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A B S T R A C T

Tephritidae fruit flies are parasitized by Braconidae wasps, of which some are used in biological control pro-
grams. Releases of exotic parasitoids might affect, or be affected by, native species exploiting a common host. We
studied interspecific competition between the native African parasitoid Fopius caudatus (Szépligeti) and the
exotic Asian parasitoid Fopius arisanus (Sonan) (both Hymenoptera: Braconidae) in African native Ceratitis cosyra
Walker (Diptera: Tephritidae). Wasp behaviour on infested fruits and dissection of fruit fly eggs assessed ac-
ceptance, oviposition performance and suitability for egg development, parasitism, and effect of parasitism by
heterospecific species. While F. arisanus outcompeted F. caudatus in parasitization of relatively younger eggs,
chased away F. caudatus, and oviposited more, F. caudatus survived better than F. arisanus. Fopius caudatus
parasitized more in 2-day-old C. cosyra eggs than in 1 or 3-day-old egg. More oviposition by F. caudatus was
found in fruits previously exposed to F. arisanus, coinciding with presence of more developed host eggs, while
such difference was not observed for F. arisanus. Fopius caudatus was an inferior competitor than F. arisanus in C.
cosyra-infested African mango Irvingia gabonensis (Irvingiaceae).

1. Introduction

Interspecific competition among parasitoids might affect the popu-
lation dynamics of insects (Xu et al., 2013). Competitive interactions

can occur between parasitoid species exploiting the same host either as
extrinsic competition between adults exterior the host substrate or as
intrinsic competition between parasitoids developing within the same
host (Cusumano et al., 2012). Both extrinsic and intrinsic interspecific
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competition mechanisms are known phenomenon in Braconidae wasps,
parasitizing Tephritidae species (Cancino et al., 2014; Murillo et al.,
2016; Paranhos et al., 2013). Interspecific competition in a natural
enemy guild, might be a step in the process towards coexistence be-
tween species in the same niche (Feng et al., 2015), or cause partial or
total displacement (Reitz and Trumble, 2002). Competition between
different species might also cause species niche separation, as niche
partition is not only an effect of resource-based competition (Jeffries
and Lawton, 1984). Competitive interactions between species will only
occur in spatial and temporal co-occurrence and when their niches
overlap (Kaplan and Denno, 2007). A greater abiotic and biotic en-
vironmental complexity might allow for separate niches and enhance
coexistence in an area (Costamagna and Landis, 2004). The establish-
ment of released parasitoids in biological control programs is affected
by competition between parasitoids and may affect the outcome of the
effort (Cabello et al., 2011; Wang et al., 2008). Impact evaluation of the
exotic species on the native ecosystem before the release, is therefore
essential (Alyokhin and Messing, 2003). Studies of competition dy-
namics among parasitoid species that share, or are expected to share,
the same host species and/or habitat are important for evaluating their
efficiency (Bogran et al., 2002; Hoffmeister, 1992). The potential im-
pact on the environment and non-target species of a released biocontrol
agent in a biological control program should not be detrimental. An
introduced parasitoid species should not outcompete or drive other
native or exotic parasitoid species into extinction and should not in-
terfere with natural enemies that are already partially effective. Al-
though competition between parasitoid species might reduce the sur-
vival of, and the parasitism by, the released parasitoid in a biological
control program (García-Medel et al., 2007), competitive interactions
among parasitoids might not necessarily affect host population sup-
pression (Bogran et al., 2002). The coexistence by a guild of parasitoids
exploiting a common host can cause complementary parasitism impact
(Kroder and Messing, 2010), or be less efficient in suppressing the pest,
as their coexistence may have disruptive effects upon each other
(Collier et al., 2002; Rosenheim et al., 1995). The parasitoid guild of
Anastrepha suspense (Loew) (Diptera: Tephritidae) in Florida consists of
native Utetes anastrephae (Viereck), released Doryctobracon areolatus
(Szepligeti), and recently released Diachasmimorpha longicaudata (Ash-
mead) (all Hymenoptera: Braconidae) and their coexistence is affected
by intrinsic competition where D. areolatus is an inferior competitor,
widely displaced to the margins of its host range (Paranhos et al.,
2013).

Augmentative releases of parasitoids are relatively well established
management methods of Tephritidae pest fruit flies (Montoya et al.,
2000; Vargas et al., 2007). A number of solitary Braconidae parasitoid
species are specialized and exclusively survive in some fruit flies be-
longing to the Tephritidae family (Quicke, 2015). In order to contribute
to the control of Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) that
invaded Africa in 2003 (Drew et al., 2005) and became a devastating
pest in fruit crops such as mango (Mangifera indica L. (Anacardiaceae))
(Vayssières et al., 2009), the exotic parasitoid Fopius arisanus (Sonan)
(Hymenoptera: Braconidae) has recently been introduced in several
regions in the continent (Gnanvossou et al., 2016; Ndiaye et al., 2015).
Fopius arisanus is a solitary egg-pupal endoparasitoid, indigenous to the
Indo-Australian region (Wharton, 1989) capable of parasitizing and
developing in at least twenty Tephritidae fruit fly species, particularly
from the genus Bactrocera and Ceratitis (Chinajariyawong et al., 2000;
Quimio and Walter, 2001; Rousse et al., 2005). It has been used suc-
cessfully to reduce Tephritidae population through augmentative re-
leases programs (Vargas et al., 2012). Where releases of F. arisanus have
been made in Benin, Kenya, Mozambique, and Senegal, the closely re-
lated species Fopius caudatus (Szépligeti) (Hymenoptera: Braconidae) is
present (Foba et al., 2012; Ndiaye et al., 2015; Steck et al., 1986;
Vayssières et al., 2011; Wharton et al., 2000). Fopius caudatus is the
most common indigenous parasitoid (70%) in Tephritidae infested
mango, cashew (Anacardium occidentale L. (Anacardiaceae)), pepper

(Capsicum annuum L. (Solanaceae)), guava (Psidium guajava L. (Myrta-
ceae)), African peach (Sarcocephalus latifolius (Smith) Bruce (Rubia-
ceae)), shea (Vitellaria paradoxa Gaertn (Sapotaceae)), and African
custard-apple (Annona senegalensis Pers. (Annonaceae)) in Benin and
Senegal (Ndiaye et al., 2015; Vayssières et al., 2011). Fopius caudatus
parasitism approximates 25% in Tephritidae infested grafted mango
(Vayssières et al., 2011). The highest level of parasitism is observed in
fruits infested with Ceratitis cosyra (Walker) (Diptera: Tephritidae)
(Ndiaye et al., 2015). Ceratitis cosyra is together with B. dorsalis the
main pest insects in mango in Africa (Salum et al., 2013). Export mango
consignments to Europe are most commonly intercepted due to the fruit
flies C. cosyra and B. dorsalis (Steck, 2015).

