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� Combined use of D. longicaudata and
C. haywardi against A. fraterculus was
assessed.

� Host emergence was <10% when both
parasitoids were released
sequentially.

� C. haywardi contributed 19% of the
total parasitism.

� Simultaneous release for
augmentative biological control is
encouraged.
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Anastrepha fraterculus (Wiedemann) is a serious pest of commercial fruit production in Argentina.
Consequently, biological control is being taken into consideration as a key component of ongoing area-
wide fruit fly management strategies. Two parasitoid species are currently considered for mass produc-
tion and augmentative releases against pest species in the genus Anastrepha in the Americas: the
braconid Diachasmimorpha longicaudata (Ashmead), a larval-prepupal koinobiont endoparasitoid, and
the diapriid Coptera haywardi (Ogloblin), a native idiobiont pupal endoparasitoid. The prediction that
the combined use of D. longicaudata and C. haywardi would be more efficient at suppressing A. fraterculus
populations than using them individually was tested under natural environmental conditions.
Particularly, the efficacy of both parasitoid species to kill their host, the proportion of superparasitism
and the effect of intrinsic competition on effectiveness of host control were determined. Females of both
parasitoids were singly and sequentially released inside a field cage. Peaches artificially inoculated with
A. fraterculus larvae were exposed to D. longicaudata, whereas A. fraterculus pupae inside Petri dishes were
exposed to C. haywardi. While used separately, effectiveness rates of D. longicaudata and C. haywardi were
around 75% and 56%, respectively. However, the total efficacy increased to 93% when they were used
sequentially. Coptera haywardi was able to attack hosts that had escaped to D. longicaudata parasitism,
contributing by around 19% of the total parasitism in A. fraterculus. Both parasitoid species would induce
host mortality through superparasitism. The simultaneous use of both parasitoids in fruit-growing
regions for the biological control of A. fraterculus in Argentina is recommended.

� 2016 Published by Elsevier Inc.
1. Introduction

The South American fruit fly, Anastrepha fraterculus (Wiede-
mann), native of the Neotropical region, is one of the main pests
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of commercial fruit and vegetable crops in Argentina and its pres-
ence in fruit-growing regions is a phytosanitary barrier to the
export of fresh fruits. This pestiferous tephritid causes major eco-
nomic losses either by direct damage to fruits, i.e., presence of host
larvae or oviposition activity of female flies, or indirect losses, i.e.,
export restrictions imposed by countries free of A. fraterculus
(Guillén and Sánchez, 2007). Anastrepha fraterculus is found in
the most humid and warmest areas of central and northern Argen-
tina, where it coexists with the exotic Mediterranean fruit fly, Cer-
atitis capitata (Wiedemann), another tephritid species of
quarantine importance (Ovruski and Schliserman, 2012).

Classical, augmentative, and conservative biological control
approaches are the feasible biorational strategies for the manage-
ment and suppression of pestiferous fruit flies (Sivinski, 1996;
Purcell, 1998; Aluja and Rull, 2009; Vargas et al., 2012). Results
of open-field pilot trials using augmentative releases of
hymenopterous parasitoids against damaging Anastrepha species
in the New World have resulted in increased parasitism in target
areas (Aluja, 1999; Ovruski et al., 2000; Montoya et al., 2007).
However, most of those biocontrol programs have been performed
by using a single exotic parasitoid species, the braconid Diachasmi-
morpha longicaudata (Ashmead), essentially because it is readily
mass-reared and it is able to successfully attack to different Anas-
trepha species of economic importance (Burns et al., 1996; Sivinski
et al., 1996; Montoya et al., 2000a,b, 2007; Carvalho, 2005). During
the last two decades, fruit fly biological control programs, particu-
larly augmentative schemes considering multiple species releases,
has received special attention, aiming to increase effectiveness of
existing diverse natural enemy guilds (Purcell, 1998; Sivinski
et al., 1998; Aluja, 1999; Baeza-Larios et al., 2002; Wang and
Messing, 2004; Rendon et al., 2006; Garcia-Medel et al., 2007;
Wang et al., 2008; Cancino et al., 2012, 2014). Releasing multiple
parasitoid species simultaneously, instead of a single species,
may result in efficient suppression of a fruit fly pest population
particularly when no niche overlap exists (Knipling, 1992;
Cancino et al., 2014). Nevertheless, when niche overlap exists,
but the conditions for coexistence among parasitoid species are
suitable (De Moraes et al., 1999; Borer et al., 2004), multiple
releases may still be beneficial (Garcia-Medel et al., 2007). This
may arise in particular when released parasitoids have either more
efficient or different host foraging strategies rather than a naturally
occurring parasitoid species of the same guild (Pedersen and Mills,
2004; Miranda et al., 2015). Thus, a parasitoid that can find the
host at low densities may be a superior searcher that might not
interfere with other parasitoid species adapted to seek for hosts
present in high densities (Garcia-Medel et al., 2007). Nevertheless,
it should be noted that when the mortalities inflicted by multiple
natural enemies are fewer than the sum of their individual capac-
ities to suppress host populations, the outcome is a non-additive
effect (Ferguson and Stiling, 1996; van Lenteren et al., 2006). On
the basis of the remarks made in the foregoing paragraphs, under-
standing and predicting potential competitive outcomes is impor-
tant for the design of biological control programs when several
parasitoid species may be simultaneously used (Murdoch and
Briggs, 1996). Using unsuitable combinations of parasitoid species
should be avoided altogether when choosing potential candidates
for augmentative releases (Pedersen and Mills, 2004).

