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Abstract

When several polyphagous herbivore species share a parasitoid, the tri-trophic in-
teraction networks can be difficult to predict. In addition to direct effects, the para-
sitoid may influence the herbivore community by mediating indirect interactions
among hosts. The plant species can also modulate the parasitoid preference for a
specific host. One of the indirect effects is apparent competition, a negative interac-
tion between individuals as a result of the action of shared natural enemies. Here, we
focus on the interactions between the parasitoid Fopius arisanus (Braconidae) and two
generalist fruit fly pests: Bactrocera dorsalis and Bactrocera zonata (Tephritidae). This
parasitoid was introduced into La Réunion in 2003 to control populations of B. zonata
and can also interact with B. dorsalis since its invasion in 2017. Our main objective
is to characterize the tri-trophic interactions between F. arisanus, fruit fly and host
plant species. We developed a long-term field database of fruit collected before and
after the parasitoid introduction and after the B. dorsalis invasion in order to compare
parasitism rate and fruit fly infestation for the different periods. In laboratory assays,
we investigated how the combination of fruit fly species and fruit can influence the
preference of F. arisanus. In the field, before the invasion of B. dorsalis, the parasitism
rate of F. arisanus was low and had a little impact on the fruit fly infestation rate. After
the B. dorsalis invasion, we observed an increase in parasitism rate from 5% to 17%. A
bioassay showed that females of F. arisanus could discriminate between eggs of dif-
ferent fruit fly and host plant species. The host plant species preference changed in
relation to the fruit fly species inoculated. Field observations and laboratory experi-
ments suggest the possible existence of apparent competition between B. dorsalis and

B. zonata via F. arisanus.
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1 | INTRODUCTION

In the context of human-induced changes with unintentional (inva-
sion) and voluntary (biological control) alien species introductions,
new interactions between species have become frequent and can
impact the ecological networks. Studying the ecological mecha-
nisms underlying novel species interactions is a significant challenge
to understanding fluctuation in population and community assem-
blage, such as species colonization and range expansion (Strauss
etal.,2006; Wang et al., 2013). However, the ecological outcomes of
species interactions can only be fully understood after considering
the multi-trophic approaches in which the species are embedded, i.e.
beyond the simple pairwise interactions, the emergent features of
interactions visible at least at a tri-trophic should also be considered
(Fortuna et al., 2012; Harvey et al., 2003; Perovi¢ et al., 2018; Price
et al., 1980; Singh, 2003). Understanding multi-trophic interactions
are fundamental in the context of biological control and pest inva-
sions (Schulz et al., 2019; Tylianakis & Binzer, 2014). For example,
the fluctuation of pest herbivore populations can be mediated by
resource availability and presences of natural enemies (parasitoids,
predators, or pathogens). In return, plants can affect how natural
enemies impact herbivore populations (Abdala-Roberts et al., 2019;
Price et al., 1980).

However, the tri-trophic interaction networks (parasitoid - her-
bivores - host plants) can be complex and difficult to predict. In
addition to the direct negative effect of parasitism, the parasitoid
may influence the host species' community structure by mediat-
ing negative or positive indirect interactions among hosts (Abrams
et al., 1996; Chaneton & Bonsall, 2000; van Veen et al., 2006).
Apparent competition refers to an indirect negative interaction
between individuals due to the action of shared natural enemies
(Bonsall & Hassell, 1997; Holt & Bonsall, 2017; van Veen et al., 2006).
Apparent competition can occur when the presence of one prey spe-
cies increases predator density, thus increasing predation on other
species (Density-dependent indirect effects, Holt & Lawton, 1993;
Long et al., 2012). Moreover, apparent competition can occur when
the presence of one prey species induces changes in predator
traits or behavior, which alter the interaction of the predator with
other prey species (trait-mediated indirect interactions, Werner &
Peacor, 2003; Banerji & Morin, 2014). One mechanism underlying
these effects is predator or parasitoid selectivity. If the two host
species are not equivalent or if the parasitoid has a host preference,
the preferred prey species is likely to become extinct (Chailleux
et al., 2014; Chaneton & Bonsall, 2000; van Veen et al., 2006). In
addition, the plant species can modulate the parasitoid preference
for a specific host when herbivore hosts are polyphagous (Traine
et al., 2021). Although biological control is founded on the concept
of trophic interactions, the impact of indirect effects due to parasit-
oids is largely unexplored.

One example of complex interactions is found between the par-
asitoid Fopuis arisanus (Sonan, 1932) (Hymenoptera: Braconidae)
and the two tephritid species: Bactrocera dorsalis (Hendel, 1912) and
B. zonata (Saunders, 1841) (Diptera: Tepritidae). These three species

currently coexist in several parts of the world. F. arisanus was intro-
duced in many countries for tephritid biological control (Mohamed
etal.,, 2016), and these two Bactrocera species are major invasive pest
species both present in Sudan, Pakistan, Mauritius, and La Réunion
(Abro, 2020; Mahmoud, Abdellah, et al., 2020; Moquet et al., 2021;
Sookar et al., 2021). Furthermore, their distribution overlap could in-
crease if we consider climate change and their potential future distri-
bution area, which has been modeled by several authors (De Villiers
et al., 2015; Mahmoud, Mohamed, et al., 2020; Ni et al., 2012).
However, the dominant species may vary from region to region.
B. zonata is the dominant species in Sudan (Mahmoud, Mohamed,
et al., 2020), while Bactrocera dorsalis is the dominant species in La
Réunion and Mauritius (Moquet et al., 2021; Sookar et al., 2021). The
outcome of the competition is modulated by factors such as climatic
tolerance. Indirect effects linked to parasitoids could also influence
the interactions between these two species.

In La Réunion, F. arisanus was released between 2003 and 2005.
The primary purpose of its introduction was to control B. zonata de-
tected on the island for the first time in 2000, but also two Ceratitis
species with economic impact, Ceratitis quilicii De Meyer, Mwatawala
and Virgilio, 2016 and Ceratitis capitata (Wiedemann, 1824) (White
et al., 2000). However, after the invasion of B. dorsalis on the island
in 2017, the ability of the well-established F. arisanus populations to
parasitism again its ancestral host was uncertain. With these mul-
tiple unintentional (invasion) and voluntary (biological control) spe-
cies introductions, La Réunion (France) represents a particular area
to study how new interactions can impact ecological networks and
tri-trophic interactions. We explored these questions using a long-
term field database of fruit collected before and after the parasitoid
introduction and after the B. dorsalis invasion (from 1991 to 2009
and 2018 to 2019). In addition, laboratory experiments were carried
out to study the tripartite interactions between host plant, fruit fly
species and F. arisanus in La Réunion (France). First, we analyzed the
change in the infestation and parasitism rate since the introduction
of F. arisanus in 2003. We supposed that the introduction of F. ari-
sanus reduced the infestation rate of B. zonata and Ceratitis species.
After the B. dorsalis invasion, we hypothesize that indirect interac-
tions among the two main hosts (Bactrocera species) via the parasit-
oid could exist. Secondly, in laboratory experiments, we analyzed
interactions between Tephritidae and F. arisanus and how the host
plant influenced Tephritidae/parasitoid interactions. It was proven
that F. arisanus could discriminate and choose between fruit-fly spe-
cies eggs for oviposition (Ayelo et al., 2017; Bautista & Harris, 1996;
Mohamed et al., 2010; Rousse et al., 2006), and we supposed a
preference for Bactrocera species in comparison to Ceratitis species.
However, the preference between B. zonata and B. dorsalis was more
challenging to predict. While B. dorsalis is the ancestral parasitoids'
host, Fopius arisanus interacted with B. zonata for 14vyears in La
Réunion (Moquet et al., 2021). From a tri-trophic viewpoint, we also
supposed that the host plant could modulate fruit fly preferences
of the parasitoid. Finally, we discussed how field samplings and ex-
perimental results suggest an apparent competition between these
species.
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2 | MATERIALS AND METHODS

2.1 | Fopius arisanus and historical data of releases
Fopius arisanus is an egg-larval parasitoid species regularly used
for the biological control of Tephritidae. The species is native to the
Indo-Malayan region. It is a solitary koinobiont endoparasitoid that
attacks the eggs of fruit fly species and emerged from the puparium
(Rousse, 2007). It was used as a biological control for the first time in
Hawaiiin 1946.Then, it was introduced from Hawaii to many other parts
of the world, including Africa and the Indian Ocean, to control tephritid
pests (Mohamed et al., 2016; Purcell, 1998; Rousse et al., 2005). Fopius
arisanus can attack numerous fruit fly species, but it predominantly at-
tacks Bactrocera species (Mohamed et al., 2010; Rousse et al., 2006;
Zenil et al., 2004). In the introduction regions, this generalist species
was regularly exposed to several hosts that coexist, for example, F. aris-
anus control B. dorsalis, Bactrocera kirki (Froggatt, 1911), and Bactrocera
tryoni (Froggatt, 1897) in French Polynesia (Vargas et al., 2007, 2012).
In La Réunion, F. arisanus can attack Bactrocera dorsalis, Bactrocera zo-
nata, and Ceratitis species (Rousse et al., 2006).

In La Réunion, the initial colony of F. arisanus was established in
2003 in the CIRAD-3P Réunion Entomology Laboratory from par-
asitized pupae of B. dorsalis obtained from USDA-ARS Hawaii (E.
J. Harris). In the laboratory, the parasitoid was reared on B. zonata
and then released between December 2003 and May 2005 (Rousse
et al., 2006). Approximately 74,800 individuals were released in dif-
ferent parts of the island (Table 1; Quilici et al., 2005).

