petioles of New Cocoyam

* The gasification of sugar cane bagasse and stems of forage trees

* Measuring the EROEI for production of electricity by gasification of sugar cane
bagasse
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Photo 22 Waste water from the kitchen, the clothes washer and the machine for pulping fresh
coffee beans is directed to this biodigester

Photo 23 Effluents from all the biodigesters are recycled to the crops and forages as fertilizer



Photo 24 Manure from the cattle and goats is a major source of fertilizer and organic matter for
recycling to the crops
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Fig. 2 The features and links of the farming system in TOSOLY
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Sugar Cane and Foliage from Trees and Crop Plants as Feed
Resources for Livestock and as Sources of Renewable Energy

The rationale for investigating these resources is based on several premises.

Localization of Production

The first premise is the need to develop farming systems that utilize resources that
can be grown on the farm with minimal need for external sources of energy.
Transport presently accounts world-wide for some 30 % of fossil fuel use and is a
major component of the embodied energy in purchased feeds. This cost can be
avoided to a major extent if feeds and energy are produced on the farm.

Farm Size

If the farm size is relatively small (4—7 ha), the use of animal traction instead of
machines is much more feasible; and the recycling of livestock manure is facilitated.
There are also social benefits when the workers are also the owners, as is possible in
the “family” farm. The farm most be seen as part of a community of small scale
farmers. The integrated system requires an “integrated teamwork”. The system per
se requires special people in terms of commitment and enthusiasm, requires capable
people which does not necessarily mean people with high level of education. It is
clear that, on balance, the capacity to learn by doing and learn by living counts more
than the degree of education. The system needs leadership and understanding of
the global issues to be able to act locally. The system must promote integration with
neighbours to be able to accomplish the different tasks in the farm. The system is
projected to encompass family and community development.

Efficient Capture of Solar Energy

If it is accepted that solar energy is the only sustainable source of energy, then farming
systems must be designed to maximize the rate of capture of this resource. Forty
years ago, Kormondy (1969) pointed out the advantages for biomass production of
tropical latitudes and of perennial crops and forest compared with annual crops
(Fig. 3). Similar contrasts were highlighted by Patzek (2007) (Fig. 4). In the latter
case the contrast between pastures and crops and forests is especially noteworthy.
The decision to base the cropping system in the TOSOLY farm on sugar cane and
trees has thus a firm ecological basis.

Apart from being perhaps the most efficient known plant for capturing solar
energy, sugar cane has many other advantages, linked specifically with the argument
that we need to produce both food/feed and fuel energy from the farming system.
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Fig. 3 Net biomass M Perennial crops M Forest ™ Annual crops
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ecosystems (Kormondy 1969)
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The ease of separating sugar cane stalk into juice and residual fibre (the bagasse
used as fuel to evaporate the water) was exploited five centuries ago by European
colonialists in the Caribbean. The fact that the juice contains no fibre and is 100 %
digestible was the reason to develop it as the preferred energy source for pig feeding
in the tropics (Mena et al. 1981), as it was hypothesized that the absence of fibre
would facilitate incorporation in the pig diet of high yielding protein-rich foliages,
the fibre content of which would have been a limiting factor if combined with con-
ventional energy sources from cereal grains. The use of the bagasse as a source of
“biofuel” was shown at that time to be technically feasible but economically unat-
tractive in a world driven by cheap petroleum and natural gas.
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New Cocoyam (Xanthosoma sagittifolium)

Using the Fresh Leaves as a Protein Source for Growing Pigs

The appreciation of the potential role of New Cocoyam (known locally as “Bore” or
“Malanga”) in the TOSOLY integrated farming system was accidental. Initial
attempts to grow and use cassava foliage as the protein-rich forage to accompany
the sugar cane juice proved to be a failure in that at 1,500 msl the plant would not
survive the repeated harvesting that had proved successful at <20 msl in Vietnam
and Cambodia (Preston 2001; Preston and Rodriguez 2004, 2010). Bore was found
growing wild in the humid natural forest area of the farm. Observations on the pigs
offered the leaves of New Cocoyam showed it to be highly palatable and led to the
experiment described by Rodriguez et al. (2006) in which 50 % of the protein nor-
mally supplied by soybean meal was replaced by fresh leaves of New Cocoyam
with no reduction in pig performance rates compared with the control diet of 100 %
of the protein from soybean meal.

The experiment described by Rodriguez et al. (2009a) aimed to explore the
effects on parameters of apparent digestibility and N retention in young growing
pigs of 100 % replacement of the soybean protein by New Cocoyam leaves. In this trial
the leaves were homogenized in a blender along with sugar cane juice to facilitate
feeding and to avoid wastage in the metabolism cage. DM intakes were high (5 %
of live weight) and similar with substitution rates of soybean protein up to 53 % and
even with 100 % substitution intakes were only reduced by some 7 %. The major
effect was a substantial linear decline in the digestibility of the protein as the substitution
with New Cocoyam leaves was increased, and a resultant linear decrease in N retention
of about 25 % at the 100 % substitution level. There was, however, a compensatory
response in that N excreted in the urine decreased linearly with level of New Cocoyam
leaves with the overall result that the N retention as a percentage of N digested
favoured the diets with increasing proportions of New Cocoyam leaves.

Using the Ensiled Leaves as a Protein Source for Growing Pigs

The third experiment in this series (Rodriguez and Preston 2009b) aimed to determine
the feasibility of using ensiled New Cocoyam leaves (ENCL), instead of the fresh
leaves, as the only protein source to balance the sugar cane juice in the diet of young
growing pigs (mean initial LW of 19 kg). The experimental design was a production
function with the independent variable being the level of crude protein in the range
of 80—160 g crude protein per kg of diet DM. The levels recorded in the experiment
varied slightly (87-149 g crude protein/kg DM) equivalent to a range in proportions
of diet DM as ENCL of 4667 %.

The relationship between proportion of ENCL in the diet DM (X) and N retention
(Y =g N/kg LW) was curvilinear with the maximum value of N retention being reached
when the ENCL provided 66 % of the diet DM, equivalent to a crude protein
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concentration of 13 % in the diet DM. Intakes of DM were high on all diets with
the maximum of 4.5 % of LW with 55 % of ENCL in the diet corresponding to a
crude fibre content of 9 % in the diet DM.

The experimental deign can be criticized in that the eight different levels of
ENCL were achieved by using the same four pigs in two consecutive periods such
that there was no replication of any one chosen level. Nevertheless the results were
broadly in line with theoretical expectations. The pigs easily consumed the ensiled
leaves at levels (66 %) which were double those (35 %) reported by Leterme et al.
(2005) who dried and ground the leaves of New Cocoyam prior to incorporating
them in a diet based on maize. The maximum pig response, as measured by N reten-
tion, was achieved with 66 % of the diet in the form of ENCL. At this point the
crude fiber content had reached 9 % which is within the range (7-10 % according to
Kass et al. 1980) when pig growth rates begin to be depressed, as was observed in
our experiment. In the experiment of Leterme et al. (2005), the basal diet contained
maize, soybean meal and rice hulls, thus with only 35 % of New Cocoyam leaf meal
in the diet, the overall fiber level was already 8 % in DM, relatively close to the level
of 9 % fibre with 66 % ENCL in a basal diet of sugar cane juice.

In the pig feeding system described in our research, in which the basal diet of sugar
cane juice contains neither fibre nor protein, these two components have opposing
influences on performance when foliages are used as the protein supplement. To achieve
the level of protein necessary to optimize growth rates (about 13—15 % in DM) results
in reaching levels of crude fibre which act so as to reduce performance (eg: “the
shielding effect on the plant cell contents by the indigestible cell walls, increased rates
of passage of digesta as a result of its increased bulk and water-holding capacity, irri-
tation of the gut wall mucosa by VFA produced in the hind-gut, possible presence of
anti-nutritional factors, bulkiness, energy dilution and possibly heat stress” [Ogle
2006]). To increase the protein level in these diets without increasing the crude fiber
content would require using protein sources such as fish meal or soybean meal, which
have very little or no fibre. The final decision will depend on the relative economics of
using locally-grown protein supplements as opposed to purchased supplements. Such
economic considerations will depend on monetary costs and also increasingly on
“embedded” (fossil) energy costs of the alternative feed resources. This aspect will be
discussed in a later section of this Chapter.

Ensiling Leaves and Petioles of New Cocoyam

Practical experiences on the farm led to the conclusion that daily harvesting and
feeding of fresh New Cocoyam leaves was not convenient from the standpoint
of: (i) appropriate management of the New Cocoyam plant as leaf growth was
dependent on climatic factors, which meant that daily harvesting did not always
yield the required amounts of leaves, and often the leaves were harvested when they
were still immature; and (ii) daily harvesting was time consuming and inefficient in
the use of the horse used to transport the leaves. This led to the decision to study the
ensiling of the leaves which would permit harvesting of the leaves at the most
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appropriate stage of growth, from the physiological viewpoint (the leaves of
New Cocoyam have similar growth cycles as leaves from banana plants, in that
every 2-3 weeks new leaves emerge from the stem and grow until the point of
senescence is reached usually some 3—4 weeks later). The work of harvesting
and ensiling was then organized on a cycle of 20-25 days in accordance with the
growth stage of the plants.

The studies described by Rodriguez and Preston (2009a) were initiated in order
to define the most appropriate method for ensiling the New Cocoyam foliage, as
there were no references to be found in the literature on ways to process and store
this foliage by ensiling. The first attempt followed conventional procedures using
sugar cane juice as a substitute for molasses. The ensiled leaves produced by this
process had all the required qualities of low pH, attractive colour and smell and
absence of mould. The problem was the considerable effort needed to mix the cane
juice with the macerated leaves and then to consolidate them in the plastic container.
The other problem that arose was the disposal of the petioles. It was not convenient
to leave them in the field as mulch, as this would have required transporting only the
leaves — a difficult operation in sloping terrain which necessitated stacking the load
in the structure mounted on the horse which is the traditional way of transporting
sugar cane (Photo 8.1). Attempting to accommodate only the leaves in this structure
proved to be highly inconvenient and inefficient. The other option of feeding the
petioles to the pigs proved to be feasible in that they were well accepted. It was also
observed that ensiling the petioles, despite the high moisture content (>90 %) was
an effective way of conserving them; furthermore, it was found there was no need
to add additional fermentable sugars as the pH dropped to less than 4 within 48 h.
But again, the work load of separating the leaves from the petioles and macerating
each of these components separately was time-consuming. Moreover, forcing the
leaves into the ensiling machine was difficult. By contrast, passing the intact foliage —
leaf and petiole — into the ensiling machine was easy and rapid. The logical next step
was to ensile the combined leaf and petiole. This also produced excellent silage
and has become the standard management system on the farm for processing
New Cocoyam foliage. This procedure thus fulfilled all the requirements for producing
a uniform and nutritious product, without the need for any additive.

The observation that the juice in the petiole was high in soluble sugars (4-5 %
in the juice=about 25 % in the DM) explained the good results obtained by
incorporating the petiole with the leaf in the silage. The negative consequence — a
decrease in the protein content of the mixture (the petiole contains only 7-8 % crude
protein in DM) — was compensated by the more efficient use of the plant biomass
(the petioles make up some 50 % of the foliage DM. The other feature of the petiole
in New Cocoyam is that, in contrast with many other forages, it is not heavily lignified
as it is the water in the petiole which provides the main structural support for the
leaves, in the same way that the pseudo-stem supports the leaves in the banana plant.
Analysis of the leaves and petioles showed that the content of NDF was lower in the
petioles (22.7 % in DM) than in the leaves (37.8 %). ADF values showed similar
trends. The low content of structural carbohydrates in the petiole, together with the
high content of soluble sugars, leads to the conclusion that the petiole can be
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considered as a potential energy source, as well as a convenient medium for facilitating
the ensiling process. Some recent results from Vietnam (Figs. 5 and 6) demonstrate
the beneficial effects of mixing the leaf and petiole of Taro (Colocacia esculenta)
with the pseudo-stem of banana, which can be linked to the relatively high content
of soluble sugars in the Taro.

Biomass Productivity of New Cocoyam

The research described by Rodriguez and Preston (2009b) was a first attempt to
generate information on the agronomic features of the New Cocoyam plant. The
results showed clearly the advantages of establishing the plant from suckers (emerging
new shoots) than from sections (disks) taken from the stem. The predicted annual
per ha yields, in acid soils of low fertility, of 14.5 and 1.90 tonnes of DM and crude
protein, respectively, show that the plant is efficient in capturing solar energy. With
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Box 1

Beginning March 1 2009, those in Gainesville, Florida USA, with new
solar photovoltaic systems will be eligible to receive 32 cents per kilowatt hour
of electricity produced by the system over the next 20 years. http://www.
gainesville.com/article/20090206/ARTICLES/902061014?Title=Commiss
ion-gives-its-approval-to-feed-in-tariff-for-solar-power

higher and more evenly spaced fertilization (eg: from biodigester effluent) it can be
expected that the yield potential will be much greater.

On the basis of the above yields and assuming that 10 % of the crude protein
needs are supplied by a high protein supplement such as fish meal, soybean meal or
locally produced yeast, then the area planted to New Cocoyam should be 1.5 ha, the
same as sugar cane to provide feed for an average population of 50 pigs.

Gasification of Sugar Cane Bagasse and Stems of Forage Trees

It is apparent from the research described by Preston and Rodriguez (2009) and
Rodriguez and Preston (2010) that supplying the electricity needs of the farm could
be met from gasification of less than 20 % of the available fibrous biomass residues
from 1.5 ha of sugar cane and 1 ha of forage trees. This raises the question of how
to use the surplus electricity (about 35 KWh daily). Schemes for feeding the energy into
the local electricity grid are on-going in cities in Europe, USA and Japan (see Box 1).

At USD 0.30/KWh, the daily surplus of electricity (about 35 KWh) from 2.5 ha
of cropland would be worth USD10.5, about USD 3,650 per year. Another alternative
(in the future!) is to support directly the local community by developing a facility
for charging the batteries of electric vehicles.

The important feature of the system is that food/feed production is not compro-
mised as both feedstocks represent components of the respective crops which have
no value as feed or food.

Energy Returned Over Energy Invested (EROEI)

The analysis of energy gained as a combustible gas as a function of the equivalent
fossil fuel energy embedded in the various farm activities indicated an EROEI of
about 8 which according to Hall et al. (2009) more than provides for the needs of
society (estimated by these authors as an EROEI of the order of 5). There is an
urgent need to develop this information which would facilitate the calculation of
more precise estimates of the EROEI of integrated food-feed-energy production in
a small scale farming system.
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Biochar for the Mitigation of Greenhouse Gas
Emissions and as a Soil Conditioner

The biochar produced by gasification promises to have multiple uses, most of which
are still relatively unexplored. The degree to which it is a sink for sequestering carbon
in the soil is the subject of numerous claims (see Lehmann 2007), based almost
entirely on the observations made in the Amazon of carbon-rich “terra preta” soils
formed by indigenous tribes thousands of years ago (Glaser 2007). Assuming that
2 tonnes of carbon dioxide are sequestered per ha of land cropped for integrated
food-feed-energy production, and that there is a potential 3 billion ha of arable land
available world-wide (OECD/FAO 2009), the biochar produced on this land area
would permit the sequestration of 6 billion tonnes of carbon dioxide. Present world
annual emissions of carbon dioxide http://en.wikipedia.org/wiki/List_of_countries_
by_carbon_dioxide_emissions) are estimated to be 24 billion tonnes.

Thus if every hectare of crop land in the world was managed for integrated food-
feed-energy the potential to sequester carbon dioxide is about 25 % of present world
emissions.

According to the US Energy Administration Agency (http://www.eia.doe.gov/
iea/elec.html), world electricity generation in 2006 was 18 trillion KWh. Taking the
figure of 20 KWh/ha/day, then on a world basis this represents a potential annual
production of about 21 trillion KWh, quite close to the recorded output in 2006.

Obviously not all the world arable land would be suitable for the integrated farming
system of the type described in this Chapter. Nevertheless, there is obviously con-
siderable potential for sequestering carbon and producing electricity from biomass
without compromising food production and almost certainly with attendant gains in
soil fertility and with positive effects on the environment.

Conclusion

The likely impacts from the experience on the TOSOLY farm are:

¢ Integrated, small scale, farming systems based around multi-purpose crops and
livestock, can provide food, feed and energy with no conflict among these end uses.

 Gasification of fibrous crop residues produces electricity and a soil conditioner
(biochar) that is also a sink for sequestration of atmospheric carbon. Biodigestion
of all liquid wastes produces a gaseous fuel for cooking with alternative use as a
complement to the gaseous fuel from the gasifier.

* The ensiled foliage (combined leaves and petioles) of Taro (Colocacia esculenta)
and New Cocoyam (Xanthosoma sagittifolia) offers a high degree of promise as a
protein-rich forage for replacing conventional protein sources in diets for pigs

¢ The system delivers real benefits for the environment (a negative carbon footprint)
through carbon sequestration and improvements in soil fertility.
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Ecological Intensification for Crop Protection

Alain Ratnadass and Marco Barzman

Abstract We need to break away from intensive agriculture based on non-renewable
and toxic inputs. Safer practices are indeed emerging. Sustainable agriculture
started about 50 years ago with the design of integrated pest management (IPM) to
counteract pesticide misuse and abuse. Ecological intensification emerged only a
few years ago. Here we review the literature to compare ecological intensification
and IPM, from the point of view of crop protection. We present also agroecology
and organic farming. Neither ecological intensification nor IPM have philosophical
bases such as agroecology, or to an even larger extent, biodynamic agriculture.
Ecological intensification, IPM and agroecology are polysemous, flexible and prag-
matic approaches, whereas organic farming is well-defined by its scope and stan-
dards. Ecological intensification, in explicitly pursuing the goal of increasing food
production to feed the planet, differs from agroecology, whose proponents think that
the view that world hunger will be solved by merely increasing yield is an oversim-
plification. In terms of cropping system design, in its actual practice, IPM often
remains based on methods that increase the efficiency of chemical pesticide use. Or,
along with organic agriculture, it may remain based on substitution of pesticides by
less harmful alternatives. In contrast, ecologically intensive crop protection usually
requires cropping system redesign.

In terms of ecosystem service provision, IPM tends to focus on the pest-pathogen
regulation service. In contrast, both ecological intensification and agroecology pay
attention to both practices which were designed for crop protection and biomass
provision purposes, as well as practices with broader scope, primarily designed to
offer other ecosystem services which are found to have indirect effects on crop
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protection. This chapter also describes selected tropical case studies of crop protection,
such as upland rice seed-dressing and fruit fly control in orchards, to compare and
contrast crop protection in these contexts. Finally, we propose to consider IPM and
ecologically intensive crop protection as complementary rather than conflicting
approaches. The concept of “ultimate IPM” brings IPM closer to ecologically inten-
sive crop protection. This new approach involves starting from a nearly natural eco-
system to which inputs are gradually added when absolutely necessary, rather than
starting from a conventional agroecosystem and gradually remove inputs from it.

Keywords Agroecology * Ecologically intensive agriculture ¢ Integrated Pest
Management ¢ Ecological engineering * Organic farming * Conservation agriculture
e Push Pull  Crop protection * Sustainable agriculture ¢ E-S-R framework e
Ecosystem services

Abbreviations

DDT  dichlorodiphenyltrichloroethane

DMC  Direct-seeding, mulch-based cropping (systems)
E-S-R  Efficiency-Substitution-Redesign

GM Genetically modified (crop/plant)

IPM Integrated pest management

US United States (of America)

Introduction

A number of concepts have emerged during the last century as pathways toward
sustainable agriculture. They are based on the perceived need to break away from
the dominant paradigm that gave rise to an intensive type of agriculture associated
with artificial conditions, biodiversity reduction and reliance on non-renewable and
toxic inputs. Integrated Pest Management (IPM) emerged more than half-a-century
ago from early reactions to widespread misuse and abuse of toxic inputs in agricul-
ture (Carson 1962; Stern et al. 1959). The scope of IPM is crop protection and its
driver is pesticide use reduction. More recent approaches that are broader in scope
have emerged. Ecological intensification emerged a few years ago (Bonny 2011;
Doré et al. 2011; Griffon 2013). It is closely related to the concept of agroecology
(Altieri 1995) particularly with ecological engineering for pest management as its
application to crop protection (Nicholls and Altieri 2004).

This paper describes how ecological intensification, agroecology and IPM
emerged. It compares the three approaches to each other and to other possible
pathways to sustainable agriculture (Pretty 2008) such as organic farming and



Ecological Intensification for Crop Protection 55

eco-agriculture relative to their crop protection dimension. It then discusses how
they differ and how they may be synergistic rather than conflicting according to:

(i) the way they fit within the Efficiency-Substitution-Redesign (E-S-R) frame-
work (Hill and MacRae 1995), particularly with regards to their acceptance or
exclusion of chemical pesticides and genetically modified (GM) crops;

(i) the way they contribute to ecosystem services beyond crop protection, particu-
larly in the context of global environmental changes.

The Emergence of Alternatives to Agrochemistry-Based
Crop Protection

Biodynamic Agriculture

Historically, the anthroposophic movement of the Austrian thinker Rudolf Steiner
in the 1920s in central Europe, and its associated biodynamic agriculture movement
was the first self-claimed alternative to the industrialization of agriculture (Steiner
1924). In its rejection of science in agriculture, it excluded even “natural” (biologi-
cal or mineral) crop protection substances such as copper, sulphur, or arsenic at a
time when there were no synthetic pesticides per se. Nevertheless, some specific
“preparations” or recipes were proposed to combat crop diseases such as boiled
horsetail plant (Equisetum arvense) to prevent fungal diseases. Certain principles
which may appear esoteric to some were also proposed to combat insect and rodent
pests. These include incineration of insect pests or rodent skins, with ashes diluted
at homeopathic doses and applied according to cosmic factors such as the move-
ments of the moon and planets.

Organic Farming

Organic farming was independently developed in the 1940s in England through the
work of sir Albert Howard (1943) who was inspired by his experience with tradi-
tional farming methods in India, which notably served as the basis to “the principles
which appeared to underlie the diseases of plants:

1. Insects and fungi are not the real cause of plant diseases but only attack unsuitable
varieties or crops imperfectly grown. Their true role is that of censors for pointing
out the crops that are improperly nourished and so keeping our agriculture up to
the mark. In other words, the pests must be looked upon as Nature’s professors of
agriculture: as an integral portion of any rational system of farming.

2. The policy of protecting crops from pests by means of sprays, powders, and so forth
is unscientific and unsound as, even when successful, such procedure merely
preserves the unfit and obscures the real problem — how to grow healthy crops.
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3. The burning of diseased plants seems to be the unnecessary destruction of
organic matter as no such provision as this exists in Nature, in which insects and
fungi after all live and work”.

Organic farming practices have been standardized and codified by the
International Federation of Organic Agriculture Movements (IFOAM). Regarding
the use of plant protection products, biological and mineral crop protection sub-
stances are allowed in organic farming, although — ideally — priority is given to
preventive methods (Letourneau and van Bruggen 2006; Zehnder et al. 2007).

Integrated Pest Management

IPM as a concept appeared as a reaction to the widespread and systematic use of
synthetic pesticides, particularly DDT, after World War II, and was elaborated as
early as 1959 (Stern et al. 1959), prior to the publication of the renowned book
“Silent Spring” by Rachel Carson (1962). The emergence of pesticide resistance
further boosted its development. IPM gained worldwide recognition following the
quick resolution of a food security crisis in Indonesia in the mid-1970s created by
the insecticide-resistant rice brown plant-hopper and the suppression of its natural
enemies. The IPM programme in question, which included from the late 1970s to
the mid-1980s the phase-out of many broad spectrum insecticides and a rapid 65 %
reduction in overall pesticide use was associated with an immediate 12 % increase
in rice yields (R6ling and van de Fliert 1994). Historically, IPM emerged in the area
of insect management with the idea that an integration of practices could reduce the
likelihood of requiring insecticides that may be used “only as a last resort”. The use
of the concept of treatment threshold was a major tool by which the frequency of
pesticide treatments against arthropod pests could be reduced. It was assumed that
the approach could be generalised to pathogen and weed management.

The passing in 2009 of two important pieces of European legislation (Regulation
1107/2009" and Directive 2009/128/EC?) marks a turning point and places IPM
again in the limelight. The decrease in the availability and portfolio composition of
plant protection products in the European Union already during the last decade and
the new legislative landscape mean that in future farmers will no longer have access
to the entire range of pesticides they use today and that they will have to adopt IPM,
incorporating alternative approaches or techniques to reduce their dependency on
pesticide use. By December 2012, most EU Member States completed and initiated
the implementation of the National Action Plans which will pave the way to reach
the new objectives and by January 2014, Member States are expected to show how
the principles of IPM are implemented.

Yhttp://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:1:2009:309:0001:0050:EN:PDF
2http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2009:309:0071:0086:en:PDF
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The concept of “integrated production” (IP) was also proposed by the International
Organization for Biological and Integrated Control of Noxious Animals and
Plants (IOBC) as a desirable approach to the development of more sustainable crop
protection. This approach takes into account not only crop protection measures,
but all farming practices at the entire agroecosystem level which affect pest
management (Boller et al. 2004). The approach is embodied in a series of IP
guidelines that have been used in association with subsidies in Switzerland and in
Emilia-Romagna Region (Italy) (BLW 2013; Stdubli 1983). In some other European
countries, it was applied to vegetable and fruit production, e.g., in France where,
although promising, integrated fruit production remained limited due to lack of pub-
lic support (Bellon et al. 2006). Recently, with the implementation of the European
Framework Directive 2009/128/EC on the Sustainable Use of Pesticides, several
governments have placed emphasis on the IP guidelines in their pesticide National
Action Plans.?