Within natural enemy guilds, larval-pupal parasitoids are the
most commonly used in biological control programs to suppress
pestiferous fruit fly populations (Wong et al., 1991, 1992;
Sivinski, 1996; Purcell, 1998; Ovruski et al., 2000; Montoya et al.,
2007; Vargas et al., 2012; Miranda et al., 2015). One of the most
widely used species in biological control programs is precisely D.
longicaudata, which is a larval-pupal, koinobiont, solitary endopar-
asitoid, native to Southeast Asia (Montoya et al., 2000a). This bra-
conid parasitoid has been mainly released against various
Bactrocera spp. throughout the Pacific region (Vargas et al., 2012).
Moreover, D. longicaudata has been introduced quite extensively
in the Americas as a classical biological control agent (Ovruski
et al., 2000). In the 1960s, it was introduced into Argentina for
the first time for the biological control of C. capitata and A. fratercu-
lus. In the 1990s, D. longicaudata was reintroduced to promote the
use of biological control in the fruit fly integrated management
programs performed by the National Fruit Fly Control and Eradica-
tion Program (ProCEM) of the National Agri-Food and Animal
Health and Quality Service of Argentina (Ovruski et al., 2003). Nev-
ertheless, the permanent establishment of D. longicaudata on A.
fraterculus was only confirmed approximately 40 years after its
first releases (Schliserman et al., 2003).

Biological control has been incorporated as an auxiliary tool for
C. capitata control and eradication practices currently deployed in
the San Juan province of central-western Argentina (Ovruski and
Schliserman, 2012). Consequently, D. longicaudata is being mass-
reared at the ‘‘BioPlanta San Juan” facility with the objective of
augmentative-releasing this species either against C. capitata under
semiarid conditions in ecologically isolated fruit-growing valleys of
San Juan, or against A. fraterculus in Citrus-growing areas of north-
western and northeastern Argentina (Suarez et al., 2012). Recently,
D. longicaudata adults were recovered from Medfly-infested fig,
grape, rose, orange, tangerine, and persimmon fruits as a result
of sporadic releases of this exotic parasitoid species in several
fruit-producing valleys of San Juan (Suarez et al., 2014). However,
D. longicaudata alone does not sufficiently suppress pestiferous
fruit fly populations in Argentina; therefore the use of multiple
parasitoid species for fruit flies biological control would be justified
(Ovruski and Schliserman, 2012).

One of the neotropical parasitoid species that has potential for
fruit fly biological control is C. haywardi (Ogloblin) (Sivinski et al.,
1998; Baeza-Larios et al., 2002; Aluja et al., 2009; Cancino et al.,
2009, 2014), a solitary idiobiont pupal endoparasitoid that attacks
its host after pupation in the soil (Ovruski et al., 2000). Although it
was originally discovered in the Yungas forest of northwestern
Argentina attacking A. fraterculus and A. schultzi Blanchard pupae
(Loiacono, 1981), C. haywardi is widely distributed in the Neotrop-
ical region on several Anastrepha species (López et al., 1999;
Ovruski et al., 2000; Garcia and Montilla, 2001; Guillén et al.,
2002; Aguiar-Menezes et al., 2003). Moreover, it is a parasitoid that
can successfully develop in irradiated pupae of C. capitata
(Menezes et al., 1998). Currently, C. haywardi is being reared under
artificial conditions using both A. fraterculus and C. capitata pupae
as host at the Biological Control Division of the Pilot Plant of Indus-
trial Microbiological Processes and Biotechnology (PROIMI), in Tuc-
umán (Núñez-Campero et al., 2012), to develop new strategies for
controlling both fruit fly pest species in Argentina.

The braconid D. longicaudata is widely established into Latin
America, occurring from Mexico to Argentina, while the diaprid
C. haywardi is a native parasitoid species of America (Ovruski
et al., 2000; Ovruski and Schliserman, 2012). Both D. longicaudata
and C. haywardi have the ability to attack several fruit flies of eco-
nomic importance in the Neotropic (Cancino et al., 2014). More-
over, certain biological traits of both D. longicaudata and C.
haywardi, as well as the development of techniques for mass rear-
ing of these two fruit fly parasitoid species in México (Montoya
et al., 2007; Aluja et al., 2009; Cancino et al., 2009, 2014), have
been considered suitable for selecting them for augmentative bio-
logical control in the framework of integrated fruit fly manage-
ment programs on an area-wide basis in Argentina. Some of
these relevant characteristics have previously been mentioned
for D. longicaudata by Ovruski and Schliserman (2012), such as
its capacity for successful development on the larvae of either A.
fraterculus or C. capitata and its host-finding ability at different
host-densities on a wide variety of fruit species at canopy and
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ground level. It adds to those traits its adaptability to different
environmental conditions of the Argentinean fruit-growing regions
into which it has been released (Schliserman et al., 2003; Oroño
and Ovruski, 2007; Suarez et al., 2014). The diapriid C. haywardi
is particularly interesting as a fruit fly biological control agent in
Argentina due to its following features: (1) its specificity for para-
sitizing Tephritidae (Sivinski et al., 1998), (2) its ability to locate
and attack pupae of both C. capitata and A. fraterculus (Baeza-
Larios et al., 2002; Núñez-Campero et al., 2012), (3) its good perfor-
mance in finding tephritid pupae under different soil conditions
(Guillén et al., 2002), and (4) because its population and reproduc-
tive parameters are similar to those recorded for other fruit fly par-
asitoid species already used with positive results against tephritid
species in augmentative biological control programs (Núñez-
Campero et al., 2012). In addition, a very important trait of C. hay-
wardi recently pointed out by Cancino et al. (2012) is its ability to
discriminate Anastrepha ludens (Loew) pupae that were previously
parasitized by D. longicaudata as larvae. However, there is little bio-
logical information on C. haywardi in association with A. fraterculus
in Neotropics.