Fopius arisanus is known to suppress larval parasitoid species such as
D. longicaudata and Fopius vandenboschi (Fullaway) (Hymenoptera:
Braconidae) by intrinsic competition based on both mechanical and
physiological inhibitions (Van den Bosch and Haramoto, 1953; Wang
et al., 2003). Competition superiority of F. arisanus is hence docu-
mented for parasitization occurring in different developmental stages of
the host. Influence of interspecific competition between egg-parasitoids
of the genus Fopius remains sparsely documented. One study with two
egg-parasitoids F. arisanus and Fopius ceratitivorus (Wharton) (Hyme-
noptera: Braconidae) demonstrated that the outcome of the intrinsic
competition depends on which of the species occupies the host first
(Bokonon-Ganta et al., 2005). Fopius arisanus and F. caudatus parasite
eggs of some common Tephritidae fruit flies such as Ceratitis capitata
(Wiedemann) (Diptera: Tephritidae), C. cosyra, and B. dorsalis. Thus,
the potential for competition between these parasitoid species is pos-
sible. The interaction between them is a new association since F. aris-
anus is an Asiatic species, whereas F. caudatus originates from Africa.
They would consequently, not have evolved niche divergence to avoid
competition with each other yet.

The two wasp species, F. caudatus and F. arisanus are solitary egg
parasitoids (Wharton and Gilstrap, 1983; Wharton, 1999) belonging to
the subfamily Opiinae. When several solitary braconid species parasite
a tephritid fruit fly, only one parasitoid will develop and emerge
(Montoya et al., 2012). Ability to avoid super-parasitism or multi-
parasitism is therefore a key biological parameter for solitary para-
sitoids in insect pest management. Since the two parasitoid species F.
arisanus and F. caudatus may share the same host in the same en-
vironment, it is important to evaluate the potential competition effects
between them. The aim of our research was to assess the interspecific
competition between the two Fopius species in C. cosyra, a host fly that
is shared by both wasps. We studied their behaviour, the suitability of
host egg developmental stages, the extrinsic competition and partially
the intrinsic competition as resource competition within the host eggs.

2. Materials and methods

2.1. Fruit fly

The established colonies of C. cosyra originated mainly from emer-
ging adults from a mixture of mango, African peach and African custard
apple collected from the field. Ceratitis cosyra used for the assays were
reared on African mango (Irvingia gabonensis (Aubry-Lecomte ex
O'Rorke) Baill. (Irvingiaceae)), and papaya (Carica papaya L.
(Caricaceae)). The flies were provided water and 1:3 mixture of enzy-
matic hydrolysed yeast (CAS: 100684–36-4, Affymetrix, Santa Clara,
CA, USA) and un-bleached sugar.

Rearing of C. cosyra was done both in the Entomology Laboratory at
the Department of Plant Production at the National Plant Protection
and Quarantine Service (DPV), and at the International Institute of
Tropical Agriculture (IITA), in Benin. At DPV, the laboratory conditions
were 25 ± 2 °C, 85 ± 5% RH, and 12:12 L:D photoperiod. Colonies of
C. cosyra in IITA were kept in a semi-outdoor rearing facility with
27 ± 3 °C, 80 ± 10% RH, 12:12 L:D photoperiod. Mature (¾ ripening,
fruits being yellowish/greenish) African mangos were offered to
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cohorts of the flies for 72 h. Fruits were incubated individually in plastic
bowls, standing on a layer of sterilized sand serving as pupation
medium. Pupae were collected at 10 days post-incubation in Petri
dishes, which were placed in Plexiglas cages (30× 30× 30 cm) for
adult emergence. The fruit fly populations have been kept in rearing for
nearly 30 generations, with multiple additions of field-collected in-
dividuals.

2.2. Parasitoids

Fopius caudatus were obtained from C. cosyra-infested African pea-
ches collected in the department of Borgou, Benin. Parasitoids were
field-collected before and during the time of the experiments, and
maintained in rearing for approximately five generations. Ripe I. ga-
bonensis fruits were exposed to 50 pairs of either C. cosyra or C. capitata
for 24 h in laboratory cages (25× 25× 25 cm) and thereafter exposed
to F. caudatus for parasitization during 48 h. A complementary diet
(200–300 g) of papaya was added during incubation to the infested I.
gabonensis when necessary. Rearing of F. caudatus was done both at DPV
and at IITA-Benin under similar laboratory conditions; 26 ± 1 °C,
75 ± 5% RH and 12:12 L:D photoperiod. The parasitoids were ob-
served being more active to mate and to oviposit outdoor than in la-
boratory. Rearing cages with male and female adults were therefore
taken outdoor during the day (9AM-5PM), and placed in the shade of a
tree (5m tall) with a relatively dense canopy where the ambient con-
ditions were 26.8 ± 6 °C, 88 ± 8% RH. The average wind speed was
4.8 km/h and average solar radiation above tree was 13MJm−2 day−1.