Agroecology

German zoologists in the 1930s—1960s, were among the early promoters of the
term and concept of agroecology, along with European and American agronomists
and crop physiologists, and emphasised the application of agroecology to pest
management (Friedrichs 1930 in Wezel et al. 2009, Tischler 1950 in Wezel et al.
2009). In the 1970s—-2000s, agroecology further developed as a science, a movement
and a set of practices primarily as a reaction of American ecologists (e.g., Miguel
Altieri, John Vandermeer) to the excesses of the Green Revolution and its negative
impact on small-holders in developing countries (Altieri 1995; Vandermeer 1995;
Wezel et al. 2009). Proponents of agroecology historically maintain a suspicion
regarding the common wisdom goal of “feeding the planet” in the face of a “popu-
lation explosion”. They claim that the view that world hunger will be solved by
merely increasing yields —rather than by increasing total productivity with respect
to land and inputs and by addressing social inequality — is an oversimplification
serving the needs of developed countries (Moore Lappé et al. 1998; Altieri and
Nicholls 2012).

In his definition of agroecology, Miguel Altieri particularly stressed the “pest &
disease regulation” pillar (Altieri 1995). Deguine et al. (2008) further developed the
application to crop protection within the concept of agroecology, which can be
referred to as agroecological crop protection. For instance, Shennan et al. (2005, in

3SCAR Collaborative Working Group on integrated pest management for the reduction of pesti-
cide risks and use ANALYSIS OF RESEARCH AND EXTENSION NEEDS FOR THE
DEVELOPMENT OF IPM Final report of a survey conducted among European countries. Last
revision April 17, 2013 http://www.endure-network.eu/content/download/6765/48872/file/
Final%20report%20SCAR %20IPM%20CWG.pdf
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Deguine et al. 2008), wrote: “An agroecological approach to agriculture involves the
application of ecological knowledge to the design and management of production
systems so that ecological processes are optimized to reduce or eliminate the need for
external inputs. Nowhere is this more apparent than in the management of agricul-
tural pests.” Within the agroecology mindset, it is the use of cultural techniques to
effect habitat manipulation and enhance biological control that is more specifically
referred to as ecological engineering for pest management (Gurr et al. 2004). Among
the “affiliated” sets of practices, conservation agriculture and agroforestry place less
emphasis on pest regulation — except for weed suppression in the former.

Ecological Intensification

To some extent, crop protection issues are also central in the “ecological intensifica-
tion” approach, where natural ecosystems serve as a source of inspiration (Doré
et al. 2011; Malézieux 2012). That is why ecologically intensive crop protection
emphasises the use of biological processes to regulate pest populations as an alter-
native to direct control via synthetic pesticides.

In any case, the ecologically intensive approach to crop protection differs from
organic farming in its flexibility regarding the use of chemicals, and from agroecol-
ogy in its explicit goal of increasing the quantity of food produced to “feed the
planet” via a certain form of intensification (Griffon 2006). Its explicit and primary
goal of increasing agricultural production is a notable difference with agroecology
which puts forward a range of environmental, economic, social and cultural goals.
Proponents of ecological intensification, referring to lower yields attained in organic
cereal production, do not perceive organic farming as pursuing this goal.

Thus, among the major claimed pathways to sustainable agriculture, organic
farming, agroecology and ecological intensification have well-developed crop protec-
tion dimensions. Biodynamic agriculture poorly covers this aspect of crop production
while IPM is obviously exclusively dedicated to pest management.

Relationship Between IPM and Ecological Intensification
for Crop Protection

Definitions and Principles of IPM

IPM has a number of definitions. One, adopted by the European Network ENDURE,
which has taken upon itself to provide research and development support to the
implementation of IPM (ENDURE 2011) as well as by a number of national and
international organisations and agencies, is the following:

IPM is a sustainable approach to managing pests by combining biological, cultural and
chemical tools in a way that minimises economic, environmental and health risks.
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With the mandatory implementation of IPM to be achieved by 2014 in all
European Union Member States as called for by Directive 2009/128/EC,* which
regulates the use phase of pesticides and establishes a new framework to “achieve a
sustainable use of pesticides by promoting the use of integrated pest management
and of alternative approaches or techniques such as non-chemical alternatives”,
much attention is paid to how this legislation defines IPM. It states that: “IPM means
careful consideration of all available plant protection methods and subsequent inte-
gration of appropriate measures that discourage the development of populations of
harmful organisms and keep the use of plant protection products and other forms of
intervention to levels that are economically and ecologically justified and reduce or
minimize risks to human health and the environment. ‘Integrated pest management’
emphasizes the growth of a healthy crop with the least possible disruption to agro-
ecosystems and encourages natural pest control mechanisms”.

According to the above-mentioned EU directive, IPM practitioners must satisfy
eight principles:

* Principle 1 — Achieving prevention and/or suppression of harmful organisms
* Principle 2 — Monitoring

* Principle 3 — Decision based on monitoring and thresholds

* Principle 4 — Non-chemical methods

* Principle 5 — Pesticide selection

* Principle 6 — Reduced use

* Principle 7 — Anti-resistance strategies

* Principle 8 — Evaluation

The first principle emphasises preventive/prophylactic indirect measures, followed
by pest monitoring and decision-making on curative measures based on thresholds,
first with non-chemical methods, then with the least harmful pesticides if deemed
necessary. ENDURE promotes the view that IPM is a continuously improving
process in which innovative solutions are integrated and locally adapted as they
emerge and contribute to reducing reliance on pesticides in agricultural systems.
One could thus define an IPM continuum (Ohmart 2008, 2009) as follows:

* An early-stage IPM based for instance on selecting IPM-adapted pesticides or
more generally on optimising pesticide use to reduce use and risks.

* More advanced stages ranging from the use of threshold-based pesticide applica-
tion to combination of tactics and prevention strategies, or more generally aim-
ing to reduce reliance on pesticides.

e “Ultimate IPM” where no direct control methods are needed once cropping sys-
tems with in-built robustness vis-a-vis pests, weeds and diseases is established.

For the purposes of our comparison, the main message regarding IPM from the
point of view of what it has achieved in the field, is that it is helpful in reducing
pesticide use and impact but that at least in its de-facto implementation, it has tended
to remain within the realm of chemically-dependent crop protection.

“http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2009:309:0071:0086:en:PDF
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Definition and Principles of Ecological Intensification
Jor Crop Protection

While the goal of IPM centers on crop protection, ecological intensification covers
all aspects of production. It can nevertheless be compared to IPM with regards to its
application to crop protection. Michel Griffon, one of the founders of ecological
intensification, defined it as “an approach based on the enhancement of agroecosys-
tem functionalities, of agroecosystem component complexity and diversity to
improve agroecosystem resilience, and on the harnessing of ‘biologically-inspired’
innovations”. The latter concept refers to techniques that mimic natural functions
(Griffon 2013). He also characterised ecological intensification as a genuine eco-
logical engineering approach: “a management and design of sustainable, adaptive,
multifunctional environments, inspired by or based on mechanisms that govern eco-
logical systems”. “Ecological engineering” was first proposed as an approach in its
own right, defined as “the design of sustainable ecosystems that integrate human
society with its natural environment for the benefit of both” (Mitsch and Jorgensen
2003), not necessarily encompassing agroecosystems per se. In its application to
agroecosystems, it is, however, the use of cultural techniques to effect habitat
manipulation and enhance biological control that most readily fits the philosophy of
ecological engineering, as a part of the agroecology mindset (Gurr et al. 2004).
It could therefore more appropriately be termed “agroecological engineering”.

In its crop protection dimension, ecological intensification proposes to develop
pest management strategies based on cultural practices informed by ecological
knowledge and believe this can result in significantly increased crop production due
to decreased crop loss, added to other beneficial effects on crop physiology, rather
than on high-technology approaches that include synthetic pesticides and geneti-
cally engineered crops. Some nevertheless believe the latter to be compatible with
ecological engineering, and in any case necessary if the objective of food security is
to be met (Birch et al. 2011).

Positioning organic farming and IPM relative to ecological intensification, i.e., in
reference to their reliance on ecological processes, is not easy. While the definition
of organic farming is very clear, [IFOAM standards have allowed the emergence of
two distinctive approaches. One, which we term “low-input organic farming”, is
based on prevention and indirect methods of controls and is close to agroecology.
The other, which we term “large-scale organic farming”, is based on substitution of
synthetic inputs with external organic inputs and does not in the end differ much
from industrial conventional farming (Darnhofer et al. 2010; Guthman 2000; Rosset
and Altieri 1997).

IPM — within a continuum ranging from early-stage to ultimate IPM —, agroecol-
ogy and ecological intensification take on a number of meanings as well. For
instance, Griffon (2013) considers ecological intensification to encompass the entire
range from low to high “environmental value” practices, with conventional agricul-
ture considered as having low, conservation agriculture as having low to medium,
and organic farming as having high environmental value.
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For our comparison of approaches, it is the “intensification” aspect of ecological
intensification that is most pertinent as it conveys active and interventionist research
and extension attitudes regarding the manipulation of ecological processes. This
contrasts with the more descriptive attitudes historically prevalent in the science of
ecology (Jackson and Piper 1989) and possibly with agroecology which, at least in
its earlier phases, devoted much effort in documenting and understanding the eco-
logical rationale underlying traditional tropical agriculture.

However, the “engineering” aspect of ecological engineering applied to agroeco-
systems, as a part of agroecology (see above) also conveys such active attitude, but
with a view of sustaining rather than increasing agricultural production. In addition,
the idea of sort of “controlling” the nature, via the engineering of ecological pro-
cesses, which is part of the ecological intensification mindset, is much less so in the
agroecological mindset, even if it comes to ecological engineering. Also, the idea of
a compulsory need for changing human nature, calling rather for sufficiency in a
world of scarcity (Rahbi 2008; Mathijs 2012), is part of the agroecological move-
ment (although more in its philosophical than scientific mindset), whereas it is not
in essence part of the ecological intensification thinking. Actually, neither ecologi-
cal intensification nor IPM have philosophical bases such as agroecology, or to an
even larger extent, biodynamic agriculture.

The “ecological” dimension of ecological intensification, agroecology and low-
input organic farming is in any case more developed than in IPM, which, although
scientifically based, mainly mobilizes knowledge on the phenology of the crop and
the bio-ecology of pests in view of combining control tactics and establishing eco-
nomic injury levels and treatment thresholds. So, at least in its practice, IPM imple-
mentation remains dependent on pesticides, and the ecological concepts and
processes are less essential than in the ecological intensification approach. One can
note in this regard that in the practice of IPM, the notion on “ecology” mainly refers
to reducing adverse ecological impacts rather than making full use of ecological
processes, which are central in ecologically intensive crop protection.

Conflicts, Synergies or Necessary Trade-Offs Between
IPM & Ecologically Intensive Crop Protection

IPM Versus Ecological Intensification in the E-S-R Framework

In the E-S-R (Efficiency-Substitution-Redesign) framework provided by Hill and
MacRae (1995), IPM may in its early-stage remain based on methods aiming at
increasing the efficiency of pesticides (E), or on the substitution of these pesticides
by less harmful alternatives (S). Complete redesign of agroecosystems (R), in view
of achieving “deep sustainability” or attaining “ultimate IPM”, is not mandatory. In
contrast, ecological intensification and ecological engineering applied to crop pro-
tection make use of biotic and abiotic processes rather than substituting one sort of
input by another.
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Reliance on ecological processes usually requires redesign of cropping systems
achieved via plant spatial and temporal diversification, and the creation of an envi-
ronment that is favourable to natural enemies. Although one could think that rede-
sign is necessarily based on the integration of multiple management tactics with
partial effects, this is not mandatory, since a single agroecosystem redesign measure
via plant species diversification may result in pest/pathogen regulation via several
parallel pathways (Ratnadass et al. 2012a). The regulation pathways may be
“bottom-up”, from lower to higher trophic levels, i.e., from autotrophic plants to
herbivore pests or plant pathogens (e.g. allelopathic effects, or stimulo-diversionary
effects). Or they may be “top-down”, i.e., from higher to lower trophic levels, i.e.,
from predators to pests (namely the various forms of biological control). In contrast,
with the present understanding of the rapid capacity of pests to evolve and adapt to
single tactical control measures, the IPM approach is necessarily based on the
combination of several management methods with partial effects, with a view to
preventing or delaying their being circumvented by the target pests.

So one major difference between the actual practice of IPM and ecologically
intensive crop protection is that the former may remain based on methods aiming at
increasing the efficiency of chemical pesticides, or on their substitution by less
harmful alternatives, while the latter usually requires complete cropping system
redesign. A second major difference is that while IPM necessarily involves the inte-
gration of several management methods with partial effects, to simultaneously
address multiple pests or delay overcoming by pests, pathogens and weeds, while
ecologically intensive crop protection may rest on a single redesign measure, resulting
in their regulation via a number of pathways.

Regarding Chemical Pesticides

So unlike organic farming, both IPM and ecologically intensive crop protection
allow pesticides, even though they admit that those should be “ideally” avoided. The
IPM approach summarized by Vandermeer (1995) emphasises IPM principle 1
(prevention): “don’t spray poisons unless it is necessary and manage the ecosystem
in such a way that it doesn’t become necessary”. Thus, agroecological or ecologi-
cally intensive crop protection can be seen as key to the first principle of IPM and to
the ultimate stage of IPM, when redesign has been so successful that no other mea-
sure is necessary.

The perspective of IPM is reduction of pesticide use, but not that of other agro-
chemicals. It is also based on the integration of several techniques and externally
produced inputs, such as semio-chemicals, precision agriculture, biological control
agents for inundative release. These are not generally part of the toolbox of agro-
ecology or ecological intensification, or that of low-input organic agriculture, par-
ticularly regarding synthetic pesticides and chemical fertilizers.

The emphasis of “agroecology-based approaches” such as ecological engineer-
ing applied to agroecosystems and ecologically intensive agriculture, is on the
enhancement of biological processes as replacement of chemical inputs. Such inputs
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are excluded from organic farming, while they are allowed, at minimal doses, in
agroecology-based approaches, possibly as “starters” to mobilize biological pro-
cesses for farmers’ benefit with a view to their eventual suppression ultimately. In
contrast, non-use of chemical inputs is a key pre-requisite in organic farming.

In the actual practice of IPM — as opposed to IPM theory which purports that
pesticide use is only as a last resort — some observers think that relying on thresh-
olds could even unintentionally encourage the use of pesticides. Indeed, the use of
thresholds requires intensive monitoring of pests which in some cases may give
pests excessive attention which, coupled with risk aversion, would frequently trans-
late to a decision to spray. Other proponents of IPM emphasise the importance of
ensuring the availability of a wide range of pesticides. Such availability is seen to
help reduce the emergence of pesticide resistance and to function as a “safety net”
making it possible to experiment with innovative approaches with the guarantee that
pesticides could be used as a last resort if something goes wrong. “Minor use” pro-
ponents, recognising the diversification of arable cropping systems as a major strat-
egy to generate more robust cropping systems, also emphasise the need for pesticides
registered for use on new crops to be inserted in a crop sequence. Otherwise, in the
absence of operational control methods, they argue, farmers will not experiment
with the new crops.

Ecological intensification and IPM — unlike organic farming — are polysemous or
encompass a broad continuum. They are therefore not easily defined by their scope
or precise codification in view of certification. Standards of organic farming are
relatively well harmonized worldwide at all levels, and farmers identify themselves
with organic farming, which has gained high credibility. The flexibility of both IPM
and ecological intensification as compared to organic farming explains why they are
difficult to label.

Although organic farming and both agroecology and ecological intensification
have many crop protection aspects in common (Letourneau and van Bruggen 2006;
Zehnder et al. 2007), there are differences. The exclusion of chemical pesticide
treatments in organic farming is a consequence of its market orientation and depen-
dence on certification. That is why in cases of a massive pest attack, an organic
farmer would rather lose the crop than the certification, something which
agroecological subsistence farmers cannot afford.

Organic agriculture may be environmentally and economically sustainable at
more local scales, but ecological intensification proponents question its social sus-
tainability at the global scale, in terms of its ability to feed the planet. The debate
over the capacity of organic agriculture in terms of production is still open. In any
case social sustainability via the “food production” service is considered primordial
in ecological intensification.

The attitude of IPM and ecologically intensive agriculture toward the use of
agrochemicals is therefore more pragmatic than that of organic farming. However,
within an ideal classical IPM framework, synthetic pesticides cannot be applied as
a systematic preventive measure, but only as a last resort curative option decided via
the use of thresholds. Conversely, the preventive use of pesticides, even synthetic, is
not excluded from the ecologically intensive approach, if it can boost some
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ecological processes. It should however be kept to a minimum, avoiding adverse
impacts on other ecological processes pertinent to agricultural production, on
human health or on other environmental dimensions.

For instance, ecological intensification might favour the application of herbicide
on a natural cover, as in conservation agriculture systems, to allow direct seeding
into the mulch thus avoiding ploughing to reap the full benefit of undisturbed soil
biological activity (Séguy et al. 2012). Similarly, seed-dressing with a targeted sys-
temic insecticide could be included in an ecological intensification programme if it
is deemed mandatory to avoid total crop failure in some specific environments: see §
“Relevance of seed-dressing with targeted systemic insecticides under the “ecological
intensification for crop protection” approach” in this chapter.

The targeted use of insecticide may also help extend the range of application of
another typically agroecological or “ecologically intensive” technique such as push-
pull technology (Cook et al. 2007; Khan et al. 2010). When “dead-end” trap plants
are not available, using chemical pesticides in alternation with biological insecti-
cides may be desirable. Chemical pesticides in alternation with Bt toxins from the
soil bacterium Bacillus thuringiensis or with Spinosad from the soil bacterium
Saccharopolyspora spinosa -both allowed in organic agriculture- in an “assisted
push-pull” or “attract & kill” approach may delay the build-up of resistance to the
latter. In this case also, the adverse impact of pesticides is kept at a minimum, since
those mainly biological products are not sprayed on the crop but on the trap plants,
either directly or in mixture with liquid baits, at very low rates, namely 0.02 % in
the case of Spinosad in GF-120.

So for this chapter, one may actually consider that in both ecological intensifica-
tion and IPM, priority is given to the absence of synthetic pesticide residues in the
crop, food, and environment, rather than totally excluding use of pesticides or other
chemical substances in the production process — a characteristic of organic farming.
There may however be some differences in the way IPM and ecological intensifica-
tion relate to pesticide use. IPM principles 1 (on prevention) and 3 (on basing deci-
sions on observation) do not warrant the systematic preventive use of synthetic
pesticides. In ecological intensification, such pesticide use is not excluded as long
as its potential negative impacts are compensated by the boosting of positive
ecological feedback loops.

Regarding Botanical Pesticides and Biological Control

Under IPM principle 4 (preference given to non-chemical methods), and principle 5
(selection of the least disruptive chemical), the use of botanical pesticides is encour-
aged. However, although more renewable than synthetic chemical pesticides, plant-
derived pesticides are not necessarily in line with the agroecological and ecological
intensification approaches, since they rely on ‘““substitution” rather than cropping
system redesign (Ratnadass 2013). In addition, some plant-derived pesticides are
not necessarily benign for the environment, e.g., rotenone, a broad-spectrum insec-
ticide harmful to natural enemies and pollinators. This reservation however also
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applies to toxins of bacteria, e.g. Bt-toxins and Spinosad, if they are used in substitution
to chemical insecticide sprays.

Nevertheless, the use of plant-derived pesticides may be a component of ecologi-
cal engineering if sources of natural pesticides are part of the agricultural system.
This is the case with Jatropha live-hedges planted around market-gardens to keep
domestic animals away, or neem wind-breaks planted around orchards, with both
also contributing to conservation biological control (Ratnadass and Wink 2012).

Regarding natural enemies, most IPM (ultimate IPM aside), relies more on aug-
mentative biological control than on conservation biological control. Augmentation,
which is the repeated release of purchased arthropod natural enemies or entomo-
pathogenic fungi or nematodes may be considered as a mere substitute to chemical
treatments, and would therefore not fit very well within the ecological intensifica-
tion mindset. On the other hand, conservation biological control via natural enemy
habitat management is very much in line with ecological intensification for crop
protection and usually requires agroecosystem redesign.

So substitution of chemical pesticides by plant-derived pesticides, while it is
welcome under IPM Principles 4 and 5, does not fit in the mindset of ecological
intensification, unless plants producing pesticidal extracts are included in the rede-
sign of the cropping system. Similarly, while augmentative biological control satis-
fies IPM Principles 1, 3 and 4, it is less in line with ecological intensification which
gives preference to conservation biological control achieved via natural enemy
habitat management, and usually requires redesign of the agroecosystem.

Regarding Genetically Modified (GM) Crops

While there is no question regarding the important role host plant genetic resistance
plays as a preventive measure in IPM programs, the acceptance of GM crops is less
clear-cut. The use of GM crops is considered by some as a tool for IPM just like that
of any other pest-resistant cultivar (Birch et al. 2011; IPM CRSP 2011; Kennedy
2008). However, the use of Bt-transgenic crops, particularly cotton and maize,
within the IPM framework, has been surrounded by unprecedented ethical debate
and concerns about its safety for human health and the environment, including non-
target effects, gene flow, resistance build-up, emergence of secondary pests, as well
as regulatory issues about the corporate control of agriculture, particularly in devel-
oping countries (Kennedy 2008).

As Bt-transgenic crops are “insecticidal plants”, unlike conventionally bred
insect resistant cultivars, their use is conflicting with IPM principle 3 (on pesticide
application based on threshold), since, like for seed-dressing, “treatment” (=pesticide
application) is systematic. In this respect, it is also conflicting with IPM principle 7
(on anti-resistance strategies), although resistance management refugia may delay
Bt resistance buildup (Meissle et al. 2011). Furthermore, gene flow can contaminate
non-GM crops, especially in neighbouring organic farms. They can also induce
resistance, e.g., stem borers resistant to Bt, which, as sprays, is one of the only
biopesticide options for organic farmers. Also, gene flow from herbicide-tolerant
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oilseed rape can make some weeds herbicide tolerant, which may pose a problem
both in GM and conventional non-GM, and ecologically intensively managed fields.

On the other hand, while the use of “Round-UP® ready” herbicide-tolerant crops
is considered by some a major tool of some forms of conservation agriculture,
which is itself part of the agroecology and ecological intensification sets of prac-
tices, one can also stress that it is not part of IPM since it is predicated on the use of
glyphosate, a synthetic herbicide.

Many proponents of IPM who emphasise the “T” of IPM, for example research-
ers from the ENDURE network who devote their efforts to combining multiple
tactics to obtain a robust strategy, warn GM developers against the “silver bullet”
attitude that a GM solution alone would sustainably solve a pest problem.

At present, regarding agroecological or ecological engineering approaches as
well, even though it may mimic naturally occurring ecological processes, the use of
genetically engineered plants is also still under debate. These plants may have nega-
tive effects on plant biodiversity in ecosystems via pathways such as gene flow
(Altieri et al. 2004). Conversely, the use of herbicide-tolerant GM crops benefits soil
biota biodiversity via enhanced no-till cultivation, and the use of Bt-transgenic
crops benefits arthropod biodiversity via reduced insecticide use (Ammann 2005).
On the other hand, GM crop proponents argue that within the ecological intensifica-
tion framework, genetic engineering would be helpful in making GM “dead-end”
trap plants available, such as Bt-collard or Bt-Indian mustard to protect cabbage
from diamond-back moth damage (Shelton et al. 2008). Also, the use of a GM
herbicide-tolerant crop would make easier combination with flower-strips as beetle
banks and the management of the latter as potential weeds.

So while some consider GM crops as preventive tools for IPM just like any other
pest-resistant cultivars, others stress that the prophylactic/systematic use of “insec-
ticidal plants” is conflicting with IPM principles. The use of GM crops is also under
debate within the ecological intensification approach, depending on whether one
stresses its negative effects on plant biodiversity in ecosystems via other pathways,
or the benefits for microbial and non-target arthropod biodiversity of the use of
respectively herbicide-tolerant GM crops, via enhanced no-till cultivation, and
insect resistant GM crops, via reduced insecticide use.

Provision of Ecosystem Services in IPM
and Ecological Intensification

Crop pests and pathogens induce “negative” ecosystem services (or “disservices”) to
agricultural production, while beneficial biodiversity namely natural enemies of the
former, provide “positive” ecosystem services (Zhang et al. 2007). Natural pest con-
trol is a major ecosystem regulating service contributing to the major provisioning
service of biomass (food, forage, fibre or fuel) production to humans by agriculture
(Millennium Ecosystem Assessment 2005; Power 2010). In this regards, farmers are
the direct recipients of this service of reduction of crop loss (Avelino et al. 2011).
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The question raised now is to what extent IPM on the one hand, and ecological
intensification on the other, may contribute to ecosystem services beyond this pest
and pathogen regulation service — the reduction of biomass loss. Biodiversity con-
servation per se is for instance considered a major supporting service, and a source
of controversy between different approaches. The first controversy pertains to the
rationale of biodiversity conservation, namely for its mere intrinsic value or for its
anthropocentric value (Maguire and Justus 2008; Nash 1967; Reyers et al. 2012).
With such a mindset, having field borders or corridors “used” for ecological ser-
vices such as crop protection is not “true” biodiversity conservation. Other contro-
versies are embodied in the debates on land-sparing versus land-sharing (Ben
Phalan et al. 2011), and eco-agriculture versus agroecology (Altieri 2004;
McNeely and Scherr 2003), and their respective contribution to the biodiversity
conservation.

Those latter controversies stem from conflicting results on the relationship
between management intensity and species richness, and thus opportunity for bio-
diversity conservation in agroecosystems (Perfecto et al. 2005; Perfecto and
Vandermeer 2008). Actually, this also refers to the increasing consideration of land-
scape ecology for crop protection goals within the ecological intensification frame-
work. In this respect, this trend is shared with the IPM approach, and the increased
consideration of area-wide IPM, which is somehow a way of re-designing cropping
systems at the landscape scale (Chandler and Faust 1998).