TABLE 1 Sites and dates of releases of
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2.2 | Field collection

To study interactions among fruit fly and parasitoid species, we
performed field campaigns on the entire island of La Réunion. La
Réunion is located in the southern Indian Ocean (55°30'E; 21°10'S),
around 700km off the coast of Madagascar. It is a volcanic island
that rises to an altitude of 3100 m. Its topography is rugged and has
a humid tropical climate, with a dry season from May to October and
a wet season from November to April.

Sampling was regularly performed between 2000 and 2003,
just after the B. zonata invasion, between 2004 and 2009 (except
2008), during and after the release of F. arisanus (Duyck et al., 2008)
and between 2018 and 2019 after the B. dorsalis invasion (Moquet
et al., 2021). The same data collection method was used throughout
the different sampling periods. We collected ripe fruit samples on
the ground or on trees from different plant species (cultivated, orna-
mental or wild) all over the island. Whenever possible, we sampled
15 fruits for each plant species found per location and date. In total,
we collected more than 33,500 individual pieces of fruit from 112
potential host plant species.

In the laboratory, the fruit samples were individually weighed, placed
in plastic boxes with sand as pupation substrate, and covered with a
fine-mesh cloth. We put fruit samples in a maturation room (25°C +2°C
and 70+20% humidity) until pupation. Fruit samples were regularly in-
spected for 3weeks, and the sand was sifted to look for pupae. Pupae
were kept in a climatic room in plastic boxes until their emergence,

when they were taxonomically identified to species level. We identified

. . . A Zones Site names Date Number Lat. Long.
Fopius arisanus in La Réunion

North Saint Denis, Riviere 07/12/2003 9000 -20.88726 55.45074
Saint Denis

North Saint Denis, Riviere 16/12/2003 2000 -20.88726 55.45074
Saint Denis

South Saint Pierre, Hopital 05/02/2004 4500 -21.34670 55.49394
Terre Sainte

South Ravine des Cabris, 05/03/2004 5500 -21.28493 55.47944
Vieux Domaine

South Ravine des Cabris, 16/03/2004 3200 -21.28493 55.47944
Vieux Domaine

West L'hermitage, Jardin 05/04/2004 3600 -21.07633 55.22936
d'Eden

East Saint Benoit, Parking 26/04/2004 5000 -21.03371 55.71445
du marché

South Saint Pierre, Hopital 12/05/2004 5000 -21.34670 55.49394
Terre Sainte

South Ravine des Cabris, 26/05/2004 5000 -21.28493 55.47944
Vieux Domaine

South Ravine des Cabris, 23/02/2005 2000 -21.28493 55.47944
Vieux Domaine

South Ravine des Cabris, 30/03/2005 20,000 -21.28493 55.47944
Vieux Domaine

West Etang Salé 09/05/2005 10,000 NA NA

Total 74,800
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fruit flies and parasitoids (Appendix S1) using morphological criteria
(Virgilio et al., 2014; Wharton & Yoder, 2021). Identification was per-
formed at emergence. Fruit could be infested by several fruit flies and
it was impossible to determine which fruit fly species was parasitized.

We recorded the number of emerging individuals for each fruit fly
species or parasitoid according to fruit (species and weight), site and
date (of collection). We calculated (i) the fruit fly infestation rate as
the number of emerged flies per kg of collected fruit and (ii) the par-
asitism rate as the number of parasitoids on the number of emerged
imago (flies and parasitoids). Following other studies on parasitism of
fruit flies (Aluja et al., 1990; Dieng et al., 2020; Eitam & Vargas, 2007,
Garcia-Medel et al., 2007; Ovruski et al., 2004), we calculated the par-
asitism rate (PR) of Fopius arisanus for each host plant species sepa-
rately with the formula: PR, = P/(P,+FF) with i a particular host plant
species, P the number of emerged parasitoids, and FF the number of
emerged fruit flies. The global parasitism (PR) rate is defined as the
total parasitism rate for all host plant species infested by generalist
fruit fly species (B. dorsalis, B. zonata, C. capitata, C. catoirii, C. quilicii):
PR, = > P/(X P,+X FF). Even if Dacus ciliatus Loew, 1862, D. dem-
merezi (Bezzi, 1917) and Neoceratitis cyanescens (Bezzi, 1923) can be
hosts for F. arisanus in a laboratory, in La Réunion we did not observe
F. arisanus in co-emergence with these species or in their host plants
(Curcurbitaceae and Solanaceae), that is why, they were not included in
the PR. In addition, to compare the variation of F. arisanus abundance
over time, we calculated the number of parasitoids per kg of fruit.

In addition, the adult population levels of Bactrocera sp. (number
of flies/trap/day) were investigated by the analyses of a trap network
for epidemiological surveillance (SBT/SORE: Biological monitoring of
the territory - Surveillance of regulated or emerging organisms) pi-
loted by the Direction of Food, Agriculture and Forest (DAAF) of La
Réunion and carried out by FDGDON. Traps were installed around the
island between 2015 and 2016 (before B. dorsalis detection), in 2017
(just after B. dorsalis detection) and 2022. These traps were “Maxi
Trap” type or recycled bottles with Methyl Eugenol to attract males of
Bactrocera sp. and with an insecticide (Deltamethrine). Their number
varied according to the period: 20 traps between 2015 and 2016, 201
traps just after B. dorsalis detection, and 10 in 2020 (Appendix S2).

2.3 | Experimental test
2.3.1 | Insects

We used F. arisanus from lab-reared strains to test parasitoid prefer-
ence for fruit fly species and host plant species. Fopius arisanus was
reared in the Entomology Laboratory from wild individuals collected
in the field on Terminalia catappa fruit. One colony of parasitoids
was reared on B. zonata eggs since 2017, and the other on B. dorsalis
eggs since 2019. Wild individuals were regularly added to the two
colonies.

We tested F. arisanus parasitism rate on three tephritid species
regularly parasitized by this species in La Réunion: B. dorsalis, B. zonata,
C. quilicii. Fly strains were collected from samples of different host

plant species from La Réunion and larvae were subsequently fed on an
artificial diet (Duyck & Quilici, 2002). Fruit fly eggs used for bioassays
were collected from routine rearing cages (housing a few thousand
females), into which we placed a perforated plastic ball containing a
small piece of fruit (guava, lime, mango, or papaya) to stimulate egg
laying inside this oviposition device. Eggs were never rinsed and were
manipulated with a fine wet paintbrush.

Parasitoids and flies were reared in a 45x45x45cm plastic
screened cage at 25+2°C, 70+20% RH, with a 12L:12D photope-
riod. The adults were given free access to water and food consisting
of sugar and enzymatic protein hydrolysate.

2.3.2 | Fruits

We chose host plant species according to the infestation rates ob-
served in the field in La Réunion for the target tephritid species
(Moquet et al., 2021). We selected: (i) two host plants regularly vis-
ited by the three fruit flies studied: guava (Psidium guajava L.), mango
(Mangifera indica L.); (ii) one host plant was only visited by B. dorsalis
in La Réunion: papaya (Carica papaya L.); and (iii) one host plant was
never visited by fruit flies: lime fruit (Citrus aurantifolia L., Moquet &
Delatte, 2021). We used ripe fruit with no pesticide treatment. We
protected guava and mango with fine-mesh nylon bags at the unripe
stage to avoid infestation by wild fruit flies. We collected unripe pa-
paya and kept it in the laboratory at room temperature until the ripe
stage. We visually checked the absence of stings on the limes. To
provide a standardized oviposition substrate, fruit samples were cut
into small pieces of about 9 cm? with two slits of 5mm deep to slip
in the eggs of fruit flies.

2.3.3 | General protocol

We tested whether the oviposition choice of F. arisanus was influenced
by the host plant and fruit fly species. Using a fine wet paintbrush, we
gently deposited 50 <4 h old fruit fly eggs in each slot (100 eggs per
fruit). Fruit samples were spaced approximately 10 cm apart and ex-
posed to naive and mated parasitoid females (4-15days old) for 24 h in
30x30x30cm cages with natural light. At the end of the experiment,
we rinsed fruit samples with water and sieved eggs on a piece of thin
netting. We dechorionated the eggs using the same protocol as Rousse
et al. (2006). Eggs were immersed for 60s in a 2.6% NaClO solution and
then rinsed with water. They were deposited onto a microscope slide
with mineral oil and observed under a binocular microscope at 100x
magnification. The proportion of parasitized eggs was calculated as the
number of parasitized eggs over the total number of counted eggs.

2.3.4 | Fruitfly species

To test parasitoid choice according to fruit fly species, we ex-
posed eight F. arisanus females to eggs of different combinations

25U801 SUOWILIOD BAIRRID 3|01 dde aU) A pauienab 812 SOILE VO 138N J0 SaINI 10} ARIGITBUIIUO A3|1A UO (SUO1IPUOD-PLE-SLLLBILIOD™ B |1 ARRIq 1BU1UO//SANL) SUONIPUOD PUe SIS | 341 39S * [£202/20/T0] U0 ARiq 1 8UIIUO AB]UM ‘89U BUBIL0D Ad Z726'6939/200T OT/10p/LLIc0"AB| I ARIGIRUIIUO//StNY WO1) PaPR0|umMOQ ‘T *EZ0Z ‘85LLSHOZ



MOQUET ET AL.

of two fruit fly species (B. dorsalis/B. zonata; B. dorsalis/C. quilicii or
B. zonata/C. quilicii). We arranged two pieces of guava, one with 100
eggs of one species and the other with 100 eggs of the second spe-
cies. Each cage constituted a replicate (n = 8 for each species combi-
nation). We had four experimental blocks in which each combination
was tested simultaneously (3 species combinationx2 F. arisanus
colonies). We also conducted no-choice tests following the same

protocol but using the same species on both pieces of guava (n = 5).