Fopius arisanus were obtained from the Biocontrol unit rearing of
IITA-Benin, where they were maintained at 26 ± 1 °C, 70 ± 5 RH and
a 12:12 L:D photoperiod. They were reared on B. dorsalis for about 20
generations with papaya as the main larval food substrate. Ripe papaya
fruits were exposed to 50 pairs of B. dorsalis for 4 h in Plexiglas cages
(20× 20× 20 cm) and directly thereafter exposed to 50 pairs of F.
arisanus for parasitization during 48 h. A complementary diet of 200 g
of papaya was added to the infested papaya during incubation.

Pupae were separately collected from both parasitoid species at
10 days post-incubation, and then placed in small plastic jars (10 cm
diam.× 5 cm high) covered with fine mesh screen (1.4 mm gauge size)
allowing the emerging parasitoids to escape into the Plexiglas cage
while the emerging fruit flies were kept inside the plastic jars. The
newly emerged male and female parasitoids were kept together in the
cage where drops of pure honey and water were provided. Placing the
cage exposed to daylight by a window stimulated mating behaviour.

2.3. Bioassays

The assays 1, 3 and 5 were conducted at the Entomology laboratory
in DPV. The laboratory conditions were as described in Section 2.1. The
other three assays (2, 4 and 6) were conducted at the research station
IITA-Benin. Natural infestations of test fruits were done by introducing
one ripe I. gabonensis fruit per Plexiglas cage (15× 15× 15 cm) and
exposing it to 50 pairs of C. cosyra for 4 h. Artificial infestation with C.
cosyra eggs in I. gabonensis was made only for the assay 2. All experi-
ments were conducted with mated female parasitoids, 8–15 days old,
with two days of oviposition experience on C. cosyra-infested I. gabo-
nensis. Incubation of fruits in the assays followed the same procedure as
in the C. cosyra rearing, hence fruits were incubated individually and
ten days post-incubation, pupae were collected and counted and
emergence of flies and wasps were recorded. The tests were conducted
in cages that were left outdoor (except during rainy days), amid a tree
shade, where the ambient conditions varied between 26.8 ± 6 °C, and
88 ± 8% RH.

2.3.1. Host age effect on wasp oviposition performance and survival
Assay 1. Fopius caudatus and F. arisanus survival in young C. cosyra

eggs

Ceratitis cosyra-infested I. gabonensis fruits were immediately after
infestation presented to five individuals of either F. caudatus or F.
arisanus for 4 h. Hence, the wasps had separately access to 0–8 h-old C.
cosyra eggs. Parasitoids were left in a cage (15× 15× 15 cm) and were
provided with water and pure honey. Infested and parasitoid-exposed
fruits were placed directly into incubation. Emergence of F. caudatus, F.
arisanus, and C. cosyra from I. gabonensis were recorded. The assay was
repeated six times per parasitoid species. Additional six replicates were
conducted with F. arisanus. Twenty F. arisanus were presented to one C.
cosyra-infested fruit for 4 h in a cage (15× 15× 15 cm). The additional
replicates were complemented with dissection of 30 C. cosyra eggs per
fruit, to confirm parasitism. Remaining fruit part was placed into in-
cubation.

Assay 2. Fopius caudatus and F. arisanus behaviour on fruits infested
with C. cosyra eggs of different ages

Test fruits were artificially infested. Papaya domes were introduced
into a cage with 50 pairs of C. cosyra for 4 h to obtain C. cosyra eggs.
The domes were made by dividing the papayas in half, removing the
pulp, and perforating the surface of the fruits (depth 0.4 cm) with en-
tomological pins (diam. 0.1 cm). Eggs were collected from the domes
and 25 C. cosyra eggs (five eggs per puncture) were inoculated in a
piece of I. gabonensis with a size of 2.5 cm in diameter and 0.5 cm thick.
Artificially infested test fruit pieces were used for behavioural assays
after 24, 48, and 72 h post-oviposition in domes. One fruit piece cov-
ered the base of a small transparent plastic jar (2.5 cm in diam.× 3 cm
high). The jar was used as a test arena and was covered with a lid with
mesh (1 mm gauge size). Three parasitoids (either F. arisanus or F.
caudatus) were placed in the jar for 8 h (8AM-4PM). Observations of
behaviour were done during two minutes at 30min intervals. The be-
havioural events resting, walking, palping with antennae, probing with
ovipositor, and ovipositing were recorded. In all the bio-assays, dis-
tinction between behavioural events, specifically probing and ovipo-
siting, was based on previous description (Wang and Messing, 2003).
Thirty test jars were prepared for each host egg age, per parasitoid
species. Dissections of all exposed-eggs were done to calculate the
parasitism by F. arisanus and F. caudatus. Eggs were singly dissected in
fine drop of water under a stereomicroscope (Olympus XZS10) at a
magnification of maximum 100×.

2.3.2. Extrinsic and intrinsic competition between wasp species during
simultaneous exposure to host eggs

Assay 3. Fopius caudatus and F. arisanus competition during si-
multaneous exposure to young host eggs

Ceratitis cosyra-infested I. gabonensis fruits were placed in cages
(15× 15× 15 cm) and exposed to five individuals of each parasitoid
species, F. caudatus and F. arisanus simultaneously. The parasitoids were
left in Plexiglas cages for 6 h and had hence access to 0 to10-h-old C.
cosyra eggs. The probing, and ovipositing behaviour, were observed for
one minute, every 15min during the first hour. At each observation, all
parasitoids were collectively observed and we recorded the number of
times each behavioural activity was performed. Fruits were incubated
individually and the numbers of F. caudatus, F. arisanus, and C. cosyra
that emerged from I. gabonensis were recorded. The assay was repeated
six times.