Ecological intensification for crop protection pays attention to agroecological
practices such as “push-pull” (Cook et al. 2007; Khan et al. 2010) or rice-duck
farming (Ahmed et al. 2004; Furuno 2001; Su et al. 2012), which were primarily
designed for crop protection and food and feed provision purposes. On the
other hand, agroecology and ecological intensification also encompass sets of practices
with broader scope, which were found to have indirect effects on crop protection,
e.g. conservation agriculture (Ratnadass et al. 2006) (Fig. 1) and agroforestry (Avelino
et al. 2011) (Fig. 2). The latter two practices were actually designed to offer other
ecosystem services such as soil conservation/erosion prevention and hydrologic
services, or greenhouse gas emission mitigation via carbon sequestration, which
is particularly important in the context of climate change. While they obviously
also make both producers and consumers benefit from indirect services such as
improved health associated with reduced reliance on agrochemicals (Avelino et al.
2011), they are less attractive to consumers for their image of impact on human
health, than organic farming is to its “customers”. Without a market, payments for
environmental services are thus needed to promote the development of such
systems less dependent on pesticides, while maintaining or even improving yield
and quality (Avelino et al. 2011). Provision of such other ecosystem services is also
gaining importance in the context of global environmental changes and their impact
on societal demands.

So regarding ecosystem services, ecological intensification addresses both prac-
tices which were designed for crop protection and food and feed provision purposes
as well as practices with broader scope, which are found to generate indirect effects
on crop protection. IPM is more seen as focussed on the mere pest/pathogen
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Fig. 2 Agroforestry: coffee under Erythrina shade trees (Costa Rica)

regulation ecosystem service. However, both approaches contribute to the major
supporting ecosystem service of biodiversity conservation, and make producers and
consumers benefit from indirect ecosystem services like increased human health
due to reduced reliance on agrochemicals.
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Lessons from Some Tropical Case Studies

Seed-Dressing with Targeted Systemic Insecticides

The question of relevance of seed-dressing in ecological intensification is illustrated by
the use of insecticides against black beetles in rainfed cereals, notably upland rice in
Madagascar. Unless seeds are treated with a systemic insecticide, these pests
(Heteronychus spp.) completely prevent the development of upland rice production and
the adoption of Direct-seeding, Mulch-based Cropping (DMC) systems (Fig. 3), con-
servation agriculture systems that otherwise provide a number of significant ecosystem
services such as soil conservation and carbon sequestration (Ratnadass et al. 2006).
Results suggest that in some DMC systems, seed dressing, which is mandatory to
control damage but only during the initial years following a break with conventional
management, namely foregoing ploughing, becomes no longer necessary after a few
years of such DMC management (Ratnadass et al. 2008). Beyond inducing changes
in the below-ground fauna composition (e.g. replacement of herbivore taxa, particu-
larly rhizophagous white grubs, by detritivorous species, including white grubs like
Hexodon unicolor (Fig. 4), and facilitating activity of predators like tiger beetles, e.g.
Hipparidium equestre (Fig. 5)), some DMC systems induce changes of the status of
other white grub according to the organic status of the soil (e.g. having grubs of some
black beetle species turn from rhizophagous to detritivorous) (Ratnadass et al. 2013).
Seed-dressing has a starter effect on biomass production, triggering biological pro-
cesses particularly below ground, that more than compensate the minor adverse
impact of the small amount of pesticide used (Ratnadass et al. 2012b). However, ways

Fig. 3 Damage caused by black beetles (Heteronychus spp) to ploughed (left) and mulched (right)
upland rice, with (background) and without (foreground) seed-dressing (Madagascar)
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Fig. 5 Adults of a predatory tiger beetle (Hipparidium equestre), on a mulch (Madagascar)

of minimizing some non-negligible side-effects of neonicotinoid insecticides used in
seed-dressing should be sought in the initial years when treatment is mandatory.
Since rice, as a self-pollinated plant, does not require entomophilous pollination on
the one hand, and that beekeeping may be of a particular importance in some regions
like the south-eastern part of the island, a “push-pull” combination of bee-repelling
(push) cover plants inside seed-dressed upland rice fields, with bee-attractive (pull)
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Fig. 6 Crop protection-related effects of an upland rice-based conservation agriculture system
(After Ratnadass et al. 2008, 2012a, b, ¢, 2013). Ecosystem services beyond pest regulation, pro-
vided by this conservation agriculture system, are not shown

melliferous plants either as rice field borders, or as plots in rotation, would guarantee
a harmonious rice cropping-beekeeping integration in these regions.

The way various ecological processes are harnessed to meet the objectives of
reduced pest impact and minimal adverse environmental impact in an ecologically
intensive crop protection system is presented in Fig. 6. It does not fit very well
within the IPM framework since it involves systematic preventive chemical seed-
dressing. Nevertheless, studies are underway to replace synthetic seed-dressing
insecticides by biological ones, either plant-derived or entomopathogenic (Ratnadass
et al. 2012b, c; Razafindrakoto Raliearisoa et al. 2010).

So this case-study provides an example of a technique which is not IPM stricto
sensu, but can still be part of the ecological intensification approach, as long as it
boosts some ecological pest regulation processes, provides other ecological ser-
vices, and is associated with measures that reduce other potential negative impacts.

Use of GF-120 for Fruit Fly Control in Orchards

GF-120, a mixture of food attractant and Spinosad, a biological insecticide at the
rate of 0.02 %, was successfully used in an “attract & kill”” approach to control mango
fruit flies in Benin (Vayssieres et al. 2009). Since the mixture is “spot-sprayed” on



72 A. Ratnadass and M. Barzman

Fig. 7 Maggot and damage F
of the jujube fruit fly i
Carpomya incompleta on a f
Sahel apple (Niger)

b

part of the canopy of the crop, it could be so only when the economic injury level is
reached, and thus follow IPM principles. Furthermore, as part of IPM Principle 7,
namely that of anti-resistance strategy, chemical insecticides other than Spinosad
could be recommended in alternation.

There is actually a second case when GF-120 could be used both as a repellent to
protect “Sahel apples” (fruits from grafted jujube trees) from the specialist fruit fly
Carpomya incompleta (Fig. 7), and as an “attractant & Kkiller” to protect water-
melon, which is part of the Dryland Eco-Farm system (Fatondji et al. 2011), along
with jujube tree, from oliphagous Dacus fruit flies, thus “killing two flies with one
spray”, and even a third one, namely Bactrocera invadens, which is gaining impor-
tance as a highly polyphagous fruit pest in Niger (Zakari-Moussa et al. 2012). In
this latter case (shown in Fig. 8), since the repellent effect may be considered a
preventive measure, it fits well within ecological engineering in agroecology, or
ecological intensification for crop protection approaches.

This example illustrates how a single treatment method can be either “curative”
and therefore comply with IPM principles, or be systematic and therefore not theo-
retically compatible with IPM, while still complying with ecological intensification,
although only “mimicking” natural processes.

Increased Positive Effect of Weaver Ants on Fruit Trees

The tree-inhabiting weaver ant Oecophylla (Oecophylla smaragdina in Asia and
Oceania, and O. longinoda in Africa (Fig. 9)) effectively protects tropical tree crops
as it actively patrols canopies and preys upon or deters a wide range of potential
pests. Weaver ant husbandry in citrus orchards dates back to the fourth century AD
in southern China and is recognized as the oldest known instance of man-mediated
biological control (Huang and Pei 1987). In Vietnam, it is effective at reducing
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Fig. 8 Representation of a “win-win” strategy to “kill three fly species with one spray” in a
Dryland Eco-Farm system (Excerpted from Zakari-Moussa et al. 2012)

Fig. 9 Oecophylla longinoda ants weaving a nest on a citrus tree (Benin)

populations of a range of citrus pests (stinkbugs, swallowtail, aphids, leafminer,
rindborer: Barzman 2000). Weaver ants are also used against coconut-sucking bugs
in Africa and Oceania (Barzman 2000; Seguni et al. 2011), and mango fruit flies in
Africa (Van Mele et al. 2007).
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Fig. 10 Representation of an ecologically-engineered orchard/grove optimized vis-a-vis positive
effect of weaver ants via food webs (After Barzman et al. 1996; Barzman 2000; Van Mele et al. 2007,
2009; Seguni et al. 2011). Provision of plants suitable for weaver ant nests via host suitability for
ant-tended little-damaging, non viral disease-transmitting scale insects (1), or intercropping with fruit
trees with leaves suitable for ant nests in the case of coconut groves (4); Suppression of alternate
fruit fly hosts in orchards or in their vicinity (2); Maintenance of plant cover in orchards to prevent
antagonistic ants to displace weaver ants from the fruit tree canopy and to bring with them damaging
and viral disease-transmitting scale insects (3); Provision of living vines to facilitate patrolling of
weaver ants on fruit trees and their positive effect either directly on citrus, or indirectly via pest
predation and/or repellency on citrus and mango fruit flies and on other citrus and coconut pests (5)

Figure 10 shows how ecological processes in orchards and groves may be
harnessed, particularly playing on plant diversity, so as to improve positive action of
weaver ants on fruits, via various pathways.

The active human-mediated establishment of ants creates “ecologically-engineered”
orchards that fit very well within ecologically intensive crop protection. Since no
chemical pesticides are involved, this approach also provides an image of what an
“ultimate IPM” agroecosystem could be.

Conclusion

With the new European legislative and R&D efforts, IPM is receiving renewed
attention and the concept of prevention — IPM principle 1 — via the design of crop-
ping systems inherently less vulnerable to pests is given centre stage. The term
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“ultimate IPM” was introduced by Cliff Ohmart (personal communication, 2008) as
an ideal and unattainable situation where the cropping system design has been so
well crafted that no crop protection intervention is needed to manage pests once the
system is in place. Originally thought of as an artefact useful to create the IPM con-
tinuum, which is itself a useful tool to include nearly all farmers onboard, the
authors believe it is also a useful yardstick on the horizon to compare the goals of
the various approaches. This might imply a change of perspective. In current IPM
development, researchers and advisors start from a conventional agroecosystem and
gradually remove inputs from it. The new approach would be to start from a nearly
natural ecosystem to which inputs are gradually added when absolutely necessary
(Brown 1999).

This new perspective would bring IPM closer to ecological intensification for
crop protection (even closer then under the “integrated production” concept) and to
low-input organic farming giving priority to agroecological practices such as poly-
culture, use of on-farm produced inputs and preventive strategies. It would also help
to distinguish it from a low-level of IPM embodied by the pun “Intelligent Pesticide
Management” (Nicholls and Altieri 2004), or from large-scale organic farming. The
same criticism is actually applicable to large-scale organic farming regarding the
practice of substitution — rather than redesign — translating to reliance on broad-
spectrum ‘“natural” pesticides, either mineral, e.g. copper and sulphur in organic
viticulture, or broad spectrum plant-derived insecticides e.g., until recently rote-
none, and the repeated release of massive numbers of short-lived natural enemies in
augmentative biological control as a substitute to chemical treatments. It also
applies to industrial no-till systems that claim to be agroecological even though
many are reliant on GM crops and herbicide applications.

Given scientific evidence and increasing societal pressure due to the perception
that the main risks now come from humans rather than from “Nature” (Beck 1986),
it is likely that the current trend in pesticide use reduction will speed up. In this
context, one should be ready to face situations such as the ban of DDT in US agri-
culture in 1972, the phase-out of a set of “dirty dozen” pesticides on rice in Indonesia
in the late 1970s, or the “special period” in Cuba following the dissolution of the
Soviet Union in the early 1990s (Altieri et al. 2012; Funes-Monzote et al. 2009).
Although those were drastic measures, they largely contributed to the rise of IPM in
the USA and Indonesia, and of agroecology — especially in its crop protection
dimension — in Cuba.

We depict in Figs. 11 and 12 the current and future positioning of the major path-
ways to sustainable agriculture discussed in this paper, as compared to conventional
intensive agriculture.

“Ultimate IPM”, as depicted in Fig. 12, will thus no longer rely on increased
efficiency of synthetic pesticides, and much less on some substitution of inputs than
organic farming, with an increased share of re-design of the cropping system (more
than organic farming, although less than agroecology and ecological intensifica-
tion). As compared to the other approaches, IPM will continue to be more “pest
regulation service-oriented”, while ecological intensification will be more “food
provision service-oriented”.
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Fig. 11 Radar graphs showing the current positioning (on 0-100 % scales) of five pathways
to sustainable agriculture (11b thru 11f), as compared with conventional intensive agriculture
(11a), according to their respective share between the three components of the Efficiency —
Substitution — Re-design (E-S-R) framework (top-right part of the graphs) and their respective
contributions to three types of ecosystems services (ES): Pest regulation, Food provision, and other
ES, including Human & Environmental health and Biodiversity conservation (bottom-left part of
the graphs)

We thus propose to consider IPM and crop protection in ecological intensification
as complementary rather than conflicting approaches. Both approaches aim at man-
aging rather than eradicating pests. Both allow pesticide use in certain circum-
stances. Future avenues to develop more sustainable crop protection could focus on
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Fig. 12 Radar graph showing the positioning according to the same lines as in Fig. 11, of ecological
intensification as compared to the evolution of three of the above pathways, namely IPM in its
“ultimate” form, Organic farming restricted to its “low-input” form, and Agroecology excluding
the industrial no-till systems

the management of biodiversity within a two-pronged approach, as suggested by
Avelino et al. (2011):

* reduction of pesticide use in intensified systems, while retaining as high a yield
as possible

 yield increase in rustic or low-technology systems, while maintaining ecological
functions of pest and disease control at high levels.

The engineering stance of ecological intensification makes it suited to reconcil-
ing traditionally descriptive disciplines around ecology and anthropology of indig-
enous knowledge systems with more action-oriented fields such as agricultural
sciences, entomology, plant pathology, or weed sciences. It can also enrich fields
such as the French school of agronomy — a field that historically only considered
physico-chemical processes, their interactions with crop physiology and agronomic
practices — with aspects on biological interactions and regulation processes in agro-
ecosystems (Hénin 1967; Wezel et al. 2009).

Finally, considering the current climate change and globalization contexts, one
must admit that agriculture in the northern hemisphere may benefit from the experi-
ence of research in the tropics to anticipate increased pest and disease risks. On the
one hand, in the tropics, biodiversity levels, including those of destructive organ-
isms, are higher, and life cycles of pests and pathogens shorter than in temperate
areas. On the other hand, high “resource” biodiversity levels in most tropical agro-
ecosystems make it possible to design cropping systems that are more sustainably
resilient to crop pests and diseases by relying on increased biodiversity/ecological
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regulation processes instead of non-renewable and toxic inputs. In this respect,
we hope that the case studies provided here are food for thought for future develop-
ment, particularly in the context of global climate change, globalization of
exchanges, and increased societal pressure against pesticide use, in view of design-
ing agroecosystems resilient vis-a-vis invasive and emerging pests.
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Livestock Farming Systems and Agroecology
in the Tropics

Gisele Alexandre, Audrey Fanchone, Harry Ozier-Lafontaine,
and Jean-Louis Diman

Abstract The climate change crisis is inducing severe energy and food shortages
in tropical regions. A potential solution is to build agroecological systems as an
alternative to intensive and industrial agriculture. For that research should focus on
the functions of animal and livestock farming systems. Positive and negative func-
tion effects should be assessed. This is particularly important in developing coun-
tries where most of tomorrow’s food and feed will have to be produced. What are
the main issues for animal production in the tropics? The major challenges are how
to redesign productivity and food security, economic efficiency and environmental
preservation, and how to integrate economy and environment. A multidisciplinary
approach is necessary to address such complex problems, where interactions among
interdependent components of the system result in multicausality.

The concept of livestock farming system, with its double consistency of social
and biophysical dimensions, can help address complex problems. The concepts of
livestock farming system and of agroecology can be easily combined to design sus-
tainable animal production systems. Enhancing agroecological approaches that lead
to both food security and biodiversity conservation must involve spreading concepts
through practices, particularly to solve the problems of small farmers. As so, the
purpose of the paper is to highlight many case studies. The animal and farming
system ecoservices are described at the animal level with the case of the multifunc-
tional tropical goat and also at the territory level with the case of agrosylvopastoral-
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ism focusing the role played by the animal. Finally, the socio-cultural functions of
animals or systems in this region are described. The double dimension of livestock
system concept allows the integration of the livestock keepers in the human and
societal context to attain agroecological objectives which is recognised as a core
objective to attain according through the agroecological perspective. Topical live-
stock farming systems can show their potential to reach sustainability and help
family economy.

Keywords Agroecology ¢ Livestock farming system ¢ Ecoservices * Goat * Mixed
farming system e Tropics

Introduction

Our societies and territories are facing major food, climate and energy crises. In this
context of uncertainty, agroecological systems (Tomich et al. 2011), as a support for
food security and territorial sustainability, are regaining recognition by farmers,
scientists, consumers and governments (this book). This recognition is particularly
important in developing countries where most of tomorrow’s food and feed will
have to be produced (Godfray et al. 2010). Agroecology, as a concept or a set of
practices (Wezel et al. 2009), can be used in different agricultural systems, such as
food-crop, or agroforestry. Not enough is known about its development through
animal farming systems. Recently, Dumont et al. (2013) have explored potential
routes for developing ecology-based alternatives for animal production through
different examples, showing a gradient of intensification and/or biogeographical
conditions. Classically, in the natural ecosystem, animals are ranked as primary (or
secondary) consumers in the food chain. However, in an agroecosystem, the farmers
choose their different agricultural activities and manage their own farming units
according to their main objectives, means of production, and constraints.

Traditionally, animals were an asset to society by converting biomass and par-
ticularly marginal resources into products useful for humans. By contrast, in some
intensive modern systems, animal production can be disconnected from the natural
food chain and may or may not come after crop production (Naylor et al. 2005).
Livestock activities and the sciences related to them are now locked in paradoxical
situations, particularly in developing countries, since (i) it is fully recognized that
demand for animal products will increase significantly (Wirsenius et al. 2010),
(i1) animal husbandry plays an important role for sustainability in mixed farming
systems by recycling waste and sub-products (Devendra 2007; Herrero et al. 2010),
(i) livestock gives livelihood support to numerous poor people in rural areas
(Gerber and Steinfeld 2008; Dedieu et al. 2011), but (iv) much criticism is mean-
while directed at the negative environmental impacts ascribed to animal production
(Steinfeld et al. 2006), and suspicion has fallen on some animal products (e.g. meat)
as safe components of a healthy diet (Webb and O’Neill 2008).

Faced with the crisis of global change, it is clear that animal production and
livestock production systems have never before been given so much importance by
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policy makers and environmentalist. For all these related reasons and taking the
animal scientist pathways, there is a pressing need to focus on animal production
and functions. We must qualify and quantify their potential contributions, whether
positive i.e. ecosystem services or negative i.e. impediments, to the sustainability of
the system. The questions of how to deal with productivity and food security, eco-
nomic efficiency and environmental preservation objectives, and how to integrate
economy and environment are challenges for scientific agendas. Our purpose here
is to show how livestock farming system and agroecology concepts can be com-
bined. Our main methodology has a multidisciplinary basis. Following the main
conclusions of Malézieux et al. (2009) and Dedieu et al. (2011) on multi-species
cropping systems and livestock systems, we emphasize the need to enhance agricul-
tural research through a multidisciplinary approach. This latter must combine agro-
nomic and ecological concepts and tools. Mixing scientific approaches also means
sharing many concepts involved in the development of this domain. Our aim is thus
to enrich the livestock system concept and broaden thinking.

Core Concepts

An Overview of Different Concepts

Farming System and Participatory Research

Two major review papers (Keating and McCown 2001; Lynam 2002) set out the
main definitions and issues related to the system approach. Historically, farming
system research was a response to the failure of agricultural research to generate
a green revolution in the rain-fed areas of the tropics. The farming system, rather
than the commodity, and the farmer’s objectives rather the sector’s economic
interest were the organizational framework for research (Fig. 1). Over time, farm-
ing system research moved the research off-station and on-farm and became a
diagnostic process, providing methods for understanding farm households.
Having achieved a better understanding of systems, farming system research thus
became a more effective bridge between research and extension, a perpetually
weak link, and another item in the growing system research agenda. Farming sys-
tem research created the whole concept of adaptive research and the notion of an
interlocking continuum stretching from strategic, applied, and adaptive research
to extension.

The adaptive research area, or what might be the researcher-farmer interface, has
over the last 30 years been the focal point for a radical redefinition of research issues
with the development of participatory research. The important basic difference is that
participatory research focuses on farmers’ learning, while farming system research
has traditionally focused on the improved understanding of farmers’ conditions by
researchers. The core of the farming system research methodology has provided the
framework for the development of participatory methods. The participatory approach
started out with participatory rural appraisal.
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Fig. 1 The production unit: the farmer tries to reach his objectives and targets as a human being,
for his family, belonging to his social group, according to assets and constraints (environmental
factors, availability and conditions of land, working force, money, equipment, level of training...).
Then he implements a combination of crops, animal husbandry (that are diverse in space and time)
plus non rural activities

Research has moved on from the farming system research approach, consisting
of diagnosis, causal analysis, experimentation, and solutions mainly in the biotech-
nical dimension, to the farmer participatory approach, consisting of diagnosis, prob-
lem ranking, and solutions mainly in the decisional dimension (this will be especially
emphasized through the livestock system concept). Today the synergies between
FSR and participatory research have been positive, to the extent that it is not useful
to demarcate the two.

The farming system research concept is an essentially operational process with a focus on
the farming system and community levels in a systems hierarchy. Participatory research has
incorporated the process components together with the farming system and community
levels in its approach to adaptive research. Adaptive research is to be devolved to farmers,
who are to disseminate innovations to other farmers. These benchmark sites then form the
linkage point between researchers and farmers.
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As we have stated, the concept of farming system was a response to the failure of
agricultural research to generate a green revolution in the rain-fed areas of the trop-
ics (Lynam 2002). One question that arises is whether it is actually relevant and
productive to foster the double green revolution, and to promote adapted develop-
ment plans through more participatory research. But nowadays, participatory meth-
ods are prevalent and farmers’ learning has become the center of the adaptive
research enterprise. Consequently, farmers’ learning and experimentations are key
to the adoption of many of the complex management-intensive techniques being
developed in agroecological practices. These practices concern as well soils, pest,
and crop management. This approach is surely the right direction in which to move.
With time, and owing to many ecological and food shortage crises, ecology, rather
than farming systems, have set a new trend. Integrated pest management, integrated
nutrient management, agroforestry systems, crop-livestock systems, and natural
resource management have all been developed within the framework of agroecosys-
tems, firmly underpinned by biological and social science.

Different Visions to Achieve Sustainability

There are many visions of how to achieve a sustainable agriculture (Rigby and
Caceres 2001; Doré et al. 2011) that provides enough food (Godfray et al. 2010) and
ecosystem services (MEA 2005) for present and future generations in an era of
climate change, increasing energy costs, social unrest, financial instability and
increasing environmental degradation. Our purpose here is not to present an exhaus-
tive study (see for instance Buttel 2003; Gliessman 2006; Wezel et al. 2009; Stassart
et al. 2012), but instead to highlight some of the main conclusions shared by many
of the contributors to this book.

Although the term sustainable agriculture is singular in form, it comprises a
multidimensional concept, covering such diverse motivations as saving rare breeds,
preserving land from deforestation, preventing soil degradation and reducing efflu-
ent production. Originally emphasizing the importance of ecological constraints, it
now includes economic, social and cultural dimensions. Sustainable development in
agriculture (sensus lato) conserves land, water, and plant and animal genetic resources.
It is environmentally non-degrading, technically appropriate, economically viable
and socially acceptable. However, such complex definitions, combining non-
comparable objectives, tools and current problems with no clear hierarchy, are
problematic for practical application. In addition, the great heterogeneity of
agroecosystems and the non-linear relationship between agricultural production
and agroecological criteria add to the difficulty.

Sustainability of livestock production systems has received increasing attention
in the last 10 years (see reviews of McDermott et al. 2010; Udo et al. 2011).
Increasing livestock productivity can, in some situations, be a tool to promote sus-
tainability, whereas in others it may aggravate sustainability problems, depending
on system-specific characteristics (Udo et al. 2011). A system-specific analysis is
therefore needed to assess the overall effect of livestock inclusion in an agricultural
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system on each of the proposed general criteria for sustainability (de Wit et al.
1995). Such a system-specific analysis raises a new challenge in the formulation of
multi-criteria performances — by the way of modeling for instance (Tichit et al.
2011) — or an assessment of trade-offs between the criteria (Stoorvogel et al. 2004).
Many intricately related problems have simultaneously arisen, which Hellstrand
et al. (2009) tried to conceptualize in their review paper. The concept of sustain-
ability is a dynamic one: what was once considered sustainable may no longer be
deemed so today or in the future because conditions or attitudes change. In addition,
sustainability varies with the frame of reference in which it is viewed, particularly
with respect to socio-cultural, economic and political factors.

To implement eco-friendly agroecosystems we must mimic nature: nature
becomes a model and a target (Preston and Leng 1987; Rodriguez 2010; Malézieux
2012). Another complementary point of view presented by Via Campesina (2010)
is that to feed future populations, we must nurture the land. In most tropical coun-
tries, sustainable peasant agriculture stems from a combination of recovery and
revalorization of traditional peasant farming methods, and the innovation of new
ecological practices. Also, it is argued (Chappell and LaValle 2011; SOCLA 2011)
that agroecology can feed the world, meaning preferentially the poor, in diverse
biophysical conditions (De Schutter 2011). Nelson et al. (2009) advocated institu-
tionalizing agroecology on the basis of the Cuban model, described as being suc-
cessful at the levels of both territory and society.

Agrobiodiversity includes biota on and around farms, and is natural capital that
provides options for food security and other ecosystem services. At the field scale,
agrobiodiversity sustains crop and livestock productivity, nutrient cycling, pathogen
suppression, pest control and human nutrition (Malézieux et al. 2009; Jackson et al.
2012). At the landscape scale, agrobiodiversity supports water quality and mitigation
of greenhouse gas emissions (e.g. through nutrient and carbon storage by plants and
soil biota), pollination and pest control (e.g. through ecological connectivity for flora
and fauna), and protection of nearby wildland ecosystems (e.g. when biodiversity is
used for ecological functions that reduce inputs and impacts of agricultural chemi-
cals). Conversely, agrobiodiversity is frequently lost when high agrochemical inputs
(e.g. synthetic fertilizers, pesticides, and fossil fuels) are used to intensify agriculture
and increase land and labor productivity. Ecological intensification (Stassart et al.
2012) promotes high, reliable agricultural production, but with a strong role for agro-
biodiversity and biological processes (Doré et al. 2011). Ecological intensification
typically invokes a land-sharing or wildlife-friendly farming approach, rather than
segregation of land for nature and production (land-sparing). The challenge of eco-
logical intensification is to encourage innovations for biodiversity-rich farming
systems that are resilient and sustainable, and thus improve the livelihood of farmers,
while supporting the conservation of wild species by limiting the adverse effects of
agriculture on wild-land habitats.

