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Abstract Conventional crop protection with pesticides has
limitations such as resistance of pests to pesticides and faunal
imbalance. Agroecological crop protection is an attractive al-
ternative based on the principles of agroecology. We present
here this strategy using the case of Cucurbitaceae flies, which
are the most important agricultural pests in Réunion.
Research has been carried out on the bioecology of
these insects and on the effectiveness of agroecological
techniques. The main points are the following: the num-
ber of species of vegetable flies increased in the south-
ern summer. Adult flies spend more than 90 % of their
time on nonhost plants, with specific circadian rhythms.
Several original agroecological techniques were de-
signed, such as sanitation using augmentoria; trap
plants, e.g., maize; adulticide bait; and the creation of
habitats for predatory arthropods. Local growers are
very satisfied with the results. They have reduced insec-
ticide use with substantial cost savings and they have
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observed a decrease in losses and a lower phytosanitary
workload. The education and training of students, pro-
fessionals, and the general public has been a major as-
pect of this project. Increased knowledge of flies and
agroecological management strategies of their popula-
tions can now be combined with modeling tools to fa-
cilitate the extension of the program to other areas or
for educational purposes. Practices are currently being
extended to other areas of the island and other countries
of the Indian Ocean. This project is both a significant
milestone for organic farming in Réunion and a prece-
dent for other initiatives aimed at reducing or eliminat-
ing pesticides.

Keywords Agroecology - Cropprotection - Organic farming -
Tephritidae - Réunion
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1 Introduction

Crop protection has long relied on agrochemicals but is now at
a defining moment. Although pesticides have been
condemned for many years (Carson 1962), the problems en-
countered with this type of crop protection are becoming more
frequent and acute: inefficiency in many situations; resistance
to pesticides; soil, water, and air pollution; hazards to human
health; and loss of biodiversity (Pimentel 2002). The chal-
lenge is now to move from this chemical-based approach to
one of pest prevention with more balanced and sustainable
agroecosystems. This approach is based on agroecological
management of plant and animal communities at extended
scale, spatiotemporal management (Deguine et al. 2008).
This paper summarizes the results obtained from the agro-
ecological control of cucurbit flies (kingdom Animalia; phy-
lum Arthropoda; class Insecta; order Diptera; family
Tephritidae) in Réunion. The paper will first underline the
basics of agroecology and its use in crop protection through
the concept of “agroecological crop protection,” which focus-
es in particular on the role of biodiversity and conservation
biological control (Altieri 1999; Barbosa 1999; Costa et al.
2012; Ferron and Deguine 2005; Hole et al. 2005; Landis
et al. 2000; Moonen and Barberi 2008; Norris and Kogan
2000; Simon et al. 2014; Swift et al. 2004; Wratten et al.
1998, 2003). Secondly, we will present the Tephritidae, major
pests in fruit and vegetable agroecosystems around the world
and the most dangerous for Réunionese agriculture, while
providing a framework for agroecological management of
Cucurbitaceae flies in Réunion. This summary provides the
results of our research; firstly, on the biology, ecology, and
population dynamics of flies and, secondly, on the develop-
ment of a package of agroecological techniques for fly popu-
lation control. Following an original experience (a research
and development project called Agroecological Management
of Vegetables Flies in Réunion (GAMOUR)) on farms be-
tween 2009 and 2011 (Augusseau et al. 2011), socioeconomic
impacts will be discussed, confirming the success of the tech-
niques. Finally, we will discuss the dissemination of informa-
tion and knowledge and benefits for the various stakeholders.

2 Agroecology applied to crop protection

The evolution of crop protection has been described by many
authors (Deguine et al. 2008; Horowitz and Ishaaya 2004;
Norris et al. 2003; Pimentel 2002; Van Lenteren et al. 1992).
This has been achieved by the emergence of different tech-
niques of which the best known is certainly integrated pest
management (Ehler 2006; Ehler and Bottrell 2000; Koul
et al. 2004). Since the late twentieth century, a strong trend
has led researchers and farmers to reduce the use of chemical
pesticides, particularly because of its negative impact (on the
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environment and health) as well as disadvantages (high cost,
low efficiency) (Ferron 1999; Pesson 1990; Popp et al. 2013;
Van den Bosch and Aeschlimann 1986). However, this reduc-
tion in the use of agrochemicals has seen the development of
environmental, ecology-based solutions (Koul and Cuperus
2007; Landis et al. 2000; Pimentel and Goodman 1978;
Shennan et al. 2005), including southern tropical countries
(Altieri et al. 2012; Wyckhuys et al. 2013).

2.1 The emergence of the science of agroecology

The use of agroecological techniques in agriculture is not a
new idea. Hénin (1967) defined agronomy as “an ecology
applied to the production of crops and management of agri-
cultural land.” Agricultural activities are similarly not exclud-
ed in the original definition of ecology by Haeckel (1866):
“The study of the natural environment including the relations
of organisms to one another and to their surroundings.”

In more recent plant protection, the Earth Summit in Rio de
Janeiro in 1992 was probably just as significant, if not more,
than the discovery of synthetic pesticides. Stressing the im-
portance of biodiversity in sustainable ecosystems, it
highlighted agriculture as a major cause of biodiversity reduc-
tion, especially nonselective methods of chemical control
against pests (Altieri 1994; Altieri and Nicholls 1999;
Atkinson and McKinlay 1997; Corey et al. 1993; Meerman
et al. 1996; Zadoks 1993). More broadly, it drew attention to
the need to preserve the ability of species to adapt in natural
areas exploited by man (Altieri and Rosset 1996). From com-
parisons between natural ecosystems and agroecosystems, a
new approach to agricultural problems has gradually emerged,
initially with the development of the concept of agroecology
in the traditional California school of thought (Altieri 1987;
Gliessman 2007): Preserving ecosystems and biodiversity,
while reducing pesticide use and fertilizer, became the
challenge of agroecology, to ensure that agriculture will be
both intensive and environmentally friendly.

Still a young science, a name was proposed in the 1980s by
Altieri (1987) and is still subject to different definitions which
clarify its principles, methods, and application (Deguine et al.
2009; Wezel et al. 2009; Wezel and Soldat 2009). According
to Dalgaard et al. (2003), agroecology is defined as the study
of interactions between plants, animals, humans, and their
environment within agricultural systems. As a discipline, ag-
roecology covers many areas within agronomy, ecology, so-
ciology, and economics. For Gliessman (2007), agroecology
is the application of ecological concepts and principles to the
development and management of agroecosystems while en-
couraging their conversion to sustainable production systems.
Finally, for Altieri and Nicholls (2005), agroecology is primar-
ily the science of natural resource management for poor
farmers in fragile environments. It is still the subject of some
confusion, probably maintained by rivalries between different
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schools of thought, even though it is recognized as a scientific
discipline in its own right (Deguine et al. 2009).

From a methodological standpoint, the management of
plant and pest populations highlights three major scientific
issues: (i) integration and interdisciplinarity (including ecolo-
gy, agronomy, crop protection, and socioeconomics)
(Dalgaard et al. 2003); (ii) new scales, obtaining local data
to be used for large-scale decision making (watershed, district,
landscape level, etc.); and (iii) new thresholds at the landscape
level (Veres et al. 2013) and long-term solutions (Ryskowski
and Jankowiak 2002), taking into account not just economic
criteria (classic tolerance thresholds), but also social criteria
(shared and accepted decisions) and environmental criteria
(environmental care, conservation of biodiversity, reducing
the risk of contamination, etc.).

To meet the challenges of ecosystem sustainability advo-
cated in UN international conferences (Stockholm in 1982,
Rio de Janeiro in 1992, and Johannesburg in 2002), agroecol-
ogy has two main driving forces: (i) maintaining or incorpo-
ration of plant biodiversity into agroecosystems and (ii) im-
proving the biological activity and the health of soils. These
two plans are based on ecological sustainability of natural
ecosystems. In the English-speaking world, this
agroecosystem management is known as the “5M” rule (mak-
ing, mimics, means, managing, mixtures) (Dupraz 2005;
Cardinale et al. 2006), where natural processes are used to
develop new techniques, instead of just being copied. These
two schemes will provide more innovative and efficient
agroecosystem models, supporting productivity and sustain-
ability for both northern and southern hemispheres.

2.2 The role of biodiversity in agroecosystems

An ideally functioning agroecosystem requires the provision
of various resources or services (supply of food and raw ma-
terials, control of diseases and pests, pollination, and regula-
tion of climate) and relies on the diversity of species that
coexist and interact (Millennium Ecosystem Assessment
2005). Indeed, species richness or total number of species in
a community are positively correlated with the likelihood that
they have complimentary spatiotemporal features and func-
tions (Loreau et al. 2001). Biodiversity contributes to the pro-
ductivity and stability of ecosystems (Yachi and Loreau
1999). Biodiversity also increases the complexity of trophic
interactions, which further increase the stability of ecosystem
processes and their productivity (Thébault and Loreau 2005).

In cultivated ecosystems, or agroecosystems as defined by
Harper (1974), anthropogenic threats are highlighted and alter
the benefits provided by biodiversity (Wilson 2002). The es-
tablishment of a single cultivated plant species and the use of
chemical and energy inputs are causing habitat destruction and
pollution (Andow 1983). Agrochemical management of crops
has shown its limits: ineffectiveness in controlling pests,

altered physicochemical properties of soil, and negative ef-
fects on the environment. It therefore becomes necessary to
design cropping systems which promote biodiversity, helping
to ensure, as in natural ecosystems, the various benefits in-
cluding increased productivity (Altieri and Nicholls 2004;
Costanzo and Barberi 2014; Gurr et al. 2003; Isbell et al.
2011; Jarvis et al. 2006; New 2005). Agroecological crop
protection meets this challenge, relying primarily on conser-
vation biological control that aims to promote the abundance
and diversity of natural enemies of pests and pollinators in
agroecosystems and to remove all unfavorable measures
(Deguine and Ratnadass 2013; Eilenberg et al. 2001;
Nicholls and Altieri 2013). The approach also includes inte-
grated management techniques adapting agricultural practices
whose primary purpose is not crop protection, such as tillage,
crop rotations, sowing periods and modalities, fertilizer use,
and direct sowing techniques (Wezel et al. 2014). It relies on
the use of less sensitive or tolerant varieties or mechanical
control methods.

Management of ecological composition and diversity in
agroecosystems requires, inter alia, consideration of all an-
thropogenic factors which may play a direct or indirect role
(Aviron et al. 2005; Batary et al. 2012; Clough et al. 2005;
Elliott et al. 1998; Norris and Kogan 2005; Weibull et al.
2003; Woodcock et al. 2010). Thompson et al. (2012) empha-
size the importance of ecosystem and landscape factors on the
diversity of functional groups. These factors include the nature
of'the species concerned (Holway et al. 2002), the relationship
between different trophic levels (Scherber et al. 2010), differ-
ent types of cropping and phytosanitary practices (Cole et al.
2002; Prieto-Benitez and Méndez 2011), or the effect of land-
scapes (Bianchi et al. 2006; Tscharntke et al. 2005).