Assay 4. Ratio-effect of competition between wasp species during
simultaneous exposure of host eggs

Pieces of infested I. gabonensis fruit were cut to cover the bottom of
transparent plastic jars (8 cm diam.× 5 cm high) and covered with a
meshed lid. Ceratitis cosyra eggs were approximately 40–55-h-old
during the assay. The jars served as the testing arenas and one jar
corresponded to one replicate. Four different ratios between F. caudatus
and F. arisanus were used as treatments. The numbers of the two
parasitoid species tested were 1:1, 2:1, 4:1, and 1:2 for F. caudatus and
F. arisanus respectively. The parasitoids in each treatment were offered
the same infested fruit piece at the same time. Parasitoids of each
species were introduced in the jar and left to oviposit for 24 h. One drop
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of honey was provided to the parasitoids. Hourly observations of the
behavioural events resting, palping, probing, ovipositing and con-
frontation were done for two minutes per jar. The number of in-
dividuals per parasitoid species that performed each of the behavioural
activities was recorded at each observation time. To examine the
parasitism and superparasitism rates, tiny pieces were cut from the
exposed fruit pieces and 10 eggs/replicate were dissected under ste-
reomicroscope as described in Section 2.3.1, assay 2. The remaining
parts of the fruit pieces were incubated. The number of emerged fruit
flies and parasitoids were recorded after pupae collection. Seven jars
were prepared for each treatment.

2.3.2. Behavioural and survival effect of subsequent heterospecific
parasitization

Assay 5. Fopius arisanus-parasitization effect on F. caudatus ovipo-
sition choice

One-half of each C. cosyra-infested I. gabonensis fruit was presented
to five F. arisanus during 6 h (12PM-6PM) in a Plexiglas cage
(15× 15× 15 cm). The fruits were thereafter removed from the cage
of F. arisanus and placed in empty Plexiglas cages during the night
(14 h). The following day five F. caudatus were tested in a two-choice
assay where the treatments were one C. cosyra-infested fruit (control)
and one C. cosyra-infested fruit previously exposed to F. arisanus. Fopius
caudatus were presented in the assay to 24–30-h-old C. cosyra eggs
during 6 h. The parasitoid behavioural activities probing, and ovipo-
siting were observed as described in Section 2.3.1, assay 2. Fruits were
incubated, pupa collected, and emergence recorded. Emergence was
compared between the previously F. arisanus-parasitized and the non-
parasitized fruits to determine F. caudatus choice of oviposition after
intercalated heterospecific parasitization. The assay was repeated six
times.

Assay 6. 14-h intercalated heterospecific parasitization effect on
behaviour and survival of F. caudatus and F. arisanus

Infested fruits were 20 h post-infestation presented to either ten F.
caudatus or to ten F. arisanus for parasitization in Plexiglas cages
(15× 15× 15 cm) during 10 h (8AM-6PM). The parasitoids had hence
access to 24–34-h-old eggs. The parasitoid behavioural activities such
as attraction (landing on fruit), resting, walking, palping with antenna,
probing with ovipositor, ovipositing, and leaving were observed during
two minutes, every hour for ten hours. The fruits were removed from
the cages of the parasitoids and placed in empty Plexiglas cages during
the night (14 h; 6PM-8AM). Thereafter, previously exposed-fruits were
introduced to the heterospecific parasitoids for 10 h (8AM-6PM), when
C. cosyra eggs were 48–58-h-old. Observations of parasitoid behaviour
were conducted again as on the previous day. Dissections of 20 eggs
(some became larvae) per fruit were done to calculate the parasitism
rate by F. arisanus and F. caudatus. Eggs were singly dissected as de-
scribed in Section 2.3.1., assay 2, and the Fopius species were identified
based on the egg shape and its developmental stage (egg or larvae).
Preliminary observations had shown that by 10–12 h post-parasitiza-
tion, eggs of F. caudatus and F. arisanus were not hatched yet and were
clearly differentiable. Parasitoid larvae that were found during dissec-
tion were hence attributed to the parasitoid species that was offered C.
cosyra eggs at the first instant. Fruits with the remaining eggs were
incubated individually. Emergences from collected pupae were mon-
itored and numbers of F. caudatus, F. arisanus, and C. cosyra emerging
from I. gabonensis were recorded. The assay was repeated 12 times per
treatment for the behavioural observation and seven replicates were
used for the dissection of eggs.

2.4. Statistical analysis

Observed behavioural activities such as attraction, resting, walking,
probing and ovipositing were analysed with a generalized linear model
(glm) with a Poisson distribution and Log link function in the assays 1,
3, 5 and 6. In all the bioassays, data at each observation interval from

all replicates were considered independently to calculate the mean
number of parasitoids performing each behavioural activity. Analysis of
behaviour in relation to egg suitability tests (assay 2) was done with a
vector generalized linear model (vglm) with a multinomial distribution.
In the assay with four ratios of F. arisanus and F. caudatus (assay 4),
behavioural activities were analysed with a glm with binominal re-
sponses. The behavioural data were classified into number of cases (not
number of individuals), where one of the species (as a group or alone)
performed more (was the winner) behavioural activities than the other
species. Hence, the response of F. arisanus was compared with that of F.
caudatus and was thereafter separated into > 0 and≤0 response dif-
ferences between the parasitoid species. The numbers of collected
pupae and emerged fruit flies from the different treatments were ana-
lysed using a negative binominal glm. Analysis of emergence of the
parasitoids was done with a glm, with Poisson distribution. The non-
parametric Wilcoxon test was used to analyse the emergence of flies
(assay 1).

3. Results

3.1. Host age effect on wasp oviposition performance and survival

Assay 1
Fruits infested with young C. cosyra eggs and parasitized by five F.

caudatus females yielded emergence of 1.16 ± 0.44 F. caudatus and
61.0 ± 7.26 C. cosyra fruit−1. When five F. arisanus had parasitized
fruits infested with young C. cosyra eggs, no emergence of the para-
sitoid was recorded, yet 64.83 ± 9.99 C. cosyra emerged fruit−1.

From the additional replicates, only a total of two (2) (0.33 ± 0.23
fruit−1) F. arisanus emerged from infested fruits, exposed to twenty F.
arisanus. Dissection of the fruit fly eggs showed a parasitism rate of
46.66 ± 2.35%. The number of pupa per fruit was 25.16 ± 6.48, of
which 77.79 ± 5.30% eclosed, and mostly flies emerged (97.98%).