Following the critical review of Altieri (2002) “greening” the green revolution
will not be enough, because “unless the root causes of poverty and inequity are
confronted head-on, tensions between socially equitable development and ecologi-
cally sound conservation are bound to worsen”. Organic farming systems do not
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challenge the monocultural systems, and rely on foreign and expensive certification
seals. This is one of the arguments studied by Janzen (2011) who states that reintro-
ducing livestock into the ecosystem can play a core role in re-greening the earth
(instead of spoiling it). Integrated pest management systems that only reduce insec-
ticide use while leaving the rest of the agrochemical package untouched, or fair-
trade systems destined only for agroexport (a niche market for the rich), may in
some cases benefit biodiversity, but in general offer very little to small farmers.
Profound differences mark the division between agroecology “a truly pro-poor
farmers’ science” and ecoagriculture. For agroecologists, environmentalists should
no longer ignore issues related to land distribution, indigenous peoples’ and farm-
ers’ rights, or the impacts of globalization on food security, and of biotechnology on
traditional agriculture.

A comprehensive holistic analysis of how the agroecosystems could bring safe
products to the consumer requires broadening the concept of a “food system”
beyond those agricultural activities: current organization of food production, pro-
cessing, distribution and consumption contribute to food security. In the review of
Ericksen (2008), food security is defined as “when all people, at all times, have
physical and economic access to sufficient, safe and nutritious food to meet their
dietary needs and food preferences for an active and healthy life.” Food systems
have usually been conceived as a set of activities ranging from production through
to consumption. However, food security is a complex issue with multiple environ-
mental, social, political and economic determinants. It encompasses components of
availability, access and utilization. Both food systems and food security in the
twenty-first century are fundamentally characterized by social and economic
change. Global environmental change includes changes in the biogeophysical envi-
ronment, which may be due to natural processes and/or human activities. Food
systems also contribute to global environmental change, and future trends (Godfray
et al. 2010), such as increased demand for food, with increases in incomes and
populations, will affect global environmental change processes. Although food
insecurity persists in critical areas (hunger crises in developing countries), overall
dietary concerns are focusing less on under-nutrition and more on obesity and food
safety.

According to the Millennium Ecosystem Assessment (MEA 2005), the most
important direct driver of terrestrial ecosystem change during the past 50 years has
been land cover change, in particular the conversion of ecosystems to agricultural
land. Together with the adoption of new technologies and increased agricultural
inputs, the expansion of agricultural land has enabled extraordinary progress in
nutrition levels and food security. At the same time, undernourishment still affects
about 920 million people in low and medium-income regions (Godfray et al. 2010).

Enhancing agroecological approaches that lead to both food security and biodi-
versity conservation must rely upon spreading concepts through practices (Wezel
et al. 2009). Given the present and predicted near-future climate, energy and eco-
nomic scenarios, agroecology has emerged as one of the most robust pathways
towards sustainable development through the three dimensions of sustainability.
Many recent papers (Wezel et al. 2009; Altieri et al. 2012) reviewing agroecological
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trends and issues, indicate that the food challenge will be met using environmentally
friendly and socially equitable technologies and methods, in a world with a shrink-
ing arable land base -due to changing demography-, with fewer and costlier energy
sources, increasingly limited supplies of water, against a background of a rapidly
changing climate, social unrest, and economic uncertainty. This picture is devel-
oped below for animal production or animal ecoservices. The concept of livestock
farming system is first described.

The Livestock Farming System Concept

In the scientific domain of animal systems and animal production, the question
arises of whether the livestock farming system concept is a useful approach for
implementing agroecological practices and/or guiding agroecological studies. Our
purpose is to show how livestock system and agroecology concepts can be com-
bined. Our main methodology stands on a multidisciplinary basis.

Livestock system research is currently based on a conceptual model of the whole
livestock farm (or livestock sub-part of a farm), which represents two dimensions
that are totally interrelated between the view of a farm as a human activity system
and the view of a farm as a production process (Fig. 2). According to Gibon et al.
(1999), the view of a farm as a production process implicitly underlies classical
animal science, and focuses on the transformation of physical inputs to physical
outputs (here the term “physical” is taken sensu lato, meaning for example, vegetal
biomass, water, labor force, or other farm equipment). By contrast, in viewing the
livestock farm as a human activity system, the farmer (farm family) is seen as a
person (a small social group) pursuing specific objectives through farming activi-
ties. Information from the farm environment is used to make decisions, which
themselves adapt farming activities to achieve further objectives in response to envi-
ronmental and other pressures.

Livestock system research aims to gain a better understanding of the whole livestock system
at the farm scale by linking technical and biological information with knowledge of farm-
ers’ decisions and practices. The decisional sub-system relies on farmers’ decision-making
with respect to the planning and operation of the production process.

This double integrated approach is a core area of livestock studies, with a specific
area devoted to modeling methods (Dedieu et al. 2008). This approach generally
requires animal production scientists to work with experts from other disciplines,
especially ecology, sociology, economics and the more recently developed opera-
tional management. The theoretical advances in decision and regulation processes
in complex systems are of paramount importance (Le Moigne 1990 cited by Gibon
et al. 1999) to study the decisional sub-system. They allow assessment of the opera-
tion and dynamics of a system according to a general strategy of control that in turn
defines a set of objectives and correlated actions (practices of the farmer).
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Fig. 2 Conceptual representation of the animal production unit (see Fig. 1). The livestock farming
system (LFS) concept with the two sub-model: decisional and bio-technical (Dedieu et al. 2008).
Between the two sub-models are the practices and data feed-back that induces the choice of the
farmers and explains the farming type implemented. The decision making process depends also of
the standards and references of the man within its family and society. The system is complex
between biotechnical processes and psychological and sociological dimensions. The system is open
and is submitted to the direct and indirect effects of the environment (s... biophysical and socioeco-
nomic) and generates also flux of materials, products or provides ecoservices to the environment

There is a tradition in both the social and biophysical sciences of using the
concept of a system to help to address complex problems with multi-causality
resulting from interactions among interdependent components. Systems approaches
help in understanding the critical factors that lead to particular outcomes or the
interactions that govern a specific behavior of interest.

Agroecosystems, and even in a broader perspective whole food systems, are
complex, heterogeneous in space and time and replete with non-linear feedbacks.
The objectives of sustainable development are multiple, ranging from enhancing
soil fertility (territory) to providing the markets (society) with safe products. There
is a need to be fully inter-disciplinary, aiming for a marriage of natural and social
science akin to that suggested by Holling (2001) describing coupled social-
ecological systems. This conceptualization of human-environment interactions is
useful for LFS, agroecological activities and food systems, although the links
between the social and environmental components may in many cases be indirect.

As a partial conclusion, we recognize, with Keating and McCown (2001), two key
components of farming systems, namely the biophysical “production system” of
crops, pastures, animals, soil and climate, together with certain physical inputs and
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outputs, and the “management system”, made up of people, values, goals, knowledge,
resources, monitoring opportunities, and decision making. AE, defined as the ecol-
ogy of agro-food systems (Francis et al. 2003), offers a response to this need for a
systemic approach. In their review, Dumont et al. (2013) demonstrate that “agroecol-
ogy implies considering agro-ecosystems as a whole, in their biological, technical
and social dimensions” (as does the livestock system concept). “It goes further than
adjusting practices in current agroecosystems, it integrates interactions among all
agroecosystem components and recognizes the complex dynamics of ecological pro-
cesses”. Hence it appears that the concepts AE and LFS can be easily combined.

What are the main trends and issues for animal production in the tropics? Dumont
et al. (2013), prospecting for the challenges of the twenty-first century, state in their
review that “surprisingly, animal farming systems have so far been ignored in most
agroecological thinking.” Even so, for many years, studies have addressed these
objectives more specifically in the tropical regions such as in Brazil (Figueiredo
2002) or Cuba (Funes-Monzote and Monzote 2001). Ahrens et al. (2009) have
reviewed research carried out from 2004 to 2009 under the auspices of the
Agroecology Programme of Parand (Brazil), counting at least nine animal produc-
tion programs. Altieri and Toledo (2011) provide an overview of what they call the
“agroecological revolution” in Latin America, and indicate among the numerous
case studies, those dealing with livestock, integrated within agroecosystems or not.
Hence AE is also of major concern for animal production or animal raising.

Livestock farming system was presented as a concept promoting a new paradigm
(in the 1980s). Combined with agroecology objectives, the livestock concept could
be used:

— As a grid to study the different elements of the agroecosystem (and food system)
and their interactions with the global environment (natural and socio-economic);

— As a framework for the design and evaluation of models adapted to human and
technical conditions;

— As a subject of research and development and “teaching” for sustainable terri-
tory development;

— As a tool to share experience and empower case-to-case lessons for the future,
with prospects for building enhanced linkages between projects targeting differ-
ent problems.

The following sections will focus on some of these points through diverse case stud-
ies in the tropical regions. Our purpose is to highlight some positive examples (praxis)
relevant to some of the above-mentioned dimensions of the concepts (theory).

The Environmental Dimension of Livestock Production

Agronomic and ecological conceptual frameworks are examined in a combined way
for a clearer understanding of animal systems, including at least two major dimen-
sions, biotechnical and human, that will help design and assess farming systems
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involving animals. However, in a first step it is important to show how the livestock
enterprise and the environment interact, in the light of recent criticisms that have
caused tremendous shifts in thinking throughout the animal science community.

A Rapid Overview of the Agroecological Conditions

In their review of the world livestock production systems, Seré and Steifeld (1996)
gave an agro-ecological classification of the world regions (see Photo 1 describing
ecological conditions in insular regions of the Caribbean) based on length of
available growing period, and describe the systems that reflect the conditions pre-
vailing in these regions. Arid zones are areas where the growing period is less than
75 days, too short for reliable rain-fed agriculture. The main systems found in these
zones are the mobile systems on communal lands. Some cases of ranching occur.
Progressively, biotic factors, human pressure and the resulting land use define the
state of the natural resources. Agricultural areas compete with pastoral lands. The
livestock systems are diverse: transhumant and semi-transhumant pastoralism,
agro-pastoralism, along with ranching. Non-equilibrium systems are found in these
areas where rainfall is persistently erratic, both in timing and spatial distribution. In
these environments, it is no longer appropriate to conceive management as the
manipulation of the biological system to achieve maximum output or revenue. In
sub-humid areas, where the growing season lasts between 75 and 270 days, the limi-
tation of stock farming is more dependent on the quality than on the quantity of
pasture available. The systems are also transhumant and semi-transhumant pastoral-
ism, sedentary grassland farming and ranching. With the growing season exceeding
270 days in humid zones, the natural vegetation is mostly the rainforest. Livestock
and grasslands can compete with forest. Part of agriculture is based on tree crop
plantations. Agro-pastoralism, ranching and grassland farming are practised.
Tropical highlands are areas with daily mean temperature during the growing period
in the range 5-20 °C. Temperature is a seasonal limitation to plant growth, more
than rainfall. All systems can be found in these zones. Other situations are
characterized by having Mediterranean and continental climates with marked sea-
sonality, cold and wet in winter and with prolonged periods of drought and hot
weather, particularly in the summer and fall. Dry environments have extended peri-
ods of annual drought, and are also subject to periodic successions of years of
drought that compound feed scarcity. In addition, a limited availability of water
results in limited grazing opportunities.

Arid and semi-arid lands cover about one third of the earth’s land surface, but
nearly two thirds of the African continent. Most African livestock and possibly
30 million livestock-dependent people reside in these dry zones, along with the
greatest and most diverse concentrations of large wild mammals in existence. Many
of the world’s 20 poorest countries are situated in this zone.

Animals are raised under wide-ranging natural conditions, generating very
diverse types of livestock farming systems (Lhoste et al. 1993; Dedieu et al. 2011).
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Photo 1 Different agroecological conditions in insular Caribbean of Haiti or Guadeloupe,
respectively

It is critical to recognize animal output as a complex trait dependent upon numerous
abiotic, biotic and socio-economic factors. In addition, these factors of variation
are interrelated. Increasing reproductive performances, reducing mortality rate,
accelerating growth rate and improving carcass merit are multiple interdependent
objectives. Thus animals and systems, together with their different combined
factors of variation, must be characterized for the different interrelated animal traits
contributing to production. Only a multidisciplinary analysis that includes multiple
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aspects: environmental (availability of herbaceous sources), economic (stability,
alternative sources of income) and socio-political (land-tenure, control over
resources), enables us to define and distinguish between the various production
units in the region studied.

Taking into consideration the place of the animals in the natural food chain, and given that
the livestock farming system is defined as an open system) we must recognize that it is linked
to a specific environment sharing different physical materials (inputs), subjected to both
direct and indirect effects of the environment upon the system, and impacting in different
ways upon the materials, the soil and the atmosphere, and of course the biomass.

Theoretical Approach of Animal Performances

Animal performance is determined by two major components: genetic effects and
environmental effects, and the concomitant interactions between genotype and
environment (see Photo 2). Among the factors inimical to livestock production in
the tropics, the most important are high ambient temperatures, high relative humid-
ity, and erratic and/or low rainfall regimes. These have concomitant effects on the
quality and quantity of available feeds, a wide variety of diseases and low levels of
animal productivity. Ways to mitigate these environmental effects are known:
(i) limiting or avoiding stress by appropriate flock management, and/or (ii) increas-
ing animal resistance to harsh environments through genetic adaptation. Before
describing how these actions will be involved, we may recall the main factors of
variation and the parameters of animal production in a global approach.

Climatic conditions have direct and indirect effects via biotic parameters (feed
resources level and quality, pathogen occurrence and pathogenicity). Growth, milk
production and reproduction are impaired under heat stress conditions as a result of
the drastic changes in biological functions caused by the physiological modifications
made to cope with heat stress. This means that from an agroecological perspective
it makes sense to raise well-adapted species and genotypes (Wilson 2009;
Hoffmann 2010), such as the indigenous ones living in the region (Naves et al.
2000). Exotic species will need higher external inputs or very costly artificialized
husbandry techniques. Secondly, feeding animals well is obviously of fundamental
importance to the success of the whole enterprise. Feeding conditions both in quan-
tity and quality (Archimede et al. 2011) determine the overall nutritional status of
the flock, and are deciding factors for animal survival and for meeting nutrient needs
for maintenance, reproduction, lactation and growth potential. Feeding and nutri-
tion-related factors also interfere in and often determine individual vulnerability to
potential diseases or climatic constraints. Feeding practices should ideally match
the available local resources, as mentioned earlier by Preston and Leng (1987),
giving in their time a very agroecological recommendation. The occurrence of dis-
eases and the prevalence of parasites markedly affect both animal survival and
levels of performance. Maintaining animals in a good healthy state is obviously of
great importance for economic results and flock maintenance. Pathogens and
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Photo 2 Different grazing conditions and genotypes of goat in Guatemala (dry zone and indige-
nous goat) and Jamaica (humid pasture grazing and exotic goat), respectively

parasites must be studied with their proper agroecological conditions. Here again
the recommended agroecological practice is an integrated management of parasites
instead of the application of the zero risk strategy (Mahieu et al. 2009). In addition
to feeding level and prophylaxis measures, animal husbandry per se is directly
responsible for success or failure in the animal production process. Frequently,
farmers do not interact with the life cycles of their animals, i.e. they do not manage
them. Animal husbandry techniques, including stocking rate and housing condi-
tions, are often not really controlled. In many tropical countries, it is evident that
there is a lack of essential technical support and infrastructure for an efficient col-
lective organization and for appropriate extension services in the sector.
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The question of the genotype is very sensitive and complex. To simplify the
issue, we can consider the multiple physiological functions that an animal must
exert in such an adverse context (immunity, reproduction, nutrition, lactation,
growth, Gunia et al. 2013). Overall animal productivity finally depends on numer-
ous components: genotype, environment and husbandry factors. The low level of
present productivity in arid and tropical environments may be attributed to poor
genetic potential along with harsh and erratic climatic conditions. But what is the
most important factor? Is it poor genetic potential for production when adaptation is
much more prevalent? The potential for production is a result of the effect of the
environment on an animal that has adapted along the centuries to high pathological
constraints and nutritional deficiencies. The scarce nutrient resources are used for
the different physiological functions: immunity, metabolism to cope with heat stress
and/or water scarcity, reproduction/lactation and growth. We must consider that
higher potential means higher nutritional requirements for productive performances,
and lower nutrient availability for the immune function. Higher potential means,
among other things, artificialization, and costly technical inputs. The challenge for
agroecological purposes is to reach an equilibrium between adaptation to the envi-
ronment, implementing soft innovations and lowering negative environmental
impacts, while ensuring benefit to society.

Livestock Farming System as a Framework
for Practical Case Studies

Graphical Approaches

The livestock system concept is defined as being an open system monitored by
humans for their multiple benefits. It can be studied more deeply at the biotechnical
level (Fig. 3). The tropical livestock farming system is multipurpose as regards both
the animals themselves and the animals’ activities. Animal husbandry is a reduc-
tionist term not used in this case. The following graphs (Fig. 3a, b, c) are the exten-
sion of the first conceptual graph (Fig. 2) with a focus on the sub-part that is studied.
For better comprehension, the interrelations between the livestock system and the
environment with double consistency, biophysical and also socio-economic, are
given (Fig. 3a).

Keeping in mind the natural environment and the socioeconomic context, the
focus of the animal scientist can settle on different sub-parts. The pastoralist will
look at the interrelationships between pastures, composed of a stand of diverse
resources, herds constituted of different animals and/or physiological status and
management (Fig. 3b). The study will deal with the agroecological modes of man-
agement (see Boval et al., this special issue). The technologist will look at the prod-
ucts (Fig. 3c) as a resultant of the animals transforming the resources. Thus he will
study the quality standards in response to the consumers’ demands such as healthy
foods, no toxic residues, fatty acid profiles, and animal welfare (Faye et al. 2011).
In both cases, the animal plays a leading role by definition.
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Fig. 3 (a) The LFS concept approach allows to describe the biotechnical sub-part: i.e. the animal
husbandry practices (termed techniques when provided by researchers or extension agents) that are
implemented through the resources, the herds and the products and their relationships and interac-
tions between elements. (b) Focuses on the grazing system which is based upon intricate links
between grasslands and livestock under the management of the farmer (or not). (c¢) Focuses on the
product which results from the transformation of the resources by the animals under the control of
the farmer (or not)

The same conceptual model can be used in the case of an integrated crop-livestock
system with a focus upon the intertwining of crop and livestock components (Fig. 4).
The specific features of agroecology come from the simultaneous integration of
multiple objectives where many species, activities and functions are interrelated
within the same system. The importance of mixing many crop productions has
already been assessed (Valet and Ozier-Lafontaine, this special issue), and it has
been proved that multispecies systems provide valuable food crops and ecosystemic
services. The major livestock production systems in Africa or Latin America
(Dedieu et al. 2011) include grazing, e.g. pastoral and agro-pastoral, mixed crop/
livestock and industrial animal-based production systems. Generally, the crop-
livestock systems are the most densely populated and hold the largest number of
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Fig. 4 The conceptual approach to describe the integrated crop-livestock system; the links and
interactions are simplified, the diverse flux of materials, the different integrated relationships
between sub-activities (crop or livestock production), or the multi-species existing are not notified
in this scheme

ruminant livestock. Integrated crop-livestock systems have been diagnosed as the
key to future food security: two-thirds of the global population already lives in these
systems (Herrero et al. 2010). Currently, they produce 41 % of the maize, 86 % of
the rice and 74 % of the millet production. They also generate 75 % of the milk and
60 % of the meat, and employ many millions of people in farms, formal and informal
markets, processing plants and other parts of long value chains.

These systems are very well established in the Caribbean (Buchmann 2009;
Gonzalez-Garcia et al. 2012). Studies are ongoing in Guadeloupe (Stark et al. 2012;
Fanchone et al. 2013) on the major assertion that integrated crop-livestock system
are a prerequisite to comply with the main agroecological principles — inter alia:
improve energy and nutrient turnover, ensure soil quality, increase genetic diversifi-
cation, and promote biological interactions-.

For instance, the case of Cuban crop-livestock system (Funes-Monzote and
Monzote 2001; Buchmann 2009) indicates that these systems are a way to reduce
vulnerability. Diversification not only serves as insurance against unexpected or dis-
ruptive events, it also provides many components that facilitate adaptive renewal
following a disturbance, and of course promotes agrobiodiversity (both planned and
associated biodiversity as defined by Perfecto and Vandermeer 2008). In addition, as
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aresult of high agrobiodiversity, essential nutrients and micronutrients are provided
for the farming family, thereby enhancing the dietary diversity of the household.

Agroecological Techniques for Animal Husbandry

Combining concepts of livestock system and agroecology and taking the animal
scientist or livestock farmer pathway, we can indicate a set of rules based on the
above description of animal production. Some of the animal husbandry techniques
implemented through agroecological principles have been reviewed by Alexandre
et al. (2013c) for the Latin and Central American regions. Reducing the use of exter-
nal inputs, and increasing the biological efficiency of the animals are among their
main objectives. Some case studies are developed for different species and at differ-
ent scales: (i) the animal/physiology scale, (ii) the plot/field scale, (iii) the agroeco-
system/farm scale, and (iv) on the food system approach. The bio-technical sub-part
under study is described in Fig. 2 (see practices, resources and animals):

— Steering the whole LFS through reproduction management without any hor-
monal treatment, while facilitating system reproducibility is implemented
through the use of male effect in small ruminant production, which allows induc-
tion of oestrus and increases reproductive performances, as developed over at
least 30 years in Guadeloupe and also in Mexico. Today research is being con-
ducted by work on natural soft techniques through light programs for males
(Mexico);

— Matching the farm system to the available feed and by-products instead of build-
ing a feeding system according to production requirements (multiple use of
resources — ligneous, glucidic, amylolityc, tanniferous, protein — for mono- and
polygastrics) (in Guadeloupe, Trinidad and Colombia);

— Managing pastoral resources through environment-friendly practices based on
the use of local grasses through management that is better adapted to their
morphogenesis, and on organic fertilization and the best fit of the land surfaces
proposed by taking into account the real availability of grass and integrating
traditional strategies of management (see also Boval et al., this book) (in
Guadeloupe, Cuba and Jamaica);

— Choosing the best adapted genotypes, while enhancing the population biodiversity
(pigs and ruminants, Guadeloupe, Colombia and Cuba);

— Controlling health constraints by reducing chemical treatments (targeted drench-
ing) or use of nutriceuticals for small ruminants instead of zero risks strategy
(Guadeloupe, Cuba, Mexico);

— Mitigating the climate constraints by using soft techniques (less energy-rich
feeds or natural cooling for pigs and chickens, Guadeloupe);

— Producing healthy foods (goat and cattle meat) with low inputs (forage), while
restoring local self-reliance, conserving and regenerating natural agrobiodiver-
sity resources (Guadeloupe).
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This overview outlines the utility of the livestock farming system approach, and
offers a general framework for the numerous factors of variation involved in animal
performances so as to propose guidelines. The whole approach, from gametes to the
animal product, is built on case studies gathered from different experiences in many
countries of the Caribbean basin (sensu lato). This overview hopes to convince
scientists and stakeholders in the animal sector of the viability of agroecology as a
way to help achieve food security and sustainability. We advocate agroecology as a
new approach to orientate the transition from unsustainable models of livestock
farming systems and development to sustainable styles of animal production: a
nature-like approach to “renovate” agriculture that can be defined as smart invest-
ments (vs. industrial business).

Socio-ecological Services of Livestock Systems

From the outset, and particularly under tropical conditions, a major challenge was
the capacity of livestock farming system to recognise the importance and benefits of
the non-productive functions of animals and husbandry activities for the farmer/
household and society (Lhoste et al. 1993). Livestock farming system, is concerned
not only with the production of commodities (and their related qualities) to meet
the objective of food security, but also with providing the multiple ecoservices
(see Photo 3) as prescribed by the Millennium Assessment Report (2005). Animals
and LFS are considered as highly multifunctional in tropical agroecosystems (Dedieu
et al. 2011). Two case studies are examined at the animal and territory levels.

Services at the Animal Level

The case study concerns goat species. Many papers reviewed by Alexandre et al.
(2012) show that goat is the best suited animal to harsh environments, being mainly
prevalent in arid (38 %) and semi-arid (26 %) agroecological zones. Goats are the
principal ruminants in many scrublands, and form a part of traditional extensive
grazing systems in many countries. It is frequently reported that wherever near-
uncultivable land is the main feed source, the goat is the most beneficial animal to
rear. However, the goat is found under a wide range of agroecological conditions
(Alexandre and Mandonnet 2005). Besides thriving in arid desert areas it is known
to fare well in tropical rain forests, being the domesticated animal with the broadest
ecological distribution. For example, 88 % of the world’s goat population is located
in Asia and Africa, mostly (80 %) in the tropics and sub-tropics. The goat’s physi-
ological capacities, and her very high flexibility make this animal a marvel of mul-
tifunctionality and perhaps also of resilience (Alexandre and Mandonnet 2012).

In the harshest conditions, goats generally exceed cattle in numbers, and often
sheep. The Morand-Fehr prospective expertise (2012) indicates that goat will be the
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Photo 3 Tropical genotypes are valorizing marginal zones of the Caribbean regions

specie with the best prospects (increasing numbers, worldwide spread) in the decades
to come, specifically through this agroecological perspective of designing systems
best adapted to climate change. Many breeds are represented, and flocks are distrib-
uted over a wide range of systems of production and husbandry conditions. According
to many reports, goats, found in all developing countries, are chiefly reared by
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subsistence farmers alongside their primary occupation. They are described as an
important component of a considerable number of vulnerable and resource-poor pro-
duction systems (Peacock 2005).