Based on the above, we predicted that the combined use of D.
longicaudata and C. haywardi females would be more efficient in
suppressing A. fraterculus populations than using either species
individually. This prediction was based in particular on the fact
that the capacity of C. haywardi to discriminate among hosts para-
sitized by heterospecifics, such as D. longicaudata, could result in
an additive effect for controlling pestiferous fruit fly populations
when both parasitoid species are used together (Cancino et al.,
2014). Specifically, the following issues were examined under nat-
ural environmental conditions: (1) the relative efficacy of D. longi-
caudata and C. haywardi females in both single- and multiple-
species cohorts to reduce an A. fraterculus population; (2) the effect
on A. fraterculus larvae/pupae attacked by conspecifics by both par-
asitoid species by recording superparasitised hosts; and (3) the
potential consequence of the competitive interaction between
larvae of both parasitoid species occupying the same host larva
(= intrinsic competition) (Wang et al., 2008; Cusumano et al.,
2012) on effectiveness of A. fraterculus control.

This study is part of a renewed effort to incorporate an exotic
parasitoid with the native parasitoids for the control of damaging
tephritid species in Argentina (Ovruski and Schliserman, 2012).
Given this issue, results are discussed in terms of the possibilities
to simultaneously use one parasitoid species with a long co-
evolutionary history (C. haywardi) and another with a very recent
history of interaction (D. longicaudata) with the same host (A.
fraterculus), in augmentative and/or conservative fruit fly biological
control programs contemplated or underway in Argentina and
eventually anywhere in subtropical America.
2. Material and methods

2.1. Insect rearing

Parasitoids and fruit flies were reared at the Laboratorio de
Investigaciones Ecoetológicas de Moscas de la Fruta y sus Enemigos
Naturales (LIEMEN) of the Planta Piloto de Procesos Microbiológi-
cos Industriales y Biotecnología (PROIMI), in San Miguel de
Tucumán, Argentina. Both D. longicaudata and C. haywardi were
reared under laboratory conditions using A. fraterculus larvae (9-
11 d-old) and pupae (2-3 d-old) as parasitoid hosts, respectively,
at 25 ± 1 �C, 75 ± 5% RH, and a 12:12 (L:D) h photoperiod. Para-
sitoid colonies were held in 30 cm-cubical Plexiglas cages that
were covered on both lateral walls by a double organdy cloth
screen. Parasitoids were provided with water and honey every
other day. Rearing procedures for C. haywardi were carried out as
described by Núñez-Campero et al. (2012) whereas those of D.
longicaudata were previously described by Ovruski et al. (2011).
A. fraterculus was reared following methods described by Braga-
Sobrinho et al. (2006, 2010), and Vera et al. (2007).

2.2. Study site

The study was conducted in the Horco Molle Experimental
Reserve under field conditions. This Reserve is a protected area of
wild vegetation belonging to the Universidad Nacional de Tucumán
in the district of Yerba Buena, Tucumán, Argentina, located at 26�
380–26� 570 S and 65� 260–65� 20� W. During experiments, maxi-
mum and minimum temperatures and relative humidity were
recorded with a Data Logger (HOBO U10, onset�) inside each field
cage. Temperatures and relative humidities did not sharply vary in
both field cages during each testing day (Appendix 1).

2.3. Experimental procedure

2.3.1. Adult parasitoid performance
Experiments were conducted inside a cylindrical nylon field

cage (3 m diameter � 3 m height) surrounded by trees that pro-
vided shade. The cagewas protected from rain by a translucent fiber
glass roof that allowed natural light to go through. The field cage
was internally divided into three smaller cylindrical organdy cages
(0.7 m diameter � 2 mheight). A small potted sour orange tree (1 m
height) was placed inside each organdy cage to simulate a natural
environment and provide shelter and rest for parasitoids. The
field-cage experiment simultaneously included three treatments.
The first trial involved only D. longicaudata adults, which were
released in an organdy cage; the second included only
C. haywardi adults, which were released in another organdy cage;
and a third trial involved adults of both parasitoid species that were
sequentially released in the third organdy cage. The assays were
conducted to assess, under a free-foraging condition, the following
issues: first the individual capabilities of both D. longicaudata and
C. haywardi in parasitizing A. fraterculus larvae and pupae,
respectively; second, the efficacy of combining the abovemen-
tioned two parasitoid species to increase A. fraterculus mortality
rate; and third, the effect of the interaction between D. longicaudata
and C. haywardi on sex ratio of parasitoid offspring.