Assay 2
Adult oviposition performance in eggs of different ages showed that

F. caudatus were more active i.e. performed more walking, palping,
probing and oviposited more on the 48-h-old eggs, compared to 24-h
and 72-h-old eggs. Dissection revealed parasitism (2.93 ± 2.0%) by F.
caudatus only in 48-h-old eggs. Fopius arisanus probing and ovipositing
were higher on the 24-h and 48-h-old eggs compared to 72-h-old eggs
while there was no difference in resting, walking, and palping between
the egg ages (Fig. 1).

3.2. Extrinsic and intrinsic competition between wasp species during
simultaneous exposure to host eggs

Assay 3
Observation of behavioural events during simultaneous exposure of

fruits infested with C. cosyra eggs to F. caudatus and F. arisanus showed
that F. arisanus always displaced F. caudatus when confrontations oc-
curred. Fopius arisanus as well as F. caudatus were observed inserting
their ovipositor in the fruits and there were no difference neither in
probing (z= 1.40, P= .162) between F. arisanus (12.17 ± 1.42) and
F. caudatus (9.50 ± 1.26), nor in oviposition (z= 1.148, P= .251)
between F. arisanus (5.83 ± 0.98) and F. caudatus (4.33 ± 0.85). No
F. arisanus emerged, while 0.83 ± 0.48 F. caudatus emerged per fruit.
From the test fruits 67.0 ± 8.32 C. cosyra emerged.

Assay 4
The different ratios of F. arisanus and F. caudatus influenced the

number of individuals that were walking, palping, probing, and ovi-
positing (Fig. 2). Walking by F. arisanus was nearly always observed in
higher number of cases than for F. caudatus. Cases where F. caudatus did
more palping and probing than F. arisanus, were found when they were
in equal number (1:1) or when F. caudatus were in great numerical
superiority (1:4). Fopius arisanus did more probing in the ratio 2:1
(Fig. 2). Oviposition behaviour by F. caudatus was only observed in
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treatments where F. caudatus were in numerical superiority (2:1, 4:1)
yet it was always F. arisanus that oviposited more than F. caudatus, even
when in four times numeric disadvantage (Fig. 2). Confronting beha-
viour occurred between F. caudatus and F. arisanus in the ratios 4:1 and
1:2, where F. arisanus chased away F. caudatus. Parasitism differed
between the ratios and was highest when F. arisanus were in numerical
superiority (1:2) (Table 1). Emergence from the different treatments
was low and only F. arisanus emerged (Table 1).

3.3. Behavioural and survival effect of subsequent heterospecific
parasitization

Assay 5
Observed Fopius caudatus attraction towards previously parasitized

fruit did not differ from attraction towards fruit only infested with C.
cosyra (control). Almost 50% of F. caudatus were situated on the fruits
and this attraction to the test fruits declined (z= 2.468, P= .0136)
during the first hour; 15, 30, 45 and 60min, after introduction of F.
caudatus. Oviposition was low and did not decline with time and did not
differ between fruit previously exposed and that non-exposed to het-
erospecific parasitoid species (Table 2). Number of pupae and emerged
fruit flies did not differ between the two choices. No F. arisanus emerged
from the fruits, while F. caudatus emerged from both treatments and the
emergence was not different between fruits previously parasitized and
fruit only infested with C. cosyra (Table 2).

Assay 6
The parasitism by F. arisanus and F. caudatus in C. cosyra was not

only related to previous parasitism by heterospecific species but also
related to the developmental time of the host egg. Both factors can have
influenced the behaviour performed by the two parasitoid species on
the fruit. Hereafter we named the treatments according to both order
and age; 1st/24 h and 2nd/48 h.

There was a general behavioural difference between the two para-
sitoid species. Fopius arisanus was more attracted to the infested fruits
(z= 10.61, P < .0001), did more probing (P < .0001), and ovipo-
siting (P < .0001), than F. caudatus. Fopius caudatus left the fruit more
often than F. arisanus (z= 3.674, P= .0002). In both order/age treat-
ments, there was a difference between species, while it was slightly

more pronounced at the first order/age (Table 3). Influence from the
factor order/age resulted in a lower attraction (z= 2.434, P= .0149)
and oviposition (z= 3.519, P= .0004) at 1 st/24 h treatment than at
2nd/48 h. The difference was more pronounced for F. caudatus than for
F. arisanus. Only palping differed for F. arisanus between 24 h and 48 h
(1.94 ± 0.13 and 1.54 ± 0.11 respectively, z= 2.343, P= .019).
Fopius caudatus did however act differently depending on the egg ages,
since attraction (2.38 ± 0.14 and 3.31 ± 0.17, z= 4.228,
P < .0001), probing (1.26 ± 0.10 and 1.79 ± 0.12, z= 3.328,
P= .0009) and ovipositing (0.73 ± 0.08 and 1.59 ± 0.12, z= 6.015,
P < .0001) were higher in the older egg, one day after parasitism by F.
arisanus than in the first order/age treatment. Probing was the most
common behavioural activity that F. arisanus performed while most of
F. caudatus performed either probing or palping (Table 3).

The order/age in which F. arisanus and F. caudatus parasitized C.
cosyra influenced also the total parasitism rate. When F. arisanus has
parasitized first, and F. caudatus after, the percentage of parasitized
fruit fly eggs was higher (63.23 ± 5.0%) than when F. caudatus had
parasitized first, and F. arisanus after (41.94 ± 5.3%) (z= 11.48
P < .0001). Parasitism by F. arisanus did not differ between the two
treatments (1st/24 h and 2nd/48 h) (z= 0.776, P= .438) while para-
sitism by F. caudatus differed between treatments with a higher para-
sitism on the second day (z= 5.151, P < .0001), when C. cosyra eggs
were 48-h-old after parasitism by F. arisanus. Parasitism rate was higher
for F. arisanus than F. caudatus at 24 h (z= 2.056, P= .0398) but there
was no difference between the two parasitoid species at 48 h
(z= 1.407, P= .160) (Table 4).