The reputation of the goat as a prime cause of overgrazing and landscape degrada-
tion has contributed to its disappearance from the rangelands, although environmen-
tally it often has very positive effects in sustaining open mountain meadows, valorising
many types of feedstuffs. However, there is a growing interest in livestock (e.g. goats)
grazing on woody rangelands as a mean of controlling shrub encroachment and
reducing fire hazard. This concern justifies and encourages the re-introduction of
goats into their native rangeland. Knowledge of species selection, diet quality, and
voluntary intake may allow the control of feeding behaviour and maintenance of a
certain equilibrium. Numerous studies reviewed by Alexandre et al. (2012) report
that this species thrives well under more intensive conditions, and provides very high
quality commodities, such as milk, meat and fibre, and skins, (Silanikove et al. 2010;
Mahgoub et al. 2012). Goats are generally defined as multifunctional animals
(Table 1): Peacock (1996, cited by Alexandre et al. 2012) has listed at least 19 useful
products and services. They play a crucial role in providing protein and non-food
commodities, and also serve as a cash reserve and a form of savings for the rural
population, and as a protection against agricultural crop failure: goats are chiefly
reared by subsistence farmers in addition to their primary occupation. Moreover, they
contribute by facilitating the management of flocks, guiding sheep in some regions,
and by supplying manure that is highly valued for cropping (as indicated for all
ICLS). The situation can also be one where the animals are primarily consumed by
the household, and occasionally sold in rural areas at low prices. Hence goats provide
not only sustenance and cash income, but also socio-cultural links and act as insurance
against risks in fragile and harsh environments. In addition to all these items, some stud-
ies signal the use of goats as draft animals in Central America (for ploughing in
Honduras or recreational outings in the Caribbean). In the field of economic perfor-
mances, very few situations have been assessed, possibly due to the lack of adapted
methods for broad multifunctionality, and/or the importance of the informal sector
(Alexandre et al. 2008). However, some specific niche markets can be highlighted
(Alexandre and Mandonnet 2005).

Services at the Territory Level

The case study concerns the use of animals to enhance the whole sustainable
development of a small region of the Guadeloupe Island (Alexandre et al. 2002).
The leeward side of Guadeloupe is characterized by very diverse altitude, climatic
and biophysical constraints. Inadequate land management policies and natural
disasters have been responsible for its low level of development. The National
Park of Guadeloupe has promoted a sustainable development program for this
area through work done by a multidisciplinary team composed of environmental-
ists, forest rangers, land managers and agronomists. Valuable human and natural
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Table 1 Some examples (number of studies) of economic roles, functions and meat niche markets

of goat in different regions

Number of
According to FAO occurrence
pictograms Items Regions of papers
Economic contributions
i
Whole rural economy Harsh environments 6
Most marginalized sector of the Central America 3
poor population South-East Asia 4
Africa 7
India 5
Latin America 4
Small-holder farmers Worldwide 4
Africa 3
Asia 3
Latin America 2
Household consumption and South-East Asia 3
income
Cash reserve Africa 4
Asia 3
Latin America 3
Worldwide 5
Multifunctions
At least 19 useful products Africa 1
and services
Non food commodities Africa 2
(medicines) Asia 1
Supplying manure Asia 3
Latin America 3
Draft animals Central America 3
Positive effects upon Worldwide 6
environment
Insurance against ecological Latin America 4
risks (protection against Middle-East 3
crop failure) Worldwide 4
Middle-Esat 3
Central America 1
Landscapes, aesthetic functions Central America 2
Socio-cultural linkages Africa 4
Central America 2
Latin America 3

Special niche meat market

(continued)
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Table 1 (continued)

Number of
According to FAO occurrence
pictograms Items Regions of papers
All products are sold Central America 3
Suckling kids (cabritos) Latin Amercia 3
Sale of meat kids Middle-East 3
Goats target religious Asia 6
festivities Asia 8
Central America 3
Africa 4

Sources: Alexandre and Mandonnet (2005) and Alexandre et al. (2012)

characteristics, very attractive landscapes and a wide biodiversity of natural and
agricultural areas support this programme. Focused group discussions were held
with knowledgeable persons (soil and forest specialists, historians, economists and
tourism managers) to diagnose the strengths and weaknesses of the area and to
build the final version of the development program. Additionally, these specialists
were questioned about the contributions of livestock production to the sustainable
plan (see Photo 4). Surveys were executed to determine the typology of the farming
systems, their interactions with the environment and the characteristics of their
retail markets. Consumers (restaurants and tourists) were questioned about their
eating habits and their willingness to pay more for local animal products. Agro-
sylvo-pastoral systems in the region are generated by the traditional knowledge of
the populations. Animal production is one of the numerous activities undertaken by
the farmers. Forestland and rangeland, managed as natural ecosystems, are used as
grazed land. Products are used for family consumption and sometimes for sale at
the local market. Agroforestry systems offer many advantage: the productivity of
crops, animals and trees is increased through sustainable use of positive relation-
ships among these groups. The animals use crop residues, fallow, foliage or forage
grown on marginal land, and help to recycle waste products. As a result, manure is
produced as a source of plant nutrients and soil organic matter. Herbivores are effi-
cient in controlling weeds in fruit plantations or forest undergrowth. Owing to the
different focused group discussions, the main interactions occurring among the
different components of the sustainable development program (production sys-
tems, environment, society, economy and tourism) have been described (Fig. 5,
Alexandre et al. 2002). In our conditions, as in many other regions, when correctly
managed, livestock has very positive effects on the environment: reduced chemical
pollution, preservation of soil fertility, maintenance of open spaces; these are the
goals of the development plan. Also, livestock makes an important contribution to
total food production and to the rural economy. Good qualitative local animal
products are available for local consumers or tourists (such as honey, curry goat or
horse riding). The agro-sylvo-pastoral systems provide picturesque scenes and
landscapes that are very attractive to tourists. Horse-riding is available for
eco-tourists. Hence livestock takes part in the sustainable development plan by way
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Photo 4 Some examples of animal services building typical landscapes and picturesque scenes of
the Leeward side of Guadeloupe

of its interactions with tourists’ activities. The plan is not only environmentally
sound, but is also people-centred. It does not ignore the human component in the
region; it enhances the traditional know-how in agriculture, and the social and cul-
tural significance of livestock keeping. In sum, the integration of livestock and agri-
culture increases both the short-term benefits and longer-term sustainability of the
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Fig. 5 Ecosystem services of the agroecosystems and interactions existing between the different
components of the sustainable development plan of Guadeloupe Leeward region: systems of pro-
duction, environment, society, economy and tourism (Source Alexandre et al. 2002)

region. The livestock sector is both multifaceted and flexible enough to make an
important contribution to the local sustainable development of the leeward side of
Guadeloupe.

The same could be said for Haiti, where agroforestry systems (see Photo 5) are
of paramount importance for the family and the territory (Simon 2011). Agroforestry
systems combine annual and perennial, herbaceous and woody species, in a com-
plex system in terms of the number of plant species, biological interactions, and
practices (see review of Greenberg et al. 2008; Cubbage et al. 2012). Widespread in
Asia, Oceania, Africa, and Latin America, they ensure both subsistence for local
populations and major environmental and socio-economic services. These agrofor-
estry systems stand out from specialized cropping systems by three essential aspects
arising from natural ecosystems (Perfecto and Vandermeer 2008; Greenberg et al.
2008): (i) their functioning is based on relations between species (competition,
facilitation), (ii) they offer high constituent biodiversity, and (iii) they produce a
multiplicity of products and environmental services that monocultures do not offer.
Cubbage et al. (2012) have described and compared different sylvo-pastoral sys-
tems in Latin America, New Zealand and the United States. Some countries use
native trees and existing forests; others use plantations, particularly of exotic
species. Natural forest sylvo-pasture systems generally add livestock in extensive
systems, to capture the benefits of shade, forage, and income diversification without
many added inputs. These authors also note that these systems depend not only on
the biophysical, but also the economic, cultural, and market factors in a region.
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Photo 5 Positive effects of agrosylvopastoralism fighting against deforestation in mountainous
regions of Haiti

The Decisional Sub-part of Livestock Farming System

The double dimension of livestock system concept allows the integration of the
livestock keepers in the human and societal context to attain agroecological objec-
tives as recommended by Altieri et al. (2012). Among the ecosystems services
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detailed above, many are linked to the socio-economic and the socio-cultural
dimensions of the farmer, family or society.

The agroecological pathway induces a pressing need particularly at a time of
global climate change and hunger and energy crises. Improving the current systems
and practices is urgently needed, particularly in the context of small farmer natural
resource management systems that predominate in tropical developing countries.
Unfortunately, social-ecological systems theory, sustainability evaluation frame-
works, and assessment methods are still foreign to many farmers, and sometimes to
policy makers/operators, or even to researchers, students, and NGOs. At the same
time, most peasant farmers manage complex and diverse agroecosystems, and con-
stantly adapt management strategies with multiple aims. There are at least two paths
that lead to increased agricultural production and provide commodities and ser-
vices. They are labeled traditional and modern or preindustrial and industrial. But
this dichotomy obscures significant differences and narrows our thinking.

Instead of remaining stuck in the dichotomous extensive-intensive or even
North-south schemes of thinking, age-old systems can reveal potential for alterna-
tives to address system sustainability, provided conditions and objectives of produc-
tion can be changed. Dedieu et al. (2011) have reviewed the main livestock system
studies ongoing in the tropical countries. These examples highlight the need for a
better understanding of livestock functions, productive or not, for farmers and fami-
lies. They provided also patterns of integration between livestock and other activi-
ties to design innovative sustainable livestock farming systems, with their double
consistency decisional and biotechnical. Hence they suggest using the livestock
system concept not only as a framework for modelling (as also suggested for crop
systems, Malézieux et al. 2009), but also as a grid to understand the system func-
tioning. This latter could promote the design of better adapted innovations. Recently
Alexandre et al. (2013b) have shown how innovations can take advantage of the
farmers’ traditional know-how. There is a growing concern about the lack of adop-
tion of certain technologies at the farm level, and particularly in tropical regions. It
can be hypothesized that the context as a whole, known to interact with the farming
system, may exert direct or indirect effects on the successful use of innovative tech-
nology. The transfer of technology has been promoted for years in the developing
countries without bringing positive modifications in the long term (Alexandre et al.
2013a, b), and particularly because it was shaped by a top-down scheme of thinking.
The transfer of technology policy is generally also criticized for its poor fit with the
farmers’ socio-cultural context. Meanwhile, livestock keepers have steadily accu-
mulated indigenous traditional experience that has built sustainable LFS supported
by their resilience. Alexandre et al. (2013a) have tried to revisit some of the tradi-
tional practices that have helped design innovative products or processes:

— Using the very traditional male effect practice for small ruminants (as mentioned
earlier) as an efficient reproduction management alternative, increasing herd pro-
ductivity with no hormone treatment;

— Exploiting the crop by-products at the farm level is empowered at the agro-
industrial sector level by the production of pellets combining different
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non-conventional feed sources (on the basis of their nutritional and agronomic
characteristics);

— Determining, through an ethno-veterinary survey, the natural or agro-resources
that are employed in animal healthcare, has led to specific biochemical studies to
enhance the use of neutroceuticals against parasitism in small ruminants;

— Managing the pasture (and land) resources through tethering practices, while
reducing cost of production (traditional LFS) has become a very relevant and
efficient experimental tool to assess individual intake at pasture (through sound
experimental design, see also Boval et al., this book);

— Sharing the livestock capital by dividing offspring between owners and breeders
(known as di-moitié, meaning ‘half-half”) is the key principle used for creating a
connective system between donors (NGOs or international foundations) and
landless farmers where recipients agree to share the offspring of gift animals
with others in order to implement animal activities within their farm-family
units.

These examples provide a general framework for a contextualized research
agenda by means of participatory action approaches:

— Allowing synergistic interactions (for mutual learning) that promote diverse
flows of traditional and modern knowledge as recommended by IAASTD-
UNESCO (2008);

— Strengthening individual and collective capabilities to innovate; improving
organizational cultures and behaviors and fostering networks and linkages
(Angeon et al. 2010);

— Aiming at introducing new products and processes that are socially or economi-
cally relevant to smallholder farmers and other actors in the LFS sector;

— With the last two aims above, analyzing and identifying the cognitive and histori-
cal sources of a general process of appropriation-rejection likely to hamper the
development of relevant products in an area. For example, identifying, in terms
of human values, the causes leading to the rejection or subdued use of local
breeds in an official context, while in a non-official context, these breeds are use-
ful to the local farmers (Angeon et al. 2010).

— Reorganizing the innovation process, while changing the mental map of technol-
ogy transfer for a territorial development plan embedded in the natural and socio-
economic context (Alexandre et al. 2013b).

Conclusion

Our intention is not to offer ready-made solutions, but rather to highlight important
guidelines by factual data obtained in different countries, in order to share these expe-
riences and allow readers to form their own opinion according to their situations.
Setting development priorities and implementing research must be accomplished
through the farming system concept. The sustainability of livestock farming
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systems depends on the local context. Beyond the general characteristics of biotic
and abiotic factors, the human and cultural values and the socio-economic con-
straints induce a high variability in livestock farming systems in the Tropics.
Promoting integrated and sustainable tropical livestock farming systems requires a
better understanding of productive and non-productive functions of livestock at the
farming, sector and territory levels. Patterns of integration between livestock and
other activities will be considered for the design of innovative sustainable systems,
in terms of their decisional and biotechnical consistency.

It is stated that the use of combined set of practices suggested and illustrated
here should favor (i) valorization of tropical resources, genotypes and people, and
(i1) increased cycling and integration between biomasses, livestock and farmers.
The tropical livestock systems offer a laboratory for further scientific study. This
argues for taking advantage of traditional know-how to promote well-adapted mod-
ern innovations.

The livestock farming system concept was developed to assess the interactions
between the human and biotechnical dimensions of livestock husbandry activities.
Another viewpoint is that historically, the concept has emerged from the many failures
of the transfer of technology model of development in tropical and Mediterranean
regions.. The major challenge now facing systemic science and agro-environmentalists
is not how to increase production overall, but how to enable resource-poor farmers to
produce more, and so improve their food security and household livability.
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Cropping Systems to Improve Soil Biodiversity
and Ecosystem Services: The Outlook
and Lines of Research

Cathy Clermont-Dauphin, Eric Blanchart, Gladys Loranger-Merciris,
and Jean-Marc Meynard

Abstract The intensive farming practices that have been developed over the past
60 years are based mainly on the use of chemical inputs such as fertilisers and pes-
ticides, mechanical tillage and monoculture. The limitations of these methods are
now clear: long-term degradation of soil fertility, impacts on the environment and
human health, high consumption of fossil fuels, low efficiency of inputs and threats
to food security in a context of climate change. Would farming practices that rely on
the activation of ecological processes be an alternative to achieve a balance between
high productivity and environmental preservation? While many studies suggest a
positive relationship between soil biodiversity and ecosystem services, there is con-
siderable debate on the form such agricultural systems should take. This study
reviewed the state of current knowledge and identified aspects requiring further
research to achieve the aim of sustainable intensification of agriculture. The follow-
ing major points emerged:
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(i) Most studies focused on the evaluation of individual practices. However,
changes in farmers’ cropping practices to take advantage of soil biodiversity
services would need to manage not only the interactions between various
practices but also the trade-off between the technical and socio economic
constraints of cropping systems. Advances in agricultural system design
approaches may help to ensure appropriate trade-offs.

(i) More attention should be given to drawing on knowledge from different
sources: laboratory studies focusing on the ecological functions of soil biodi-
versity, experimental surveys on farmers’ fields to rank the farming practices
and processes to be included in site-specific models, and on- station experi-
ments to test hypotheses and acquire additional reference material.

(iii)) Whereas advances in technical and scientific knowledge provide an increasing
number of relevant indicators for characterizing biodiversity and ecological
functions, studies are rarely targeted at the development of indicators that are
accessible to farmers or their technical advisors. The lack of indicators acces-
sible to grassroots players for evaluating the impacts of their decisions on soil
biodiversity remains a serious obstacle to the development of innovative agro-
ecological systems.

Keywords Cropping systems e Soil biodiversity ¢ Ecosystem services
Bioindicators * Ecological intensification * Agroecology * Ecodesign

Introduction

The spectacular increase in yields over the past 60 years is due to a significant
artificialisation of agriculture through varietal selection, development of chemical
fertilization, irrigation, mechanized tillage and increased chemical pest control.
Cereal yields at least doubled between 1960 and 1995 (Tillman 1999). In tropical
countries, high-input cropping systems have enabled the development of various
export crops such as bananas in the Caribbean and Central America and cotton in
West Africa. However, these agricultural systems have many disadvantages: they
contribute to the depletion of natural resources such as fossil fuels, phosphorus and
water and affect many ecosystem services, notably by the soil biodiversity
(Millennium Ecosystem Assessment 2005). They rely mainly on high cost inputs,
which creates a significant financial risk for farmers in a context of climate change.

One option for achieving high yields without having to use high levels of exter-
nal inputs is to develop cropping systems that improve soil ecological services.
Several studies suggest that the activity of soil organisms could be managed to
increase ecological services (Millennium Ecosystem Assessment 2005). Ecological
services can be sorted into three main groups related to agricultural management as
proposed by Le Roux et al. (2008): (1) — “Input” services, such as nutrient supply,
pest control, maintenance of soil structural stability and regulation of microclimate;
(2) — “Direct output” services directly contributing to agricultural income, such as
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plant and animal production and (3 — “Indirect output” services that do not directly
contribute to agricultural income, such as, water purification, carbon sequestration
and wildfire mitigation. All these services are based on processes or functions that
depend on the ecosystem biodiversity. In fact, maintenance or improvement of soil
nutrient availability in cultivated systems may rely on processes such as organic
matter mineralisation and nutrient solubilisation and recycling by soil micro-
organisms and cultivated plants. Pests and diseases can be controlled by predation
and parasitism by certain soil organisms. A favourable soil structure for agriculture
can be maintained by plant roots and macrofauna activity rather than by mechanical
tillage (Kibblewhite et al. 2008).

Although many studies have described the relationship between ecosystem ser-
vices, ecological functions and related groups of organisms or species, there is still
considerable debate on the design of cropping systems to improve functional soil
biodiversity and services. Unlike plant biodiversity, soil biodiversity is almost invis-
ible to the naked eye and is hard to characterise. Soil biodiversity is, therefore, more
difficult to manage for ecological intensification of agriculture.

The approach proposed for developing this ‘new’ agricultural paradigm is based
on both ecological and agronomic sciences (Wezel et al. 2009; Altieri et al. 2012).
Ecology focuses on the soil biological processes across various spatial and tempo-
ral scales. Agronomy is a science of action, which has developed methods bridging
biological systems and socio-economic systems in order to improve the multifunc-
tional management of soils and crops (Sebillotte 1974). This paper examines the
state of current knowledge and the research required for the design of
agro-ecological cropping systems. Section “The Cropping System Concept:
Consequences for Ecological Intensification of Agriculture” examines the crop-
ping system concept and shows how the technical, ecological and socio-economic
constraints of farming practices must be taken into account if they are to be
redesigned. Section “Relationships Between Cropping Systems, Soil Biodiversity,
Functions and Services: State of the Art” reviews current knowledge of the
relationships between cropping systems, soil biodiversity, ecological functions and
services and section “Taking Account of Soil Biodiversity and Its Services in the
Design of Agro-ecological Cropping Systems” identifies the research required to
improve the integration of soil biodiversity and services into the design of innova-
tive cropping systems.

The Cropping System Concept: Consequences for Ecological
Intensification of Agriculture

The “cropping system” concept covers the set of agricultural methods that are applied
to one or more fields treated in the same way for several successive years (Sebillotte
1980). Agronomists use this term to indicate that the farming practices form a sys-
tem, i.e. all the practices are interlinked. It is often impossible to change one practice
without having to change several others (Meynard et al. 2001; Spedding 1979).
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Fig. 1 Comparison of conventional intensive (left) and traditional (right) banana cropping sys-
tems in the West Indies

For instance, if the sowing date of an annual crop is changed it will often be necessary
to change the variety, the fertilizer application date and the pest control method. This
“coherence” in the cropping system is established by farmers by drawing on their
own production targets, available resources, knowledge and know-how, the informa-
tion they collect and their interactions with many others involved in the agricultural
system. If farmers are to be encouraged to change their practices with a view to
preserving and building-up soil biodiversity, consideration must be given to their
particular aims, material resources and labour resources, as well as to the charac-
teristics of their fields, their social networks and the information to which they have
access (Cairns 2000; Meynard et al. 2001).

The Relationship Between Cropping Systems and the Farmers’
Aims and Available Resources

Farming practices depend on the farmers’ aims and available resources (Sebillotte
1974). For example, in the French West Indies, bananas for export and bananas for
local markets are not cultivated in the same way: varieties, replanting frequency and
use of pesticides differ owing to the specific quality requirements of the export mar-
ket (Fig. 1). Similarly, a cattle farmer and a cereal farmer will not cultivate their
maize or wheat in the same way. Cattle farmers use livestock manure as a fertilizer
for wheat, whereas chemical fertilizers are the main source of nutrients for cereal
farmers. The work loads are not spread in the same way over the year. In the Paris
basin, cereal farmers generally apply their spring pesticide at the optimal period,
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Fig. 2 In the south of Haiti, local fruit markets offer limited opportunities for producers
© Eric Auguste

whereas cattle farmers often have to postpone treatment because the fodder crops
have to be harvested during the same period.

A farmers’ perception of the socio-economic context is a major factor for changes
in cropping systems. The choice of crops may change over time depending on mar-
ket prices. If a crop becomes profitable over time, it may be planted more frequently
at the expense of others, leading to shorter crop rotations. This can be seen, for
example, in the Argentinian Pampa, where soybeans have become increasingly
dominant (Meynard 2012) and in northeast Thailand, where hevea plantations
have been gradually increasing, even though climatic conditions are not ideal
(Clermont-Dauphin et al. 2013). In Haiti, farmers have considerable experience in
selecting crop rotations, dates and sowing densities that limit the risks of pests and
diseases for the crops. The development of practices that increased these risks, such
as the elimination of fallow and the increased frequency of the bean/maize inter-
crop, was not due to a lack of awareness of the adverse long-term effects of these
practices: this was the response to the scarcity of food resulting from a rapidly
growing population (Clermont-Dauphin et al. 2005). The reduction of tree density
can be interpreted in a similar way. Fruit trees are being cut down by many Haitian
farmers to produce and sell charcoal, the main source of energy for many house-
holds. This seems quite logical when they consider the lack of markets for fruit
production (Fig. 2). The emergence of new openings, such as access to new markets,
would drive other changes.

A particular innovation will not interest all farmers to the same extent and,
although it may be of potential interest to all of them, it will not be adopted univer-
sally. A good example in this regard is the “no-till systems” or “conservation agri-
culture” which includes permanent soil cover, using living or dead cover crops in
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Fig. 3 The need for crop residues as forage for livestock is one of the major causes of sparse soil
mulching in annual crop rotations in West Africa

the rotations. This system has spread widely in recent decades in mechanized farms
in South America and the USA and was clearly efficient to prevent soil erosion risks
in intensive cotton production systems in Brazil. However, only a few smallholdings
of South America adopted no-till owing to the need for special costly tools and lack
of information about managing weeds and pests (Derpsch 2008). In peasant farming
in West Africa, although most of the key elements of conservation agriculture, such
as minimum tillage and introduction of legumes in the rotation or in association
with the cereal crops, are commonly found, a permanent soil cover is often hard to
actually achieve (Serpantié 2009). There are many reasons for this: crop residues
may be used as forage for livestock (Fig. 3), the crops may have low biomass pro-
duction owing to climatic conditions and high soil degradation, the residues may be
rapidly mineralized as a result of microbial activity and termites, or they may
increase the risks of wildfire in areas with a long dry season, insecure land use rights
may discourage farmers from investing in resources to improve or preserve soil
fertility. In Madagascar, the studies of Villemaine (2011), Queinnec (2013) and our
own observations suggest that some causes of rejection of this technology were the
need for smallholders to change their allocation of ressources such as soil and labor,
the lack of acces to, and use of external inputs as herbicides, and the risk of yield
decrease at short term due to the competition between the main crop and the cover
crop and to the incidence of weeds and pests. In fact, the no-till system has only
succeeded where it was able to overcome serious production problems in the short
term, as in the Mid West of Vakinankaratra, where a permanent cover of Stylosanthes
guianensis proved to be the only effective means of controlling the parasitism of
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Fig. 4 Complex cropping system of the “Creole Garden” in the Caribbean. Left: general view, a
garden in Martinique; Right: inside view, a garden in Haiti. In Haiti, kitchen waste is recycled in
this garden

rice crops by Striga asiatica, and in the south east where a cover of Arachis pintoi
under coffee trees contributed to weed management, increased land use efficiency
and production diversification. In the mountains of Haiti, intercropping of various
staple food species probably contributes to the soil cover at critical periods as the
different crops have complementary canopies. Trees, contribute little to soil erosion
control in the fields cultivated with annual crops. The few surviving trees are around
the farmers’ houses, where they can benefit from organic waste and have many dif-
ferent functions (Bellande et al. 1994) (Fig. 4).