2.3 Agroecological crop management

Many authors talk of a succession of paradigms in the evolu-
tion of crop protection over a century (Deguine et al. 2008 and
2009; Ehler 2006; Ricci et al. 2011; Sankaram 1999; Thiault
et al. 1992; Zadoks 1991). The use of agroecology in crop
protection has been discussed since the early 2000s by
Deguine et al. (2009), Ferron and Deguine (2005), Gurr
et al. (2004), Landis et al. (2000), and Nicholls and Altieri
(2004 and 2007) and is based on several principal axes: (i)
enhancement of spatiotemporal plant diversity (known as hab-
itat management); (ii) improving soil quality (organic matter,
biological processes), via sustainable farming practices which
counter the development of pests; (iii) control of primary in-
oculation; and (iv) reduction in cultivation intensity. Reducing
cultivation intensity aims to minimize the damage where crops
and bioaggressors are in contact with each other. This process
is via a change in crop status: it increases crop competitiveness
and avoids conditions conducive to the development and
spread of pests by changing seeding dates and density,
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fertilization methods, irrigation, and implementing species
and variety associations. The long-term management of pest
populations therefore depends on integrated, concerted, and
coherent management of biodiversity and organic matter. This
brings together management of soil health and plant health in
agroecosystems. In the case of pest management, it seeks to
optimize interactions between arthropods (pests, predators,
parasitoids, pollinators) and the plant communities (cultivated
or not, in or outside the agroecosystem) on which they live
(Altieri and Nicholls 2012).

Agroecological insect management is thus based on eco-
logical processes occurring between the crop and its animal
pests (Carroll et al. 1990), but also the natural enemies of these
pests (Weiner 2003), in a quest for increased beneficial inter-
actions that keep pest populations in check (Altieri and
Nicholls 1999; Gliessman 2007). This crop protection strategy
helps maintain bioecological balances between animal and
plant communities within agroecosystems while also preserv-
ing and improving the “health” of soils and plant biodiversity
(Ratnadass et al. 2012). Agroecological crop protection is
based on prevention at broader spatiotemporal scales. It com-
bines plant and animal community management and thus con-
tributes to conservation biological control (Ferron and
Deguine 2005).

Deguine et al. (2009) provide a definition of agroecological
crop protection. It is a system of crop protection based on the
science of agroecology. By focusing on preventive measures,
it aims to establish a bioecological balance between plant and
animal communities within an agroecosystem in order to pre-
vent or reduce the risk of infections or outbreaks of pests.
Among the conventional techniques used as part of integrated
pest management, the focus is on the optimization of cropping
practices and of plant population management methods to
promote the maintenance or creation of habitats for useful
indigenous wildlife and/or counter nuisance flora and fauna.
Agroecological protection involves managing plant commu-
nities (crops and uncultivated plants in the vicinity of plots as
in the agroecosystem as a whole) and animal populations such
as pests and various beneficial arthropods (Deguine and
Ratnadass 2013). It is known that in diversified
agroecosystems, there are fewer general pests (Andow 1991;
Vandermeer 1995; Van Emden and Williams 1974) and spe-
cialized pests (Andow 1991; Risch et al. 1983) and more
auxiliary fauna (Gurr et al. 2004; Landis et al. 2000).

Agroecological crop protection requires concerted action
among stakeholders, including farmers and other land
managers. Just like integrated pest management, the
implementation of curative techniques should only be
considered as a last resort and only in case of absolute
necessity, subject to implementing techniques which respect
functional biological groups, therefore ensuring continuing
ecological benefits. The future of pesticides also seems
limited, at least in their present state; many of them are

INRA

@ Springer

—=" SCIENCE& IMPACT

already subject to increased restrictions. In this concept,
sanitation, habitat management, and conservation biological
control are the main components of crop protection and fully
regain their relevance and effectiveness.

Based on this agroecological approach, Deguine et al.
(2009) propose a phytosanitary strategy adapted to the sustain-
able management of agroecosystems. In this approach, the
essential step, after compliance and regulatory measures and
before considering using curative techniques, focuses on the
implementation of preventive measures through the manage-
ment of plant populations (whether cultivated or not) including
(i) growing healthy crops and ensuring a healthy soil; sanita-
tion, use of adapted varieties and crop rotation and succession,
crop management: direct sowing mulch-based cropping sys-
tems with minimum tillage (Scopel et al. 2013), weed manage-
ment (Gaba et al. 2014), sustainable fertilization and irrigation,
and organic amendments; (ii) reducing pest populations and
increasing numbers of natural enemies (in the field, its sur-
roundings, the farm and the agroecosystem as a whole); trap
plants, management of refuges, associations and intercropping,
push-pull techniques, management of borders, construction of
ecological compensation structures (corridors, hedges, herba-
ceous and flower strips, etc.), and techniques for incorporating
plant diversity; and (iii) promoting concerted spatiotemporal
practices in agroecosystems by neighbor farmers (such as prac-
ticing sanitation).

Moreover, contrary to integrated crop protection, agroeco-
logical crop protection takes into account different spatiotem-
poral scales, from local agronomic practices to integration into
the landscape, which is close to the area-wide pest manage-
ment concept (Hardee and Henneberry 2004; Koul et al. 2008;
Lindquist 1998; Murray et al. 2005; Vargas et al. 2008) and is
closely related to landscape ecology (Burel and Baudry 1999;
Sarthou et al. 2014; Turner et al. 2001; Wu and Hobbs 2002).
This is one of the reasons that make assessing the effective-
ness of agroecological crop protection achievable only by
growers and over large areas.

3 The problem of cucurbit-infesting fruit flies wordwide
and in Réunion

3.1 Fruit flies in Réunion

Commonly known as fruit flies, there are about 4448 species
of the family Tephritidae (order Diptera) belonging to 484
genera (www.sel.barc.usda.gov/Diptera/tephriti/TephClas.
htm). In Réunion, 22 species of fruit flies are present,
including four economically detrimental to fruit crops and
four harmful to vegetable crops (Etienne 1972; Ryckewaert
et al. 2010). These eight pest species belong to the subfamily
Dacinae and are divided into two tribes: Dacini and
Ceratitidini (De Meyer 2000; White and Elson-Harris 1992).
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There are four species of Ceratitidini on the island:
Neoceratitis cyanescens (Bezzi): tomato fruit fly; Ceratitis
(Pterandus) rosa (Karsch): Natal fruit fly; Ceratitis
(Ceratitis) capitata (Wiedemann): Mediterranean fruit fly;
and Ceratitis (Ceratitis) catoirii (Guérin-Merville):
Mascarene fruit fly. There are four species of Dacini on the
island: Dacus (Didacus) ciliatus (Loew): Ethiopian fruit fly;
Dacus (Dacus) demmerezi (Bezzi): Indian Ocean Cucumber
fly; Bactrocera (Zeugodacus) cucurbitae (Coquillett): melon
fly; and Bactrocera (Bactrocera) zonata (Saunders): peach
fruit fly.

The damage caused by fruit flies is extremely detrimental
to Réunion; entire crops are frequently lost (Ryckewaert et al.
2010). Female flies lay eggs in fruit which cause their deteri-
oration; larvae feed on the pulp of fruit and other pathogens
(bacteria, fungi) may enter egg-laying holes. Consequently,
the fruit deteriorates rapidly and falls prematurely (Clarke
et al. 2011), making it unsuitable for consumption. Females
generally lay eggs in the first few millimeters under the skin of
the fruit. The eggs, which are about 1 mm in size, are
white and slightly arched. On hatching, tiny maggots
emerge from the eggs. The larvae feed on nutrients such
as carbohydrates, protein, and water taken from the en-
vironment in which they grow, that is to say, the fruit
pulp. Larval development takes place in three stages
(White and Elson-Harris 1992), the duration of which
varies according to the species and the host fruit
(Carey 1984; Fernandes-Da-Silva and Zucoloto 1993).
At the end of the third larval stage, the maggot leaves
the fruit by jumping to the ground and enters the soil,
where it pupates forming a pupa from which the adult
then emerges.

In the remainder of this review, the focus will be given to
the species which attack vegetable crops, particularly fruit of
the Cucurbitaceae family: B. cucurbitae (Fig. 1), D. ciliatus,
and D. demmerezi (Brévault and Quilici 2007; Quilici 1994).
To distinguish them from other species of Tephritidae, these
three species are commonly called “vegetables flies.” Through
egg laying, vegetable flies inflict considerable damage, caus-
ing crop losses as high as 90-100 % despite the application of
chemical insecticides (Ryckewaert et al. 2010; Vayssiéres

Fig. 1 Females of Bactrocera
cucurbitae (a), Dacus ciliatus (b),
and Dacus demmerezi (c)
(Diptera, Tephritidae) which
attack Cucurbitaceae in Réunion
(photos: A Franck—CIRAD)

1999). These three species of vegetable flies are considered
major pests in Réunionese agriculture.

3.2 Réunion: agriculture, soil, and climate

Réunion is a volcanic island of 2512 km? in the southwest
Indian Ocean, located at longitude 55° 30" east and latitude
21° 25’ south. It is part of the Mascarene Islands, along with
Mauritius and Rodrigues (Bertile 1987). Réunion is subject to
a humid oceanic tropical climate characterized by an eastern
trade wind and high temperatures throughout the year. The
annual climate is characterized by two distinct seasons: the
austral winter from May to November (rather dry period with
mild or cool temperatures in the mountainous areas of the
island) and the austral summer from December to April (wet
period characterized by high temperatures and punctuated by
periodic tropical depressions in the southwest basin of the
Indian Ocean). It is important to note that the Réunionese
climate is very heavily influenced by the relief of the island
and is therefore subject to great variability across the territory.
More broadly, we can distinguish the “windward side” to the
east, subject to winds and with high rainfall (>2-3 m/year)
regardless of the season, and the “leeward side” to the west,
relatively sheltered from trade winds, where the climate is
generally less humid (<1 m/year). The volcanic nature of the
island and its rugged terrain significantly reduces the area
available for agriculture. The utilized agricultural area
(UAA) in 2009 was approximately 19 % of the total area of
the island, or 47,554 ha, divided into about 7000 farms.
Sugarcane is the most common crop in terms of cultivation
area (24,332 ha) or 51 % of the UAA in 2009. It occupies most
of the arable nonurban coastal zone. Despite the dominance of
the sugarcane industry, other activities including livestock,
soilless cultivation, and vegetable crops are experiencing
strong growth, due in particular to diversification efforts. In
2009, vegetable production occupied 5.03 % of the UAA
(1585 ha) with 40,500 t produced (approximately 15 % of
total farming revenue). This production is greatly reduced by
the pressure of pests such as vegetable flies. Crop losses
caused by the larvae of these flies can reach 60-90 % in
untreated fields (Ryckewaert et al. 2010).
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3.3 Bioecology of the three vegetable fly species

B. cucurbitae or melon fly was introduced to Réunion from
Mauritius. It probably originated from India because of the
extensive trade between these two countries (Etienne 1982).
The adult is orange in color and has a scutum with three
parallel yellow center lines, two large lateral yellow stripes,
and two front black macules. The wings have three dark spots.
D. ciliatus, the Ethiopian Cucurbitaceae fly, probably origi-
nated in Ethiopia where it is widely found (Maher 1957). In
Réunion, it was reported in 1964 by Pointel (Etienne 1982).
The adult is a red-orange color, with two front black macules
and two scutellar bristles. Its wings are transparent with a
black costal line that ends with an apical crossband.
D. demmerezi, the Indian Ocean Cucurbitaceae fly, originated
from Mauritius, where it was described in 1923 by Bezzi
(Orian and Moutia 1960). It is also present in Madagascar
(Paulian 1953) and Réunion (Etienne 1982). The adult is
brown to brown-orange color and has two front black mac-
ules, two scutellar bristles, and a yellow lateral line up the
back plate to the scutum. The wings are characterized by a
high ridge on which sits a diffuse dark spot.