Superparasitism was found in about 15% of the dissected eggs and
larvae (46/320) and a total of 226 Fopius sp. were identified in the 320
examined C. cosyra. The superparasitism differed between the two
treatments, with a higher superparasitism when F. arisanus was para-
sitizing first, than when F. caudatus was first (27.10 ± 4.78%,
2.58 ± 2.02% respectively, χ2= 22.418, df= 1, P < .0001).
Absolute parasitism, taking into account all the eggs laid including the
superparasitism, was higher for F. arisanus than F. caudatus
(37.10 ± 5.94% and 35.81 ± 9.76% respectively, χ2= 11.733,
df= 1, P= .0006).

Parasitoid emergences ranged between 12 and 29% of emerged fruit

Fig. 1. Behavioural activities by A) Fopius arisanus and B) F.
caudatus, on artificially C. cosyra-infested African mango
Irvingia gabonensis. Ceratitis cosyra eggs were presented to
the parasitoids 24 h, 48 h and 72 h post oviposition. Bars
with same lower case letters above are not significantly
different at P < .05.
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fly (Fig. 3). Emergence of F. arisanus per fruit was higher than for F.
caudatus (z= 6.021, P < .0001). The total emergence of parasitoids
and fruit fly was higher when F. arisanus parasitized before F. caudatus
(62.25 fruit−1) than when F. caudatus parasitized before F. arisanus
(47.42 fruit−1) (z= 6.965, P < .0001). Emergence did not differ be-
tween the two treatments neither for F. arisanus (z= 1.93, P= .0536)
nor for F. caudatus (z= 0.899, P= .369) (Fig. 3). Comparison of
parasitoid emergence in relation to the numbers of parasitized eggs
revealed a difference between F. arisanus and F. caudatus with a higher
emergence rate of F. caudatus compared to F. arisanus (χ2= 8.3132,
df= 1, P= .0040).

4. Discussion

Fopius caudatus was an inferior competitor compared with F. aris-
anus on the host C. cosyra in African mango. Fopius arisanus females laid
a higher number of eggs compared to F. caudatus, regardless of host egg
age. When an equal number of F. arisanus and of F. caudatus were si-
multaneously released on an infested fruit or when F. arisanus was in
numerical superiority, F. caudatus were not able to parasitize the fruit
fly eggs.

4.1. Effect of extrinsic competition between parasitoid species

Extrinsic competition by adult parasitoids was observed on the
surface of infested fruits, where F. arisanus with physical aggression
displace F. caudatus. We furthermore witnessed a higher oviposition
foraging activity by F. arisanus than by F. caudatus, resulting in F.
arisanus achieving the highest parasitism rate. Fopius caudatus was not
able to oviposit while being in numerical inferiority or in same number
as F. arisanus and it was only when being in 4x numerical superiority
over F. arisanus that F. caudatus showed a more frequent probing be-
haviour compared to the competing species and managed to perform
oviposition. Confrontations occurred when F. arisanus were in numer-
ical superiority resulting in displacement of F. caudatus. The presence of
a competitor might change a parasitoid behaviour, based on the ne-
gative effects suffered through previous interaction (Feng et al., 2015).
This behavioural change might result in spreading the risk of inter-
specific competition by locating in scattered, less profitable, poorly
exploited hosts (Aluja et al., 2013; Jeffries and Lawton, 1984; Paranhos
et al., 2013) or persuading defence and/or aggressive behaviour by
remaining/selecting the most beneficial host, even though there is a
risk for competition (Bell, 1990; Mohamad et al., 2014). An inferior
access to hosts or lesser capacity to locate an oviposition site than an
adjacent competitor, is of disadvantage in an extrinsic competition
(Cusumano et al., 2012). One destructive effect for the weaker species
in a competition might be competitive displacement, either from a host,
or from a habitat (Duyck et al., 2004; Eitam et al., 2004; Rwomushana
et al., 2009). Introduced Braconidae wasp D. longicaudata was domi-
nated by F. vandenboschi then successively nearly replaced by F. arisanus
in the management of Tephritidae fruit flies in Hawaii (Van den Bosch
and Haramoto, 1953; Vargas et al., 2012). Our results show differences
between F. arisanus and F. caudatus in host location activity, para-
sitization capacity, and displacement power, which are properties for
competitive displacement (Harcourt, 1990). The smaller body size of F.
caudatus than F. arisanus (Fischer, 1929; Rousse et al., 2006), together
with e.g. reproductive capacity, host fruit choice, and pest availability
will further shape their interaction, and the interaction with other Te-
phritidae pests and their parasitoids (Reitz and Trumble, 2002).

4.2. Effect of intrinsic competition between parasitoids

We observed a slight difference between F. caudatus and F. arisanus
in their emerging capability from C. cosyra eggs. While parasitism was
higher for F. arisanus, emergence rate did not reflect the same difference
pattern. We do however not assert that the higher survival of F.

Fig. 2. Influence of four different ratios; 1:1, 2:1, 4:1 and 1:2 between F. caudatus and F.
arisanus respectively on their A) walking B) palping C) probing D) ovipositing in C. cosyra-
artificially-infested I. gabonensis. * above bars indicate significant difference at P < .05
between F. caudatus and F. arisanus.
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caudatus compared to F. arisanus is owing to intrinsic competition i.e.
physiological suppression or asphyxiation by the dominant parasitoid.
Further studies are required to conclude if the co-parasitization does
affect the survival of the heterospecific wasp. Intrinsic competition
between F. arisanus and larval parasitoids out-competes the larval
parasitoids through physiological suppression, killing heterospecific
eggs within a few days (Sime et al., 2008; Wang et al., 2008). Intrinsic
competition between F. arisanus and the egg-parasitoids F. ceratitivorus
showed that the chance of winning depends on which species occupies
the host first (Bokonon-Ganta et al., 2005), yet the emergence of F.
arisanus is higher than for F. ceratitivorus in 24eh-old C. capitata eggs
and F. arisanus is considered a superior intrinsic competitor (Kroder and
Messing, 2010).