For treatment 1 (T1) (D. longicaudata adults alone), three ripe
peaches (Prunus persica L.), each one artificially inoculated with
100 laboratory-reared third-instar (9-10-d old) larvae of
A. fraterculus, were used as oviposition units. The larval age to
expose hosts to parasitoids was chosen because the maximum
yield of D. longicaudata offspring can be achieved using 9-12-d
old A. fraterculus larvae as hosts (Van Nieuwenhove and Ovruski,
2011). The fruit were obtained directly from unsprayed, uninfested
trees from the Experimental Reserve. Several branches of peach
trees, each containing 5–10 unripe fruit, were covered with a cloth
mesh. One day before each assay, 10 ripe fruit were harvested and
transported to PROIMI’s laboratory. However, 3 fruit with both
similar size and ripeness degree were selected and subsequently
used in the assay. Each fruit was inoculated by removing the stone
and filling this space with naked larvae (without artificial diet). To
this end, fruit was halved by using a sterilized scalpel. Once the
fruit was inoculated, both right and left fruit portions were joined
together with 2.5 cm wide Parafilm strips (Parafilm ‘M’, Parafilm�

Laboratory Film, Pechiney Plastic Packaging, Chicago, IL). Then,
approximately 50% of the total fruit volume was occupied by the
host. Each inoculated peach was individually hung from the ceiling
of the field cage and positioned at canopy level on a potted sour
orange tree to form a central circle (50 cm in diameter) about
1 m above ground. All of the fruits were equidistant from each
other, and their positions were randomized. Fruit was suspended
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from the cage roof using a similar method to that described by
Garcia-Medel et al. (2007). Once inoculated peaches were hung,
60 naïve, 5-7-d-old, mated D. longicaudata females were released
inside the organdy cage. Parasitoids were released at the central
point of the circle formed by the test fruit. Parasitoid females were
allowed to forage freely for 24 h starting at 09:00 h. The host-
parasitoid ratio was 5 host larvae per 1 D. longicaudata female as
proposed by Van Nieuwenhove et al. (2012). Once the 24-h period
was over, both fruit and female parasitoids were removed from the
cage. At the laboratory, fruit were individually placed into plastic
cups (250 ml) with sterilized Vermiculite� on the bottom to allow
pupation and covered with pieces of organdy on the top. Fruit were
kept for 24 h in containers to allow larvae to leave the fruit and
develop into pupae. After that time, each fruit was removed from
the container and dissected to retrieve live A. fraterculus larvae
remaining in the fruit. These larvae were placed into abovemen-
tioned plastic cups. The pupae were moistened weekly to avoid
desiccation and held inside cups until adult flies or parasitoids
emerged. Cups were kept in a room at 25 ± 1 �C, 75 ± 5% RH and
10:14 h (L: D) photoperiod. Both the number of dead larvae per
fruit and the number of dead pupae per cup were recorded.

For treatment 2 (T2) (C. haywardi adults alone), three Petri
dishes (10 cm in diameter, 1 cm in depth), each one containing
100 laboratory-reared A. fraterculus 2-3-d old pupae were used as
oviposition units. Pupae were buried at a depth of 5 mm inside
each Petri dish. For which purpose, pupae were covered lightly
with sterilized and moistened local soil. This artificial burial depth
was selected for two major reasons: first, because tephritid larvae
burrow 5 cm or more depending on the soil type and other condi-
tions (Hodgson et al., 1998); and second, because C. haywardi
achieves higher parasitism rates in buried host pupae at 5 mm than
in pupae buried at greater depth (Baeza-Larios et al., 2002; Guillén
et al., 2002). Each Petri dish was placed on the cage floor beneath
respective fruit in such a way that they also formed a central circle
of 50 cm in diameter. Once Petri dishes were placed on the floor, 60
naïve, 6-7-d-old, mated C. haywardi females were released inside
the organdy cage. The pupal age to expose hosts to parasitoids
was chosen because the highest number of C. haywardi offspring
may be achieved using 2-3-d old A. fraterculus pupae as hosts
(Núñez-Campero et al., 2012). Parasitoids were released at the cen-
tral point of the circle formed by the dishes. Parasitoid females
were allowed to forage freely for 24 h starting at 09:00 h. The
host-parasitoid ratio was 5:1. Once the 24-h period was over, each
Petri dish was removed from the cage. At the laboratory, pupae
recovered from individual Petri dishes were sifted from the pupa-
tion medium and kept into plastic cups (250 ml), with new steril-
ized moist vermiculite until all of the flies and parasitoids
emerged. The cups were kept in a room at 25 ± 1 �C, 75 ± 5% RH
and 10:14 h (L: D) photoperiod. The number of dead pupae per
cup was recorded.

For treatment 3 (T3) (D. longicaudata and C. haywardi adults
together), three peaches each one inoculated with 100 third-
instar (9-10-d old) larvae of A. fraterculus were first exposed to
60 naïve, 5-7-d-old, mated D. longicaudata females. After exposure,
fruit were removed and transported to the laboratory following the
method outlined in trial 1. Then, 2-3-d old pupae recovered from
inoculated peaches were exposed to C. haywardi females inside
the field-cage as was the case for treatment 2.

A cylindrical nylon field cage adjacent to Experimental cage was
used to perform a Control test for each treatment. This second field
cage was used to provide better security conditions in control
treatments, in order to avoid any further possible contamination
from both the parasitoids used in treatments and wild native par-
asitoids. The control tests involved inoculated fruit or/and pupae
not exposed to parasitoids and were conducted to determine nat-
ural A. fraterculus larval and pupal mortality rates, as well as adult
fly emergence rate. Treatments and control tests were replicated
11 times on different days. For each replicate, a new parasitoid
cohort was always released into the cage, and either new inocu-
lated peaches were hung from the cage roof or new Petri dishes
were placed on the cage floor. The adult parasitoid emergence
and the real or total host mortality inflicted by the parasitoid
(effectiveness) were estimated from each treatment.