The distribution of adult vegetable flies is influenced mainly
by climatic factors, including temperature and altitude, as well as
the availability of host plants (Vayssieres 1999). B. cucurbitae is
present in higher numbers than D. demmerezi in the coastal zone,
until 600 m. In this area, D. ciliatus coexists with B. cucurbitae.
However, upwards of 600 m altitude, D. demmerezi dominates
B. cucurbitae, which disappears after 800 m. D. ciliatus can
coexist with D. demmerezi in an altitude range between 600
and 1200 m. Then, from 1200 to 1500 m, only D. demmerezi
is present (Vayssieres and Carel 1999).

Vegetable flies are active during the day (Vayssieres 1999).
They rest during the night under the leaves of host plants or
other plants. Their daytime activity comes down to finding
food, mating, laying eggs, moving around, or resting in a safe
place. Some activities are restricted to specific times during
the day because of the interaction between the circadian
rhythm and abiotic factors such as temperature and light in-
tensity (Fletcher 1987). The main peak of feeding and egg-
laying activity is usually in the morning for B. cucurbitae
(Nishida and Bess 1957; Syed 1969). The activity stops in
the evening when light intensity becomes the limiting factor.
In these species, mating and food intake take place mainly on
nonhost plants (Bateman 1972; Matanmi 1975), which are not
involved in either egg or larval development. Detection of the
host plant by egg-laying females takes place at a relatively
short distance and requires visual and olfactory stimuli. The
volatile compounds in fruits are particularly important not
only in the location of the fruit, but also in the differentiation
between hosts and nonhosts and also for detecting certain
phenological stages of the host fruit (Fitt 1986). Sexual activ-
ity generally begins at dusk with decreasing light. During this
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period, the production of sex pheromones has been observed
in B. cucurbitae males (Bateman 1972), as well as in
D. ciliatus and D. demmerezi males (Dehecq 1995). Lek be-
havior in males (groups of males and emission of pheromones
attracting females for mating) was observed in B. cucurbitae
(Kuba and Koyama 1985) as well as in D. ciliatus and
D. demmerezi (Dehecq 1995). Most adult Dacini are strong
fliers and can travel great distances (Christenson and Foote
1960). Studies have shown that melon fly adults tend to move
to the wild vegetation outside the field (Nishida and Bess
1957).

Abiotic factors such as temperature, humidity, and light
play an important role on fly abundance. These factors influ-
ence directly or indirectly the development rates, mortality,
and fertility of the flies (Bateman 1972). For B. cucurbitae,
temperatures between 18 and 29 °C and humidity between 60
and 70 % allow optimum reproduction rates, while lower tem-
peratures reduce survival and reproduction rates (Dhillon et al.
2005; Vargas et al. 2000b).

Vegetable flies, including melon fly, which is the most
studied species, are very interesting for their generic charac-
teristics which make them a good study model, from a
bioecological and phytosanitary perspective, for other
Diptera and pests. Indeed, crop protection against these pests
is a major issue and justifies the implementation of numerous
control methods.

3.4 Methods of surveillance and control for vegetable flies

Whatever the control methods envisaged against these flies, it
is important to monitor populations. This allows farmers to
know when it is necessary to treat and to verify the effective-
ness of the control. For this, there are systems of traps that use
a male sex attractant (or parapheromone) specific to males of
certain species, Cue-lure®. It is only effective on two species
of Réunion Cucurbitaceae flies: B. cucurbitae and
D. demmerezi (Etienne 1982). There are also protein-based
food traps like Nulure, Buminal, or torula yeast, which mostly
capture females, who need protein for sexual maturation and
egg development (Hagen and Finney 1950). In Réunion, the
types of traps most commonly used are either liquid attraction-
based traps such as the McPhail trap (Trappit Dome Trap,
Agrisense, Columbia, MD), or dry traps for sex attractants
(supplied as platelets or diffusers) such as the Tephri-Trap®
(Ros et al. 1996) or Takamaka®.

The establishment of effective control methods against the-
se species is very difficult, especially as the different stages of
the life cycle are located at various sites. Eggs and larvae
develop in the fruit while the pupae are buried in the ground:
most control methods therefore target the adult stage. For op-
timum efficiency, the procedures must be conducted during
the preoviposition period (period of sexual maturation) of the
female to prevent damage through egg laying. The most
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common technique used by farmers despite the adverse health
and environmental impacts it causes consists of spraying in-
secticides, such as pyrethroids and organophosphates, during
the period of fruit susceptibility. Studies have shown that the
organophosphate malathion was the most effective (Jones and
Skepper 1965). Currently, it is recognized that cover sprays in
general and particularly against Cucurbitaceae flies lead to
social, economic, and environmental harm. To minimize these
adverse effects, another technique of control consists of a pop-
ulation management by sexual trapping with Cue-lure® com-
bined with the use of food attractant and insecticide. These
different treatments are used to attract and kill adults of both
sexes with a parapheromone mixed with an insecticide. The
insecticide is applied only on a part of the crop which limits
the impact on natural enemies.

Prophylactics are an essential complement in reducing fly
populations to below damaging levels. For example, a sanitation
method may involve collecting and destroying or isolating all
infested fruit that are fly reservoirs (Nishida and Bess 1957).
The method of targeting males or “male annihilation technique”
(MAT) was developed by Steiner and Lee (1955), and this meth-
od attracts and kills using a sexual attractant (Cue-lure®) mixed
with an insecticide, placed in the same device. Cue-lure® has
proven particularly powerful for attracting B. cucurbitae males
in Hawaii (Vargas et al. 2008). In Réunion, Cue-lure® attracts
only B. cucurbitae and D. demmerezi males, so this method
cannot be used alone, as it could cause these species to be re-
placed by D. ciliatus. The “sterile insect technique” (SIT) was
developed by Knipling (1955). It is based on the rearing, steril-
ization by ionizing radiation or chemical sterilization, and release
of a sufficient number of sterile males to put them in competition
with wild males. The ratio of sterile males should be sufficient to
decrease the reproductive potential of the target population. This
method enabled the successful eradication of B. cucurbitae in
various islands of Hawaii (Koyama et al. 2004; fto and
Koyama 1982; Shiga 1989; Steiner and Lee 1955). Biological
control of Tephritidae began early in the century: one of the first
trials was conducted in Hawaii against B. cucurbitae by
Fullaway (1920) through release of Psyttalia fletcheri Silvestri
(Braconidae), a larval-pupal parasitoid. To combat D. ciliatus in
Mauritius, Moutia (1934) introduced Opius phaeostigma
Wilkinson from South Africa. In Réunion, after massive intro-
ductions of several species, Etienne (1972) noted very limited
settling. P, fletcheri was successfully introduced to Réunion, from
Hawaii, in the late 1990s (Quilici et al. 2004).

3.5 Agroecological crop protection against cucurbit flies

Before being implemented, agroecological crop protection
first requires the following:

— Farmer awareness and enthusiasm, with the aim of
achieving significant reductions in pesticide use, to attain

integrated, sustainable agriculture (Audemard 2003) and
production (Ricci et al. 2011) without impacting on yield,
by using other agricultural and plant protection practices
and placing farmers in the forefront of the plan

— Addressing the widespread pest problem developing a
chemical stalemate; strategic planning, with economic,
health or environmental challenges as well as a need for
technical research

— Research, development and transfer of knowledge, and a
good relationship between research and development
partners

— A unifying and structuring project, codesigned by the
different groups involved, authorizing the agroecological
overhaul of existing cultivation practices and systems and
possible innovations at appropriate scales (spatial, time,
combined management).

In applying the agroecological approach, we must consider
the environment in Réunion and formalize the needs of the
various stakeholders (producers and partners in the horticul-
tural industry, research and development, trainers, and techni-
cians). The tropical climate of Réunion usually causes high
reproductive rates of insect pests. These insects are part of
complex food chains which need to be studied. In addition,
these chains are often disrupted by insecticide, which tends to
promote pests and disadvantage their natural enemies (preda-
tors and parasitoids). Moreover, given the insular nature of
Réunion, chronic introduction of exotic pests to the island
through imports of plants combined with favorable
agroclimatic conditions for their growth and the inability to
justify real phytosanitary barriers causes higher insecticide
consumption than the national average: 40 % of 480 t of
chemicals sold in Réunion in 2009 were insecticides, com-
pared to only 12 % in France (source DAAF Réunion). The
adverse effect of the massive use of insecticides is widely
acknowledged. It is necessary to promote the establishment
or re-establishment of the balance between arthropod commu-
nities (Hooper et al. 2005; Fiedler et al. 2008).

To set up agroecological pest protection systems in tropical
cropping areas, it is also necessary to acquire a good knowl-
edge of the biology, ecology, and spatiotemporal dynamics of
pests which may also be new (via introduction or thriving
because of ecological imbalances), which is the case for veg-
etable flies (Ryckewaert et al. 2010). This will be subject to
academic and cognitive research on flies’ biology and
ecology.

In addition, it is essential to carry out studies to design,
develop, and assess agroecological protection techniques
targeting pests in Réunion, not only under controlled condi-
tions (laboratory, large cages, behavioral testing stations) but
also at producer level, to take account of the specific agroeco-
logical requirements at different spatiotemporal scales, from
local agronomic practices to integration into the landscape: (i)
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management of spaces (see above); (ii) time management:
expansion of spatial scales is consistent with longer time
scales in population management. We do not only focus on
local information during the crop cycle, but we carry out as-
sessments throughout the year (both growing and nongrowing
periods) and over several years; and (iii) collective manage-
ment: the changing spatiotemporal scale also requires a form
of collective management, a shared approach with the stake-
holders (mainly producers, but also other players). It is there-
fore essential that the actors are ready before the new process
is implemented.

To this end, a research and development project to assess
the feasibility of agroecological protection was designed and
launched in 2009. Based on the methods used in Hawaii (Mau
et al. 2007), a pioneering project called GAMOUR was de-
signed with the purpose of solving this problem, contributing
to the development of a sustainable, healthy, and productive
agriculture in Réunion (Augusseau et al. 2011). The project
consists of two main approaches: (i) the development and
adoption of agroecological crop protection and (ii) raising
stakeholders’ awareness of sustainable agriculture. Project
GAMOUR relied on an agroecological approach to both im-
prove both soil health and to increase plant biodiversity in
agroecosystems. GAMOUR brought together 14 local and
national organizations with different tasks but the same goal.
These partners included Réunion Association for the
Modernization of Horticulture, Fruit and Vegetable Farming
(ARMEFLHOR); the Chamber of Agriculture of Réunion;
Centre for International Cooperation in Agronomic Research
for Development (CIRAD); Departmental Federation for
Protection against Harmful Organisms in Réunion
(FDGDON); Farming and Environment Forum (FARRE
Réunion); and Réunion Organic Agriculture Association
(GAB). The project was implemented in three villages
(Entre-Deux, Petite Ile, and Salazie) covering about 50 ha
and involving 30 farmers, including four certified organic
farms (Fig. 2), with the objective of evaluating the techniques
and to measure farmer satisfaction. Study methods consisted
of (i) experiments in the field, (i) monitoring of fly popula-
tions at the sites, (iii) monitoring of farms and fields, and (iv) a
survey of the farmers involved. More is available on http://
gamour.cirad.fr.