4.3. Capacity of interspecific discrimination between parasitoid species

Both wasps were as likely to oviposit into fruits previously exposed
to their respective heterospecific. We found however more super-
parasitized hosts, i.e. parasitized more than once by female(s) of the
same species, and multiparasitized eggs, i.e. parasitized by females of
both species, when F. caudatus parasitized after F. arisanus than when F.
arisanus parasitized after F. caudatus. Super- and multi parasitism by F.

caudatus reached approximately 7% and for F. arisanus not more than
2% which might mean that F. arisanus capacity to avoid previously
parasitized eggs is higher than for F. caudatus. The capacity to avoid
multiparasitism is not common between parasitoid species while in-
traspecific discrimination is more important (Cusumano et al., 2012). It
is likely that encounters of hosts already parasitized by conspecifics are
a more common event than encounters of heterospecific parasitoid
species. Thus, the selection pressure to evolve interspecific dis-
crimination is weak even if there are some cases in which it occurs
between egg parasitoid species (Agboka et al., 2002; Cusumano et al.,
2016) and between Braconidae species parasitizing tephritid larvae
(Aluja et al., 2013). Assays that more explicitly compare super-
parasitism with multiparasitism for both parasitoid species could
probably further help to understand their capacity to distinguish pre-
viously parasitized eggs.

4.4. Effect of egg age on parasitoid performance and survival

Fopius caudatus and F. arisanus parasitization and survival were
differently affected by the developmental stage of C. cosyra egg/larvae.
While 48-h-old eggs stimulated highest probing and ovipositing by F.
caudatus, there was no difference between F. arisanus ovipositing in 24
or 48-h-old eggs. Probing, ovipositing and parasitism by F. arisanus
were higher in the 24 h and 48-h-old eggs than in 72-h-old C. cosyra
eggs/larvae. Previous comparison of parasitism as emergence of F.
arisanus from 24 h and 48-h-old C. capitata eggs, revealed that the 24-h-
aged eggs yielded more parasitoids than the 48-h-old eggs (Kroder and
Messing, 2010), while we did not observe this difference in C. cosyra.
The developmental stage of C. cosyra eggs did nevertheless affect
parasitoid emergence, and more so for F. arisanus. Relative emergence
(emerging progeny/parasitizing females) from young C. cosyra eggs was
higher for F. caudatus than for F. arisanus. When parasitizing very
young, i.e. < 6-h-old, C. cosyra eggs, we found extremely few emerging
F. arisanus, while emergence of F. caudatus adults was much more
common. This superior capability of F. caudatus to develop in younger
eggs was one verified biological advantage that F. caudatus had over F.
arisanus.

Synchronization between development of parasitoid and its host
was recorded from the egg-pupal parasitoid Doryctobracon areolatus
(Szépligeti) (Hymenoptera: Braconidae) in Anastrepha obliqua
(Macquart) (Diptera: Tephritidae) (Murillo et al., 2015), and might be
important for egg-pupal parasitoids. Most egg parasitoids lay their eggs
in the pregastrula stage of the embryo, which will protect them from
the immunological response of the host (Strand and Pech, 1995).
Nevertheless, if the fly embryo has not been formed at the time of
parasitoid larval hatching, there is a risk that the larva dies. Hence, the
development of the host egg influences parasitoid survival, especially in
the case of tephritid host species with a long embryonic developmental
time such as Anastrepha ludens (Loew) and A. serpentina (Wiedermann)
(Diptera: Tephritidae) (Zenil et al., 2004); Anastrepha spp. require 3–4

Table 1
Influence on parasitism and emergence of four different ratios between the parasitoid
species F. caudatus and F. arisanus.

Ratio
F. caudatus:F.
arisanus

Parasitism by both
F. caudatus+ F. arisanus
[%±SE]

Emergence
F. arisanus F. caudatus
[No. ± SE]

1:1 0.14 ± 0.14 b 0.71 ± 0.71 0
2:1 0c 0 0
4:1 0.29 ± 0.20b 0.43 ± 0.43 0
1:2 1.29 ± 0.60a 0.86 ± 0.59 0

Table 2
Fopius caudatus choice between C. cosyra-infested fruit (control) and C. cosyra-infested
fruit previously exposed to F. arisanus plus development of the insects.

Control Previously
parasitized
by F. arisanus

Z P

Attraction to infested fruita 2.37 ± 0.43 2.83 ± 0.47 0.182 .856
Oviposition in infested

fruita
0.92 ± 0.27 0.92 ± 0.27 0.103 .902

Number of pupae fruit−1 61.50 ± 4.68 59.67 ± 4.58 0.28 .780
Number of emerged C.

cosyra fruit−1
54.00 ± 3.93 51.00 ± 3.78 0.55 .582

Number of emerged F.
caudatus fruit−1

0.83 ± 0.37 0.50 ± 0.29 0.699 .484

a Mean No. (± SE) F. caudatus observed fruit−1 observation−1.

Table 3
Comparison of observed behavioural activities between F. arisanus and F. caudatus at intercalated heterospecific parasitization.