2.3.5 | Host plant species

To test parasitoid choice regarding host plant species, we exposed
16F. arisanus females to eggs (100 eggs per fruit) deposited on a
piece of guava, lime, mango, and papaya, simultaneously. This ex-

periment was carried out with eggs from the three fruit fly species.

TABLE 2 Indices calculated on bipartite
networks between fruit flies and host
plant species in La Réunion between

2001 and 2003 before the introduction

of F. arisanus, between 2004 and 2009
after the introduction of F. arisanus and,

in 2018-2019 after the introduction of

B. dorsalis

Network indexes

C. catoirii

C. quilicii

C. capitata

B. zonata

B. dorsalis

F. arisanus

Ecology and Evolution 50f17
=t S VY LEY- 2"

Each cage constituted a replicate (N = 9 for B. dorsalis, N = 17 for
B. zonata, N = 20 for C. quilicii).

2.4 | Statistical analyses

All analyses were conducted in R (R Development Core Team, 2021),
and data are presented as meanz+standard error. When we used
Generalized Linear Mixed Models (GLMM), we always checked the ho-
moscedasticity, normality, and independence of residuals graphically.

241 | Field collections

We compared the infestation rate of B. zonata and C. quilicii (not

enough data for doing any statistical analysis for C. capitata using

2001- 2004- 2018-
Indices 2003 2009 2019
Connectance 0.55 0.53 0.48
Links per species 1.89 1.81 2.00
Cluster coefficient 0.65 0.61 0.52
Nestedness 22.79 16.53 13.08
H2' 0.34 0.32 0.35
Fruit flies: C.score 0.36 0.24 0.20
Host plants: number of species 24 22 25
Degree 3 4 3
Normalized degree 0.13 0.18 0.12
Species strength 0.43 0.34 0.00
Weighted closeness 0.01 0.00 0.00
Degree 19 16 16
Normalized degree 0.79 0.73 0.64
Species strength 11.21 10.28 5.28
Weighted closeness 0.46 0.53 0.23
Degree 19 14 13
Normalized degree 0.79 0.64 0.52
Species strength 8.65 4.68 5.06
Weighted closeness 0.20 0.03 0.02
Degree 12 13 6
Normalized degree 0.50 0.59 0.24
Species strength 3.72 6.70 0.06
Weighted closeness 0.61 0.76 0.02
Degree - - 22
Normalized degree - - 0.88
Species strength - - 14.60
Weighted closeness - - 0.99
Degree - 5 19
Normalized degree - 0.22 0.73

Note: Only the common 30 plant species collected during the three periods were used for analyses.
See Dormann et al. (2008, 2009) for description of indices.
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FIGURE 1 Variation in time of (a) infestation rate of B. zonata (b) number of F. arisanus per kg and (c) infestation rate of B. dorsalis in La
Réunion in relation to four main host plant species (Psidium cattleianum, Psidium guajava, Syzygium jambos, and Terminalia catappa). Three

periods were chosen: 2001-2003 and 2004-2009, which correspond to before and after the introduction of F. arisanus, respectively, and
2018-2019, after the introduction of B. dorsalis.

infestation rates) before F. arisanus releases (from 2001 to 2003),
after the parasitoid release (from 2004 to 2009), and after the de-
tection of B. dorsalis (from 2018 to 2020). Furthermore, we stud-
ied the variation of the parasitism rate of F. arisanus just after its
introduction and after the invasion of B. dorsalis. We used GLMM

adapted for zero-inflated data with negative binomial to test, for
each host plant, the effect of the studied period on the infestation
rate and parasitism rate (function “gimmTMB”, package ‘glmmTMB’,
Brooks et al., 2017). Fruit batches and host plants were added as
random factors. Only observations from fruit samples from the
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plant species Psidium cattleianum, P. guajava, Syzygium jambos, and
Terminalia catappa were included in this analysis. These host plants
were frequently infested by B. zonata and B. dorsalis, had broad dis-
tribution on the island, and were regularly collected during the three
studied periods. In addition, indices from a matrix representing the
interactions observed between fruit fly species (columns) and host
plant species (rows) for these three periods were calculated. We
choose only species present in all three periods to facilitate com-
parison (30 species). The function “networklevel” and “specieslevel”
of the ‘bipartite’ package (Dormann et al., 2008, 2009) were used to
determine indices describing networks (connectance, links per spe-
cies, cluster coefficient, nestedness, H2', C.score) and species prop-
erties in the network (degree, normalized degree, species strength,
weighted closeness). We designed the food web analysis for each
period with the package ‘igraph’ (Csardi & Ant, 2006) from a matrix
of interactions among host plants and emerging insects. Nodes were
arranged in the form of a tree according to the Sugiyama layout algo-

rithm, where F. arisanus species was used as the root.

Experimental test

Generalized Linear Mixed Models was used to test the effect of fruit
fly species on the proportion of parasitized eggs during the choice
experiment. The influence of fruit fly species in each species combi-
nation (species: combination, with combinations B. dorsalis/C. quilicii,
B. zonata/C. quilicii, B. dorsalis/B. zonata) and the colony of F. arisanus
were fixed factors, and the cage was a random factor. We used a sim-
plified model (GLM) with fruit fly species and the colony of F. arisanus
(fixed factors) for the no-choice experiment. When one factor had a
significant effect (p<.05), pairwise comparisons of values of least-
square means across groups (“Ismeans” command) were computed as
a post hoc test with the Tukey HSD method for adjusting p values.
Similarly, we performed a GLMM to test the influence of host
plant species on the proportion of eggs parasitized by F. arisanus.
In this case, the proportion of parasitized eggs was the response
variable; we tested the influence of host plant species, fruit fly spe-
cies, and the colony of F. arisanus (fixed factors). The interactions
between fruit fly species and host plant species were also tested.

We added cages as a random factor.

Field collection

From 2005, F. arisanus was regularly found in samples across the
island. Between 2005 and 2009, before the invasion of B. dorsalis,
the mean infestation rate varied from 0.7+0.2% for P. cattleianum
to 11.5+0.5% for T. catappa. We observed parasitoid emergence in
only five host plant species among the 25 plant species infested by

B. zonata, C. quilicii, or C. capitata (Diospyros blancoi, P. cattleianum,
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P. guajava, S. jambos, and T. catappa). The global parasitism rate was
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only 0.3% in 2005 and fluctuated between 4.7% in 2007 and 8.6% in
2006 and 2009, respectively. We did not observe a significant differ-
ence in infestation rates of B. zonata, and C. quilicii before or after the
introduction of F. arisanus (df = 8242, t = -0.529; p = .857 for B. zo-
nata and df = 8252, t = -1.477, p = .302 for C. quilicii). Network and
species indicess were similar between these two periods (Table 2).

In 2018-2019, after the B. dorsalis invasion, the parasitism rate
of F. arisanus significantly increased (df = 5061,Z=-2.151,p =.031,
Figure 1) and reached 16.4+1.2% for S. jambos, 18.75+0.22% for
P. cattleianum, 23.5+1.0% for P. guajava and 37.2 +1.6% for T. cat-
appa (Table 3). The global parasitism rate (PR;) was 17.0% for this
period, and the number of links (degree) in comparable networks in-
creased from 5 to 19 (Table 2). Moreover, we observed a significant
decrease in the infestation rate of the three fruit fly species after
the B. dorsalis invasion (Figure 1; df = 8242, t = -4.704; p<.001 for
B. zonata; df = 8252, t = -5.966; p<.001 for C. quilicii). Moreover,
after the B. dorsalis invasion, the network indices were impacted:
the cluster coefficient, the nestedness, and the C-score decreased.
Species strength decreased for C. catoirii, C. quilicii, and B. zonata
(Table 2).

After the detection of B. dorsalis in La Réunion, F. arisanus was
the most abundant parasitoid of fruit flies (3012 individuals col-
lected). It emerged from 715 individual fruit from 36 plant species
(Table 3, Figure 2). This parasitoid's host plant species were infested
by B. dorsalis, B. zonata, C. capitata, C. catoirii, or C. quilicii (Table 3).
Of the 36 host plant species of F. arisanus, 30 were host plants for
B. dorsalis, 20 for C. quilicii, 10 for C. capitata, 7 for B. zonata, and
3 for C. catoirii (Figure 2). However, we did not find F. arisanus in
32 other host plants infested by these five generalist fruit flies
(Figure 2).

In the methyl eugenol traps for epidemiological surveillance,
the first months after B. dorsalis detection, the number of B. dor-
salis /trap/day was 0.04+0.00. In 2022, we caught approximately
21.26 +18.61 B. dorsalis per trap per day. Before B. dorsalis detection,
the mean number of B. zonata per trap per day was 19.87 +0.49. Just
after B. dorsalis detection, the number of B. zonata was significantly
lower (p<.001, see Appendix S2) and was, in mean, 2.68+0.23. In

2022, no B. zonata was caught.

3.2 | Experimental test

3.2.1 | Fruitfly species

We did not observe a significant difference in the proportion of par-

asitized eggs between the colony of F. arisanus reared on B. dorsalis

eggs, and the colony reared on B. zonata eggs during choice experi-
ments (y2 =.041, p = .839).