2.3.2. Determination of parasitism strategies
In a second experiment the host was not allowed to develop

until adult emergence, but was dissected 96 h after its last expo-
sure to parasitoid females. After this period, first-instar larvae of
each parasitoid species can be found without difficulty (Córdova,
2008). Samples of 12 pupae per replicate of each abovementioned
treatment were removed from cups (i.e. 132 for each treatment
and 396 in total). Host pupa dissections were performed as
described by Van Nieuwenhove and Ovruski (2011). Samples were
categorized according to three parasitism strategies as follows:
mono-, super-, and multi-parasitism. The first strategy involved a
single 1st-instar larva, alive or dead, belonging to one parasitoid
species inside host pupa. The second consisted in two or more
1st-instar larvae, alive or dead, belonging to a single parasitoid spe-
cies inside host pupa. The third involved 1st-instar larvae, alive or
dead, belonging to both D. longicaudata and C. haywardi inside host
pupa. A parasitoid larva was considered dead when it either did not
move or was damaged (Aluja et al., 2013). First-instar larvae of D.
longicaudata and C. haywardi were recognized according to mor-
phological features described by Ibrahim et al. (1994), Córdova
(2008), respectively. However, previous dissections of 20 host lar-
vae parasitized by D. longicaudata and 20 others parasitized by C.
haywardi were made to ease distinction of 1st-instar larva of both
parasitoid species. The experiment was carried out to determine
and compare the percentage of parasitized host pupae on the basis
of the different parasitism strategies under single- or multiple-
species cohort releases.

2.4. Biological parameters calculation

Individual parasitoid emergence for each parasitoid species was
calculated as the number of adult parasitoids emerged divided by
the total number of host larvae (or pupae) exposed to parasitoid
females � 100. Overall parasitoid emergence for both parasitoid
species together was calculated as the number of D. longicaudata
adults emerged plus the number of C. haywardi adults emerged
on the total number of host larvae exposed to parasitoid
females � 100. The Abbot’s corrected formula, which involves
adult fly emergence rates for both treatment and control tests,
was used to determine the effectiveness of the parasitoid species
for killing the host (Rosenheim and Hoy, 1989). Sex ratio was esti-
mated as the proportion of female offspring over male offspring.
The percentage of parasitized host pupae was calculated as the
number of pupae that contained parasitoid larvae (1st-instars),
either alive or dead, divided by total number of host larvae (or
pupae) originally exposed to parasitoid females in the assay � 100.

2.5. Statistical analysis

To meet parametric assumptions, percentage data were trans-
formed to arcsine square root prior to analyses (Zar, 1999); never-
theless untransformed means (±SE) are shown in figures to ease
interpretation. Parasitoid emergence and effectiveness were sub-
jected to a two-way univariate mixed-model ANOVAs with type
III error at P = 0.05. This type of analysis allowed us to identify
significant effects of parasitoid species (D. longicaudata and
C. haywardi), their condition (alone or together), and their interac-
tion (parasitoid species � condition) on both response variables



Fig. 2. Percentage of emerged adult insects under a heterospecific condition.
Notations: Dl, Diachasmimorpha longicaudata; Ch, Coptera haywardi; Af, Anastrepha
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(effectiveness and parasitoid emergence). The fixed component of
the models were parasitoid species, condition, and their interaction
(parasitoid species⁄condition), whereas the random component
(time) with 11 levels (days 1–11) was blocked. Also, a two-way
univariate mixed-model with type III error (P = 0.05) was used to
examine the effect of each treatment [i.e. parasitoid species in
presence of conspecific and heterospecific cohorts (D. longicaudata,
C. haywardi, and D. longicaudata plus C. haywardi)], parasitism
strategy (mono- super- and multi-parasitism) and their interaction
on the percentage of parasitized host pupae. Mean comparisons
were analyzed by Tukey’s honestly significant difference (HSD) test
at P = 0.05. The female offspring percentage for D. longicaudata and
C. haywardi was compared using a t-test at P = 0.05. Statistical
analyses were performed using STATISTICA, version 10.0 software
(StatSoft, 2011).
fraterculus.
3. Results

3.1. Efficacy and parasitoid emergence

Efficacy varied considerably between parasitoid species
(F1,10 = 8.82, P < 0.01) as well as in presence or absence of one of
the two parasitoid species (F1, 0 = 120.59, P < 0.01) and their inter-
action (F1,10 = 8.14, P < 0.01). More specifically, the efficacy of D.
longicaudata on A. fraterculus was 2.0-times higher than that
recorded for C. haywardi under an isolated condition, but it was
1.6-times lower than the value found when both parasitoid species
were sequentially released (Fig. 1). Similarly, parasitoid emergence
varied notably between parasitoid species (F1,10 = 30.44, P < 0.01),
with species condition (alone or together) (F1,10 = 28.74, P < 0.01),
and the interaction between fixed factors (F1,10 = 65.76, P < 0.01).
The emergence of D. longicaudata and C. haywardi was similar
when each species was separated from one another (Fig. 1). How-
ever, when both parasitoid species were sequentially released, par-
asitoid emergence was 2.4- and 3.2-times higher than those found
for D. longicaudata and C. haywardi, respectively (Fig. 1). It is note-
worthy that the emergence of C. haywardi decreased 2.5-times in
presence of D. longicaudata (Fig. 2) relative to when the diapriid
parasitoid was alone. However, the emergence percentage of A.
fraterculus was less than 10% (Fig. 2). Percentage of host mortality
in the controls were 4.9 ± 0.9%, 4.5 ± 1.5%, and 4.7 ± 0.7% for T1, T2,
and T3, respectively.