Observed
behaviour

1st/24 h 2nd/48 h

F. arisanus F. caudatus P F. arisanus F. caudatus P
[No. parasitoids fruit−1] [No. parasitoids fruit−1]

Attractiona 4.78 ± 0.2 2.38 ± 0.14 < .0001 4.73 ± 0.2 3.31 ± 0.17 < .0001
Resting 1.78 ± 0.12c 1.41 ± 0.11a .0218 1.68 ± 0.12c 1.29 ± 0.10b .0131
Walking 0.11 ± 0.03e 0.15 ± 0.04d .3710 0.06 ± 0.02e 0.13 ± 0.03d .0959
Palping 1.94 ± 0.13c 1.41 ± 0.11a .0015 1.54 ± 0.11c 1.67 ± 012a .4450
Probing 3.02 ± 0.16a 1.26 ± 0.10a < .0001 3.02 ± 0.16a 1.79 ± 0.12a < .0001
Ovipositing 2.33 ± 0.14b 0.73 ± 0.08b < .0001 2.32 ± 0.14b 1.59 ± 0.12ab < .0001
Leaving 0.16 ± 0.04d 0.37 ± 0.06c .0022 0.26 ± 0.05d 0.42 ± 0.06d .0288

Mean (± SE) in the same column compare the behaviours per species and numbers followed by the same letter are not significantly different at P < 0.05. aAttraction is the sum of the
parasitoids on the fruit and not considered in the test among behavioural activities on the fruit.
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days of incubation at 26–28 °C for embryo development. Advanced
embryonic development of older eggs compared to younger eggs has
been used to explain a higher emergence of F. arisanus from 48-h-old C.
capitata eggs compared to younger ages, and to explain emergence of F.
arisanus from 72-h-old A. ludens and A. serpentina eggs compared to no
emerged parasitoids from two Anastrepha species exposed as < 4-h-old
eggs (Zenil et al., 2004). The developmental time of C. cosyra is rela-
tively long, compared e.g. to B. dorsalis (Ayelo et al., 2017; Salum et al.,
2013). We might assume that by the time F. arisanus eggs eclosed, the
embryo in C. cosyra eggs had not yet had formed sufficiently to allow F.
arisanus development, yet this is still to be confirmed. The oviposition
window for egg parasitization is only two days since F. arisanus and F.
caudatus rarely parasitize larvae and we observed 100% C. cosyra eggs
after 48 h while at 72 h, 98% of the eggs had hatched into first instar
larvae. The window length nevertheless changes with fruit fly and with
fruit, as the time for development of Tephritidae eggs differs depending
on fruit substrate (Hintenou et al., 2016). In our study we used C. cosyra
infesting the fruit I. gabonensis and other flies and fruits might offer
appropriate developmental stage during shorter or longer time.

4.5. Host and fruit suitability

Both F. arisanus and F. caudatus parasitize C. cosyra under laboratory
conditions, (Mohamed et al., 2010); this study). Whether F. arisanus
parasitize C. cosyra in the field is to our knowledge sparsely docu-
mented. Fopius caudatus has been reared exclusively from Tephritidae
flies in the Ceratitidine tribe (Steck et al., 1986; Wharton et al., 2000)
but information about its capability to parasitize other species is
lacking. Ceratitis cosyra and B. dorsalis share some host fruits, e.g. both
species infest mango and African mango (Gnanvossou et al., 2016;
Rwomushana et al., 2009). Fopius arisanus searching for an appropriate
oviposition site is primarily determined by fruit species and only
thereafter by Tephritidae fruit fly (Ayelo et al., 2017). Fopius arisanus
has an oviposition preference for B. dorsalis over C. cosyra but does
however parasitize and emerge from both species (Mohamed et al.,
2010). After releases, F. arisanus recovery was greatest from African
mango in Benin (Gnanvossou et al., 2016), and from mango, Citrus spp.,
guava, etc. in Senegal (Ndiaye et al., 2015). Both F. arisanus and F.
caudatus have been reared from e.g. mango and Citrus spp (Foba et al.,
2012; Ndiaye et al., 2015; Rousse et al., 2007; Vayssières et al., 2011),
making it likely that F. arisanus and F. caudatus will search for host fly
on the same fruit. Data about field competition is still lacking and this
study is to our knowledge the first brief evaluation of the effect of the
recent introduction of the exotic F. arisanus on the endemic parasitoid
fauna in Africa.

4.6. Conclusion

There is not always one winner in interspecific competition and one
species might not be better or worse competitor (Cabello et al., 2011).
Diachasmimorpha areolatus is a better extrinsic competitor and locate
host patches better while D. longicaudata is superior in exploiting these
patches i.e. intrinsic competition (Eitam et al., 2004). The result of the
interspecific competition after release of F. arisanus in an environment
where F. caudatus is present might cause a reduction of parasitism by
the native species in some fruits due to the higher capacity by F. aris-
anus to oviposit and chase away the competitor. We do not expect F.
caudatus to reduce the chance for F. arisanus to develop and establish in
the field. Their interaction might depend on availability of fruits, fruit
flies’ and parasitoids preferences and oviposition performance. The
competition consequence might be observed if the population of F.
arisanus will be greater than the native Fopius and on specific grafted
mango varieties, where parasitism by F. caudatus has been observed to
be higher, than in e.g. non-grafted mango (Vayssières et al., 2011). The
level of B. dorsalis and C. cosyra infestation and the parasitoids’ different
capacity to survive in the flies will further shape their population levels.
There is possibility that two parasitoid species searching for oviposition
sites in a shared fruit-diverse habitat, might co-exist. Capacity to
parasitize in different stages of the host in numerous host plant species
might be central in creation of a stable niche division. More studies,
preferably in the field, upon host choice, fruit choice, population size,
and host suitability will further clarify the tritrophic interaction be-
tween parasitoid species, Tephritidae fruit flies, and fruits.

Table 4
Comparison of parasitism by F. arisanus and F. caudatus after dissection of C. cosyra eggs.

Parasitism [%] Superparasitized eggs [No. (%)] Mutiparasitized eggs [No. (%)]

F. arisanus F. caudatus F. arisanus F. caudatus F. arisanus F. caudatus

1st/24 h 36.77 ± 5.57a (a) 9.03 ± 3.69b (b) 7 (2.19) 3 (0.94) – –
2nd/48 h 31.61 ± 4.80a (a) 41.29 ± 6.73a (a) 0 (0) 20 (6.25) 2 (0.63) 24 (7.5)

Means (± SE) in the same column followed by the same lower case letters or means in the same row followed by the same letter in parenthesis are not significantly different at P < .05.

Fig. 3. Emergence of C. cosyra, F. arisanus and F. caudatus as percentage of total emer-
gence per I. gabonensis fruit. * above bars indicate significant difference at P < .05 be-
tween F. caudatus and F. arisanus.
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