4 Results on the bioecology of cucurbit flies
4.1 Transition to southern winter

A reduction in vegetable fly populations and damage to veg-
etables is observed during the southern winter in Réunion
(Vayssiéres 1999). Under natural conditions, Vayssiéres and
Carel (1999) note that the altitudinal distribution of flies
changes during the year and there is a partial withdrawal of
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Dacini populations on the coast (where temperatures are
highest). Although Dhillon et al. (2005) observed that during
the coldest winter months, B. cucurbitae adults take refuge in
the dried leaves of bushes or trees, we do not know what
causes these decreases in fly populations during the winter.
Such knowledge would enable better population management
at the onset of infestation and thereby establish a more effec-
tive crop protection. Indeed, it has been shown in Hawaii that
the management of fly populations at the onset of infestation
reduces damage to fruit (Vargas et al. 2008).

The two hypotheses to explain fly population decreases in
winter involve individuals remaining in place, in a state of
diapause or dormancy, or migration to more favorable higher
temperature areas. In order to discern which hypotheses is
correct, three techniques were used on five vegetable farms
selected in various climatic zones: trapping, sampling of
infested fruit, and soil sampling (Deguine et al. 2012a). The
results of trapping and fruit sampling show changes in fly
populations during the year, especially during the winter, dur-
ing which they reach a minimum. At lower altitudes, the num-
bers remain relatively low during the winter. The hy-
pothesis of migration is therefore not one we would
favor, although in experiments, it has been shown that
some species travel considerable distances before find-
ing a suitable host (Drew and Hooper 1983).
B. cucurbitae can travel up to 200 km (Miyahara and
Kawai 1979). However, considering that most Dacini
spend winter in their adult form (Fletcher 1987) and
that in Hawaii it has been shown that at 15 °C
B. cucurbitae adults remain inactive under foliage
(Nishida and Bess 1957), the assumption that these pop-
ulations spend the winter in a dormant state seems most
likely (Deguine et al. 2012a).

4.2 Population changes during the southern summer

For a long time, the study of the biology and ecology of
Cucurbitaceae flies has essentially relied on two techniques
(Quilici 1994). The first technique, adult trapping, uses Cue-
lure®, a sexual parapheromone. This technique presents lim-
itations for bioecological study of communities: this attractant
is effective only on two of the three species (D. ciliatus is not
attracted) and only males are trapped. The second technique is
to collect fruit on the ground, whether infested or not, to bring
them back to the laboratory for incubation in order to obtain
pupae and adults (Vayssiéres 1999). However, development
of fruit flies in different species of Cucurbitaceae is variable
and does not necessarily reflect the in situ fly population. For
example, only D. ciliatus develops in chayote fruits (Deguine
et al. 2013). Furthermore, studies confirm that adults often
land outside Cucurbitaceae plots and can be found easily on
plants situated flanking the crop. Of these plants, maize has
proven to be the most attractive plant in Réunion (Atiama-
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Fig. 2 Pilot areas and organic farms of GAMOUR project in Réunion

Nurbel et al. 2012), confirming results from Hawaii (McQuate
et al. 2003). Thus, to overcome the mentioned limitations, we
developed a visual inspection technique to observe adult veg-
etable fly populations. It was designed for different crops from
2008 to 2010 (Deguine et al. 2012b) and consists of counting
species and sex of flies on plants grown in the field and on
maize plants placed on the edge of the field or within the
cultivated plot. The technique is suitable for communities
where three species of fly coexist. Seasonal fluctuations, rela-
tive abundance, and sex ratios of the three species can be
studied.

With visual counting on maize, we studied population
changes and certain characteristics of vegetable fly communi-
ties by counting the number of adults in the field borders.
Several features were observed: seasonal population fluctua-
tions, relative abundance of different species, and sex ratios.
The study was conducted over 3 years during the austral sum-
mer (between January to April), when Cucurbitaceae flies are
present in highest numbers. Counting took place in a range of
altitudes (750-1150 m) corresponding to the main areas of
Cucurbitaceae cultivation in Réunion (Deguine et al. 2012b).
In total, this study consisted of 147 h of observation and 18,
441 flies were counted.

The results showed a great variability in the seasonal fluc-
tuation of populations based on local conditions (Fig. 3). In

addition, the relative abundance of B. cucurbitae is low
(<18 %) for sites at higher altitudes (above 1000 m), where
D. demmerezi is the most common species (>56 %) (Deguine
et al. 2012b). The relative abundance of D. ciliatus varies
depending on the situation; it is the dominant species in pump-
kin crops (54 %). Depending on location and species, the sex
ratio varied from 1:1 to 1:2, females/males (Fig. 4).

The variability in relative abundance and sex ratio is due to
the large-scale cumulative factors and local effects at plot and
plant levels. These effects are abiotic (altitude and climatic
conditions including temperature, rainfall, and relative humid-
ity) and biotic (host type, intra- and interspecific competition,
predation and parasitism, etc.).

4.3 Circadian rhythms and activities of flies within the crop

Although maize is not a host plant, in situ observations reveal
that the three species (B. cucurbitae, D. ciliatus, and
D. demmerezi) spend most of their time on maize. Hourly
counts (from 7:00 to 19:00) give, regardless of the day, the
following results (Atiama-Nurbel et al. 2013): (i) almost all
flies can be found throughout the day on the maize borders of
and population levels on the zucchini are low or almost zero,
with the exception of a few hours per day, depending on the
species; and (ii) while the males remain in borders all day,
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Fig.3 Seasonal fluctuation of the structure of adult flies community (Bactrocera cucurbitae, Dacus ciliatus, and Dacus demmerezi) (density per 10 m?
of corn per date) in four agroecosystems from 2008 to 2010 (in Deguine et al. 2012b)

only gravid females migrate to the zucchini to lay eggs

(Fig. 5).

On maize, flies essentially “roost”. Adults shelter, rest,
travel, walk, protect themselves (against their natural enemies
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Fig. 4 Sex ratio of Bactrocera cucurbitae (Bc), Dacus ciliatus (Dc), and
Dacus demmerezi (Dd) in four agroecosystems from 2008 and 2010.
Tests with general linear model (with p<0.05) were done separately for
each situation on the adult flies density (per 10 m? of corn) which are
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and adverse weather conditions such as intense sunlight or
heavy rainfall), and feed (their diet is based on honeydew,
nectar, maize exudates, bird droppings, or leaf pathogens) on
these “roosting sites”. This is the chief activity for all species:

Piton Hyacinthe, 2009 (1,150m)

100 p-value= 0.012
80 | a a
b
60 | e T
=5
40 —
20
0
Bc Dc Dd
Proportion of females (+SE) Tan RouQe’ 2010 (750m)
100 4 p-value <1.e-04
80
a
60 — ab
40 b =
-
ES
20
0
Bc Oc Od

given (date was considered as a replication). Standard errors and p values
are given for each situation. Sex ratios not followed by the same letfer in a
range are significantly different (in Deguine et al. 2012b)
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93 % of the 3646 adults observed in 2008, 99 % of the 5749
adults observed in 2009, and 96 % of the 7227 observed in
2010, averaging more than 95 % of the 16,622 adults counted
(Deguine et al. 2012b). In addition, certain reproductive activ-
ities, such as leks and coupling, take place on the maize. Leks,
groups of males attracting females to mate, are mainly ob-
served on maize leaves and start for three species around
17:00, depending on the photoperiod and light intensity.
Mating usually takes place at night after the lek, sometimes
until dawn.

Hourly observations show that three species of vegetable
flies have circadian rhythms, as has been shown for the tomato
fly N. cyanescens (Brévault and Quilici 2007 and 2009). The
rhythms vary between the three species. These circadian
rhythms are mainly related to the movement of females be-
tween maize and zucchini, and gravid females leave the maize
to lay eggs on the zucchini.

Typically, females are found on cultivated fruits, with the
males remaining on the maize. After a searching for a suitable
laying site, the female lays her eggs on the fruit. Time of
laying varies between species and observations conducted
over 3 years show the following trends: females of
B. cucurbitae lay eggs between 10:00 and 15:00, D. ciliatus
between 10:00 and 13:00, and D. demmerezi from 16:00 to
19:00 (Atiama-Nurbel et al. 2013).

4.4 Sechium edule

Chayote (S. edule) is a very popular plant in Réunion.
Traditionally grown in the wild for its leaves, it is also grown
under trellises for its fruit. Many fruits fall to the ground,
representing a significant loss of production. Farmers tend to
attribute these losses to three species of cucurbit flies. This has

Time of day

caused substantial spraying of insecticide on the trellises al-
though the actual numbers of flies have never been assessed.

Experiments were conducted in 2008 and 2009 in chayote
trellises located at various locations on the island. In 2008,
hundreds of fruits were collected at a single site to assess the
vulnerability of the fruit. At the same time, we followed the
growth of 20 recently infested fruit in the field. Over 120 fruits
were collected in 2008 from two sites, and 20 fruits were
collected weekly in 2009 from one site. All these fruits were
brought to the laboratory where fly development was moni-
tored for 15 days (until adult emergence). We also placed anti-
bird nets in three fields of chayote in 2009 to collect falling
fruits before they hit the ground. These fruits were brought to
the laboratory in order to count the number of egg holes and
infestation level. Finally, in the laboratory, we exposed cha-
yotes to gravid females (eight per female). These chayotes
were then dissected and the egg-laying sites examined.

In the field, fruits less than 6 cm long do not seem affected
by oviposition by females. Two to 4 weeks after being
infested, these fruits do not show any difference compared
to noninfested fruits. These results are reinforced by the emer-
gence tests. Only 1 of the 120 fruit collected in 2008 and 5 of
the 219 collected in 2009 showed signs of emergence.
D. ciliatus seems to be the only fly capable of growing on
chayote, not only in fruits collected from the field but also in
those artificially infested in the laboratory. During the dissec-
tion of infested fruits, we observed a “defensive reaction*
against the eggs and B. cucurbitae and D. demmerezi L1 lar-
vae. Finally, nets collecting the falling fruit showed that over
90 % of these fruits were not infested with fly eggs.

This study shows, for the first time, the real impact of
vegetable flies on chayotes grown in Réunion: Although flies
are present in the trellises, these pests are not responsible for
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the significant losses suffered by farmers (Deguine et al.
2013). This suggests that the chemical protection used against
flies is not appropriate, especially considering the negative
effects of these treatments. The physiological stress of
overloaded trellises, caused by intensive cultivation, could
be the main cause of fruit loss and requires further research.

The main areas of research on vegetable flies and chayote
are as follows: testing the hypothesis of physiological stress as
the main cause of fruit loss; studying interactions between
crop management and production, as defined by Aubertot
and Robin (2013) on the physiological state of the chayote;
examining varietal effects; studying the reaction of the fruit to
infestation; and finally measuring the reduction in fly popula-
tions using the GAMOUR technical package.