The Relationship Between Cropping Systems and the
Functioning of the Agro-ecosystem

The relationships between practices and compartments of the ecosystem, such as
soil biodiversity, are not simple. Each practice may affect several compartments. For
instance, tillage affects the water use, soil aeration and the location of weed seeds
and crop residues. Tillage also affects the decomposition of residues and has a sig-
nificant effect on the soil biological activity. Conversely, the same agro-ecosystem
compartment may be affected by several practices. For example, the population of
weeds in a field depends on the type of tillage, the date of planting, use of herbicides
and the competitiveness of the crop itself, which in turn depends on the variety,
density, type of amendment used, etc. (Sebillotte1974). These complex relationships
between farming practices and agro-ecosystem compartments lead to significant
interactions between the farming practices. The efficiency of mineral fertilization
depends on controlling root diseases which is more difficult for short crop rotations
than for long rotations (Clermont-Dauphin et al. 2003). The interaction of crop rota-
tion and tillage affects the localisation of the residues infected by various diseases
(Colbach and Meynard 1995). Soil compaction, caused, for example, by tractor
wheels during tillage, affects the water and nitrogen use efficiency. In north western
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Europe, where there is pressure to reduce the use of pesticides, integrated pest
management (IPM) requires knowledge about the effects of each of the techniques
used on pest and weed populations. For example, crop rotations have been length-
ened to reduce the use of herbicides and fungicides, and the wheat sowing date has
been delayed to reduce the use of fungicides and insecticides (Mischler et al. 2009).
The selection of disease-resistant varieties helps to reduce the amount of fungicide
used and to increase the numbers of beneficial insects in the borders of fields. Hedges
or buffer strips may also help to reduce the use of insecticides. In most cases, each
of the techniques used for IPM only provides limited control of pathogens. These
effects are less radical and not as spectacular as the effects of pesticides. Different
techniques with limited effects that work in synergy must be combined to control
pests successfully.

Peasant farmers in the southern hemisphere have considerable expertise in man-
aging soil and plant biodiversity. In the Caribbean, the complex “Creole Garden”
intercropping system, where different species are selected to play complementary
roles in term of pest control, nutrient cycles, shade, etc., is an interesting approach
which merits further study (Fig. 4). The practices adopted by these farmers are
based on knowledge drawn from various sources: traditional knowledge, personal
learning, information provided by development agencies etc. (Altieri et al. 2012).

However, a farmer who is not familiar with a particular process or is unable to
assess its consequences will not consider using it. For example, in the early years of
mechanization in France, no attention was paid to soil compaction by tractor tyres.
Later, clear evidence of the significant impact of soil compaction led to changes in
cropping systems to reduce soil compaction. More recently, Schneider et al. (2010)
showed that many French farmers underestimated the beneficial effects of growing
legumes. This has contributed to their gradual disappearance from crop rotations.
More generally, the collective representation of the agro-ecosystem that is related to
industrial agricultural practices is simplistic. For each “limiting factor” there is an
input that enables to remove it: fertilisation to prevent mineral deficiencies, applica-
tion of pesticides to control pests and irrigation if there is risk of water stress. The
Green Revolution technology package and intensive monoculture systems for corn,
bananas, cotton, soybeans, etc., were based on this simplistic view of the agrosys-
tem. Other methods of managing water and mineral availability for crops and con-
trolling pests and weeds have been forgotten.

The Relationship Between Cropping Systems
and Information Flows

There is a relationship between the cropping systems and the considerable flow of
information processed by farmers. In adapting their practices, farmers rely on obser-
vations of the soil and crop status: the soil moisture which determines whether it is
practicable to work the fields, air temperature and wind speed which determine the
success of pesticide treatments, the development stage of the crop and yellowing
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Fig. 5 Relationship between farming practices and the agro-ecosystem: direct effects and indirect
effects via information flows (dotted lines). The practices are fundamental to a network of deter-
minants that have to be taken into account with a view to evaluating or improving agro-ecosystem
management

which could trigger nitrogen application, clod size which determines the type of
tillage before sowing, etc. Farmers also collect information to assess, a posteriori,
whether they made the correct decisions: analysing the performance in terms of
yield or product quality may cast doubts on the choices made and result in changes
to the crop rotation, the varieties used or the fertilizer application dates. Information
flows may lead to other stakeholders such as consumers, food processors and public
authorities having an indirect influence on cropping systems through contracts,
quality labelling and regulations (Fig. 5).

Some of the criteria commonly applied by farmers to select their practices are
related to soil biodiversity. For example, the presence of weeds or insect pests in a
field may trigger a pesticide treatment but, if aphids are being controlled by a ben-
eficial insect, a farmer may decide not to intervene. Farmers’ observations can also
influence strategic decisions. For example, a change in crop sequence can be the
result of an increase in the weed population or an increased crop damage caused by
soil fungi, such as fusarium or aphanomyces. In rainfed paddy fields in southern
Thailand, farmers assess the extent of wild rice infestation during the fallow period
right at the beginning of the rainy season by looking for red rice grains in the ground.
If infestation is high, they will change their planting method from direct sowing to
transplanting which makes it easier to control weeds (Trébuil and Thungwa 2002).

Farmers build up their cropping systems by collecting information on their fields
and using it to select their practices: each farming practice used depends on the effects
of previous practices and the expected effects of subsequent practices. They build up
their knowledge from these observations, improving their perception of the functioning
of the ecosystem they have to manage and their expertise in managing the available
resources. However, incomplete information may lead to bias. This was the case, for
example, in the intensive banana cropping systems of Guadeloupe: farmers observed



126 C. Clermont-Dauphin et al.

that nematodes had a harmful impact on production and decided to control them
using nematicides. These farmers probably did not realise that the build-up of the
harmful population of nematodes was related to the reduction in soil biodiversity
caused by tillage (Clermont-Dauphin et al. 2004). Meynard et al. (2002) showed that
farmers found it much easier to assess the economic performance of their production
systems than their environmental performance. The environmental impacts of prac-
tices are often expressed on large geographical scales (catchment area, landscape)
and long time scales (several years or even decades) that make it difficult to attribute
them clearly to the individual practices of a given year. In northeast Thailand, for
instance, it is suspected, although this has still not been confirmed, that the increased
salinity in the lowland paddy fields may be related to the deforestation of the uplands
for annual crop production (Clermont-Dauphin et al. 2010). Because farmers cannot
evaluate the ecological consequences of their decisions, it is difficult for them to take
account of such consequences to improve their practices and for policy makers to
define regulations that would promote the development of sustainable agriculture.
Agronomists and ecologists must provide farmers with easily accessible indicators, at
field or farm scale, that are correlated with the ecological impacts of practices so that
they can take account of parameters other than short term economic impacts. This is
discussed below in the section on the development of biodiversity indicators.

The Relationship of Cropping Systems to the Role
of Stakeholders Other than Farmers

Agricultural practices are not defined solely by farmers. They may also be influ-
enced by the large number of advisors, customers or authorities with whom they
have contact: technical advisors, farm suppliers that provide services related to their
sales of inputs, food and feed processors who include specifications in their con-
tracts and authorities who define “good practices”. In a study on constraints on crop
diversification, Meynard et al. (2013) showed that the simplification and shortening
of crop rotations in French agriculture is not decided by farmers alone. It is the
result of interrelated decisions taken by cooperatives, agricultural processing busi-
nesses, seed companies, advisory services, etc. The authors concluded that if the
authorities wish to reduce the harmful effects of this crop specialization, — in this
case over-use of pesticides, uniformity of landscape mosaics, etc. — and promote
crop diversification, they should seek to influence the strategies of those driving the
move towards specialisation. It would not be efficient to focusing exclusively on
decisions made by farmers. In northeast Thailand, the rapid expansion of rubber in
smallholdings was made possible by the conjunction of high rubber prices, experi-
ence gained by many farmers in this region who had worked as tappers in the rubber
plantations of the south, substantial government involvement at various levels of the
rubber sector, subsidised inputs and loans to farmers during the first 6 years of the
immature phase of rubber trees, technical support programs, research into clonal
selection, expansion of both private and government-owned agribusinesses and the
development and maintenance of transportation routes.
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Conclusion 1

The strong relationships between farming practices and between cropping systems
and soil biodiversity are far more complex than might be expected a priori. Different
farming practices affect the soil biodiversity through processes which are now
beginning to be relatively well understood. The perception that a particular practice
may have a harmful effect on soil biodiversity may lead farmers to adapt their crop-
ping systems. These changes in strategy may make it difficult to determine the
causes of poor soil biodiversity. For instance, in the case of the Antillean intensive
banana cropping systems described above, it was not easy for scientists to determine
whether poor soil biodiversity was caused by the use of pesticides or by the tillage
that had made the pesticides necessary.

All aspects of the relationship between cropping systems, farming strategies and
the environment must be taken into account when considering how practices can be
improved. Any innovative technology is likely to result in the modification of several
other practices. It is essential to study how innovation fits in with the whole cropping
system, and their interactions with other stakeholders. Trade-offs between various
objectives and processes should be considered for developing innovative cropping
systems. Advances in agricultural system design approaches, which are discussed in
the final section of this paper, will play a vital role in improving practices.

Relationships Between Cropping Systems, Soil Biodiversity,
Functions and Services: State of the Art

Relationship Between Soil Biodiversity and Ecosystem Services

Soil Biodiversity

Soil biodiversity can be defined as the variety of life in the soil, from genetic vari-
ability to the range of communities, and the variety of soil habitats, from micro-
aggregates to whole landscapes (Turbé et al. 2010). Soils are among the most
species-rich habitats of terrestrial ecosystems as they are host to extensive biodiver-
sity, in terms of abundance, number of species and functions of organisms (Wolters
2001; Decaéns 2010; Pulleman et al. 2012). Most animals in terrestrial ecosystems
spend at least part of their life cycle in the soil (Wolters 2001; Decaéns et al. 2000).
More than a quarter of the described species of terrestrial invertebrates and verte-
brates are strictly soil or litter inhabitants (Decaéns et al. 2006).

Soil organisms and the interactions between them drive many soil processes that
provide essential services such as nutrient cycling, soil formation, primary produc-
tion, regulation of atmospheric composition and climate, water quantity and quality
and pest and disease control in agricultural and natural ecosystems (Brussaard et al.
1997; Daily et al. 1997; McNeely 1994a, b; Turbé et al. 2010).
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Fig. 6 Soils comprise a wide variety of different sized organisms: microorganisms (bacteria,
fungi, algae), microfauna (protozoa, nematodes), mesofauna (springtails, mites, pseudoscorpions,
enchytraeids, etc.), and macrofauna (insects larvae, spiders, beetles, millipedes, ants, centipedes,
earthworms, woodlice, termites, etc.)

Micro-organisms such as bacteria, fungi and algae constitute 80 % of the living
biomass in soils. Soils also comprise a large variety of animals. Most of the phyla
such as protozoa, nematodes, annelid oligochaeta and arthropods are represented in
soil and litter fauna (Fig. 6). Soil fauna abundance, biomass and diversity vary sig-
nificantly depending on the climate, soil characteristics, type of vegetation, land use
and biological interactions (Gobat et al. 1998; Lavelle and Spain 2001).

Measuring soil biodiversity is a challenge. Most soil organisms are not visible to
the naked eye and many microbial and animal species are still unknown (Turbé
etal. 2010). For example, it is estimated that more than 99 % of bacterial and nema-
tode species are unknown (Wall and Virginia 2000). The identification of soil fauna
requires efficient sampling and extraction processing and the expertise of several
taxonomists for visual recognition. It is very difficult to measure soil microbial
biodiversity. Until now, less than 1 % of micro-organisms has been cultured and/or
characterised (Torsvik and Ovreas 2002). Genetic methods (DNA or phospholipid
analyses) which partly replace the morphological identification of species under
the microscope characterise whole communities rather than single species (Turbé
et al. 2010).
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of soil, soil formation
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Fig. 7 Classification of soil functions into four main groups performing three essential ecosystem
functions: transformation and decomposition, biological regulation, and soil engineering

Soil Functional Groups

Soil biodiversity may be better measured by considering functional groups. Several
functional classifications have been proposed by soil ecologists based, for example,
on soil organism size, alimentation or localisation in the soil profile. One of the most
interesting classifies groups of soil organisms according to the three major ecosys-
tem functions they fulfil (Fig. 7): transformation and decomposition, biological
regulation and soil engineering (Lavelle 1997; Brussaard 1998; Turbé et al. 2010).

The first group comprises soil micro-organisms which act as chemical engineers
or chemical decomposers. Bacteria and fungi are the main representatives of this
functional group. They are involved in most biochemical transformations in soils.
Chemical decomposers are involved in the transformation and mineralisation of com-
plex organic compounds (such as sugars, cellulose, phenols and lignin) into nutrients
available for plants. They are also involved in humification (formation of stable complex
organic molecules included in humus) and in several other major biological processes
such as nitrogen fixation, methanogenesis, nitrification and ammonification.

The litter transformer group includes phytophagous, rhizophagous and
saprophagous invertebrates. They feed on decaying organic matter associated with
bacteria and fungi. This group comprises invertebrates ranging from microfauna
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(<200 pm) to macrofauna (>2 mm). They are involved in the decomposition function
directly by shredding and digestion and also through the facilitating/stimulating
effect they have on the action of chemical decomposers.

The Predator group comprises various invertebrates ranging from micro- to
macrofauna. They are present from the top of the profile (litter and organic layers)
to organo-mineral layers where they feed on decomposers and litter transformers
(first order predators) and other predators (second and third order predators).
Predators are responsible for the regulation of the populations on which they prey.
Among this group, micropredators (protozoa and nematodes) feed on bacteria and
fungi. Litter transformers and predators together perform the function of biological
regulators because these organisms are responsible for the regulation of popula-
tions of other soil organisms, through grazing or predation.

Ecosystem engineers (termites, earthworms, ants, etc.) constitute a fourth
group. These organisms can change the physical state of soil by producing biogenic
structures (earthworms’ burrows and casts, termite or ant mounds, etc.). Bioturbation
by soil engineers can modify the nature and/or accessibility of resources for other
soil organisms, e.g. nutrient availability for plants, pores for non-burrowing inverte-
brates (Stork and Eggleton 1992; Jones et al. 1994; Lavelle 1997; Decaéns et al
2001). This group has a major impact on soil functioning mainly by creating soil
structures (Fig. 8) and regulating organic matter dynamics.
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From Soil Function to Ecosystem Services

Soil functional groups and their interactions maintain soil ecosystem services
through the different functions they fulfil in the soils (Brussaard et al. 1997; Daily
et al. 1997; Millennium Ecosystem Assessment 2005; Lavelle et al. 2006; Barrios
2007; Turbé et al. 2010). This section considers the major ecosystem services that
are of direct interest for agriculture.

The fertility of a soil can be defined as its ability to support plant growth by effi-
cient organic matter decomposition and nutrient cycling. Because of their involve-
ment in biochemical transformation in soils, chemical decomposers are the main
group involved in nutrient cycling but in close relation with the other functional
groups. Litter transformers such as millipedes stimulate microbial biomass and pro-
mote nutrient leaching (Kaneko 1999; Toyota et al. 2006). Soil engineers are known
to stimulate microbial activities and to improve nutrient availability. Soil microbial
activities, N availability, C mineralization rate and functional diversity are higher in
ant mounds (Dauber and Wolters 2000; Dauber et al. 2001; Amador and Gorres
2007). Microbial activities and mineral nutrient (NO;~, NH,*, P) release are also
higher in termite mounds (Holt 1998; Jouquet et al. 2004; Lépez-Herndndez 2001).
Several studies showed that soil microbial activities and nutrient availability were
higher in earthworm casts and burrows. These biogenic structures are specific soil
habitats which host specific soil functional microbial communities and have a
higher mineral nutrient content than the bulk soil (Parkin and Berry 1999; Lavelle
et al. 2004; Le Bayon and Binet 2006; Chapuis-Lardy et al. 2010; Bernard et al.
2012; Loranger-Merciris et al. 2012).

Water infiltration rates and water storage capacity are mainly affected by biotur-
bation by earthworms, ants and termites. In a fallow in the Sahelian zone of Senegal,
Sarr et al. (2001) showed that water infiltration rates were significantly lower in
plots without termites than in plots with termites. The impact of earthworms on
water infiltration depends on the ecological group. In a 2-year experiment con-
ducted in a humid savanna in the Ivory Coast, Blanchart et al. (1997) showed that
the water retention capacity was increased by the activity of Millsonia anomala, a
species which significantly increased soil macroporosity, while small Eudrilid
earthworms tended to destroy large aggregates and form smaller ones.

In natural ecosystems, biological pest control is mainly carried out by predators.
In an agro-ecosystem, low diversity is associated with a greater vulnerability to
pests, as the natural regulation of these pests is disturbed (Turbé et al. 2010). In
agro-ecosystems with high biodiversity, species tend to fill all ecological nests and
use all available resources (Elton 1958). This state of equilibrium limits pest devel-
opment (Altieri 1999). For example, in Senegal, millet is attacked by two main
nematode species, Tylenchorhynchus gladiolatus and Scutellonema cavenessi.
These two species represent more than 95 % of the nematode community of these
agroecosystems. When millet fields were left fallow, the abundance of both nema-
todes decreased and there was a marked increase in the abundance of other nema-
todes. Interestingly, the amount of damage caused by the two main pest nematode
species was reduced when they were associated with other plant-feeding nematodes
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Fig. 9 Relative proportions (%) of the main plant-parasitic nematodes in millet fields, fallows of
various durations and in forests, in the Sudanese-Sahelian region of Senegal (Adapted from Cadet
and Floret 1999; Cadet et al. 2002; Villenave and Cadet 1998)

such as one of those whose abundance was increased when fields were left fallow
(Helicotylenchus dihystera (Fig. 9) (Villenave and Cadet 1998; Cadet and Floret
1999; Cadet et al. 2002).

Soil functional groups have a significant impact on primary production through
their role in various plant growth-supporting ecosystem functions : (i) biochemical
transformations (chemical decomposers); (ii) organic matter fragmentation (litter
transformers); (iii) stimulation of nutrient availability (ecosystem “engineers”); (iv)
activation of mutualistic organisms (ecosystem “engineers”); (v) water infiltration
and storage via bioturbation (ecosystem “engineers”) and vi) pest and decomposer
population control (predators). Several studies showed that interactions between
functional groups also had a significant effect on primary production. In a micro-
cosm experiment, Forster et al. (2006) showed that, in a soil amended with fecal
pellets from millipedes and woodlice (litter transformers), the growth of rice plants
was stimulated as the microbial activity was higher than in a soil without fecal pel-
lets. These results show that litter transformers have clear positive effect on the
release of nutrients by soil microorganisms and consequently on plant growth. In a
recent study, Loranger-Merciris et al. (2012) showed that growth of banana plants
was significantly increased in the presence of the earthworm Pontoscolex corethru-
rus. This was probably due to soil bioturbation by earthworms. In the aggregates
derived from casts, the pore structure was rebuilt with a shift from mesobiotic pores
(3-300 pm) to microbiotic pores (0.3—3 pm), improving the physical habitat for
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microorganisms. Bioturbation, therefore, helped to increase a microbial community
which in turn increased P mineralization, as suggested by the greater P availability
in the earthworm casts. The greater availability of P in the presence of earthworms
resulted in higher P content in banana plants and in better plant growth. Several
studies showed that earthworms have an indirect impact on plant-parasitic nema-
todes. These effects are mainly due to physical and chemical changes in the soil
properties induced by earthworm activities. As a consequence, plants may have a
better tolerance to plant-feeding nematodes or defend themselves against them
more effectively in the presence of earthworms and consequently grow better
(Blouin et al. 2005; Lafont et al. 2007; Wurst 2010; Loranger-Merciris et al. 2012).

Because of their importance and their position in the hierarchy, the disappear-
ance or disturbance of soil ecosystem engineers can have a significant impact on
other soil organisms and ecosystem services (Lavelle et al. 1993). In Brazilian
Amazonian pastures, a decrease in soil fauna biodiversity leading to the dominance
of Pontoscolex corethrurus significantly reduced soil porosity and affected water
regulation (Chauvel et al. 1999; Barros et al. 2001), preventing a variety of biologi-
cal functions from operating satisfactorily. Brussaard et al. (2007) showed that soil
biodiversity had a stabilising effect on stress and disturbance although this appeared
to depend on the kind of stress and disturbance and on the combination of their
effects. For example, (i) soil microbial diversity provided protection against soil-
borne disease, (ii) mycorrhizal diversity had a positive effect on nutrient and, pos-
sibly, water use efficiency and (iii) soil fauna diversity contributed indirectly to
nutrient and water use efficiency through its effects on soil structure.

The examples described above show that the functional group approach, focus-
ing on soil engineers appears to be one of the best ways of determining the relation-
ship between biodiversity and soil functioning in agro-ecosystems.

Relationship Between Cropping Systems and Soil Biodiversity
and Services

This review summarizes current knowledge on the effects of tillage, chemical and
organic fertilization, crop rotation and intercropping and the use of pesticides on the
dynamics of various soil biodiversity components and the interactions between
components.

Tillage

Soil macrofauna, particularly earthworms, are generally affected in the long term by
conventional tillage. This was reported by Kladivko et al. (1997); El Titi and Ipach
(1989); Legrand et al. (2011) based on field experiments in temperate areas and by
De Leon-Gonzales et al. (2012) based on a review of studies in tropical areas. Tillage
causes direct physical damage to worms by exposing them to predators, frost or
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Fig. 10 Impact of various practices on earthworm density and microbial biomass 1 month after
planting in a field experiment in northern Spain. I=Inorganic fertiliser, O=0Organic fertiliser,
NF=No fertiliser, CT=Conventional tillage, NT=No-till, NH=No herbicides. Note that the
impact of no-till on earthworm density and microbial biomass depends on the use of organic
amendment. Moreover, microbial activity is particularly affected by the application of herbicides
(Adapted from Mijangos et al. 2006)

dryness and by destroying their casts (House and Parmelee 1985; Chan 2001;
Clapperton et al. 1997). Tillage could also have an indirectly harmful effect on
earthworm populations by soil compaction (Hansen and Engelstad 1999; Capowiez
et al. 2009), by burying the surface residues that protect them from extreme changes
of weather and by encouraging rapid mineralisation of the soil organic materials on
which earthworms feed (Chan 2001; Doube et al. 1994; Kladivko 2001; Spedding
et al. 2004). Conventional tillage practices affect different species of earthworm in
different ways: the most affected are anecic species which move the soil vertically
within the soil profile and epigeic species which inhabit the litter layer on the soil
surface. Endogeic species which acquire a greater proportion of their food from the
soil rather than surface litter are less affected by soil tillage (Edwards and Lofty
1982; Holland 2004; Kladivko et al. 1997). In cropping systems in Norway where
the earthworm community is mainly composed of endogeic species, Pommeresche
and Loes (2009) compared various soils tilled annually or not tilled and found that
earthworm density and biomass were not significantly affected by tillage but rather
by the presence or absence of legumes in the crop rotations and by the incorporation
of animal manure into the soil. Their conclusions would probably have been differ-
ent if the soil earthworm community had been dominated by epigeic and anecic
species. Based on a field experiment in a clay loam soil in northern Spain, Mijangos
et al. (2006) showed that the impact of tillage on the earthworm community varied
according to organic matter management methods: tillage reduced earthworm abun-
dance more where organic matter was applied, i.e. in situations where high food
availability for earthworms, may allow a high rate of growth for the community.
When no organic matter was applied tillage had little effect on earthworm abun-
dance (Fig. 10). Manetti et al. (2010) in Argentina also found that tillage had little
effect on soil macrofauma and attributed this to the fact that tillage had little effect
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on the soil content in organic matter. Tillage is more harmful to earthworm abundance
in coarse-textured soils than in clay soils, as a higher proportion of soil organic
matter is mineralised after tillage of coarse-textured soil (Rosas-Medina et al. 2010).
Similarly, because chisel-disks loosen the soil more than rotary harrows, they do
more damage to earthworms (Kladivko 2001). The impact of tillage on earthworm
communities may also depend on the date of tillage which determines the weather
conditions at the time of tillage, and therefore the risk of earthworms’ exposure to
cold or to high temperature (Pelosi et al. 2008). Few studies have been carried out to
determine how tillage affects the various development stages of earthworm com-
munities. It is generally assumed that adult earthworms are the most affected by
tillage because they are larger (Kladivko 2001).

Soil microbial activity is generally adversely affected in the long term by conven-
tional tillage, in comparison to reduced tillage or no-till (Angers et al. 1992; Carter
1986; Asuming-Brempong et al. 2008; Spedding et al. 2004; Fuentes et al. 2009).
Mijangos et al. (2006) showed that that tillage had the greatest impact on soil micro-
bial respiration in amended soils (Fig. 10). However, greater soil microbial activity
may be observed directly after tillage and incorporation of residue (Logan et al.
1991). Based on a meta-analysis of the effects of the conversion to no till in Brazilian
ecosystems, Kaschuk et al. (2010) reported that microbial biomass increased by
58 % in 10—15 years and remained stable up to 25 years. Soil microbial biomass is
reported as being an earlier indicator of soil disturbance than organic carbon, soil
physical and chemical properties and even crop productivity (Mijangos et al. 2006;
Hungria et al. 2009; Kaschuk et al 2010). Many studies have shown that burying
residues with conventional tillage led to higher organic matter decomposition rates
which promote bacteria (Simmons and Coleman 2008; Spedding et al. 2004),
whereas no-till systems tend to be dominated by fungi. Mycorrhizal hyphae which
often account for about 25 % of the soil microbial biomass (Spedding et al. 2004)
are damaged by tillage (Beauchamp and Hume 1997). Sisti et al. (2004) showed that
higher soil organic matter mineralization due to tillage resulted in higher soil N
availability and lower biological N fixation. Melero et al. (2009) and Spedding et al.
(2004) suggested that the negative effect of tillage on N fixation depended on the soil
texture: Tillage had a greater effect on clay soils than on sandy soils, as more nitro-
gen was released from high clay content soils during tillage. There are also some
cases where agricultural practices may not be the main drivers of soil microbial
activity: the results of Feng et al. (2003); Bossio et al. (1998); Hungria et al. (2009);
Shi et al. (2013) suggested that changes in microbial biomass owing to management
regimes such as tillage, inputs of manure, cover crops and mineral fertilizers for a
given soil were less significant than variations owing to the climatic conditions.