In no-choice tests, proportions of parasitized eggs were
0.15+0.07 for B. dorsalis eggs, 0.19+0.09 for B. zonata eggs, and
0.04 +0.03 for C. quilicii eggs and were significantly higher for B. zo-
nata eggs than for C. quilicii eggs (z value = 3.639, p<.001, Figure 3).

Similarly, in choice tests, we observed a higher proportion of
parasitized eggs for Bactrocera eggs than C. quilicii eggs in both
species combinations: B. zonata/C. quilicii (z value = 7.543, p<.001)
and B. dorsalis/C. quilicii (z value = -5.865, p<.001). In the condi-
tion B. dorsalis/B. zonata, the proportion of parasitized eggs was sig-
nificantly higher for B. zonata eggs than B. dorsalis (z value = 4.532,
p<.001, Figure 3).

3.2.2 | Host plant species

We did not observe a significant difference in the proportion of par-
asitized eggs between the colony of F. arisanus reared on B. dorsalis
eggs and the colony reared on B. zonata eggs (;(i =.262,p = .459).
For all fruit fly species tested, eggs in lime fruit were the least
parasitized. The proportion of parasitized eggs on lime fruit was
0.006+0.004 for B. dorsalis eggs, 0.023+0.013 for B. zonata, and
0.011 +0.010 for C. quilicii eggs. For Bactrocera species, eggs depos-
ited in papaya were more parasitized than eggs deposited on mango
and guava (only for B. zonata). On the contrary, for C. quilicii, eggs

were more parasitized in guava and mango than in papaya (Figure 4).

4 | DISCUSSION

With these multiple introductions of fruit fly pests and natural ene-
mies, La Réunion is a good model to study how new interactions can
impact ecological networks and tri-trophic interactions. In particular,
this is possible because of the long-term field database of fruit sam-
plings and fruit fly records (from 1991 to 2009 and 2018 to 2019)
gathered in the UMR PVBMT, completed by bioassays performed in
the laboratory. Our study shows an example of the impact produced
when introducing a new species in a complex environment, with im-
plications of tri-trophic interactions between host plants, different
fruit fly host species, and a parasitoid, and how the outcome on bio-
logical control of a species can be impacted. Our results are particu-
larly interesting for the biological control of fruit flies in the context
of the range expansion of B. zonata and B. dorsalis. In La Réunion,
we point up that F. arisanus parasitism rate was highly variable ac-

cording to the host plant species and location and almost doubled

FIGURE 2 Plot webs representing host plant species and their interactions with the parasitoid Fopius arisanus and five fruit fly species
in La Réunion (a) between 2001 and 2003 before the introduction of F. arisanus, (b) between 2004 and 2009 after the introduction of

F. arisanus and, in (c) 2018-2019 after the introduction of B. dorsalis. Nodes are arranged according to the Sugiyama layout algorithm. Edge
width between F. arisanus and host plant species are dependent on parasitism rate, edge width between host plant species and fruit flies
are dependent on infestation rate and node size is proportional to the degree of the vertices (number of adjacent edges). See Table 3 for
abbreviations of host plant species. In bold, host plant species sampled during the three periods.
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Combination of fruit fly species

Hosts B. dorsalis 4 B. zonata —®— C quilicii

FIGURE 3 The proportion of parasitized eggs (mean +SE) by
Fopius arisanus for eggs deposited in two pieces of Psidium guajava
for the different fruit fly species and the choice proposed in (a)
no-choice experiment and (b) choice experiment (do: B. dorsalis, zo:
B. zonata, qui: C. quilicii).

to 17.0% after B. dorsalis invasion. We demonstrated the capacities
of F. arisanus experimentally to discriminate fruit substrate and eggs
of different fruit fly species for oviposition. Surprisingly, F. arisanus
preferred to lay eggs in B. zonata eggs than in B. dorsalis eggs. Finally,
we discussed how field samplings and experimental results suggest

a possible existence of indirect interaction.

4.1 | Fopius arisanus parasitism rate

Fopius arisanus was released several times between the end of
2003 and 2005 to control B. zonata in La Réunion. Our results
show that since these releases, the parasitism rate of F. arisanus
has changed, as has its impact on fruit fly populations. To our
knowledge, this is the first time that the parasitism rate of F. arisa-
nus on B. zonata has been studied in the field. In 2005, individuals
of F. arisanus were frequently found in fruit collected during regu-
lar sampling, but observed parasitism rates remained low (0.25%).
Between 2006 and 2009, the parasitism rate fluctuated between
4.7% and 8.6%. Fopius arisanus was well established throughout
the island. However, its impact on fruit fly populations appears to
be negligible because we did not observe a significant difference
between the main host plant's infestation rates and network in-
dexes before and after the parasitoid introduction. Nevertheless,
after the B. dorsalis invasion, we observed a significant increase in

FIGURE 4 The proportion of parasitized eggs (mean +SE) by
Fopius arisanus according to host plant species on which eggs
were deposited and fruit fly species. Different letters indicate a
significant difference in parasitism rate among host plant species
for each fruit fly species.

the parasitism rate of F. arisanus and a change in network structure.
The global parasitism rate almost doubled to reach 17.0% (3012
individuals from 36 plant species) and its number of host plants
(degree) increased. We also observed a decrease in cluster coeffi-
cient, nestedness, C. score and strength of C. catoirii, C. quilicii and
B. zonata, suggesting a diminution of interactions between fruit
flies (except B. dorsalis) and host plants. In La Reunion, a previ-
ous study shows evidence of a competitive displacement induced
by B. dorsalis on other established species. A shift in host range
and climatic niches was observed for Bactrocera zonata, Ceratitis
quilicii, and Ceratitis capitata (Moquet et al., 2021). It's common
that the invasion of a new species into a community modifies the
network structure, often through the addition of a new node and
new links (David et al., 2017). Our results suggested that B. dorsalis
invasion modified both fruit-fly/host plant, parasitoid/host plant,
and probably parasitoid/fruit fly interactions.

However, the parasitism rate was highly variable according to the
host plant species and location. In our results, this parasitoid was
absent from 32 plant species infested by B. dorsalis or other general-
ist species, while the infestation rate reached 41+ 17% for Cananga
odorata. According to Moquet et al. (2021), in the plant species
most infested by B. dorsalis, the parasitism rate by F. arisanus was
17 +3% for M. indica, 37 +2% for T. catappa, 16 +2% for S. jambos,
19+ 1% for P. cattleianum, and 24 +2% for P. guajava. These values
are low compared to parasitism rates observed in Hawaii and French
Polynesia (Bess et al., 1961; Eitam & Vargas, 2007; van den Bosch
& Haramoto, 1951; Vargas et al., 1993, 2007, 2012) where parasit-
ism rates of P. cattleianum, P. guajava, and T. catappa were included
between 41% and 73%. The global parasitism rate observed in our

25U801 SUOWILIOD BAIRRID 3|01 dde aU) A pauienab 812 SOILE VO 138N J0 SaINI 10} ARIGITBUIIUO A3|1A UO (SUO1IPUOD-PLE-SLLLBILIOD™ B |1 ARRIq 1BU1UO//SANL) SUONIPUOD PUe SIS | 341 39S * [£202/20/T0] U0 ARiq 1 8UIIUO AB]UM ‘89U BUBIL0D Ad Z726'6939/200T OT/10p/LLIc0"AB| I ARIGIRUIIUO//StNY WO1) PaPR0|umMOQ ‘T *EZ0Z ‘85LLSHOZ



MOQUET ET AL.

study (17%) is more similar to values recorded in Africa, where this
parasitoid was introduced from Hawaii, and where the average para-
sitism rate varied according to studies from 1.7% in Mozambique to
14% in Senegal (Cugala et al., 2016; Gnanvossou et al., 2016; Ndiaye
et al., 2015). The discrepancies in parasitism efficacy observed be-
tween the islands in the Pacific Ocean and Africa (including the
Indian Ocean islands) could be linked to several factors. However,
the host plants (very similar exotic species are found in these coun-
tries), and climatic conditions (the introduced areas cover a wide
range of climatic conditions), do not appear to be the main explan-
atory factors for these differences. Other factors may be involved.
First, when the F. arisanus population was initially introduced, only
a few individuals were used. Consequently, the effective population
size was small. This increased the effects of inbreeding and genetic
drift, leading to a greater loss of genetic diversity and potentially
affecting population fitness (Zaviezo et al., 2018). Another hypothe-
sis could be that not all species of Tephritidae are suitable hosts for
the parasitoid; and if eggs are laid in some non-host species, it could
be a dead-end host for F. arisanus (Rousse et al., 2006). In Africa, in
areas where it was recently introduced, a very different and broad
community of Tephritidae species is found, which could also explain

its reduced efficacy.