5 Relevance of agroecological population management
techniques

5.1 The augmentorium as a sanitation tool

A special sanitation technique was first developed in Hawaii
(Liquido 1991, 1993), using a tool called an augmentorium
(Jang et al. 2007; Klungness et al. 2005). This is a closed tent-
like structure with a roof consisting of mesh. Set up next to the
crop, the structure is used by the farmers who place infested
fruit inside. Adult flies emerging from the fruits are locked
inside and eventually die. On the other hand, the mesh allows
the smaller parasitoids to escape, especially the two braconid
species Fopius arisanus (Sonan) and P, fletcheri (Silvestri),
parasitoids of, respectively, B. zonata and B. cucurbitae. We
conceived, developed, and evaluated the performances of an
augmentorium specifically adapted to the conditions in
Réunion (Fig. 6).

Fig. 6 Sanitation using
augmentorium technique (photos:
JP Deguine—CIRAD). a An
augmentorium in a zucchini crop.
b Some infested zucchini thrown
into an augmentorium. ¢ Net on
the top of the augmentorium. d
Adult flies sequestered by the net
inside the augmentorium
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In 2009, a survey was carried out in Entre-Deux, a small
village in the south of Réunion with a strong horticulture in-
dustry (fruits and vegetables) (Deguine et al. 2011). The fruit
and vegetable fly problem was well known there not only by
farmers but also by private garden owners. The survey includ-
ed 30 farmers and 90 inhabitants. Twenty-five of the 30
farmers interviewed, growing Cucurbitaceae or Solanaceae,
were affected by vegetable insects. They estimated their losses
to be more than 40 %, sometimes as high as 80 % for seven of
them. Seventy percent of the private garden owners also ex-
perienced significant losses due to the flies. Meanwhile, 70 %
of farmers and 53 % of private owners agreed that chemical
insecticides (pyrethroids and organophosphates) were ineffec-
tive against flies. Nevertheless, 100 % of the farmers did spray
their crop once to twice a week. Both farmers and private
owners used alternative techniques such as the male annihila-
tion technique using Cue-lure (60 % of farmers). On the other
hand, sanitation was not practiced. Farmers considered it old-
fashioned and private owners were not aware of it. Ninety
percent of farmers said that they would adopt a new method-
ology if proven effective. Thus, 83 % of farmers and 84 % of
private owners stated that they were ready to use an
augmentorium.

To make the Hawaiian models usable in Réunion, they
needed to be adapted to local flies and parasitoids. The work
started in 2008 and initially focused on the mesh size to be
used in the augmentorium. This is a key factor in terms of fly
sequestration and parasitoid augmentation. Trials were carried
out in the laboratory at CIRAD in Réunion. Four mesh types,
including the one used in Hawaii, were tested in laboratory
conditions. During the laboratory tests, one of the meshes
tested was found to be adapted to all flies and parasitoids in
Réunion. Even with large amounts of insects, this mesh
retained all the tested flies (C. capitata, the smaller one;
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B. cucurbitae; and B. zonata). Furthermore, both parasitoids
could pass through the mesh (mean rates of escape 68 and
98 % for P, fletcheri and F. arisanus, respectively).

In addition, we conducted interview-based surveys to col-
lect information for the development of a new Réunion
augmentorium (Deguine et al. 2011). Seven organic farmers
gave feedback before, during, and after a 1-year trial of the
augmentorium. Two types of augmentoria were provided to
several dozen farmers in 2009 and 2010. Their feedback was
collected in order to shed light on the success of the technique.
Discussions with farmers allowed the development of a first
augmentorium matching the requirements of organic farming.
Several major drawbacks were pinpointed, particularly the
cloth which was found to be too fragile for severe climatic
conditions. Two other models were subsequently developed,
which are currently built and sold by a local Réunion compa-
ny (Takamaka Industries). Improvements could still be made
to the augmentorium’s use in the field. Frequency of collection
is closely linked to crop type: daily collection appears neces-
sary for zucchini, though one or two collections per week are
sufficient for chayote. A minimum delay of 1 month after the
last drop is required before opening the augmentorium (aver-
age life cycle duration of cucurbit flies), but a longer delay of 5
to 6 weeks is more prudent. Thus, the alternate use of two
augmentoria per field was recommended.

From 2009 to 2011, 81 augmentoria consisting of two dif-
ferent models were delivered to conventional and organic
farmers. The outcome was largely positive: all of them were
satisfied. The effectiveness of the technique was assessed by
quantifying sequestrated flies and by a significant increase in
yield. Moreover, less manpower time was needed for fruit
collection as compared to traditional chemical spraying.

Sanitation using an augmentorium may be the most effi-
cient component of agroecological protection against fruit
flies. It could also be considered as a potential tool for biocon-
trol because it releases parasitoids, decreases fly populations,
and produces compost (Kehrli et al. 2004). Finally, taking into
account the positive feedback from farmers, this technique
could allow the partial or total suppression of chemicals for
both crops and private gardens.

Finally, the augmentorium produces compost by mixing
decomposing fruit with a suitable amount of organic matter.
Initial tests of infested zucchini mixed with residues of sugar-
cane stalks and poultry litter waste showed potential. This
technique is not just limited to cucurbit producers; it can be
used for the protection of crops in many other situations.
Potential users are numerous, from amateur gardeners to
farmers.

5.2 Insertion of trap plants in the agroecosystem

Nishida and Bess (1957) studied the circadian rhythm of
B. cucurbitae in Hawaii and highlighted the daily movements

of insects between crops and their immediate surroundings
(border plants and nonhosts). In Réunion, a large cage-based
behavioral study focused on the attractiveness of trap plants
for two species of Cucurbitaceae flies: B. cucurbitae and
D. demmerezi (Atiama-Nurbel et al. 2012). Two plant species
in the family of Poaceae were chosen: maize (Zea mays L.),
one of the most attractive plants for insects, used as a trap crop
for B. cucurbitae in Hawaii; and fodder cane (Pennisetum
purpureum Schumach) (McQuate et al. 2003; McQuate and
Vargas, 2007), the most common noncommercial trap plants
in Réunion. Both candidate plants were placed in pots and
arranged in prime position in large behavioral cages (2.5 m
in height by 3 m in diameter) placed outdoors. Four states
were defined based on the sex and the age of flies: immature
male, mature male, immature female, and mature female. In
each cage, a cohort consisting of 100 adults (50 @ and 50 &)
of known state was released. For each case, the experiment
was repeated four times. The number of flies on different
plants and their location on the plant were recorded. For adults
of both species, maize is significantly more attractive than
fodder cane (Fig. 7). The majority of adults of both species
were found on the maize and fodder cane leaves. Date, time of
day, age, and sex of the flies do not change the general attrac-
tion trend. These results allowed us to select maize as trap crop
for use on farms in Réunion.

The attractiveness of maize was confirmed in situ in vari-
ous tests set up over several years (Atiama-Nurbel et al. 2013).
Maize is attractive to all three species, B. cucurbitae,
D. ciliatus, and D. demmerezi; high densities of flies were
found in each study (167-607 flies per 10 m* maize). As an
illustration, of 7285 adults counted on maize and zucchini in
Tan Rouge in 2010, over 99 % were observed on maize. For
similar observation times and areas, the ratio of numbers of
adult flies on zucchini and maize was 1:1000 in Piton Bloc in
2008. In addition, several maize planting strategies
were compared: crop borders (Fig. 8) and patches or strips
within the crops. They are equally effective (Atiama-Nurbel
et al. 2013).

The planting of maize is not limited to trapping flies and
managing fly populations. We already know that planting
maize in agroecosystems allows fly populations and commu-
nities to be assessed: in situ counting on maize makes it pos-
sible to obtain an accurate estimation of the fly populations
present in the agroecosystem unlike conventional methods of
sexual trapping using pheromones or studying fruits collected
in the field. It is thus possible to quantify certain population
characteristics such as relative abundance or sex ratio between
different species of flies.

Maize also attracts other arthropods, in particular useful
insects, e.g., hoverflies, which are pollinators, predators, and
reliable indicators of a healthy agroecosystem. A 2010 study
found that the planting of maize attracts significant numbers of
three species of hoverflies: Allograpta nasuta (Macquart),
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Fig. 7 Proportion of adult Bactrocera cucurbitae observed on maize
(Zea mays) and Napier grass (Pennisetum purpureum) for each
observation date and for each state of the flies (Saint-Pierre, field cage

Episyrphus circularis (Hull), and Melanostoma annulipes
(Macquart) (Duhautois 2010). M. annulipes reveals a peak
pollinating activity at 8:30 am which corresponds to the period
of maximum pollen release. Populations of pollinating insects
(especially bees) are also found in large numbers in
Cucurbitaceae plots when maize is placed in the
agroecosystem.

Farmers appreciated maize as a trap plant firstly because it
provides a border for a restricted period of time, as opposed to
a perennial border. Also, using maize as a border plant had the
potential for another crop to be harvested in the cropping
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tests, 2008) (in Atiama-Nurbel et al. 2012). a Immature female, b
immature male, ¢ mature female, d mature male

system. Thirdly, maize was very well adapted to the
pedoclimatic conditions.

5.3 Application of insecticide bait on trap plants

To prevent females from laying eggs on crops when a large
number of vegetable flies are present on trap plants, an insecticide
bait is used on the trap plants, as practiced around the world on
some Tephritidae (Burns et al. 2001; Koppler et al. 2008;
KunYaw et al. 2005; Pifiero et al. 2009a; Prokopy et al. 2004).
Our studies have attempted to measure, using three species of
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Fig. 8 Trap corn plants bordering zucchini crop in a pilot area of
GAMOUR project in Réunion (photo: JP Deguine—CIRAD)

vegetable fly, the efficacy of Synéis-appat® (available in France),
composed of 99.98 % protein attractant and 0.02 % spinosad, an
insecticide approved for organic farming. In Réunion, testing in
large cages showed that at a dose of 1:5, the product is effective
against B. cucurbitae (94.6+0.7 % mortality) and D. demmerezi
(85.7£2.1 %) and moderately effective against D. ciliatus (60.4+
4.4 %) (Deguine et al. 2012c). No sex effect was observed for
each species. The mortality response of D. ciliatus was slower
relative to the other two species.

The effectiveness of Synéis-appat® on three species of
Cucurbitaceae flies was also analyzed in field trials over
3 years (2009, 2010, and 2011) (Delpoux and Deguine
2015). The results are consistent: the product is very effective
against B. cucurbitae, good against D. demmerezi, but only
mediocre against D. ciliatus. The mortality response of
D. ciliatus is also slower relative to the other two species.

In general, fly numbers in the first few hours following
treatment follow the same trend: an increase in the first 3 h
followed by a gradual decrease over time. We therefore

Fig. 9 Bactrocera cucurbitae females feeding on Synéis-appat® bait
sprays (photo: A Franck—CIRAD)

conclude that the action of the product is not limited to the
borders on which it is applied, but reaches surrounding host
plants. Three phases occur after application of Synéis-appat®:

— A short-term positive effect (several hours after
application)

— A short-term insecticidal effect (a few hours after
application)

— A medium-term insecticidal effect (a few days after
application)

Synéis-appat® is spread in a localized manner (every 10 m)
by spotting a few drops on trap plants (maize) planted around the
edges of the field. Flies in the vicinity are attracted by the spots
and ingest the bait, causing their death (the insecticidal effect)
(Fig. 9). However, this technique was not suitable for zones with
heavy rainfall (due to product leaching). We therefore developed
a method of protecting the product from precipitation.