Zhang et al. (2012) showed that 4 years of no-till had no significant effect on the
abundance and biomass of total nematodes although the effect depended on the
genus. Stirling et al. (2010) and Zhang et al. (2012) showed that straw cover
explained more variations in soil nematode abundance than tillage. Some recent
studies suggest that the detrimental direct effect of tillage on larger soil organisms
that prey on nematodes could lead to the short term increase of populations of plant-
parasitic nematodes. For instance, Stirling et al. (2010) showed that in sugarcane



136 C. Clermont-Dauphin et al.

Fig. 11 Mean earthworm " 45 @ Non intensive (F-N-T-)
b}or.n.ass and Radopholus Q 40 a O (F+N-T-)and (F+N+T-)
similis abundance per 100 g < Intensive (F+N+T+
of roots in banana plantations ‘S 35 A Intensive ( )
in Guadeloupe. Each point 2 30 n
represents a farmer’s field. e
F-N-T- means No fertilizer, 8 251 o
No Nematicide, No-Till; § 20 |
F+N+T+means that » o
; ; T ;15 °
intensive fertilizer, E 8 AO °
Nematicide and Tillage were O 19 A
. o A o
applied =
x 5 °
© o Q o [ ]
S olmmod>De—— o0 —
0 50 100

Earthworm biomass g m™

plantations the populations of Pratylenchus zeae and Meloidogyne javanica were
higher in the first sugarcane cropping cycle following tillage than in the successive
ratoon crops. This was related to the decline in the population of the natural enemies
of these nematodes in the first year after tillage and their gradual increase in the fol-
lowing years. DuPont et al. (2009) and Ferris and Matute (2003) suggested that C
inputs from crop residues encouraged the development of a soil food web capable
of limiting populations of plant-parasitic nematodes. In a survey comparing various
banana cropping systems with and without tillage in Guadeloupe, Clermont-
Dauphin et al. (2004) showed that tillage reduced earthworm abundance, reduced
the population of the nematode Helicotylenchus multicinctus and decreased soil
organic matter in the 0—10 cm layer as well as microbial respiration. At the same
time the population of the parasitic nematode Radopholus similis increased (Fig. 11).
However, the negative correlation between earthworm abundance and R. similis
infestation suggested by the field survey was not confirmed in a greenhouse experi-
ment, probably because of the short duration of this study and the reduced number
of nematodes species introduced into the pots (Lafont et al. 2007).

From the various studies reviewed above, it appears that a higher abundance of
many organisms or greater biomass is found in no-till than in tilled systems. Many
different processes may be involved, and their magnitude depends to a great extent
on the soil and climate characteristics as well as on interactions between the various
components of the management system.

Mineral and Organic Fertilizers

Mineral N fertilizers may have a short term negative impact on soil biodiversity
through soil acidification. This was shown by Edward and Lofty (1982), Hansen
and Engelstad (1999) for earthworm populations and by Beauchamp and Hume
(1997) for microbial populations. However, mineral fertilizer amendment generally
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has a beneficial long term effect on soil microbial biomass and activity with
increased crop yields and root biomass and, therefore, increased organic matter
returning to the soil (Edwards and Lofty 1982; Beauchamp and Hume 1997;
Spedding et al. 2004). In a sandy soil where soluble N was rapidly leached and the
soil P content was not limiting, Krumins et al. (2009) showed that strong pulses of
nitrogen increased bacterial communities but did not increase fungi. N fertilizer
may inhibit biological N fixation (Giller and Cadisch 1995; Kahindi et al. 1997) and
mycorrhizal functions (Dighton et al. 2004; Lilleskov et al. 2002). On the other hand,
P fertilizer was shown to stimulate biological N fixation (Hogh-Jensen et al. 2002).

Pommeresche and Loes (2009) and Rousseau et al. (2010) reported that organic
residues increased soil biodiversity. These effects may vary with the C:N ratio and
the content of polysaccharides and proteins of these residues (Leroy et al. 2008).
Based on a meta-analysis of studies conducted in Brazilian ecosystems, Kaschuk
et al. (2010) reported that several industrial residues were shown to stimulate micro-
bial biomass. They stressed that this effect depended on the type of residue, the dose
applied and the soil texture. Much attention has recently been paid to vermicom-
posting, the composting of organic waste with earthworms under mesophilic condi-
tions. Vermicomposting has been shown to convert organic waste into an organic
product containing a significant amount of nutrients and microbial matter and with
stabilised humic substances. This manure was found to improve biological regula-
tion of various plant parasitic nematodes (Arancon et al. 2003, 2007). Many studies
have focused recently on biochar, the product of thermal degradation of organic
materials in the absence of air. However, more attention has been paid to its effects
on soil physical and chemical properties rather than to its impact on soil biodiver-
sity. Lehmann et al. (2011) reported that sorption phenomena, pH and physical
properties of biochars such as pore structure, surface area and mineral matter may
play important roles in determining how different biochars may affect soil
biodiversity.

Crop Rotations and Intercropping

Some studies suggest that crop diversity has a positive effect on soil biodiversity. In
a greenhouse experiment Chen et al. (2008) showed significant differences in soil
microbial community composition between a legume and a grass. This difference
was related to their respective root exudation compositions. They showed that inter-
cropping legumes and grasses increased the bacterial and fungal biomass in the soil
compared to grass grown as a monoculture. Boswell et al. (1998) showed that intro-
ducing a winter wheat into a maize rotation resulted in significantly higher root
colonisation by mycorrhizae both in tillage and no-till systems. In natural grass-
lands, arbuscular mycorrhizal (AM) fungi were found to play a role in determining
the plant community composition and dynamics (Allen et al. 2002). Conversely,
because plants differ in their response to a single AM fungus or to several AM fungi,
multiple cropping systems producing two or more crops in the same field each year
may help to maintain high AM fungi biodiversity (Hart and Klironomos 2002).
Monocultures tend to select one species which is not necessarily the most efficient
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(Johnson et al. 1992). Fewer attacks of pests and diseases in intercropping and
rotation systems compared to monoculture have often been reported as the result of
the build-up of a biological control (Cadet and Floret 1999; Cadet et al. 2002). In
intensive banana plantations in Guadeloupe, it is likely that the decrease of plant
diversity in comparison to perennial plantations was a contributing factor in reducing
the biodiversity of the nematode community which, in turn, encouraged the develop-
ment of the most harmful nematode, Radopholus similis (Clermont-Dauphin et al.
2004; Lafont et al. 2007). Plenchette et al. (2005) reported that in some areas with
deep soils of the Paris basin in France, farmers grow crops such as potatoes, peas,
beans and alfalfa which are favourable for AM fungi, especially when Integrated
Pest Management (IPM) systems have been adopted, reducing fungicide treatments.
In other areas with dry summers and shallow soils, the crop rotations mainly include
cereals and oilseed rape, which are very hostile to mycorrhizae, particularly as the
high frequency of wheat crops makes it difficult to reduce fungicide treatments.

However, other studies have suggested that the correlation between plant diver-
sity and soil biodiversity is not always significant, probably because certain plant
species have less impact on the soil microbial structure than others (Marschner et al.
2001; Johnson et al. 2003). As already pointed out by Kennedy et al. (2005), the
diversity of plant species is probably less significant than the diversity of their func-
tional traits.

Chemical Pest Control

The impacts of pesticides on soil communities may vary according to the type of
pesticide, the period of application and the amount applied (Edwards and Bohlen
1996). For instance, Plenchette et al. (2005) reported that the effects of fungicides
are often harmful to AM fungi but vary depending on the active ingredient and the
rate of application. It was also demonstrated that some fungicides such as fosetyl-
Al, metalaxyl and promamocarb do not have a negative effect, and sometimes have
a positive effect, on AM fungi. Fungicides applied as seed coating would probably
inhibit AM development more than fungicides applied when plants are already
mycorrhized (Plenchette and Perrin 1992).

In conventional agriculture, chemical pest control is often associated with other
practices, such as mechanical tillage, mineral fertilisers and monoculture. All these
practices are well known to be potentially harmful for soil biodiversity. It is not pos-
sible to draw conclusions on the direct effects of pesticides by simple comparisons
between fields that are treated with pesticides and those that are not. For instance, a
comparison of banana plantations under intensive and traditional non intensive
cropping systems in Guadeloupe showed that the use of nematicides increased the
dependency of the banana yield on nematicides (Clermont-Dauphin et al. 2004).
Tillage practices favoured the development of nematode populations and reduced
the populations of earthworms which regulated nematode population (Fig. 11).
Nematicides applied by farmers to control the harmful populations of Radopholus
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similis appeared to have a more harmful effect on earthworms and auxiliary nematode
species than on the pest itself and, as the farmers noticed increasing nematode
damage, they increased the frequency of nematicide applications. A few years after
planting, this vicious circle resulted in excessive populations of nematodes and a
new plantation had to be prepared. In this example, where a particular farming prac-
tice increased the population of parasites, the farmer responded by changing to
another practice, which itself disturbed the biological balance even more, and so on.
Dependence on pesticides can be both a cause and a consequence of the decline in
biodiversity.

Conclusion 2

There has been much discussion about the extent to which conventional farming
practices reduce soil biodiversity. However, some studies have also shown that the
effects of these practices vary significantly depending on soil and climatic condi-
tions. They have shown that there may be significant interactions between different
types of operations. The results from one set of conditions cannot readily be extrap-
olated to other situations. For instance, the impact of tillage on soil biodiversity may
vary according to the soil texture, the soil water status and temperature at the time
of tillage, the type of tool, the crop rotation, the crop residue management system,
the organic amendment practices, etc. This suggests that cropping systems should
be considered as a whole when analysing the impacts of a particular practice on soil
biodiversity and services, and that agro-ecological cropping systems should be
designed in a site-specific approach.

Cropping systems affect directly both the soil biodiversity and the availability
of environmental resources required to achieve the expected crop production. Soil
biodiversity also contributes to crop production through functions or processes. It
is often more convenient to determine the soil biodiversity functions in green-
house experiments, but the impacts of cropping systems on soil biodiversity and
the services it provides need to be determined at field scale. Field and greenhouse
studies appear to be complementary. However, more research should be carried
out into defining methodologies for combining the information gleaned from
greenhouse and field experiments and ensuring that the two approaches are
complementary.

Most of these studies remain academic and unrelated to the objectives and the
socio-economic situation of farmers. Little research is being carried out into farm-
ers’ field conditions, and farmers’ participation in identifying the possible compro-
mises is often not required. However, as seen in section “The Cropping System
Concept: Consequences for Ecological Intensification of Agriculture”, there is
some evidence that farmers are taking account of soil biodiversity services and that
they have built up their own knowledge basis for making the best use of the soil
biodiversity.
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Taking Account of Soil Biodiversity and Its Services in the
Design of Agro-ecological Cropping Systems

Developing Agro-ecological Cropping Systems for Farmers
with Farmers

It is difficult to define the aims for redesigning current cropping systems. What criteria
can be used to assess whether innovative systems respond well to new challenges?
How can the importance of these criteria be prioritised? How can these criteria and
priorities be defined with all stakeholders? These questions raise two problems.

Firstly, there is uncertainty about future developments. Apart from general trends
such as increased emphasis on the management of environmental resources, it is
difficult to predict how the international economic situation, government policies,
public opinion and power relationships between pressure groups will change over
the next 10—15 years. Similarly, although the reality of climate change is generally
accepted, its local implications remain uncertain. The relative importance of issues
and criteria needs to be established in order to design or evaluate innovative systems
that will be appropriate for the future.

Secondly, not all stakeholders have the same objectives and interests — these vary
from small farmers to large scale agri-businesses, from advisory services to govern-
ment authorities, from agri-supply industries to food processing industries. A new
technique may be considered to be a step forward or a step backwards depending on
the point of view. What is acceptable for one may be considered by another to be
inappropriate or harmful.

The diversity of actors, the variety of future scenarios and local situations create
a large number of permutations and combinations that need to be taken into account
when redesigning cropping systems. Agronomists and agro-ecologists must recog-
nize that farmers, businesses and organisations all have different priorities and that
these depend on where they are. They have to do more than recommend an “ideal
cropping system”. They should aim to help farmers to find their own solutions rather
than trying to define a universal cropping system. With this in mind, considerable
methodological work has been carried out since the 1980s. Meynard et al. (2012)
identified two approaches for designing innovative cropping and farming systems:
the “de novo” design and the step-by-step design.

The “de novo” design aims to determine effective systems without worrying, at
least initially, about the transition from the current system to the new system. What
is essential is to invent something that marks a break. The use of crop models, which
give a dynamic simulation of the performances of crops subjected to various differ-
ent practices, is a highly effective method of de novo design, as shown for example
by De Wit et al. (1988); Rossing et al. (1997); Keating and McCown (2001); Bergez
et al. (2010). They enable a very wide exploration of combinations of practices that
can be carried out, going well beyond the level of current knowledge, and they pro-
vide predictions of the long-term impacts of the system that is being designed and
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on the probable effects of climate change. They can be used to identify which cropping
system from the multitude of possible combinations of techniques, best meets the
economic, social and environmental criteria. However, although using models is
still the most frequently chosen approach for de novo design, some researchers have
worked on prototyping without models (Lancon et al. 2008; Reau et al. 2012).

Step-by-step design focuses not on the target system but on the management of
change. An existing system is taken as the starting point and is gradually modified
to arrive at a new system which was not known in advance. The design work begins
with a diagnosis. Do the present cropping systems meet the farmers’ expectations?
What are the ecosystem functions that cause unsatisfactory performance? Which
farming practices should be changed (Doré et al. 1997, 2008)? On the basis of this
diagnosis, changes to the farming systems are designed and implemented. After 1 or
more years, another diagnosis is made. New changes are made to the systems, form-
ing a loop of continuous improvement (Meynard 2012). This design method bene-
fits from progress made in recent years in “on farm” analysis, which makes it easy
to carry out precise, reliable diagnoses. Examples of step-by-step design are given
by Coquil et al. (2009) and Mischler et al. (2009). Mischler et al. (2009) for exam-
ple, studied arable cropping systems in the Paris Basin, France. The major problem
identified by the initial diagnosis was excessive use of pesticides in short crop rota-
tions. After 6 years, by diversifying crop rotations and adopting IPM techniques, the
farmers had reduced the use of pesticides by half, without reducing profits.

These two design approaches have complementary benefits (Meynard et al.
2012): in “step-by-step design” the exploration is more cautious but has the advan-
tage of adapting easily to the specific constraints of each farming situation. The
farmer perfects his new system year by year. At the same time, he learns to control
it, becomes convinced of its relevance and gradually reorganizes his work and his
means of production. Step-by-step design encourages farmers to play an active role
and apply their knowledge to the design process. “De novo design” gives free rein
to creativity and, in this way, can provide highly innovative sources of inspiration
for farmers engaged in step-by-step design (Table 1). Scientists generally prefer
model-based design, which makes good use of scientific knowledge in the form of
crop models. However, as pointed out by Passioura (1996), a complex model
designed to incorporate an increasing amount of scientific knowledge becomes
more difficult to use, requiring more input variables and estimated parameters. As a
consequence, increasing complexity may result in loss of precision. Many research
models are still unsuitable for use by grassroots players: the input variables are too
complex to collect, the formalisms used are not easily understood, the effects of
certain practices are not defined, the scope of validity is unknown, etc. Models built
by researchers are still difficult to use by people other than those who designed
them. There is still a gap between the research sector which devotes considerable
effort to modelling and the development sector which still does not feel implicated.
The needs and constraints of potential users should be incorporated into the models
and cropping system designers should be associated with their construction more
frequently than is currently the case (Prost et al. 2012).
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Table 1 Comparison between the two general approaches for designing innovative cropping and

farming systems

De novo approach

Step by step approach

Focus Invention of a system that marks a ~ Progressive evolution of current
break with the present ones systems

Management of the ~ No Yes

transition

Methods Model based explorations; design Diagnosis of current systems’

workshops, ... failures, and loop of continuous
improvement

Advantages Exploration of very innovative Progressive learning for farmers;
solutions; source of inspiration easy adaptation to specific
for step-by-step design constraints of a farm

Risks Low realism Conservatism

Fig. 12 Experiment on the effect of different endemic and introduced earthworm species on soil
enzymatic activities in Madagascar

Improving Knowledge of the Relationships Between Agricultural
Systems, Biodiversity, Functions and Services: Priorities

Interactions Between Laboratory and Field Studies

Experiments carried out in the laboratory are appropriate for describing the processes and
roles played by various organisms (Fig. 12). However, generally only a limited number
of functions are examined. The quantification of the provision of ecosystem services
from this kind of experiment cannot be extrapolated to field conditions where various
mechanisms may interfere. Experiments carried out at “field” scale would have the
advantage of incorporating the impacts of practices on the various organisms and their
interactions and of quantifying the various services under a given management option.
However, in field experiments, it is difficult to establish causal relationships between
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cropping practices, soil biodiversity and services. Each farming practice may affect
various components of the agrosystem, not only soil biodiversity. For instance, as tillage
may affect not only the soil biodiversity but also the soil-water dynamics, the nutrient
distribution in soil, the weed infestation and the plant root distribution, differences in crop
performances with till and no-till systems may be at least partially due to one or more of
these changes rather than to the change in soil biodiversity. In a study carried out in
Brazil, after many years, no-till cropping systems led to higher biomass of chafer grubs
and higher soil carbon stocks in the upper horizons (Blanchart et al. 2007). However, it
was impossible to determine whether the larvae had a significant positive influence on
carbon storage or, on the contrary, whether carbon storage affected the development of
chafer grubs. It is also well known that earthworms increase the mineralisation of soil
organic matter in the short term but may prevent organic matter from mineralisation in the
long term (Coq et al. 2007; Martin 1991). However, it is difficult to predict whether an
increase in the earthworm populations in agro-ecological systems will improve the storage
of organic matter in soil. The same question is raised regarding the impact of earthworms
on greenhouse gas (GHG) emissions: it is difficult to determine how they contribute to
GHG emissions in the field whereas it has been clearly established in the laboratory that
earthworms are major emitters of GHG in the short term (Lubbers et al. 2013).

More effort needs to be made to drawing on knowledge from different sources:
(i) laboratory studies focusing on the ecological functions of soil biodiversity which
lead to ecological models, (ii) field experiments using an agronomic diagnosis
approach to identify and rank the farming practices and processes that should be
included in site-specific models and (iii) on-station experiments to test certain
hypotheses and acquire additional reference material.

The agronomic diagnosis approach is based on a study of the cropping practices,
the crop and the environment, including soil biodiversity, within a network of farmers’
fields, as described by Doré et al. (1997) in order to identify the variables and pro-
cesses which are the most involved in fulfilling the expected ecosystem services. This
approach was adopted to identify the main problems affecting plantain (Musa paradi-
siaca) performance in various Caribbean regions and provide agro-ecological alterna-
tives. In Guadeloupe, this approach was carried out in 23 plantations and showed that
the main constraints affecting the cropping systems were (i) the high level of pesti-
cides which reduced natural pest regulation and (ii) the planting of contaminated plant
material. The diagnosis was also used to create biological indicators for the main
functional groups affected by the conventional cropping systems (Loranger-Merciris
et al. unpublished data). In a study of the causes of variation in the quality of barley
grain for malting, Le Bail and Meynard (2003) show the role of water stress as well
as that of a soil-borne disease, caused by a parasitic fungus, whose frequency and
severity are increased by short rotations with high frequency of cereal crops.

Modelling the impact of biodiversity on soil functioning is a challenge as it
involves a large number of processes and organisms which act over different space
and time scales. Most ecological models have tended to focus on one functional
group. For instance, the SWORM model describes the action of earthworms on soil
structure through bioturbation and estimates the fate of soil organic matter and soil
structure at soil profile scale (Blanchart et al. 2009). This model is being developed to
give a better description of the interactions between earthworms and microorganisms
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Fig. 13 Farmers sowing rice in the residues of a previous covercrop Stylosanthes guianensis in
mid west Madagascar

in order to predict their impact on nutrient availability to plants and, consequently, on
plant growth. As already reported by Anderson (1995) further research is required to
establish the links between (i) ecological processes involving interactions between
soil properties, microbial and soil engineering activities, studied in the laboratory at
detailed temporal and spatial scales and (ii) ecosystem services operating on large
scales, studied and characterized in field stations.

Reconciling Short and Long Term Effects of Agro-ecological Practices

Agro-ecological practices may have a significant negative impact on crop produc-
tion in the short term. For instance, in sub-Saharan Africa, Kihara et al. (2012)
showed that, because of the crusting of the soil, at least six seasons were required
for maize yields under no-till to match those under conventional tillage. In many
areas of Madagascar, the introduction of no-till required the use of chemical inputs
such as fertilizers, insecticides and herbicides, in order to maintain the previous
yield levels (Husson et al. 2012). Despite actions to provide information and soft
financing, most farmers preferred to reserve these soil conservation systems for
their most degraded soils without using the high levels of chemical inputs recom-
mended by the advisory services.

New options or strategies, involving more research, may be needed to manage the
short term negative impacts of new agro-ecological practices and encourage their
adoption. A few questions are already being raised, such as how can the risk of pest
development due to the mulch in no-till systems be controlled without significantly
affecting the rate of regeneration of the desired soil biodiversity (Fig. 13)? How can
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Fig. 14 Harvest of Phaseolus vulgaris in intercropping with a maize crop in Haiti. © Eric Auguste

the best varieties be selected for sustainable agricultural intensification (Séguy et al.
1998)? How can soil surface acidification under no-till (Fox and Bandel 1986) or the
risk of NHj; loss to the atmosphere be managed? In temperate areas, how can the soil
warming in spring be managed under conservation agriculture etc.?

Reconciling Services

It is probably impossible to achieve the optimum level for all the desired services.
There may even be conflicting relationships between services (Roger-Estrade et al.
2010). For instance, when a crop species provides the service of natural pest control
for the companion crop at the same time as it competes for water (Fig. 14), or when
tillage controls weeds but increases soil erosion risks. The thresholds of soil biodi-
versity below which each expected service is severely affected should be deter-
mined in order to adapt farming practices. For instance rather than comparing till
and no-till in a caricatural or dogmatic way, it would be more relevant to identify
tillage options targeted on precise functions (Roger-Estrade et al. 2010). Tillage at
a specific period of the year could prove to be a good compromise between the need
to preserve the services of soil structure maintenance and the need to control a spe-
cific weed population. Attention should be paid to how soil biodiversity and ecosys-
tem services change with time, as some studies have suggested that this relationship
may be quite complex. For instance, Spain et al. (1992), in the Ivory Coast, showed
that the relationship between earthworm biomass and the growth of Panicum maxi-
mum was not linear: plant growth first increased rapidly with earthworm biomass
and then decreased. The authors suggested that the high earthworm biomass
compacted the soil and decreased the water-holding capacity.
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Building Indicators for Evaluating and Designing
Agro-ecological Cropping Systems

The notion of bioindicators, or biological indicators, is strongly linked to that of soil
quality. The first reference to the “soil quality” of agricultural soils dates from 1977
(Warkentin and Fletcher 1977) but it was only in the 1990s that the term was defined
and scientific studies of soil quality were carried out (Doran et al. 1994). The defini-
tion evolved progressively from an indicator of “crop production” potential to a
multifunctional indicator of the quality of agro-ecosystems. Soil quality or soil
health takes account not only of crop production but also the impact that soil man-
agement has on the quality of the environment, human and animal health and food
safety and quality (Karlen et al. 2003). Karlen et al. (1997) defined soil quality as
the “capacity of a soil to function” implying that soil management should “sustain
plant and animal productivity, maintain or enhance water and air quality and support
human health and habitation”. Soil quality could now be defined as the ability of a
soil to provide ecosystem goods and services. Soil quality can also be used as an
indicator of sustainable use of the soil and therefore sustainability applied to soils is
the capacity of a soil to maintain or improve its quality with time.

There are no tools for measuring soil quality directly as it is composite and
context-dependent. The assessment of soil quality should not be limited to the mea-
surement of degradation, such as decrease in fertility, erosion, compaction, etc. it is
also necessary to analyse the functions and processes that cause such degradation.
Soil quality indicators are measurable soil or plant properties, which help to under-
stand the soil functioning. They are generally physical, chemical or biological prop-
erties. Considerable scientific work has been carried out to find good indicators of
soil quality. For example, an indirect indicator, such as pH-Eh-resistivity, proposed
by Husson (2013), may be an appropriate for characterising the overall interactions
between soil, plants and microorganisms to characterise the productivity, resistance
of crops to pathogens or bioavailability of nutrients. This section, however, focuses
on bioindicators.

If soil quality is defined as the capacity of a soil to provide ecosystem services,
what indicators can be used to assess it? Can all ecosystem services be included in
a single indicator, i.e. what is included in the concept of “soil multifunctionality”?
Soil multifunctionality is of major importance for agriculture, where a soil that pro-
vides all expected ecosystem services is preferable to a soil that provides only a few
services. The question of trade-off between services is rarely applied to agricultural
soils because agricultural soils are increasingly expected to deliver all of a wide
range of ecosystem services at the same time: producing food while avoiding ero-
sion and soil and environmental pollution, preserving biodiversity, encouraging car-
bon sequestration, providing attractive landscapes, etc. The quality of a cropped soil
is extremely difficult to assess and considerable research has been carried out on
this subject (Karlen et al. 2003; Bispo et al. 2011; Kibblewhite et al. 2008).
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Fig. 15 Distinction between bioindicators which assess the state of the ecosystem to evaluate the
effect of a farming practice or management system on soil biodiversity and bioindicators which
describe or predict the provision of ecosystem functions and services depending on the manage-
ment system

Organisms as Indicators

Soil users, farmers in particular, have defined their own indicators empirically. A
survey conducted in France in 2011 (Vian et al. 2009) showed that the most com-
mon bioindicator used by farmers is earthworm density, because earthworms are
known to affect soil structure and the decomposition and burying of organic matter
(Péres et al. (2011). Some farmers also pay great attention to the number of earth-
worm casts on the surface of the soil. However, there are still differences between
earthworm sampling methods and there is still no standardised method which
would enable effective debate among those concerned by sustainable intensification
of agriculture. Pelosi et al. (2009) attempted to define a standard method by com-
paring the efficiency of three chemical expellants using or not using hand-sorting.
Other biological indicators that could be used by farmers are microbial biomass
which depends on the decomposition of organic matter and the abundance of cer-
tain macro invertebrates such as slugs as pests or carabid beetles as pest predators
but these are rarely used. Scientific studies have shown that earthworm populations
and microbial biomass change rapidly when a farmer shifts from a conventional
system to another system that is considered to be more sustainable, such as conser-
vation agriculture, organic farming and low pesticide use (Ruiz-Camacho et al.
2009; Péres et al. 2011).