4.2 | Host plant preference

We demonstrated the capacities of F. arisanus to discriminate
fruit substrate for oviposition. For example, eggs deposited in
lime (C. aurantifolia) were neglected in favor of other host plants.
Citrus species have been widely recognized as poor hosts for
fruit flies because of the chemical resistance in the peel (Greany
et al., 1983; Papachristos & Papadopoulos, 2009; Ruiz et al., 2014).
On the contrary, F. arisanus preferred guava and mango, hosts of
high nutritional quality for polyphagous fruit fly species (Hafsi
et al., 2016). Host selection by parasitoids seems to match the
preference-performance hypothesis. This hypothesis describes
how the female selects the oviposition site to optimize the de-
velopment of its progeny (Gripenberg et al., 2010). This trend was
observed in parasitoids, including F. arisanus (Ayelo et al., 2017,
Bautista & Harris, 1996), but it is less common in generalist species
(Gripenberg et al., 2010; Monticelli et al., 2019). Moreover, the
preference for a host plant varied according to the species of eggs
deposited. In the no-choice (tephritid host) experiment, F. arisanus
preferred to lay eggs in the guava and mango when it was infested
by C. quilicii eggs, the papaya and mango when it was infested by
B. dorsalis eggs, and the papaya when it was infested by B. zonata
eggs. Fopius arisanus adapted its preferences for the oviposition
site according to the fruit fly species present. The preference-
performance hypothesis was not always confirmed. For example,
F. arisanus preferred to lay eggs in papaya when B. zonata infested
the fruit, whereas Hafsi et al. (2016) have shown that survivorship
of B. zonata was very low on papaya. Fopius arisanus is classified as
a generalist parasitoid, reported to be able to develop on over 80
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host plant species from diverse families and on at least 35 host fly
species belonging to Tephritidae (Gnanvossou et al., 2016; Nanga
Nanga et al., 2019; Rousse et al., 2005). It has been suggested
that the strength of the preference-performance relationships
depends on the specificity of the diet (Gripenberg et al., 2010).
In generalist species, insect behavior can be constrained by their
ability to recognize specific cues of a fruit fly, host plant species,
and a combination of the two.

Preferences of F. arisanus in the laboratory were consistent with
field observations. We observed a higher parasitism rate on C. pa-
paya and P. guajava (24 +2% for both), than on M. indica (17 + 3%),
and the parasitism rate was zero for Citrus species (except Citrus
tangerina). While most studies focused on some highly parasitized
species (mango, guava, tropical almond), we collected cultivated, or-
namental, and wild host plant species. Some of these host plants had
a significant infestation rate but a lower or null parasitism rate. For
example, we found a parasitism rate of 2% for Diospyros kaki, Ziziphus
mauritiana and 0% for Musa sp., Prunus sp., and Pyrus sp. It is essen-
tial to consider these species because they may represent a refuge
for fruit flies. The ‘refuge theory’ proposed by Hawkins et al. (1993)
predicts that if hosts occupy a large niche, parasitoids may fail to
sufficiently reduce the host population's density for effective bio-
logical control. We were able to highlight refuge plants for B. dorsalis,
C. capitata, and C. quilicii, but not B. zonata and C. catoirii (see the
network shown in Figure 2). The absence of parasitism in some host
plant species could result from the combination of sampling effort
and the spatio-temporal variations of the parasitism rate. Parasitoid
populations can fluctuate as a function of climatic factors, host plant
availability, and fruit fly density. Parasitoids can be attracted to
highly infested patches or avoid already parasitized hosts (Aguiar-
Menezes & Menezes, 2001; Kitthawee, 2000). Models have shown
that the spatio-temporal heterogeneity in parasitism rate and the
presence of host refuges can stabilize parasitoid-host interactions
(Briggs & Hoopes, 2004; Holt & Hassell, 1993). Nevertheless, em-
pirical studies are required to understand the different parameters
influencing parasitism rates in fruit fly parasitoids.

4.3 | Parasitoid-Tephritidae interaction

This study also shows how females of F. arisanus can discriminate be-
tween eggs of different fruit fly species. We have demonstrated that
the preference for the host plant species varies depending on the
fruit fly species infesting the fruit. Our original findings reveal that
when the parasitoid had the choice between B. dorsalis and B. zonata
eggs, it had a preference for the latter.

Fopius arisanus discriminate between the eggs of different fruit
fly species for oviposition. Some tephritid species are known to de-
posit host-marking pheromones near their oviposition sites (Scolari
et al., 2021; Silva et al., 2012), which can act as kairomones for
parasitoids (Prokopy & Webster, 1991; Roitberg & Lalonde, 1991).
However, our study disregarded these marking pheromones be-
cause we moved eggs from the artificial support to the piece of fruit.
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Thus, only compounds present on the eggs can influence the ob-
served behavior. Rousse et al. (2007) demonstrated that females of
F. arisanus respond to kairomones emanating from the egg masses of
Tephritidae, which could explain this behavior.

In choice and no-choice experiments, F. arisanus preferred eggs
of Bactrocera species to eggs of C. quilicii. This result was consistent
with previous studies (Ayelo et al., 2017; Bautista & Harris, 1996;
Mohamed et al., 2010; Rousse et al., 2006). It shows that F. arisanus
can discriminate between fruit fly species. In this situation, the par-
asitoid preference is in line with performance. F. arisanus has a much
higher survival rate when it parasitizes B. zonata (75.7%), than when
it parasitizes C. quilicii (22.0%, Rousse et al., 2006). This could result
from the long co-evolution of these species. In its region of origin
(Indomalayan region), as well as in regions of introduction (Hawaii),
F. arisanus is found to parasitize Bactrocera species (Ramadan
etal., 1992).

When F. arisanus had the choice between B. zonata and B. dor-
salis, the parasitoid preferred B. zonata eggs. The natal host did not
influence this preference because we observed the same result in
both F. arisanus reared on B. zonata and on B. dorsalis. It is known
that F. arisanus develop well in both these fruit fly species (Ayelo
et al., 2017; Bautista & Harris, 1996; Mohamed et al., 2010; Rousse
et al., 2006). Fopius arisanus, once introduced in 2003, was reared
on B. zonata. After 14 years of successive generations on this host, it
may have developed a preference for this host or its populations may

have become better adapted to this host.

4.4 | Indirectinteractions

In our results, many parameters suggest that indirect interac-
tions could exist between B. zonata and B. dorsalis via F. arisanus.
First, both species were suitable hosts for F. arisanus (Harris &
Bautista, 2001; Rousse et al., 2006) and share the same ecological
niche in La Réunion (Moquet et al., 2021). Moreover, we observed
a greater abundance of F. arisanus and a decrease in B. zonata infes-
tation rate and the adult population just after the B. dorsalis inva-
sion. This could be due to apparent competition, a mechanism that
is mediated by density, whereby the greater abundance of one host
allows an increase in parasitoid abundance and then has a negative
impact on a second host species. In addition, although not tested
here, trait-mediated indirect interactions could add up to density-
mediated interactions if B. dorsalis induces changes in F. arisanus
traits (morphological or behavioral) that could alter its interactions
with B. zonata. Other studies show that field observation suggested
an indirect effect even during the biological invasion (Chaneton &
Bonsall, 2000). For example, (Settle & Wilson, 1990) documented
the importance of indirect parasitoid-mediated effects on the pop-
ulation decline of the grape leafhopper (Cicadellidae), Erythroneura
elegantula Osborn, 1928, during an invasion of the variegated
leafhopper, E. variabilis (Beamer, 1929), when an increase in the
parasitoid Anagrus epos Girault, 1911 (Mymaridae) population was
observed (Settle & Wilson, 1990).

Furthermore, the preference of F. arisanus for B. zonata could in-
fluence indirect interactions between the two Bactrocera species,
with a shift towards B. zonata. If the natural enemy has a feeding
preference for one type of prey, the interactions between the host
species could be asymmetric, i.e. one prey species can have a neg-
ative effect on another prey species, while the reciprocal effect
is near zero (i.e. amensalism). This situation is common (Brassil &
Abrams, 2004; Chaneton & Bonsall, 2000) and could contribute to
the significant decrease of the B. zonata population observed in La
Réunion, following the B. dorsalis invasion (Moquet et al., 2021).

In La Réunion, B. zonata populations almost disappeared only 2 years
after B. dorsalis was first detected. In 2022, no B. zonata was caught in
traps installed around the island (Appendix S2). This observation could
result from both direct and indirect competition between the two fruit
fly species. Despite all the cases of invasion in fruit fly species, compet-
itive exclusion is very rare. In fruit flies, the only case of exclusion was
reported for C. catoirii in Mauritius because of pressure from successive
invasions of different species over the years (Duyck et al., 2004, 2022).
Although populations may be sufficiently abundant during biological
invasions to cause interspecific competition (Duyck et al., 2022), many
authors suggest that direct competition is not the determinant mech-
anism for phytophagous communities (Kaplan & Denno, 2007), which
includes fruit flies (Clarke, 2016). On the contrary, more and more ar-
ticles show that indirect interactions are common, such as apparent
competition, which structures insect communities and produces similar
patterns to those found when there is competition for resources (Bird
etal.,, 2019; Frost et al., 2016; Morris et al., 2005; van Veen et al., 2006).

To conclude, with field sampling and experimental bioassays,
our study suggests that direct and indirect interactions could sig-
nificantly modulate the population of species in a tripartite network,
even leading to the disappearance of a resident species. However,
other experimental studies are necessary to confirm the part of indi-
rect interactions in the network (Chaneton & Bonsall, 2000). In the
context of invasion and biological control, understanding the out-
comes of these multilevel interactions is necessary to predict the
outcome of population control strategies.

AUTHOR CONTRIBUTIONS

Laura Moquet: Conceptualization (equal); data curation (lead); in-
vestigation (equal); methodology (equal); validation (equal); writ-
ing - original draft (lead); writing - review and editing (equal). Benoit
Jobart: Investigation (equal); methodology (equal); writing - review
and editing (equal). Romuald Fontaine: Data curation (equal); inves-
tigation (equal); writing - review and editing (equal). Héléne Delatte:
Conceptualization (equal); funding acquisition (lead); methodology
(equal); supervision (lead); validation (equal); writing - review and
editing (equal).