3.2. Parasitism strategy (mono-, super-, and multi-parasitism)

The percentage of parasitized host pupae, in presence of con-
specific and heterospecific cohorts, were significantly influenced
by ‘‘type of parasitism” factor (F5,2374 = 8.19, P < 0.01) and the inter-
action with the ‘‘treatment species” factor (F10,2374 = 6.01, P < 0.01).
Fig. 1. Efficacy and productivity (mean ± SE) of Diachasmimorpha longicaudata (Dl)
and Coptera haywardi (Ch) under conspecific and heterospecific conditions. Bars
crowned by the same letter indicate no significant differences (Tukey HSD test,
P = 0.05).
No significant difference was observed for the ‘‘species treatment”
factor (F2,2374 = 0.01, P = 99.98). In conspecific situation D. longicau-
data exhibited a tendency towards super-parasitism 1.5-times
higher than that observed for C. haywardi, however there was no
statistical difference between the values of super-parasitism
recorded for each parasitoid species (Fig. 3). Moreover,
super-parasitism was remarkably (2.0-times) higher than mono-
parasitism for D. longicaudata (Fig. 3). For C. haywardi super-
parasitism was 1.6-times higher than mono-parasitism but there
was no statistical difference between the two parasitism types
(Fig. 3).

In presence of heterospecific cohorts, super-parasitism by
C. haywardi was similar to mono-parasitism recorded for both par-
asitoid species (Fig. 3). However, for C. haywardi super-parasitism
was 6.0-times lower than the super-parasitism caused by
D. longicaudata (Fig. 3). Super-parasitism exhibited by
D. longicaudata was 1.8-times higher than the multi-parasitism,
but there was no statistical difference between both parasitism
types (Fig. 3). Although multi-parasitism was approximately
2.0-times higher than both mono-parasitism and super-parasitism
recorded for C. haywardi there was no significant difference among
these three parasitism types (Fig. 3). It is noteworthy that under a
heterospecific condition, the number of multi-parasitized hosts
was slightly (1.3-times) higher than those only parasitized by
C. haywardi (including jointly both mono- and super-parasitism),
but also it was notably (2.9-times) lower than those only para-
sitized by D. longicaudata.
Fig. 3. Types of parasitism (mean ± SE) recorded for Diachasmimorpha longicaudata
(Dl) and Coptera haywardi (Ch) both in conspecific and heterospecific conditions.
Bars crowned by the same letter indicate no significant differences (Tukey HSD test,
P = 0.05). Notations: Monop., monoparasitism; Superp., superparasitism; Multip.,
multipleparasitism.
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3.3. Sex ratio of parasitoid offspring

There was no significant difference between the female off-
spring percentage for both D. longicaudata and C. haywardi in any
of the trials (t = 0.996, df = 20, P = 0.3309 for C. haywardi;
t = 0.447, df = 20, P = 0.6595 for D. longicaudata) (Table 1). Further-
more, D. longicaudata always exhibited a female-biased sex ratio
whereas C. haywardi displayed a male-biased sex ratio (Table 1).
4. Discussion

Results of the present study showed that D. longicaudata per-
formed better than C. haywardi from the single species exposure
treatment. This fact clearly indicated that the two parasitoid species
had a dissimilar effect on mortality rate of A. fraterculus assuming
thatD. longicaudatawould have a greater ‘killing power’ than C. hay-
wardi. Nevertheless, bothD. longicaudata and C. haywardiperformed
similarly in terms of specific emergence rate when they were indi-
vidually tested on A. fraterculus. Emergence percentages recorded
for D. longicaudata from A. fraterculus pupae compared to the data
observed in this work (around 50%) were previously reported by
Ovruski et al. (2011), Van Nieuwenhove and Ovruski (2011), and
Van Nieuwenhove et al. (2012). In addition, 50 million adult para-
sitoids of D. longicaudata are weekly released in among five field
areas in Mexico, where it is possible to obtain in some areas 70% of
Anastrepha’s fruit fly populations control with a 50% average of par-
asitism as was reported by Montoya et al. (2000a, 2007).

Correspondingly, the emergence percentages recorded in this
study for C. haywardiwere similar to those reported for this diapriid
parasitoid from A. ludens pupae either collected in the field (López
et al., 1999) or tested in laboratory (Guillén et al., 2002), and from
C. capitata pupae exposed in field cages (Baeza-Larios et al., 2002).
Nevertheless, Sivinski et al. (1998), Aluja et al. (2009), and Núñez-
Campero et al. (2012) reported emergence percentages close to
75, 70, and 86% by C. haywardi in 3-d-old pupae of A. suspensa, A.
ludens, and A. fraterculus, respectively. Those values are 1.6- and
1.9-times higher than the percentage recorded for this diapriid
species in the present work. This dissimilarity might be caused by
several factors, such as different experimental procedures (i.e.,
host/parasitoid proportion, host exposure time, parasitoid female
age), different environmental conditions of the study (i.e. labora-
tory controlled conditions), uneven quality of host pupae (i.e. sizes
and diets used for host larval rearing), and different fly species as
hosts (A. suspensa (Loew) and A. ludens). Contrary to data provided
by the authors cited above, Cancino et al. (2009) reported
emergence values for C. haywardi reared on A. ludens 1.4- and 1.6-
times lower than that recorded in this work. Probably, this
difference was due to the fact that the aim of the Cancino et al.
(2009) study was focused on evaluating the effect of different irra-
diation doses on adult emergence rates of C. haywardi. Interestingly,
the combined action of D. longicaudata and C. haywardi enhanced
effectiveness on mortality rate of the target pest,
compared to the instances when each parasitoid species was used
Table 1
Sex ratio of both D. longicaudata and C. haywardi offspring recorded from treatments
involving a single parasitoid species release or combined parasitoid species releases.
(ns) No significance differences were found between female offspring in both D.
longicaudata and C. haywardi in any of the treatments (t-test, P = 0.05).