A Synéis-appat® application system adapted to the climate
of Réunion was compared with a control system made in
Taiwan (yellow umbrella) (Pifiero et al. 2009b) and developed
from local materials (Delpoux and Deguine 2015). The color
was chosen after a comparative study: yellow attracts more
flies than white, red, or transparent materials. The device, a
horizontal yellow bottle cut in half and impregnated with in-
secticide (spinosad) on the lower surface, can be used on
Cucurbitaceae (placed around the maize edges) and under
chayote trellises. This protects the Synéis-appat® from rain.
In field trials (three locations over 2 years), the number of flies
was counted on the two types of devices over 3 days. Success
was measured by the number of flies coming into contact with
the insecticide. Altogether, the yellow umbrella attracted as
many fruit and vegetable flies (520) as the horizontal yellow
bottles (509 flies); there is no significant difference between
the two devices (Delpoux and Deguine 2015). Locally
manufactured devices can be used, as well as the imported
“yellow umbrella.”

Tests with Synéis-appat® were effective against vegetable
fly species present in Réunion. This bait is suitable for an
agroecological crop protection program. In addition, thanks
to our tests, the product was approved for use on some tropical
crops (lychee, mango, star fruit, passion fruit, avocado, papa-
ya, guava, and soursop) (Deguine 2013). Future research is
needed on its effect on D. ciliatus, alternatives to Synéis-
appat®, unintended effects, and effect on other fly species.

5.4 Sexual trapping of B. cucurbitae and D. demmerezi males

Sexual trapping is used in many parts of the world to assess fly
population trends (surveillance trapping) with the aim of re-
ducing numbers through mass trapping (Vargas et al. 2000a).
Until 2010, in Réunion, traps were used containing both a
parapheromone to attract adult males (Cue-lure) and an
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Fig. 10 Fruit fly trap without
insecticide, constituted by a
plastic bottle with four holes
containing sexual parapheromone
(Cue-lure) (photos: C Ajaguin
Soleyen). a Trap placed in the
field with dead flies inside. b Two
males of B. cucurbitae entering
the trap by the hole

insecticide (diclorvos) killing adults upon entry into the trap.
Cue-lure attracts B. cucurbitae and D. demmerezi males, but
not the third species, D. ciliatus. The commercial traps are
distributed on the island by the company Takamaka.
However, new laws forbid the sale of these traps because of
the diclorvos they contain. This is why tests were conducted to
develop a new insecticide trapping system to monitor and
control vegetable fly populations.

The commercial trap distributed by Takamaka is only use-
ful if it is used with diclorvos; without it, flies escape too
easily. An alternative system is based on a model used in
Hawaii (Vargas et al. 2008) and consists of a plastic bottle in
which four holes are pierced in the base, the holes extending
into the interior by small tubes. The bottle contains a
parapheromone, but does not contain an insecticide because
flies that enter through the holes in the side of the trap remain
trapped inside (Fig. 10).

Further trials compared the efficacy of insecticide-free
traps developed before the insecticide trap and previously
used by farmers. The trials took place in different places
whereby two species of vegetable flies and a nonvegetable
fruit fly, B. zonata occur. The tests showed that the traps
without insecticide were at least as effective as the
Takamaka® trap. They are therefore a useful tool for
MAT. In a context where insecticides need approval for
use in sexual mass trapping, these tests led to the use of
such traps by farmers in some pilot areas, with good
results. This is now a commonplace technique. Several
lengths of tube in bottles without insecticide were com-
pared: the most effective length is 1 cm.

This new trap can be used in organic farming and in
agroecological crop protection systems (Deguine et al.
2008). The trapped insects proved very representative of
the adult in field populations (Deguine et al. 2013) and
were particularly appreciated by the farmers: it is simple,
easy to make, low cost, uses no insecticides, and provides
a positive psychological effect for the farmers related to
the fact that a layer of dead flies can be seen at the
bottom of the transparent bottle.
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5.5 Other agroecological techniques

The techniques described above were reinforced by
inundative biological control and implementation of a perma-
nent plant cover. P. fletcheri were released by FDGDON in
2010-2011 on four Cucurbitaceae plots (Marquier et al. 2013,
2014). After these releases, the rate of parasitism increased
moderately, with a maximum of 16.7 % for B. cucurbitae.
This may be a useful technique between altitudes of 0—
800 m (area where B. cucurbitae are present). Methods such
as these encourage farmers to reduce their use of pesticides.

The elimination of chemical insecticides in Cucurbitaceae
plots aims to promote the role and impact of functional biodi-
versity (predators, parasitoids, pollinators), as a conservation
biological control. In chayote trellises where insecticides (pyre-
throids and organophosphates) have been removed and in
which a permanent plant cover was implemented in addition
to GAMOUR techniques, there has been a significant increase
in beneficial arthropods (e.g., predatory spiders). In
GAMOUR-controlled plots, there has also been a significant
increase in certain protected, iconic species (Réunion is one of
the world’s biodiversity hotspots), which play a regulatory role
in the ecosystem.

Direct sowing, mulch-based and conservation (DMC)
cropping systems preserve soil and crops and protect soil re-
sources against damage from wind and/or water erosion and
degradation of soil fertility. The three pillars of DMCs are (i)
the absence of tillage, except for sowing furrows or planting
holes; (ii) biodiversity resulting from increased phytodiversity
following the elimination of monocultures and crops with high
return frequency, diversification of crop rotations, and the intro-
duction of beneficial plants; and (iii) soil cover resulting from
cash crop residues or crops dedicated to biomass production and
biodiversity (Derpsch and Friedrich 2009; Lienhard et al. 2013).
The DMC system is perfectly compatible with agroecology prin-
ciples as these three pillars complement other techniques, thus
helping to minimize the damage caused by vegetable flies while
maximizing insect biodiversity on GAMOUR production sites.
Increasing plant diversity in agricultural landscapes and even
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Fig. 11 Agroecological cucurbit fly management package used in commercial farms in Réunion

within crops is at the heart of ecological intensification (Papy and
Goldringer 2011; Wezel et al. 2014). Several producers involved
in the GAMOUR project have already completed the
phytosanitary aspect of the program by setting up permanent
plant coverage. In addition, certain agroecological techniques
with both agronomic and phytosanitary benefits were adopted
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Fig. 12 Evolution of adult males
of Bactrocera cucurbitae and
Dacus demmerezi in Salazie from
September 2009 to November 2011
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by some organic farmers: crop association, agroforestry, and
composting in augmentoria.

Overall, in order to provide a sustainable solution to the prob-
lems posed by vegetable flies, different protection techniques have
been combined in an innovative technology package (Fig. 11),
based on the principles of agroecological crop protection.
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6 Technology, economical trends, and knowledge transfer

6.1 Socioeconomic performances and adoption
of agroecological techniques by farmers

The GAMOUR project was set up in three villages (30 con-
ventional farms over ca. 50 ha) and on four certified organic
farms (Le Roux and Suzanne 2013; Fig. 2). An important goal
of the project was to assess the socioeconomic performances
of the agroecological techniques and to measure
farmers’ satisfaction. The diagnosis included (i) fly trap-
ping in the pilot sites, (ii) crop monitoring, (iii) farm
monitoring, and (iv) a perception survey of the farmers.

B. cucurbitae and D. demmerezi males were trapped from
September 2009 (start of the GAMOUR project) to November
2011, in three villages (Entre-Deux, Petite Ile, and Salazie)
using Cue-lure® (see technical Section 5.4; Fig. 12). For ex-
ample, in Salazie, a drastic reduction in populations of flies
was observed (11 traps placed in the Mare a Poules d’eau pilot
site) since February 2010. A population peak during the
2010-2011 summer, although expected (see Section 4.2),
did not occur. It can be hypothesized that the concerted,
large-scale adoption of GAMOUR techniques in the pilot site
contributed to the reduction in fly populations.

The assessment of economical performances of the
GAMOUR techniques was achieved with the technical sup-
port of producers. All farmers were visited weekly during
2 years for material supply and to record yields, losses, and
insecticide sprays. From 2009 to 2011, farmers were supplied
with a grand total of 65 augmentoria, 636 traps baited with
2492 Cue-lure blocks, 69 kg of corn seeds, and 136 1 of pro-
tein baits. In order to compare the performances of the
GAMOUR techniques with conventional crop management,
production data were observed in two similar production sit-
uations (such as defined by Aubertot and Robin (2013), i.e.,

Table 1 Consolidated data of the technico-economical survey of
GAMOUR farms (Piton Bloc) and non-GAMOUR control farms (Piton
Hyacinthe)

Production data Non-GAMOUR GAMOUR
zone (control) zone

Pilot zone Piton Hyacinthe Piton Bloc
Field surface (m?) Mean 1980 1180
Yield (t/ha) Mean 13.1 193

Min 32 4.1

Max 20.9 314
Losses (%) Mean 34 13

Min 5 0

Max 70 60

Sources: Vivea, Terre Bourbon, farmers’ declarations and field observa-
tions on 26 zucchini cultural cycles (2011); 19 GAMOUR crop cycles
compared to 7 “control” cycles outside the GAMOUR area
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with similar altitudes, types of soils, climates, and natural
vegetations). Nineteen zucchini crop cycles in the
GAMOUR area (Piton Bloc) and seven in Piton Hyacinthe
farms were monitored. Table 1 shows that zucchini yields
were slightly higher in the GAMOUR farms and that losses
due to fly infestations were lower in GAMOUR plots than in
control plots. However, these data must be analyzed cautious-
ly: They indeed were also influenced by other agronomic
drivers (other phytosanitary problems and crop management
plans) which could not always be accurately assessed.
Without any reliable statistics, yield and losses are here con-
sidered similar in the control and GAMOUR farms. These
data were mostly based on farmers’ declarations, even though
yields were confirmed as soon as possible by cooperative’s
certificates. The damages caused by flies were also assessed in
the field by a counting of infested fruits on a randomly chosen
20-m cultural line (Augusseau et al. 2011).

In addition, sociotechnical and economical performances
were assessed for conventional protection and agroecological
protection, taking into account data from farmers’ declarations
in the GAMOUR zone (time devoted to crop protection) and
from commercial information on the products in Réunion (char-
acteristics and cost of the protection; Table 2). The more strik-
ing difference is the mean number of insecticide sprays, which
have nearly disappeared in the GAMOUR farms. Globally, we
can conclude that stopping the chemical cover sprays on crops
and replacing them by agroecological practices had, at worst,
no negative impact on production. This answers to the main
concern initially expressed by the pilot farmers. On one hand,
the global assessment of the costs of crop protection, combining
material and manpower costs, revealed that the GAMOUR
techniques were more than three times cheaper than conven-
tional protection. On the other hand, the farmers’ perceptions
were somewhat more optimistic. They estimated GAMOUR’s
protection to be at least four times cheaper. Other areas of sat-
isfaction (increased productivity, improved sanitary conditions,
respect of auxiliary fauna) were noted and studied simulta-
neously. The final results of this pioneering project are very
encouraging. Chemical insecticides have been discontinued
on crops. Yield is at least as high as with chemical control
and farmers are making significant financial savings.