Many scientific works propose indicators for describing soil biological proper-
ties (Fig. 15). Research has been carried out in France to provide reference data for
the species/taxa found in specific areas and the density and biomass measured for a
wide range of climate conditions, soils and agricultural practices (Coll et al. 2011;
Cluzeau et al. 2012). These values are of great importance but can they be used as
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indicators of sustainable soil use? The main issue is the link between biological
properties and ecosystem services. The most important property of soil biodiversity
is the organisation of soil organisms into functional groups rather than species rich-
ness, density or biomass. One approach is to define the activity of organisms in
fulfilling the four main aggregated soil functions and the ecosystem services they
provide (Kibblewhite et al. 2008).

Functional Roles of Soil Organisms as Biological Indicators

It is not easy to attribute functions to soil organisms because our knowledge of the
biology of soil taxa is still limited. This is at the core of various research programs
which aim to attribute functional traits to species. Functional traits are morphologi-
cal, anatomical, physiological and behavioural characteristics, which define the con-
sequences of the activity of a given organism on its environment and on other
organisms. This approach has long been applied to soil nematofauna. Nematodes are
currently classified into trophic guilds: bacterial-feeders, fungal-feeders, omnivores,
predators, facultative or obligate plant-feeders (Bongers and Bongers 1998). The
nematode inventory shows the parasitism pressure on plants and the functioning of
soil micro-foodwebs: do bacteria or fungi play a greater role in the decomposition of
organic matter (Djigal et al. 2012)? The structure of nematode communities appears
to be a very good indicator of soil functioning. This approach was also applied to
other soil organisms such as springtails, classified according to their trophic diet. It
was applied to earthworms which were classified into ecological categories based on
demographic, behavioural and functional properties. The roles played by epigeic,
anecic and endogeic earthworm species on soil functioning are so different that they
are generally studied separately. The microbial compartment has been generally well
evaluated, especially when considered as a whole. The most common microbial indi-
cators are microbial biomass, DNA and RNA concentrations, 16S and 18S gene rich-
ness and total heterotrophic respiration. Genetic tools are also used for gene coding
the various enzymes to describe the density of functional groups of micro-organisms,
especially those involved in the nitrogen cycle and in functions such as ammonifica-
tion, nitrification, denitrification, etc. However, almost nothing is known about the
micro-organisms involved in the phosphorus cycle. This shows that it is essential to
carry out studies to determine the relationship between organisms and functions
before proposing biological indicators for the provision of ecosystem services.

Interactions between organisms may be another line of research. A soil that is
characterized by great biodiversity and by numerous, complex trophic and non-
trophic interactions is considered to be more stable and more resilient (Bengtsson
1998; Loreau and Thébault 2006). It indicates an environment with available tro-
phic resources and a diversity of habitats. It might be possible to produce a Global
Biological Index similar to the Biological Index of Soil Quality IBQS (Ruiz-
Camacho et al. 2009) which takes account of all macroinvertebrates at a given site.
Such an index could deal simultaneously with all functional groups (decomposers,
detritivores, trophic regulators, engineers, etc.). This would represent the diversity
of interactions in a soil and could help to assess the services provided by soil.
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Ecological Functions as Indicators

Four aggregate ecological functions fundamental to ecosystem services have also
been studied as potential indicators of soil functioning: (i) for carbon transforma-
tion: the dynamics of organic matter decomposition, soil respiration, amount and
forms of organic matter; (ii) nutrient cycling: pH, nitrogen mineralization; (iii) soil
structure maintenance: bulk density, porosity, structural stability and (iv) biological
population regulation: plant damage (Kibblewhite et al. 2008).

Conclusion 3

Including soil biodiversity in the design of cropping systems is still very difficult as
soil biodiversity has not been sufficiently well modelled for incorporation into crop
models. It is still difficult to find articles in the scientific literature on quantitative
causal models linking biological parameters, functions and services. Even when
there are clear stable correlations, it is often very difficult to identify the underlying
causalities.

Research needs to be carried out to improve our understanding how soil organ-
isms respond to disturbance or restorative practices, taking account of the spatial
and temporal variability of biological parameters. Only then will it be possible to
build indicators for evaluating and designing agro-ecological cropping systems.
Many more genetic approaches such as microgenomics, metagenomics, barcoding,
etc., should be developed to characterize biological parameters. Much research
remains to be undertaken to define functional traits and response traits for soil
organisms. Little attention has been paid to taxa such as protozoa and archaea
although their functional roles seem very important. It is essential to analyse func-
tional groups, soil biological parameters and ecosystem services at the same time
and in the same site to increase the reference frame for the indicators.

Current studies rarely move towards developing indicators that can be used by
farmers, or more generally, grassroots players. This lack of suitable soil biodiversity
indicators remains a serious obstacle for the improvement of agro-ecological sys-
tems using a step-by-step design approach.

General Conclusion

Throughout this article, attention has been drawn to the gulf between cropping sys-
tem design approaches that have been developed in agronomy and the extensive
pool of knowledge that has been developed by ecologists on soil biodiversity. More
extensive knowledge of the effects of cropping systems on soil biodiversity and
associated ecosystem services is required to develop models for anticipating the
impacts of farming practices on soil biodiversity and ecosystem services and to
develop easily measured soil biodiversity indicators that can be used by farmers and
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field technicians. Such progress can only be achieved by increasing collaboration
between agronomists and soil ecologists, to move from laboratory to field scale, and
incorporating the “cropping system” concept into soil biodiversity studies.

When bringing together agronomy and ecology sciences, the knowledge and
experience of farmers are essential for determining work schedules, the effects of
waterlogging and particular characteristics of local soils, etc. Moreover, farmers’
expertise in managing the trade-off between various services must surely be a source
of inspiration for scientists when designing options for sustainable intensification of
agriculture. As underlined by Altieri (1999, 2002) or Meynard et al. (2012), the
development of innovative cropping systems based on agro-ecology relies on an
increase in scientific knowledge together with the recognition of local knowledge
held by farmers. Just as in the past, the cropping systems of the future will not be
built by ecologists and agronomists alone. Agro-ecology stands at the crossroads
between disciplines where many fascinating avenues remain to be explored.
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Agroecology and Grassland Intensification
in the Caribbean

Maryline Boval, Stéphane Bellon, and Gisele Alexandre

Abstracts Grasslands are a major ecosystem covering about a quarter of earth
surface. Grasslands have essential functions including providing high quality food
from animal products. Moreover grasslands generally do not compete with crop
land and land for other human activities. Grasslands also support the livelihoods of
many small holders, a variety of social and cultural services and an important role
facing of economic or seasonal food shortages. At the same time, the intensification
of livestock production is essential to meet the growing demand for animal products,
whereas the expansion of agricultural areas is not unlimited and that it’s necessary
to promote positive interactions with grazing, the environment and biodiversity.
Therefore grasslands represent a major alternative, and should be intensified
other than what had conventionally been done so far. The concepts of agroecology
provide scientific, methodological and technological basis to design the intensification
of pastures. As a science, agroecology can integrate environmental, social and
economic dimensions in the management of grassland systems. Considered practical,
agroecology promotes traditional and indigenous knowledge and encourages
appropriation by most of farmers.

Here two case-studies from the Caribbean and involving different animal species
show that there are potential strategies for agroecological management, and how
they can be valued for sustainable intensification of grasslands. The first example
concerns the mixed grazing goats with heifers, and was considered according to an
approach of research bottom-up. The act of mixing goats with heifers has provided
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a higher performance by 40 % compared to goats reared alone. This gain is explained
by a better feeding complementarity between the animal species, combined with a
better resilience of goats against parasitism. The non-use of fertilizers and of anthelmin-
tic, the role of heifers to limit theft of goats, are all assets, for a more agro-ecological
management of natural pastures. It comes now how to transfer to breeders.

The second case study concerns a widespread traditional practice locally, like in
other tropical areas, which has been studied in experimental farms according to an
approach of research top-down. It is the tethering practice, for which surveys have
revealed a wide variety of technical itineraries. Some itineraries are particularly
suited to satisfying performance by about 750 g per day at lower cost and with an
equivalent gross margin, to more conventional systems. The use of race and local
food resources in various contexts, including the slopes and close crop is possible
with a limited investment and use of family labor. All these aspects make this practice
agro-ecological and very contemporary, and can be supported by various innovations
to sustainably intensify natural pastures.

Keywords Grassland ¢ Natural » Management * Performance * Goat ¢ Cattle
* Sustainable

Introduction

In the current context, the need to attain food security is crucial and there is a need
for intensification or for expansion of agricultural land. However this latter expansion
is no more possible, except considering some biomes, such as woodlands and some
natural grassland, also very important for other functions. Grasslands represent
26 % of global land with up to 80 % which are still natural (Fig. 1).

There is potential to better exploit these biomes in order to increase animal
production per unit area, but at the same time, this intensification should meet
several objectives derived from inter alia, from previous experiences and of the
current context of climate change. This grassland intensification should ensure animal
products, while continuing providing various other essential functions. Intensification
should also be better shared among various production systems and smallholders
and be consistent with environment stakes, in order to be sustainable.

“Agroecology” laid the foundations of “how to sustainably intensify” and we
have examined how agro-ecological principles are well suited to grasslands, their
diversity as well as their multi functions. Based on these premises, we show that
agroecological intensification appears as a relevant option for a large part of so-called
natural areas.

Case studies of management of tropical grassland in the Caribbean are then valued
to confront such premises with research and practical experiences. They appear as
consistent with major agro-ecological principles, either from a scientific process, or
from practices transmitted, perpetuated and innovated over generations of farmers.
These experiences give tangibility to a possible agro-ecological intensification and
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Fig. 1 In Guadeloupe, a French island in the Caribbean, various small natural areas are used, as
here back mangrove to raise cattle during the dry season. During the wet season, these spaces are
no longer usable because of flooding, but other pastures then produce more forage

provide generic elements, which can be a source of innovation. These experiences
go beyond theory and they give tangibility to the agro-ecological concepts and to a
possible and thus sustainable intensification of grasslands.

After outlining some elements illustrating the best use of grasslands in the current
context and interest of agro-ecological principles to get there, this paper aims to
show that strategies do exist, like in the case of the Caribbean, to actually achieve an
agro-ecological intensification of natural pastures. Furthermore Research need
still progress, in order to provide, (i) additional technical options, (ii) more or less
long-term tools for decision support to help farmers to adjust their management in
their everyday life, (iii) indicators of a sustainable agro-ecological intensification.

Importance of Grasslands Intensification

Grasslands, a Major Biome Still Natural and Available

Pastures are a major biome representing 26 % of global land with up to 80 % still
natural. The major part of grasslands is in tropical and developing regions, to meet
unprecedented demands on agriculture (FAO 2012). Indeed global demand for agri-
cultural products such as food, feed, and fuel is now a major driver of croplands and
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Fig. 2 In Guyana, natural pastures installed after deforestation are an important way to raise
cattle. It is better to intensify these existing fields, which also contribute to carbon storage root
level to limit deforestation

of pasture expansion, and particularly across much of the developing world.
Worldwide demand for agricultural products is expected to increase by 50 % by
2050 (Gibbs et al. 2010) and according to the projection of FAO, global agricultural
areas are likely to expand substantially, by about 280 M ha by 2030.

There has been an expansion of 9.6 % in the world’s agricultural area over the
last 50 years, in arable land, permanent crops and permanent meadows and pastures
(O’Mara 2012). But since 1991, the total area has been static and with discrepancies
among various countries of the world. While in developed countries the agricultural
land area, decreased by more than — 34 % between 1995 and 2007 (by 412 million
ha, including pastures and permanent cropland), developing countries saw increases
of nearly +17.1 % (by 400 million ha, Gibbs et al. 2010).

At the same time, there is a consensus to say that increasing yields on existing
agricultural land is a key component of food security, without additional expan-
sion (Wirsenius et al. 2010). Therefore, there is a need to improve productivity
from the existing land, since the conversion of additional poorer quality land to
agricultural uses may lead to an overall decline in existing agricultural land
productivity (O’Mara 2012). This suggests that if trends in agricultural expansion
for 1980-2000 persist and in order to meet the growing demand for food, feed
and fuel, areas of arable land, as existing in most tropical areas, will be concerned,
as well as intact forests cleared for grazing (Gibbs et al. 2010; Letourneau et al.
2012, Fig. 2.).
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Grasslands Contribute to Livelihood
and to Many Other Functions

Grasslands should be better used particularly in developing countries, where they
contribute directly to the livelihoods of over 800 million people (Reynolds
et al. 2005). In addition, it is an essential way to maintain the population in some areas,
while providing income and insuring socio-cultural needs for many small holders.
It has been estimated that about 70 % of the 1.4 billion people around the world in
“extreme poverty” survives from livestock grazing (FAO 2009). Furthermore, the
statistics often underestimate the contribution of livestock to regional or national
economic development, since often, disregarding many non-food livestock outputs
(Sansoucy et al. 1995; Thomas and Rangnekar 2004). Apart from marketable
livestock products, grasslands also provide a variety of social and economic goods,
and cultural services. These latter are quite often more important, more varied and
more multi-purpose, in developing economies than in developed ones, and constitute
an important component of the agricultural economy (McDermott et al. 2010;
Thornton and Herrero 2010). Livestock reared on grasslands contribute also to the
social status of the breeder and play a crucial role in social protection for the poor
to cope with the uncertainties and constraints, such as crop failures and other disasters
(FAO 2009). They also have a cultural dimension, since cattle animals are the
foundation of many religious rituals (Alexandre et al. 2008).

Moreover, grasslands offer various products often non-arable areas for crops,
and/or without competition with other human activities, while having a low dependence
on external inputs (i.e. fossil energy). Therefore, different products can be cheaply
obtained, and as a bonus, with the added value of quality. More and more consumers
are willing to pay indeed much more for livestock products perceived as having
been obtained in a natural environment without impact on the latter (Gracia et al.
2011; Gracia and Zeballos 2011). Grasslands are able to make use all-year round of
solar radiation and support livestock which can alleviate seasonal food variability
and availability and contribute to food security. For example in Northwest India
where droughts are frequent, the contribution of livestock to family income can then
reach 90 % (Thomas and Rangnekar 2004). Therefore, in addition to the factors of
production such as all possible products, livestock, capital and labor (Fig. 3), other
inputs such as natural ecosystem characteristics, biomass, and even energy (solar
energy) and fuels possible in some cases (Wirsenius et al. 2010), are all elements to
consider for better utilization of grasslands.

Grasslands to Facilitate Most Widely Shared Intensification

Appropriate grassland utilization can help address against inequalities in access to
food and other products. While today the world produces sufficient food to feed its
population, there still remain more than one billion people who suffer from food
insecurity and malnutrition (Pretty et al. 2010). A winning strategy over the long
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Fig. 3 In Guadeloupe, steers traditionally pulled carts loaded with sugar cane to the distilleries.
And at the end of the period of sugar, they participated in competitions of steers pulling. Currently,
these meetings often organized on Sundays, have increasingly been successful, and are the opportunity
for many bets to large public gatherings

term is to help develop efficiently the largest number of production systems, including
for/with small holders. However, priority has long been given to increasing the
maximum efficiency of a small number of conventional production systems (Bonny
2011). In fact, given their importance in terms of areas, their geographical diversity
and variety of possible production systems (Suttie et al. 2005), grasslands represent
a very flexible agro ecosystems, which may allow different ways of intensification
more or less suitable for different contexts. While extensive pastoral systems
occupy regions where agricultural production is generally marginal, confined to a
small proportion of the landscape, mixed crop-livestock systems are associated with
high population density regions (Bouwman et al. 2005). All these systems based on
the utilization of grazing areas, may be improved differently depending on local
needs and constraints. Grasslands can then be used with cattle, sheep and goats, or
horses, raised alone or in combination, more or less intensely, partly inside building
with more or less long grazing periods.

Thus, the better valorization of this ecosystem is crucial, considered all the
functions performed, while being delicate. Because most of grasslands are still
semi-natural and marginal, representing around 47 % and 36 % of total grasslands
respectively (Kruska et al. 2003; Bouwman et al. 2005; van Asselen and Verburg
2012), the issue is not only to rethink the idea of intensification, but also to innovate,
while taking into account previous experiences. The stakes are therefore high, given
the roles of natural areas in the current global context.
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Importance of Agro-ecological Concepts
for Intensification of Grassland

The concept of sustainability of agriculture was supported by Agroecology, defined
as a way to protect natural resources, with guidelines to design and manage sustain-
able agro ecosystems (Altieri 1989; Wezel et al. 2009). The term of agroecology
is currently used with quite different meanings, as a science or as practices.
Agroecology may also be a movement, as in Latin America or USA (Wezel et al.
2009). According to Bonny (2011) the main difference between agroecology and
ecological intensification refers to the concept of intensification, which is more
pronounced in the second case (Powers et al. 2011), and also some different
approaches at the socio-technical and economic levels. Agroecology is providing
the scientific, methodological and technological basis for new “agrarian revolution”
worldwide (Altieri et al. 2012) and is essential to consider it as a science as well as
a practice for intensification of this ecosystem.

Agroecology as a Science

Although agroecology as a Science presents a large diversity of approaches and
definitions in different countries of the world, one of the broadest provided (Francis
et al. 2003) is “the integrative study of the ecology of the entire food systems,
encompassing, ecological, economic and social dimensions”, or more simply “the
ecology of food systems”.

Agriculture should be based on ecological processes that enhance ecosystem
services, i.e. carbon storage, biodiversity, leaching and others. First of all, intensifi-
cation need to (i) improve biomass turnover, (ii) ensure favorable soil conditions
for plant growth, particularly by managing organic matter, soil cover and improving
soil biological activity, (iii) minimize losses in solar energy, air and water manage-
ment microclimate recovery water and soil management through increased soil
cover, (iv) promote genetic diversification and agro-ecosystem species in time
and space (v) enhance beneficial biological interactions and synergies between
elements from biodiversity, to highlight the processes and key ecological services
(Wezel et al. 2009).

To be effective, the intensification must also be consistent with the social
contexts and interests of producers and smallholders, including the analysis of their
attitudes and practices. According to Altieri and Tolledo (2011) promotion of an agro-
ecological development paradigm based on the revitalization of small farms, which
emphasizes social processes that value community participation and empowerment,
proves to be perhaps one of the only viable options to meet present and future food
needs. One of the basic elements of sustainable agricultural systems is the use of the
recognition and conservation of agricultural heritage that enables social cohesion,
promotes a sense of pride and belonging (Koohafkan et al. 2012) (Fig. 4).
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Fig. 4 In this natural grassland, we can imagine the link between the farmer and the animal, the
sense of belonging and pride of the farmer, the source of his motivation to find the best options to
feed their animals and ensure their best condition and their growth

On the economic point of view, agroecological principles can help feed the world
and provide a more radical move towards a new type of eco-economy. Economic
factors have become the predominant forces in the food system (Altieri 1989), and
the relationship between agricultural intensification, natural resources management
and socioeconomic development is complex. There is a need for rethinking market
mechanisms and organizations, and for a more innovative institutional flexibility at
different spatial scales, combined with active farmers and consumer’s participation
(Abreu et al. 2012). Today, the increasing emphasis on the environment suggests
development of a global market economy towards a ““sustainable market economy”
or a “social market economy and sustainable”. This type of economy consists in
reducing costs by reducing external dependencies, the inputs, energy or improved
techniques. There is also the issue of certification and recognition by the market as
Ecovida in Brazil. Thus, to move forward, a more sustainable animal protein economy,
the change must first occur at the three levels of production, distribution, and
consumption (Gliessman 2009).

Agroecology as a Practice

Considered as a practice, agroecology aims at improving the traditional or indigenous
agriculture in developing countries. It helps to make agriculture more environmentally
friendly, ecological, organic or alternative, and should help better ownership by
producers (Wezel et al. 2009).
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Taking into account the traditional practices can be a way around the barriers to
intensification. A significant change in practice requires various conditions, including
to have enough producers that make up a critical mass for the intensification and to
have a pretty good acceptance by society. There is also the need of searching for
farmer’s autonomy, with a balance between a reuse of old practices and the use of
scientific and technological innovations (Horlings and Marsden 2011).

Moreover, traditional practices are an important crucible for innovation (Pretty
et al. 2010), as they result from a collection of many precious observations
and experiences over time. It is not a mere return to tradition, which also includes
important elements of environmental unsustainability (overgrazing, over-exploitation
of some soils, deforestation, poor health status of livestock, etc.). Traditional knowledge
resulting from many observations “the eye of the farmer” and the use of various
sensors more or less complex may allow more appropriate local interventions and
more fine adjustments. This accumulation of knowledge, tacit or codified, more or
less enriched with technical knowledge (Alexandre et al. 2013), concerns the needs
of plants and animals in nutrients, their management, detection and treatment of
diseases, as well as information on the environment or the state of livestock and
crops (Doré et al. 2011).

Agroecology Well Suited for Grasslands Intensification

The principles of agroecology appear well suited to better value grasslands, surely
more than other agricultural sectors, mainly due to the multifunction of grasslands
that can then effectively be addressed adequately. Thus, from an ecologically
viewpoint, grasslands are precisely ecosystems having a strong link between herbivores
and floral diversity for instance (Gliessman 2009) and provides it is well managed,
can be a tool for ecological and regulating services, notably to maintain and restore
biodiversity of the open landscape (Ma and Swinton 2011; Metera et al. 2013).
Moreover grasslands can potentially offset a significant proportion of global greenhouse
gases emissions and the extent of storage is depending of appropriate strategies of
management, such as stocking rate and grazing pressure or application of nitrogen
fertilization (Allard et al. 2007; Ammann et al. 2007; Soussana et al. 2013). Essential
actor on regrowth of grass, animals contribute to improving the quality of the cover,
an essential tool in soil erosion and the watershed processes of infiltration and
water retention (Gliessman 2009). Thus, pastoral nomadism, a complex set of
practices and knowledge, ensures the long-term maintenance of a sophisticated “tri-
angle of sustainability” which includes plants, animals and people (Koocheki and
Gliessman 2009).

Beyond the ecological services, natural resources and landscapes may provide
numerous social, cultural, recreational, and aesthetic services which satisfy human
need and well-being (Boval and Dixon 2012; Ma and Swinton 2011; Zhang et al.
2007). In this sense, most traditional agroecosystems have remarkable characteristics
regulated by strong cultural values and collective forms of social organization,
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including customary institutions for agro-ecological management, normative
arrangements for resource access and benefit sharing, value systems, rituals, etc.
(Altieri and Toledo 2011). The livestock production systems based on grasslands
therefore has great potential for social equity, the poverty alleviation, risk reduction
and gender equality (Gliessamn 2009). These services must be considered and the
agro-ecological concepts can really support that.

Also, beyond the provisioning services of animal products, via a good exploitation
of arable land and an efficient conversion of biomass plant into animal protein
(Gliessman 2009) the ecosystemic services may be source of income (Ma and Swinton
2011). Moreover production systems based on grasslands enhance short circuits,
reducing the cost of food distribution. The development of local food chains seems in
addition allowing renewal of the meaning of farm work and of the social links between
city and country, and has an impact on energy consumption (Mundler and Rumpus
2012). These important services in the context of the exploitation of grassland eco-
economic factors are properly taken into account in the agro-ecological concepts.

Case Studies of Some Agroecological Management
Strategies of Grassland

To achieve the agroecological intensification of grasslands, considering the principles
developed above, concrete management strategies are required. Some strategies
already are known (Boval and Dixon 2012) and may be more or less in consistence
with the agro-ecological principles. These strategies which should help to better
adjust the grassland production and the use and consumption by animals, may be
considered at two levels.

Firstly elementary interventions, may act at one level or on one component of the
production systems, on grass or on the animal and its management. At the grass level
for example, such strategy will focus on the choice of the stage of regrowth, or the
height at the exit of the animals, frequently used in various contexts, (Lemaire et al.
2009), the fertilization level or the addition of other feeding supplements, like it is often
the case in mixed system (Herrero et al. 2009). The elementary strategies at the animal
level will include the choice of herbage allowance or of the area to be grazed by ani-
mals, or more generally the stocking rate, being average or instantaneous, the duration
of grazing, continuously or in rotation, including or not nocturnal grazing, or by the
mixing of animal species (d’Alexis et al. 2013). Moreover, these interventions interact
with others concerning animal adaptation: fertility and reproductive performance,
disease resistance, adaptation to the constraints of grazing (Dumont et al. 2013).

Otherwise, global strategies may be implemented at an overall level, acting on
many or all components of the production system. These strategies, contrary to
elementary interventions, focus on various components, at various levels of the
production system. They are more representative of actual practice by a farmer, as
it integrates all the interventions performed.

In the Caribbean, existing overall strategies of natural pastures, a priori consistent
with many agro-ecological principles, have been the subject of research programs.
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The aim was to assess these strategies and check that they actually generate a
satisfactory animal performance. Two examples have been developed below,
illustrating approaches for intensification and for different animal species. The first
example is based on assumptions and knowledge of published scientific studies in
temperate and tropical contexts, which have been tested in experimental stations,
and which will be transferred to the goat herders. The second is a traditional strategy,
widely used by owners of local cattle, which persisted, and once studied and once
studied in a framework of a research program, really shows great potential for agro-
ecological exploitation of grazing areas.

Mixed Grazing with Goats and Cattle

Description

In Guadeloupe, French Caribbean, there is a strong demand for local goat meat
with a high purchase price, while production is insufficient (Alexandre et al. 2008).
By another way, goat production is more widely spread in the tropics (over 90 % of
921 million goats in the world are located in developing countries (FAO 2012),
and projections to 2030 indicate a marked increase in goats and sheep by 32 %
(560 million), when the increase for hogs and cattle would be 22 % and 24 %
respectively (190 and 360 million).

Even if the production of conventional intensive farms has increased six times
faster than the traditional systems, they are important components to meet the
growing demand of consumers to favor production methods more “natural” and
more respectful of their environment (Godfray et al. 2010; Gracia and Zeballos
2011). But the high vulnerabil