ACKNOWLEDGMENTS

This study was funded by CIRAD, the “Conseil Régional de La
Réunion” and the European Agricultural Fund for Rural Development
(EAFRD). The authors acknowledge the Plant Protection Platform
(3P, IBISA), where all experiments were conducted. We would also

25U801 SUOWILIOD BAIRRID 3|01 dde aU) A pauienab 812 SOILE VO 138N J0 SaINI 10} ARIGITBUIIUO A3|1A UO (SUO1IPUOD-PLE-SLLLBILIOD™ B |1 ARRIq 1BU1UO//SANL) SUONIPUOD PUe SIS | 341 39S * [£202/20/T0] U0 ARiq 1 8UIIUO AB]UM ‘89U BUBIL0D Ad Z726'6939/200T OT/10p/LLIc0"AB| I ARIGIRUIIUO//StNY WO1) PaPR0|umMOQ ‘T *EZ0Z ‘85LLSHOZ



MOQUET ET AL.

like to thank Jim Payet, Serge Glénac, Antoine Franck, Christophe
Simiand, and Patrick Turpin for collecting field data over the years.
This research was conducted within the framework of the UMT BAT:

‘Biocontrole en Agriculture Tropicale’.

DATA AVAILABILITY STATEMENT
Data are available on CIRAD Dataverse https://doi.org/10.18167/
DVN1/NYZ2NR (https://dataverse.cirad.fr/).

ORCID
Laura Moquet
Héléne Delatte

https://orcid.org/0000-0001-7873-2218
https://orcid.org/0000-0001-5216-5542

REFERENCES

Abdala-Roberts, L., Puentes, A., Finke, D. L., Marquis, R. J., Montserrat, M.,
Poelman, E. H., Rasmann, S., Sentis, A., Dam, N. M., Wimp, G., Mooney,
K., & Bjérkman, C. (2019). Tri-trophic interactions: Bridging species,
communities and ecosystems. Ecology Letters, 22, 2151-2167.

Abrams, P. A., Menge, B. A, Mittelbach, G. G., Spiller, D. A., & Yodzis, P.
(1996). The role of indirect effects in food webs. In G. A. Polis & K.
O. Winemiller (Eds.), Food webs: Integration of patterns & dynamics
(pp. 371-395). Springer.

Abro, Z.-U.-A. (2020). Population fluctuation of Bactrocera zonata and
Bactrocera dorsalis in guava orchard agro-ecosystem in Sindh re-
gion. Pakistan Journal of Zoology, 53, 1969-1972.

Aguiar-Menezes, E. L., & Menezes, E. B. (2001). Seasonal parasitism
and population fluctuation of Opiinae (Hymenoptera: Braconidae),
Anastrepha fruit fly parasitoids (Diptera: Tephritidae) in Seropedica,
RJ, Brazil. Neotropical Entomology, 30, 613-623.

Aluja, M., Guillen, J., Liedo, P., Cabrera, M., Rios, E., De La Rosa, G.,
Celedonio, H., & Mota, D. (1990). Fruit infesting tephritids [Dipt.:
Tephritidae] and associated parasitoids in Chiapas, Mexico.
Entomophaga, 35, 39-48.

Ayelo, P. M., Sinzogan, A. A., Bokonon-Ganta, A. H., & Karlsson, M. F.
(2017). Host species and vegetable fruit suitability and preference
by the parasitoid wasp Fopius arisanus. Entomologia Experimentalis
et Applicata, 163, 70-81.

Baneriji, A., & Morin, P. J. (2014). Trait-mediated apparent competition in
an intraguild predator-prey system. Oikos, 123, 567-574.

Bautista, R. C., & Harris, E. J. (1996). Effect of fruit substrates on para-
sitization of tephritid fruit flies (Diptera) by the parasitoid Biosteres
arisanus (Hymenoptera: Braconidae). Environmental Entomology, 25,
470-475.

Bess, H. A, Van den Bosch, R., & Haramoto, F. H. (1961). Fruit fly par-
asites and their activities in Hawaii. Proceedings of the Hawaiian
Entomological Society, 17, 367-378.

Bird, G., Kaczvinsky, C., Wilson, A. E., & Hardy, N. B. (2019). When do
herbivorous insects compete? A phylogenetic meta-analysis.
Ecology Letters, 22, 875-883.

Bonsall, M. B., & Hassell, M. P. (1997). Apparent competition structures
ecological assemblages. Nature, 388, 371-373.

Brassil, C. E., & Abrams, P. A. (2004). The prevalence of asymmetrical
indirect effects in two-host-one-parasitoid systems. Theoretical
Population Biology, 66, 71-82.

Briggs, C. J., & Hoopes, M. F. (2004). Stabilizing effects in spatial
parasitoid-host and predator-prey models: A review. Theoretical
Population Biology, 65, 299-315.

Brooks, M. E., Kristensen, K., vanBenthem, K. J., Magnusson, A., Berg,
C. W.,, Nielsen, A., Skaug, H. J., Maechler, M., & Bolker, B. (2017).
glmmTMB balances speed and flexibility among packages for
zero-inflated generalized linear mixed modeling. The R Journal, 9,
378-400.

Ecology and Evolution 150f 17
=t e W1 LEY- 2

Chailleux, A., Mohl, E. K., Alves, M. T., Messelink, G. J., & Desneux, N.
(2014). Natural enemy-mediated indirect interactions among prey
species: Potential for enhancing biocontrol services in agroecosys-
tems. Pest Management Science, 70, 1769-1779.

Chaneton, E. J., & Bonsall, M. B. (2000). Enemy-mediated apparent com-
petition: Empirical patterns and the evidence. Oikos, 88, 380-394.

Clarke, A. R. (2016). Why so many polyphagous fruit flies (Diptera:
Tephritidae)? A further contribution to the ‘generalism’ debate.
Biological Journal of the Linnean Society, 120, 245-257.

Csardi, G., & Ant, T. ( 2006 ). The igraph software package for complex
network research. InterJournal Complex Systems, 1695, 1-9.

Cugala, D. R., De Meyer, M., & Canhanga, L. J. (2016). Integrated man-
agement of fruit flies - Case studies from Mozambique. In S.
Ekesi, S. A. Mohamed, & M. DeMeyer (Eds.), Fruit fly research and
development in Africa - Towards a sustainable management strat-
egy to improve horticulture (pp. 531-552). Springer International
Publishing.

David, P., Thébault, E., Anneville, O., Duyck, P.-F., Chapuis, E., & Loeuille,
N. (2017). Impacts of invasive species on food webs: A review of
empirical data. In D. A. Bohan, A. J. Dumbrell, & F. Massol (Eds.),
Advances in ecological research (pp. 1-60 ), Elsevier.

De Villiers, M., Hattingh, V., Kriticos, D. J., Brunel, S., Vayssiéres, J.-F.,
Sinzogan, A., Billah, M. K., Mohamed, S. A., Mwatawala, M., &
Abdelgader, H. (2015). The potential distribution of Bactrocera
dorsalis: Considering phenology and irrigation patterns. Bulletin of
Entomological Research, 106, 19-33.

Dieng, E. O., Ndiaye, S., Balayara, A., Faye, P. D., Coly, E. V,, &
Mbackésembene, P. (2020). Parasitoids of fruit flies (Diptera:
Tephritidae) and their distribution along mango production zones
in Senegal. Pest Management in Horticultural Ecosystems, 26, 1-10.

Dormann, C. F., Frund, J., Bluthgen, N., & Gruber, B. (2009). Indices,
graphs and null models: Analyzing bipartite ecological networks.
The Open Ecology Journal, 2, 7-24.

Dormann, C. F,, Gruber, B., & Friind, J. (2008). Introducing the bipartite
Package: Analysing Ecological Networks 8:4.

Duyck, P.-F., David, P., Pavoine, S., & Quilici, S. (2008). Can host-range
allow niche differentiation of invasive polyphagous fruit flies
(Diptera: Tephritidae) in La Réunion?. Ecological Entomology, 33,
439-452.

Duyck, P.-F., David, P., & Quilici, S. (2004). A review of relationships be-
tween interspecific competition and invasions in fruit flies (Diptera:
Tephritidae). Ecological Entomology, 29, 511-520.

Duyck, P.-F., Jourdan, H., & Mille, C. (2022). Sequential invasions by fruit
flies (Diptera: Tephritidae) in Pacific and Indian Ocean islands: A
systematic review. Ecology and Evolution, 12, e8880.

Duyck, P.-F., & Quilici, S. (2002). Survival and development of different life
stages of three Ceratitis spp. (Diptera: Tephritidae) reared at five con-
stant temperatures. Bulletin of Entomological Research, 92, 461-469.

Eitam, A., & Vargas, R. |. (2007). Host habitat preference of Fopius arisa-
nus (Hymenoptera: Braconidae), a parasitoid of tephritid fruit flies.
Annals of the Entomological Society of America, 100, 603-608.

Fortuna, T. M., Vet, L. E., & Harvey, J. A. (2012). Effects of an invasive
plant on the performance of two parasitoids with different host ex-
ploitation strategies. Biological Control, 62, 213-220.

Frost, C. M., Peralta, G., Rand, T. A., Didham, R. K., Varsani, A., &
Tylianakis, J. M. (2016). Apparent competition drives community-
wide parasitism rates and changes in host abundance across eco-
system boundaries. Nature Communications, 7, 12644.

Garcia-Medel, D., Sivinski, J., Diaz-Fleischer, F., Ramirez-Romero, R.,
& Aluja, M. (2007). Foraging behavior by six fruit fly parasitoids
(Hymenoptera: Braconidae) released as single- or multiple-species
cohorts in field cages: Influence of fruit location and host density.
Biological Control, 43, 12-22.