Treatments D. longicaudata C. haywardi

%
Female(ns)

%
Male

Sex ratio
(F:M)

%
Female(ns)

%
Male

Sex ratio
(F:M)

T1 (Dl) 65.1 35.0 2.3:1 – – –
T2 (Ch) – – – 33.1 66.9 0.6:1
T3 (Dl

+ Ch)
62.3 37.8 2.1:1 38.4 61.6 0.7:1
individually. The significant additive effect of both parasitoid spe-
cies on A. fraterculus mortality which reached nearly 93% is note-
worthy. This result clearly supports Cancino et al. (2014) finding
which indicated that C. haywardi is suitable for complementing ini-
tial parasitism by D. longicaudata attacking Anastrepha. The afore-
mentioned authors found that the contribution of D. longicaudata
to the mortality rate of the two Anastrepha species (A. ludens and
A. serpentina) studiedwas higher than that by C. haywardi in a single
fruit species of the three host fruit species tested. In the present
study, a single host fruit species, namely peach, was assessed and
the host flymortality due toD. longicaudatawas 4 times higher than
that caused by C. haywardi. Variation in the difference found
between the two parasitoid species regarding mortality inflicted
on the host is likely to be the result of two scenarios. Firstly, D. long-
icaudata has shown some limitations to parasitize Anastrepha larvae
into different fruit species (Leyva et al., 1991; López et al., 1999;
Montoya et al., 2007; Ovruski et al., 2012; Cancino et al., 2014). Par-
asitism caused by D. longicaudata can decrease according to fruit
characteristics, such as fruit surface area, rind thickness, and pulp
depth (Ovruski et al., 2012). Secondly, C. haywardi seems to avoid
hosts previously parasitized by D. longicaudata (Cancino et al.,
2012). Consequently, host larvae that escape from the attack of D.
longicaudata could attract subsequent C. haywardi parasitism on
pupae (Cancino et al., 2014). The fact that the pupal parasitoid C.
haywardi can exploit a different host stage than that used byD. long-
icaudata, joined to its ability to discriminate pupae previously par-
asitized by conspecific and heterospecific parasitoids, leads to low
levels of both intrinsic and extrinsic competition between them.
According to Harvey et al. (2013) and Wang et al. (2015) two or
more parasitoid species could coexist when they share the same
host species and even the same stage due to their different life-
history traits, considering the ability to discriminate previously
parasitized hosts, in order to dilute the competition among them.

Peach evaluated in the present study is a fruit with good condi-
tions allowing host larvae access to D. longicaudata, e.g. thin epi-
carp, soft and shallow pulp, and small surface area. Therefore,
the individual effect of each parasitoid species on A. fraterculus
mortality rate in a sequential host exposure test may vary depend-
ing of fruit characteristics. Based on these issues, a series of new
experiments involving both C. haywardi and D. longicaudata with
the most common A. fraterculus host plants growing in Argentina’s
central and northern regions has been arranged.

Data on intrinsic competition in the heterospecific test recorded
under the conditions of this study showed that D. longicaudata
dominated C. haywardi. This result suggests that the former was
a superior competitor in multiparasitised hosts. This would be
associated with the fact that D. longicaudata had a competitive
advantage over C. haywardi due to the order in which the two par-
asitoids attacked. Previous studies by Sivinski et al. (1998) on
heterospecific parasitism between C. haywardi and D. longicaudata
found that the former parasitoid species oviposited in A. suspensa
pupae that had been previously parasitized by the opine, but C.
haywardi did not complete development. Similar data were
recorded by Cancino et al. (2012) using A. ludens as target host.
However, the remarkable reduction of both emergence and efficacy
of C. haywardi recorded in the present study may be caused by
either intrinsic competition with D. longicaudata or a significant
decline of non-parasitized host number.

Results of this study demonstrated that D. longicaudata dis-
played a strong tendency to superparasitize A. fraterculus larvae.
This agrees with prior studies by Lawrence (1988) on A. suspensa,
Montoya et al., 2000b and Gonzalez et al. (2007) on A. ludens,
and Van Nieuwenhove et al. (2012) on A. fraterculus. As suggested
by Montoya et al. (2000b), superparasitism in D. longicaudata
might be an adaptive behavior that would facilitate the survival
of parasitoid female larvae inside host fly larvae. However,
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superparasitismmay increase host mortality levels (Montoya et al.,
2000b), resulting in an increased effectiveness on the host by par-
asitoid female action (Van Nieuwenhove and Ovruski, 2011).
Although in C. haywardi there was not as marked a tendency to
superparasitize host larvae as that of D. longicaudata, the study
showed a level of superparasitism significantly similar to
monoparasitism under both conspecific and heterospecific condi-
tions. Probably, the high level of efficiency exhibited by both D.
longicaudata and C. haywardi in the present study (Fig. 1) is not
only due to reproductive host-killing through oviposition, but also
to non-reproductive host-killing by means of the action of super-
parasitism. In addition, another host mortality factor probably
caused by D. longicaudata and C. haywardi might be the host sting-
ing activity without oviposition. Approximately 3–5% of dead A.
fraterculus pupae with one or more scars on the puparial cuticle
due to previous attacks by C. haywardi and D. longicaudata, respec-
tively, had no immature parasitoids inside when they were dis-
sected (S.M. Ovruski, unpublished data). The scars may occur by
oviposition or oviposition attempts in the host by females of both
D. longicaudata and C. haywardi (Cancino et al., 2012). Another
mortality factor caused by many synovigenic parasitoids is host
feeding behaviour (Jervis and Kidd, 1986). However, this behavior
was not observed in C. haywardi when females had direct contact
with host pupae (L.P. Bezdjian, unpublished data).