The multiannual comparative yield production of chayote
(perennial crop) was plotted in the main pilot site of Salazie
for the pre-GAMOUR (mid 2007-mid 2009) and GAMOUR
application periods (mid 2009-mid 2011). In this zone, pro-
duction analysis involved weekly monitoring of 7.6 ha of
chayote trellises. Figure 13 shows that chayote production
was maintained at high level after the beginning of
GAMOUR deployment, comparable or even higher than dur-
ing the previous years.

The success of the GAMOUR techniques in the field has
confirmed results obtained in controlled conditions and were
quickly adopted by farmers. In particular, the use of maize
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Table 2  Technical and economical comparison between classical protection and agroecological protection

Protection Criteria Classical protection Agroecological protection
Characteristics Number of insecticide applications 1.5 1

Commercial products Cyperfor-Danadim Synéis-appat®

Active ingredients Cypermethrine-dimethoate Spinosad

Quantity of active ingredients applied (g/ha per application) 45+450 0.008

Localization of the application The entire field Spots on trap plants
Time devoted Picking up infested fruit (h/ha/week) 0 2 at the beginning and 0.25 after
a few weeks
Spraying (h/ha/week) 4.5 1
Setting sexual traps (h/ha/3 months) 0 1
Planting maize (h/cycle) 0 10
Total time of protection (week) 4.5 4.1
Cost Per week (€) 66 18
Per cycle (€) 1320 370

Sources: farmers’ declarations in GAMOUR zone (time devoted to crop protection), commercial price of the products in Réunion (characteristics and

cost of the protection)

borders (as a trap crop) around the fields can attract more than
95 % of flies. These can then be efficiently eliminated with
adulticide bait. Sexual trapping mass (without insecticide) is
effective for two out of three Tephritidae. Similarly, sanitation
is regularly practiced using an augmentorium (Deguine et al.
2011). These two latter techniques are particularly appreciated
by farmers because they can directly observe the dead flies
inside the traps or augmentoria.

Farmers were interviewed on all three GAMOUR pilot
sites (Busnel and Augusseau 2011). The results showed (i)
an overall satisfaction on both the effectiveness of the strategy
and ease of implementation and (ii) difficulties moving from a
curative strategy to a preventative control strategy.

For both chayote and zucchini, the results show a trend of
increasing yields and reducing losses (Rousse et al. 2013).
Despite their lack of accuracy, all these data are another mile-
stone for cucurbit crop protection and, further, for the

evolution of agricultural practices. Agreeing with other cost-
benefit analyses of similar programs in Hawaii, McGregor
etal. (2007) showed that environmentally friendly agricultural
practices might be profitable. This is a major step for exten-
sion of such agroecological practices, since economical via-
bility is fundamental for sustainable development programs:
Few farmers will agree to preserve their environment if they
cannot “make both ends meet.”

6.2 Training and the participatory research and development

GAMOUR has made available several study plots, which con-
tinue to be used in epidemiological surveillance by agricultur-
al partners. These plots also serve as demonstration sites and
for farmer training.

Training in agroecological practices was provided by
FDGDON for farmers in pilot sites and technicians employed

Fig. 13 Multiannual yield Yield of chayote 2>
comparison of chayote in the (t/ha/month) During Gamour :
Salazie pilot area (Mare & Poules 2009-2011
d’eau). Blue: before GAMOUR 201
application (2007-2009); yellow: Before Gamour :
during GAMOUR application 5] 2007-2009
(2009-2011) (source: Vivéa
Réunion)
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by organizations involved in the project. Datasheets were
compiled on the biology of flies and agroecological tech-
niques. The results were also recorded in a logbook which
was distributed to farmers and technicians (Deguine et al.
2011). The technical recommendations are available on
DVD and online at http://www.agriculture-biodiversite-oi.
org/Professionnel-producteur/Se-former/Formations-en-
ligne/Formation-video-a-la-gestion-agroecologique-des-
mouches-des-legumes.

The Réunion Chamber of Agriculture, Association of Fruit
and Vegetable Producers (AROP-FL), FARRE Réunion,
GAB (organic farmers), and other advisory bodies are now
responsible for the popularization of the technical package to
farmers around the island. However, the GAMOUR in-
novations must be accompanied by a major investment
in training and leadership to guide the candidate farms.
It is all the more necessary as there is a great diversity
between vegetable farms and patchy access to existing
agricultural support.

In general, farmers involved in GAMOUR improved their
skills and acquired new knowledge and are able to fully im-
plement a program of crop protection. This process is now
known to be effective to implement new practices, particularly
in organic farming (Lefévre et al. 2014). This is one of the
project’s major success stories. A participatory process of
knowledge transfer between farmers proved effective and is
being continued. Farmers involved in the project are now able
to implement the recommendations themselves. These pro-
ducers have even become leaders in their production areas.
Today, they are often asked by neighboring farms for advice
on GAMOUR techniques. The AROP-FL (in Réunion) is in-
volved in knowledge transfer to farmers via various profes-
sional organizations, and diffusion is adapted to needs and
constraints.

6.3 Transfer and dissemination of GAMOUR techniques

GAMOUR brought together research and training organiza-
tions and agricultural consultancies under the aegis of super-
visory bodies. This measure proved successful as result of
effective coordination. This partnership is likely to continue
in the future, given these results.

Since the end of the GAMOUR project, agricultural devel-
opment organizations in Réunion have expressed the desire to
popularize these techniques to all vegetable growers. Two
years after the end of the project, the results are excellent
(Vincenot 2014, personal communication; Réunion Chamber
of Agriculture data): In 2012 and 2013, 683 farmers
were trained in GAMOUR techniques. Of these, 130
farms (90 in 2012 and 40 in 2013) were closely mon-
itored to assess the impact of GAMOUR techniques on
cucurbit crops. The monitoring took place over a total
area of 128 ha (84 ha in 2012 and 44 ha in 2013).
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Sanitation was particularly successful (92 % of farmers
used this technique and many of them used an
augmentorium, particularly in 2012).

In support of new agroecological techniques, several inno-
vative products have appeared on the local market:

—  The augmentorium: This sanitation tool is now available
from a company in Réunion, Takamaka Industries, which
offers three sizes of augmentoria.

—  Pheromone traps without insecticides developed under
the project GAMOUR: These traps are now
manufactured by Takamaka and sold to organizations,
farmers, and individuals.

—  Synéis-appat®: The tests in the GAMOUR project con-
tributed to the approval of this product for use on tropical
vegetable crops (tomato, eggplant, pepper, cucumber,
zucchini, melon) and fruits (litchi, mango, star fruit, pas-
sion fruit, avocado, papaya, guava, soursop). Their use is
a direct result of the trials undertaken during the
GAMOUR project.

Training organizations have focused on several key points:
availability of augmentoria, field training, provision of tech-
nical guides. The agroecological techniques used in Réunion
are expected to be a part of adoption of other horticultural
crops such as tomatoes, citrus, and mango as well as imple-
mented in other areas of the southwest Indian Ocean, notably
via the Regional Project Plant (e-PRPV).

6.4 GAMOUR: a catalyst in the development of organic
farming

The techniques developed for agroecological management of
vegetable flies are ideal for organic farming: sanitation with an
augmentorium, inserting trap plants, use of Synéis-appat®
(organic adulticide bait), and sexual trapping without insecti-
cide. This package is also used in the management of fruit flies
on citrus and mango.

In organic farming, changing in the choice of insecticide
more environmentally friendly (low concentration and low
toxicity to nontarget organism) encourages the return of ben-
eficial arthropods and promotes conservation biological con-
trol (Hole et al. 2005; Simon et al. 2014). Generalist predators
are therefore able to regulate pest populations (Symondson
et al. 2002). In organic farming, probiodiversity agroecologi-
cal practices are also available: permanent soil cover with
agronomic properties including a reduction of soil erosion,
improving soil fertility, limiting evapotranspiration and weed
management, which provide favorable habitats for ground-
based terrestrial predators (spiders, ants, Dermaptera)
(Duyck et al. 2011) and flower strips for the development of
Hymenoptera parasitoids, generalist predators, and pollina-
tors. The observation that large populations of beneficial
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arthropods have been observed in organic farming and on
farms where insecticides have been highly induced
(GAMOUR farms) confirms the value of conservation biolog-
ical control (Deguine and Penvern 2014).

Chayote, which was previously sprayed with large
amounts of insecticides, has seen increased yields and some
producers have been certified organic. Two years after
GAMOUR, more than half the chayote farms in Salazie (the
main chayote production area) are either certified organic or
are in the process of being certified organic. GAMOUR tech-
niques applied to chayote crops are not accompanied by a loss
of yield; on the contrary, an increase in yield has been ob-
served which farmers have attributed to the increased number
of beneficial arthropods in chayote trellises following suppres-
sion of insecticide spraying. In addition to arthropods, other
animals such as chameleons are on the rise. The GAMOUR
project and the results obtained triggered the development of
organic farming in Réunion particularly for chayote, one of
the island’s iconic crops. Finally, organic farms are ideal areas
to study the functioning of communities and food webs in
cropping systems because they are free from insecticide
(Deguine and Penvern 2014). Organic chayote fruits are
now sold in some supermarkets in Réunion.

6.5 Scientific and technical breakthroughs and training

Much knowledge was obtained during the project on the bi-
ology and ecology of the vegetable flies and on agroecological
management techniques. This knowledge has been published
in international scientific peer-reviewed journals with scientif-
ic books, papers, and posters presented at international con-
ferences and various articles published in nonpeer-reviewed
journals. In addition, the project has provided study possibil-
ities for students: 11 masters, 4 engineer programs, and
2 volunteer positions. In addition, two students have
achieved Ph.D programs based on the results obtained
in the GAMOUR project: one on the genetic structure
of populations of vegetable flies and the other on the
attractiveness of olfactory stimuli of different species of
Cucurbitaceae on flies.

During the project, lessons were given to many students,
using GAMOUR as an example of the application of agroeco-
logical concepts in crop protection. Courses were offered at
the University of Réunion (Faculty of Saint-Denis): Master 1
and Master 2 BEST (biology and ecology of terrestrial eco-
systems); University of Réunion (Faculty of Le Tampon)
Master 2 GUE (urban and environmental science);
University of Réunion (IUT Saint-Pierre), 2nd year degree
option in environmental engineering; video lessons:
Bordeaux Agro Sciences, 3rd year; agricultural colleges, etc.

In addition, a distance learning module has been funded
through the UVED (Virtual University in Environment and
Sustainable Development). The module is entitled “invasive

insects on islands and their agroecological management: the
case of vegetable flies in Réunion” and the GAMOUR project
is an important part of the module and is a collaboration be-
tween the National Museum of Natural History, the CIRAD,
and the University of Réunion. The 20-h course consists of
three submodules: (1) biological invasion and island ecosys-
tems, focusing on insects in Réunion; (2) “biocontrol” against
insect pests, an alternative to pesticides; and (3) an introduc-
tion to agroecology, followed by a presentation of the
GAMOUR project. The module makes use of various media
(Ipad/Iphone/epub/pdf/web): provides definitions, experimen-
tal and historical presentations of key concepts, interviews,
and articles and data to analyze. Societal perception of biolog-
ical invasions, biocontrol, and control methods used in
GAMOUR are also discussed. The objectives of the module
are to provide knowledge on various topics which the student
can link to have a broader vision of the science. Scientific
analyzing and interpreting skills will also be taught.
Interactive questions allow self-assessment and students are
directed to chapters or external links. Hosted on platform-
depf.mnhn.fr, the distance learning server at the Natural
History Museum, these resources are accessible free of charge
after initial registration. The platform can be adapted to the
specific needs of different Masters degrees and is reusable.
This module will be initially offered to MNHN Masters
Students (Ecology, Biodiversity, Environment,
Development, Territories, and Communities) and at the
University of Réunion (Tropical Biodiversity and ecosystems
Master Degree, Urban and Environmental Engineering
Master Degree). This module was first offered in 2014 and
will be updated each year.