Gnanvossou, D., Hanna, R., Bokonon-Ganta, A. H., Ekesi, S., & Mohamed,
S. A. (2016). Release, establishment and spread of the natural
enemy Fopius arisanus (Hymenoptera: Braconidae) for control of the

25U801 SUOWILIOD BAIRRID 3|01 dde aU) A pauienab 812 SOILE VO 138N J0 SaINI 10} ARIGITBUIIUO A3|1A UO (SUO1IPUOD-PLE-SLLLBILIOD™ B |1 ARRIq 1BU1UO//SANL) SUONIPUOD PUe SIS | 341 39S * [£202/20/T0] U0 ARiq 1 8UIIUO AB]UM ‘89U BUBIL0D Ad Z726'6939/200T OT/10p/LLIc0"AB| I ARIGIRUIIUO//StNY WO1) PaPR0|umMOQ ‘T *EZ0Z ‘85LLSHOZ


https://doi.org/10.18167/DVN1/NYZ2NR
https://doi.org/10.18167/DVN1/NYZ2NR
https://dataverse.cirad.fr/
https://orcid.org/0000-0001-7873-2218
https://orcid.org/0000-0001-7873-2218
https://orcid.org/0000-0001-5216-5542
https://orcid.org/0000-0001-5216-5542

MOQUET ET AL.

16 of 17 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

invasive oriental fruit Fly Bactrocera dorsalis (Diptera: Tephritidae)
in Benin, West Africa. In S. Ekesi, S. A. Mohamed, & M. DeMeyer
(Eds.), Fruit fly research and development in Africa - towards a sus-
tainable management strategy to improve horticulture (pp. 575-600).
Springer International Publishing.

Greany, P. D., Styer, S. C., Davis, P. L., Shaw, P. E., & Chambers, D. L.
(1983). Biochemical resistance of citrus to fruit flies. Demonstration
and elucidation of resistance to the caribbean fruit fly, Anastrepha
suspensa. Entomologia Experimentalis et Applicata, 34, 40-50.

Gripenberg, S., Mayhew, P. J.,, Parnell, M., & Roslin, T. (2010). A meta-
analysis of preference-performance relationships in phytophagous
insects. Ecology Letters, 13, 383-393.

Hafsi, A., Facon, B., Ravigné, V., Chiroleu, F., Quilici, S., Chermiti, B.,
& Duyck, P.-F. (2016). Host plant range of a fruit fly community
(Diptera: Tephritidae): Does fruit composition influence larval per-
formance?. BMC Ecology, 16, 40.

Harris, E. J., & Bautista, R. C. (2001). Implications of host mortality on
the economics of Fopius arisanus (Hymenoptera: Braconidae) mass
rearing. BioControl, 46, 275-287.

Harvey, J. A., Van Dam, N. M., & Gols, R. (2003). Interactions over four
trophic levels: Foodplant quality affects development of a hyper-
parasitoid as mediated through a herbivore and its primary parasit-
oid. Journal of Animal Ecology, 72, 520-531.

Hawkins, B. A., Thomas, M. B., & Hochberg, M. E. (1993). Refuge theory
and biological control. Science, 262, 1429-1432.

Holt, R. D., & Bonsall, M. B. (2017). Apparent competition. Annual Review
of Ecology, Evolution, and Systematics, 48, 447-471.

Holt, R. D., & Hassell, M. P. (1993). Environmental heterogeneity and the
stability of host-parasitoid interactions. Journal of Animal Ecology,
62,89-100.

Holt, R. D., & Lawton, J. H. (1993). Apparent competition and enemy-
free space in insect host-parasitoid communities. The American
Naturalist, 142, 623-645.

Kaplan, I., & Denno, R. F. (2007). Interspecific interactions in phytoph-
agous insects revisited: A quantitative assessment of competition
theory. Ecology Letters, 10, 977-994.

Kitthawee, S. (2000). Seasonal occurrence of Diachasmimorpha longi-
caudata (Ashmead) (Hymenoptera: Braconidae), a parasitoid of
Bactrocera correcta (Bezzi) (Diptera: Tephritidae) in a guava orchard
in Central Thailand. ScienceAsia, 26, 97-92.

Long, W., Gamelin, E., Johnson, E., & Hines, A. (2012). Density-dependent
indirect effects: Apparent mutualism and apparent competition
coexist in a two-prey system. Marine Ecology Progress Series, 456,
139-148.

Mahmoud, M. E., Abdellah, A. M., Basher, M. |., Mohamed, S. A., & Ekesi,
S. (2020). Chronological review of fruit fly research and manage-
ment practices in Sudan. In Sustainable management of invasive pests
in Africa (pp. 169-184). Springer.

Mahmoud, M. E. E., Mohamed, S. A., Ndlela, S., Azrag, A. G. A., Khamis,
F. M., Bashir, M. A. E., & Ekesi, S. (2020). Distribution, relative
abundance, and level of infestation of the invasive peach fruit fly
Bactrocera zonata (Saunders) (Diptera: Tephritidae) and its associ-
ated natural enemies in Sudan. Phytoparasitica, 48, 589-605.

Mohamed, S. A., Ekesi, S., & Hanna, R.(2010). Old and new host-parasitoid
associations: Parasitism of the invasive fruit fly Bactrocera invadens
(Diptera: Tephritidae) and five African fruit fly species by Fopius ari-
sanus, an Asian opiine parasitoid. Biocontrol Science and Technology,
20, 183-196.

Mohamed, S. A., Ramadan, M. M., & Ekesi, S. (2016). In and out of Africa:
Parasitoids used for biological control of fruit flies. In S. Ekesi, S. A.
Mohamed, & M. De Meyer (Eds.), Fruit fly research and development
in Africa - towards a sustainable management strategy to improve hor-
ticulture (pp. 325-368), Springer International Publishing.

Monticelli, L. S., Nguyen, L. T. H., Amiens-Desneux, E., Luo, C.,
Lavoir, A., Gatti, J.-L., & Desneux, N. (2019). The preference-
performance relationship as a means of classifying parasitoids

Open Access,

according to their specialization degree. Evolutionary Applications,
12,1626-1640.

Mogquet, L., & Delatte, H. (2021). Host status of Citrus hystrix, Citrus
aurantifolia, Passiflora edulis and Litchi chinensis for Bactrocera
dorsalis (Tephritidae, Diptera) on Réunion lIsland. Fruits, 76,
310-315.

Moquet, L., Payet, J., Glenac, S., & Delatte, H. (2021). Niche shift of te-
phritid species after the oriental fruit fly (Bactrocera dorsalis) inva-
sion in La Réunion. Diversity and Distributions, 27, 109-129.

Morris, R. J., Lewis, O. T., & Godfray, H. C. J. (2005). Apparent compe-
tition and insect community structure: Towards a spatial perspec-
tive. Annales Zoologici Fennici, 42, 449-462.

Nanga Nanga, S., Hanna, R., Gnanvossou, D., Fotso Kuate, A., Fiaboe,
K. K. M., & Djieto-Lordon, C. (2019). Fruit preference, parasitism,
and offspring fitness of Fopius arisanus (Hymenoptera: Braconidae)
exposed to Bactrocera dorsalis (Diptera: Tephritidae) infested fruit
species. Environmental Entomology, 48, 1286-1296.

Ndiaye, O., Ndiaye, S., Djiba, S., Ba, C. T., Vaughan, L., Rey, J.-Y., &
Vayssiéres, J.-F. (2015). Preliminary surveys after release of the
fruit fly parasitoid Fopius arisanus Sonan (Hymenoptera Braconidae)
in mango production systems in Casamance (Senegal). Fruits, 70,
91-99.

Ni, W. L., Li,Z.H.,Chen, H. J., Wan, F. H., Qu, W. W.,, Zhang, Z., & Kriticos,
D. J. (2012). Including climate change in pest risk assessment: The
peach fruit fly, Bactrocera zonata (Diptera: Tephritidae). Bulletin of
Entomological Research, 102, 173-183.

Ovruski, S. M., Schliserman, P., & Aluja, M. (2004). Indigenous parasit-
oids (Hymenoptera) attacking Anastrepha fraterculus and Ceratitis
capitata (Diptera: Tephritidae) in native and exotic host plants in
northwestern Argentina. Biological Control, 29, 43-57.

Papachristos, D. P., & Papadopoulos, N. T. (2009). Are citrus species fa-
vorable hosts for the Mediterranean fruit fly? A demographic per-
spective. Entomologia Experimentalis et Applicata, 132, 1-12.

Perovi¢, D. J., Gdmez-Virués, S., Landis, D. A., Wackers, F., Gurr, G. M.,
Wratten, S. D., You, M.-S., & Desneux, N. (2018). Managing biologi-
cal control services through multi-trophic trait interactions: Review
and guidelines for implementation at local and landscape scales.
Biological Reviews, 93, 306-321.

Price, P. W., Bouton, C. E., Gross, P., McPheron, B. A., Thompson, J. N., &
Weis, A. E. (1980). Interactions among three trophic levels: Influence
of plants on interactions between insect herbivores and natural ene-
mies. Annual Review of Ecology and Systematics, 11, 41-65.

Prokopy, R. J., & Webster, P. (1991). Oviposition-deterring pheromone
of Rhagoletis pomonella a kairomone for its parasitoid Opius lectus.
Journal of Chemical Ecology, 4, 481-494.

Purcell, M. F. (1998). Contribution of biological control to integrated pest
management of tephritid fruit flies in the tropics and subtropics.
Integrated Pest Management Reviews, 3, 63-83.