Several studies on interactions between different parasitoid
species attacking one same host (Godfray, 1994; Bautista and
Harris, 1997; Cusson et al., 2002; Wang and Messing, 2002, 2003,
2004; Javad Ardeh et al., 2005; Quicke, 2015) remark that multi-
parasitism would be more frequent than the superparasitism. Data
shown in this study is in agreement with this statement, because
that superparasitism was 3.0-times lower than multiparasitism.
Furthermore, superparasitism and monoparasitsm under a
heterospecific situation was 4.9- and 2.4-times lower, respectively,
than those recorded in a conspecific condition. These results would
suggest that C. haywardi may have greater ability to discriminate
previously exploited hosts by conspecifics than by heterospecifics.
Interestingly, Cancino et al. (2012) found that 30% of the total num-
ber of C. haywardi females oviposited into host previously para-
sitized by D. longicaudata whereas only 12% of C. haywardi
females did so in pupae previously parasitized by conspecifics.
However, the aforementioned authors reported that C. haywardi
females were less likely to oviposit into hosts previously attacked
by D. longicaudata. Further studies on inter-specific discrimination
by C. haywardi adults are therefore warranted to test in detail pre-
dictions stemming from the present findings.

5. Conclusion

Multi-parasitized hosts did not influence D. longicaudata para-
sitism rates, but the specific parasitism of C. haywardi decreased
in the presence of D. longicaudata. However, C. haywardi managed
Table A1
Mean (T�x), minimum (Tmin), and maximum (TMax) temperatures and relative humidity (RH

Testing dates Treatment field cage

TMax (�C) Tmin (�C) T�x (�C) RHMax (%) RHmin (%) RH�x

Feb. 8 29.7 27.5 28.6 71 57 64.
Feb. 10 32.7 26.4 29.6 67 55 61.
Feb. 13 27.2 24.1 25.7 70 49 59.
Feb. 15 32.6 27.7 30.2 70 55 62.
Feb.17 29.2 24.9 27.1 73 56 64.
Feb. 20 26.5 21.8 24.2 74 57 65.
Feb. 22 28.6 25.6 27.1 73 54 63.
Feb. 24 30.5 26.7 28.6 65 47 56.
Feb. 27 29.2 23.9 26.6 73 61 67.
Feb. 29 27.5 24.9 26.2 75 61 68.
Mar. 2 29.9 27.5 28.7 59 49 54.
to attack hosts that had escaped from D. longicaudata. Thereby, C.
haywardi contributed by around 19% of the total parasitism on A.
fraterculus.

Superparasitism would be an important additional mortality
factor, which needs to be accounted for when evaluating D. longi-
caudata and C. haywardi performance.

Interestingly, no harmful effect was found on the offspring sex
ratio of parasitoids when they were released either sequentially
or individually.

Since both parasitoids combined led to a higher efficiency, the
effect of the simultaneous use of D. longicaudata and C. haywardi
in augmentative biological control programs would contribute to
an increase of A. fraterculus mortality rate. Nevertheless, due to
the negative effect on C. haywardi emergence caused by prior D.
longicaudata parasitism into the same host, it would be advisable
to focus further studies on interactions between this exotic para-
sitoid species and other neotropical parasitoid species, such as bra-
conids and figitids, before deciding on their combined use by
means of releases in Citrus-growing areas of northern Argentina.

Combined releases of D. longicaudata and C. haywardi may be
more advantageous in fruit-growing regions where no evidence of
endemic Anastrepha parasitoid species has ever been found. Thus,
both parasitoid species may be released under semiarid conditions
in ecologically isolated fruit-producing irrigated-valleys of San Juan
and La Rioja, located in central-western Argentina. In such semiarid
areas, fruit crops and orchards are found in vegetation patches under
artificial irrigation constituting ecological islands. Therefore, com-
bined releases of D. longicaudata and C. haywardi in such patches
might facilitate the assessment of the effect of both parasitoids on
pest population under field conditions. Nevertheless, studies on
thebioclimatic requirements of bothD. longicaudata andC. haywardi,
as well as post-release monitoring and assessment of parasitoids
efficacy, are still needed in these irrigated fruit-producing areas.
Finally, it is noteworthy that the results of this study are relevant
to the fruit fly biological control framework of theNewWorld taking
into account that both parasitoid species occur throughout the
Neotropical region attacking several pestiferous Anastrepha species.
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Appendix 1

See Table A1.
�x , RHmin, and RHMax) in the study area during testing dates (midsummer) in 2012.

Control field cage

(%) TMax (�C) Tmin (�C) T�x (�C) RHMax (%) RHmin (%) RH�x (%)

0 29.6 27.4 28.5 70 55 62.5
0 32.7 26.4 29.6 69 52 60.5
5 27.0 24.0 25.5 73 49 61.0
5 32.7 27.7 30.2 72 54 63.0
5 29.1 25.0 27.1 72 58 65.0
5 26.3 21.8 24.1 71 56 63.5
5 28.6 25.5 27.1 76 52 64.0
0 30.5 26.7 28.6 64 49 56.5
0 29.2 24.0 26.6 71 60 65.5
0 27.6 25.1 26.4 77 64 70.5
0 30.0 27.6 28.8 61 50 55.5
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