Finally, the various scientific and technical results were
also presented in detail at an international seminar, held 21—
24 November 2011 in Saint-Pierre. The proceedings of the
seminar, which was attended by over 80 participants, are com-
piled in a book available in French and English (Deguine
2013).

The GAMOUR project has a website aimed at the gen-
eral public (gamour.cirad.fr). Many lectures have been giv-
en at public events such as the Festival of Science, in a
film entitled “Nos enfants nous accuseront” at Le Tampon
Library for the release of a book entitled “Crop Protection:
from agrochemicals to agroecology,” during the Sustainable
Development Week, Bras Panon Show, Ecomarathon, at
organic farming markets and more. In addition, several
television and radio reports and news articles have appeared
on GAMOUR, not only in the regional press but also in
the national press. School awareness programs and public
events have also been organized for young audiences, in-
cluding a demonstration of the augmentorium, observations
of arthropods under a magnifying glass, and school visits to
CIRAD laboratories. The training and education continued
throughout 2012, 2013 and 2014.

IN?A @ Springer

SCIENCE & IMPACT



958

J.-P. Deguine et al.

6.6 An original example of vocational training
in agroecological crop protection

Vocational training and agroecological practices gave rise to
the GAMOUR project. A Professional University
Qualification Certificate (CUQP) was designed to allow agri-
cultural professionals, producers, and technicians to be trained
in agroecological practices. The course is entitled “agroeco-
logical crop protection.” The concept of agroecology must be
understood and practices must be repeated by the trainees at
the end of the course. This diploma took place over a period of
40 h spread over 2 weeks in 2013 and 2014 under the auspices
of the IUT in Saint-Pierre, during the academic years
2012/2013 and 2013/2014. The innovative aspect of this
course in crop protection is that it is supervised by different
GAMOUR partners each bringing complementary skills:
CIRAD, ARMEFLHOR, Chamber of Agriculture, FARRE,
and FDGDON.

To date, 26 professionals (13 in 2013 and 13 in 2014) have
graduated. This course is expected to continue to be offered
and extended, in partnership with universities in neighboring
countries of the Indian Ocean. A catalogue is now available
(Deguine et al. 2014).

7 Modeling perspectives

GAMOUR efforts facilitated the development of further in-
sights into the bioecology of vegetable flies and the effects of
diverse control methods in production situations in Réunion
(see Sections 3 and 4). Complex dynamic interactions occur
between life cycle of these flies and (i) soil and weather var-
iables, (ii) crops and other anthropized spatial units, (iii) nat-
ural habitats, (iv) natural enemies, (v) cropping practices (in-
cluding the control methods used in the GAMOUR project),
and (vi) the landscape structure. In order to cope with this high
level of complexity, modeling appears to be a key tool to
employ in the design of agroecological crop protection strate-
gies as it is used to predict cultivar performances (Jeuffroy
etal. 2014). Modeling approaches could be developed at three
levels: the field level, the regional level, and the island level.

7.1 Modeling at the field level

The field level is relevant for the optimization of individual
crop management practices since farmers generally decide
their technical operations at the field level. However, due to
the dispersal ability of flies, this level is not relevant with
regard to the bioecology of the three flies under study:
B. cucurbitae, D. ciliatus, and D. demmerezi. In order to solve
this apparent conflict, one might use a nonspatially explicit
modeling approach that uses simple descriptors of the field
environment as input variables. The Injury Profile SIMulator
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Fig. 14 Adaptation of the qualitative IPSIM modeling framework
(Aubertot and Robin 2013) for the agroecological control of
B. cucurbitae at the field level. This hierarchical modeling structure was
designed using DEXi (Bohanec 2009)

(IPSIM; Aubertot and Robin 2013) hierarchical qualitative
modeling approach could certainly be used successfully to
help design agroecological strategies in various production
situations in Réunion. One of the main features of this ap-
proach is its simplicity despite the high level of complexity
that it can handle. This innovative modeling approach has
been successfully applied to eyespot on wheat (Robin et al.
2013). Figure 14 illustrates the adaptation of the generic IPSI
M framework to noxious flies on vegetable. This structure
could be further developed and aggregative tables could be
defined using available knowledge in the international litera-
ture and specific knowledge produced by the GAMOUR
project.

Another approach that could be easily implemented to help
design agroecological solutions to manage flies on vegetables
in Réunion is the DEXiPM modeling approach (Pelzer et al.
2012). The basic principle of this approach is to characterize,
ex-post or ex-ante, the environmental, social, and economic
performances of cropping systems using qualitative or quan-
titative input variables describing cropping practices and the
environment. The main interest of this approach would be to
broaden the evaluation of agroecological solutions to manage
pests, such as promoted by the GAMOUR project.

In addition to the design of integrated agroecological solu-
tions to manage vegetable flies in the island with simulations,
such tools (IPSIM and DEXiPM) could ease and strengthen
communication among the actors involved: agroecologists,
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entomologists, agronomists, crop protection specialists, land-
scape managers, advisors, farmers, and students.

7.2 Modeling at the regional level

Another modeling approach could be developed at the region-
al level in order to (i) better understand the fly population
dynamics in agroecosystems and (ii) help design collective
agroecological strategies to manage these flies. The region
under study would typically extend over a few square kilome-
ters. A first approach could consist in developing an individ-
ually based model such as the one developed by Vinatier et al.
(2012a, b). The main interest of this approach would be to
integrate the knowledge produced by GAMOUR and the
knowledge available in the literature in a unique tool that
would represent interactions among fly populations, their par-
asitoids, the landscape composition, and spatial distribution,
along with the effects of cropping practices. Along the line of
the SIPPOM-WOSR model (L6-Pelzer et al. 2009) in the case
of phoma stem canker on oilseed rape, this model could be
used to help design collective strategies that combine adapted
cropping practices and landscape management for the sustain-
able management of flies on vegetables. Lastly, networks,
such as Graph-based Markov Decision Process networks
(Tixier et al. 2013), could also be used to describe trophic
chains and/or spatial interactions at the regional scale, provid-
ed that the spatial elements are not too numerous.

7.3 Modeling at the island level

Unlike classical modeling approaches for continental terri-
tories, islands include natural coastal boundaries that strongly
limit pest migration from other territories. In these situations,
pest introduction essentially results from human activity
(freight and transportation). Two types of modeling ap-
proaches could therefore be considered. First, one could aim
at optimizing sampling strategies to prevent the introduction
of invasive species. Approaches such as chain risk modeling
(Benninga et al. 2012) could be used to design a collective
monitoring strategy to limit the introduction of invasive pests
such as flies. The second approach would consist in breaking
down the island into contrasting production situations as a
function of weather regimes, soil, altitude, natural habitats,
and value chains. Using that typology and the spatial distribu-
tion of these production situations, it would therefore be pos-
sible, using modeling tools such as IPSIM, to design cropping
systems that limit the development of flies.

7.4 Partial conclusion
The bioecological knowledge and the associated agroecolog-

ical strategies developed by the GAMOUR project could be
extended by the modeling approaches mentioned above. The

main benefit of these modeling extensions would be (i) to ease
interactions between the agroecological actors involved, (ii) to
ensure the robustness of the proposed solutions, and (iii) to
generalize the approach for production situations outside of
Réunion. Beyond simulations, modeling activities can help
structure research and development programs that pull togeth-
er various actors: researchers, advisors, farmers, cooperative
representatives, food chain operators, and public authorities.
From a scientific point of view, conceptual modeling helps
organize interactions between methodological approaches:
experiments (in field, greenhouse, or laboratory), diagnoses
in commercial fields and their surroundings, and simulation
modeling. Since agroecological crop protection requires
knowledge from various scientific disciplines, modeling can
also be seen as a powerful tool to formalize their integration in
a unique framework and to ease its implementation in the
agricultural sphere.

8 Conclusion

Research & Development activities conducted in Réunion
have given us more effective, cheaper, environmentally
friendly, healthy, and sustainable agroecological crop protec-
tion. It is fully compatible with the national plan of pesticide
reduction in agriculture (http://agriculture.gouv.fr/ecophyto).
GAMOUR has met its initial objectives. As a reward for
good performance, the project received a Special Mention in
the sustainable agriculture 2011 awards (organized by the
French Ministry of Agriculture, Food, Fisheries, Rural
Affairs and Planning). This award has helped publicize the
project around the country.

The discontinuation of insecticides, such as pyrethroids
and organophosphates, on crops has given a healthy new im-
age to agriculture. As produce is free from chemical insecti-
cide, commercial exploitation is currently under study.
Cucurbit production using GAMOUR methods showed that
it was possible to greatly reduce, or even eliminate, the use of
insecticides on crops. Monetary savings were significant,
making farming more profitable. In an island which is a
hotspot of biodiversity, a UNESCO World Heritage Site with
40 % of the territory now a National Park, the new attitude of
environmental respect promoted by the GAMOUR project
has given farms a clean new image. Another positive point
is bees: Farmers and beekeepers recognize and appreciate that
GAMOUR methods preserve and attract wildlife and
pollinators.

Through GAMOUR, a great deal of academic knowledge
has been acquired; agroecological techniques have been de-
veloped and evaluated; farmers now use cheaper, more effi-
cient, and more environmentally friendly practices; an
organic-approved technical package is available; and agricul-
tural partners are now ready to continue their partnerships and
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collaborate on other integrative projects. Now that agroeco-
logical protection techniques have proven effective and trans-
ferable, post-project studies will look at the implementation of
agroecological protection to all vegetable growers on the is-
land. Agroecological techniques will also be applied to other
horticultural crops such as tomato and mango.

GAMOUR has developed a matrix of socioeconomic and
environmental indicators for the control of subsequent exper-
iments. It has also identified several conditions necessary (but
not sufficient) for a successful research and development pro-
ject: a good project design, distributing work to relevant part-
nerships, establishing good coordination and a rigorous fol-
low-up, and keeping a strict schedule. In future projects, the
economic and commercial advantages of agroecological pro-
duction will be taken into account.

Based on GAMOUR experience, another project called
Biophyto was implemented in 2012 (www.agriculture-
biodiversite-oi.org/Nature-agriculture /Actualites/ Dossiers-
pro/Biophyto), financed by CASDAR (2012-2014),
assessing the feasibility of producing mangoes without
insecticides through the implementation of agroecological
crop protection practices. This project involves 12 partners
in research, testing, training, and development. The objective
is to develop and evaluate agroecological crop protection in
conventional and organic farms based on plant community
management (vegetal ground cover, vegetal strips, and trap
plants).

The results are encouraging, particularly plant biodiversity
in orchards (permanent ground cover, flower strips), function-
al biodiversity (characterization, evolution, impact of agroeco-
logical practices), and impact on trade. Other areas have also
been the subject of technology transfer including develop-
ment, training, and education. This project strengthens the
agroecological crop protection already underway in Réunion.
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