Quilici, S., Duyck, P. F., Rousse, P., Gourdon, F., & Simiand, C. (2005). A
la Réunion, évolution des recherches et des méthodes de lutte.
Phytoma, 584, 44-47.

R Development Core Team. (2021). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Ramadan, M. M., Wong, T. T. Y., & Beardsley, J. W. (1992). Reproductive be-
havior of Biosteres arisanus (Sonan) (Hymenoptera: Braconidae), an egg-
larval parasitoid of the oriental fruit fly. Biological Control, 2, 28-34.

Roitberg, B. D., & Lalonde, R. G. (1991). Host marking enhances parasit-
ism risk for a fruit-infesting fly Rhagoletis basiola [rosehip fly]. Oikos
(Denmark), 61, 389-393.

Rousse, P.(2007). Fopius arisanus, le droit a I'erreur: spécificité parasitaire et
sélection de I'héte chez un parasitoide ovo-pupal de mouches des fruits
Tephritidae. 298p, Thése de doctorat, Université de la Réunion, La
Réunion, France.

Rousse, P., Gourdon, F., & Quilici, S. (2006). Host specificity of the egg
pupal parasitoid Fopius arisanus (Hymenoptera: Braconidae) in La
Reunion. Biological Control, 37, 284-290.

25U801 SUOWILIOD BAIRRID 3|01 dde aU) A pauienab 812 SOILE VO 138N J0 SaINI 10} ARIGITBUIIUO A3|1A UO (SUO1IPUOD-PLE-SLLLBILIOD™ B |1 ARRIq 1BU1UO//SANL) SUONIPUOD PUe SIS | 341 39S * [£202/20/T0] U0 ARiq 1 8UIIUO AB]UM ‘89U BUBIL0D Ad Z726'6939/200T OT/10p/LLIc0"AB| I ARIGIRUIIUO//StNY WO1) PaPR0|umMOQ ‘T *EZ0Z ‘85LLSHOZ



MOQUET ET AL.

Rousse, P., Harris, E. J., & Quilici, S. (2005). Fopius arisanus, an egg-pupal
parasitoid of Tephritidae. Overview. Biocontrol News and Information,
26, 59-69.

Ruiz, M. J,, Juarez, M. L., Alzogaray, R. A., Arrighi, F., Arroyo, L.,
Gastaminza, G., Willink, E., Bardon, A. d. V., & Vera, T. (2014).
Toxic effect of citrus peel constituents on Anastrepha fraterculus
Wiedemann and Ceratitis capitata Wiedemann immature stages.
Journal of Agricultural and Food Chemistry, 62, 10084-10091.

Schulz, A. N., Lucardi, R. D., & Marsico, T. D. (2019). Successful invasions
and failed biocontrol: The role of antagonistic species interactions.
Bioscience, 69, 711-724.

Scolari, F., Valerio, F., Benelli, G., Papadopoulos, N. T., & Vanickova, L.
(2021). Tephritid fruit fly semiochemicals: Current knowledge and
future perspectives. Insects, 12, 408.

Settle, W. H., & Wilson, L. T. (1990). Invasion by the variegated leafhop-
per and biotic interactions: Parasitism, competition, and apparent
competition. Ecology, 71, 1461-1470.

Silva, M. A., Bezerra-Silva, G. C. D., & Mastrangelo, T. (2012). The
host marking pheromone application on the management of fruit
flies - a review. Brazilian Archives of Biology and Technology, 55,
835-842.

Singh, R. (2003). Tritrophic interactions with reference to biological con-
trol of insect pests. Biological Memoirs, 29, 55-70.

Sookar, P., Patel, N., & Ramkalawon, P. (2021). Bactrocera dorsalis, an in-
vasive fruit fly species in Mauritius. Fruits, 76, 269-275.

Strauss, S. Y., Lau, J. A., & Carroll, S. P. (2006). Evolutionary responses of
natives to introduced species: What do introductions tell us about
natural communities?. Ecology Letters, 9, 357-374.

Traine, J., Cuny, M. A. C., Bustos-Segura, C., & Benrey, B. (2021). The
interaction between host and host plant influences the oviposi-
tion and performance of a generalist ectoparasitoid. Entomologia
Experimentalis et Applicata, 169, 133-144.

Tylianakis, J. M., & Binzer, A. (2014). Effects of global environmen-
tal changes on parasitoid-host food webs and biological control.
Biological Control, 75, 77-86.

van denBosch, R., & Haramoto, F. H. (1951). Opius oophilus Fullaway, an
egg-larval parasite of the oriental fruit fly discovered in Hawaii.
Proceedings, Hawaiian Entomological Society, 14, 251-254.

vanVeen, F.F. J., Morris, R. J., & Godfray, H. C. J. (2006). Apparent compe-
tition, quantitative food webs, and the structure of phytophagous
insect communities. Annual Review of Entomology, 51, 187-208.

Vargas, R. I, Leblanc, L., Putoa, R., & Eitam, A. (2007). Impact of introduc-
tion of Bactrocera dorsalis (Diptera: Tephritidae) and classical biolog-
ical control releases of Fopius arisanus (Hymenoptera: Braconidae)
on economically important fruit flies in French Polynesia. Journal of
Economic Entomology, 100, 670-679.

Vargas, R. I, Leblanc, L., Putoa, R., & Pifiero, J. C. (2012). Population
dynamics of three Bactrocera spp. fruit flies (Diptera: Tephritidae)
and two introduced natural enemies, Fopius arisanus (Sonan)

Ecology and Evolution 17 of 17
=t e W1 LEY- 7Y

and Diachasmimorpha longicaudata (Ashmead) (Hymenoptera:
Braconidae), after an invasion by Bactrocera dorsalis (Hendel) in
Tahiti. Biological Control, 60, 199-206.

Vargas, R. |., Stark, J. D., Uchida, G. K., & Purcell, M. (1993). Opiine par-
asitoids (Hymenoptera: Braconidae) of oriental fruit fly (Diptera:
Tephritidae) on Kauai Island, Hawaii: Islandwide relative abun-
dance and parasitism rates in wild and orchard guava habitats.
Environmental Entomology, 22, 246-253.

Virgilio, M., White, ., & De Meyer, M. (2014). A set of multi-entry iden-
tification keys to African frugivorous flies (Diptera, Tephritidae).
ZooKeys, 428, 97-108.

Wang, X. G., Hogg, B. N., Levy, K., & Daane, K. M. (2013). Predicting the
outcomes of a tri-trophic interaction between an indigenous para-
sitoid and an exotic herbivorous pest and its host plants. Annals of
Applied Biology, 163, 288-297.

Werner, E. E., & Peacor, S. D. (2003). A review of trait-mediated indirect
interactions in ecological communities. Ecology, 84, 1083-1100.

Wharton, R. A., & Yoder, M. J. (2021). Parasitoids of fruit-infesting
Tephritidae. http://paroffit.org

White, . M., De Meyer, M., & Stonehouse, J. (2000). A review of native and
introduced fruit flies (Diptera, Tephritidae) in the Indian Ocean islands
of Mauritius, Réunion, Rodrigues and Seychelles. Proceedings of the
Indian Ocean Commission, Regional Fruit Fly Symposium, Flic en
Flac, Mauritius, 5th-9th June, 2000:15-21.

Zaviezo, T., Retamal, R., Urvois, T., Fauvergue, X., Blin, A., & Malausa, T.
(2018). Effects of inbreeding on a gregarious parasitoid wasp with
complementary sex determination. Evolutionary Applications, 11,
243-253.

Zenil, M., Liedo, P., Williams, T., Valle, J., Cancino, J., & Montoya, P.
(2004). Reproductive biology of Fopius arisanus (Hymenoptera:
Braconidae) on Ceratitis capitata and Anastrepha spp. (Diptera:
Tephritidae). Biological Control, 29, 169-178.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Moquet, L., Jobart, B., Fontaine, R.,
& Delatte, H. (2023). Tri-trophic interactions among Fopius
arisanus, Tephritid species and host plants suggest apparent
competition. Ecology and Evolution, 13, €e9742. https://doi.
org/10.1002/ece3.9742

25U801 SUOWILIOD BAIRRID 3|01 dde aU) A pauienab 812 SOILE VO 138N J0 SaINI 10} ARIGITBUIIUO A3|1A UO (SUO1IPUOD-PLE-SLLLBILIOD™ B |1 ARRIq 1BU1UO//SANL) SUONIPUOD PUe SIS | 341 39S * [£202/20/T0] U0 ARiq 1 8UIIUO AB]UM ‘89U BUBIL0D Ad Z726'6939/200T OT/10p/LLIc0"AB| I ARIGIRUIIUO//StNY WO1) PaPR0|umMOQ ‘T *EZ0Z ‘85LLSHOZ


http://paroffit.org
https://doi.org/10.1002/ece3.9742
https://doi.org/10.1002/ece3.9742

	Tri-­trophic interactions among Fopius arisanus, Tephritid species and host plants suggest apparent competition
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Fopius arisanus and historical data of releases
	2.2|Field collection
	2.3|Experimental test
	2.3.1|Insects
	2.3.2|Fruits
	2.3.3|General protocol
	2.3.4|Fruit fly species
	2.3.5|Host plant species

	2.4|Statistical analyses
	2.4.1|Field collections
	2.4.2|Experimental test


	3|RESULTS
	3.1|Field collection
	3.2|Experimental test
	3.2.1|Fruit fly species
	3.2.2|Host plant species


	4|DISCUSSION
	4.1|Fopius arisanus parasitism rate
	4.2|Host plant preference
	4.3|Parasitoid-­Tephritidae interaction
	4.4|Indirect interactions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


