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a b s t r a c t

A recently discovered Mexican parasitoid species of Eurytomidae (Hymenoptera), Eurytoma sivinskii
Gates and Grissell, has the unique behavior, for its family, of attacking tephritid fruit fly pupae (Anastre-
pha spp.) on or in the soil. Adults burrowed but did so rarely, thus pupae on the soil surface were signif-
icantly more vulnerable than those underground. Females facultatively hyperparasitized other larval-
prepupal and pupal parasitoids such as Opius hirtus (Braconidae), Coptera haywardi (Diapriidae) and
Pachycrepoideus vindemiae (Pteromalidae). While E. sivinskii developed in the pupae of various other
Anastrepha, including, A. serpentina and A. striata, it also attacked cyclorraphous Diptera such as Musca
domestica and a tachinid species. The number of expected female offspring (Ro) was 44.3 when measured
as eclosed eggs (i.e., that became larvae) and 34.3 when measured as the number of emerged adults, and
the intrinsic rate of natural increase (rm) was 0.34. This is high relative to other fruit fly parasitoids and
suggests that E. sivinskii could rapidly exploit a clumped resource. We conclude that the marginal ability
of E. sivinskii to attack buried pupae and the environmental risks it poses through its broad host range and
capacity for hyperparasitism make it a poor candidate for tephritid biological control.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Insect biological control has come under increased scrutiny and
is suspected of having occasionally released inappropriate natural
enemies that had a negative effect on local arthropod numbers
and diversity (Simberloff and Stiling, 1996; Henneman and Mem-
mott, 2001; Zimmermann et al., 2001; Messing et al., 2005;
Messing and Wright, 2006). These types of concerns are best al-
layed by accruing critical information on potential biological con-
trol agents such as host range (danger to non-targets), ability to
hyperparasitize, and certain demographic parameters such as
intrinsic rate of increase. This was our aim here with the recently
described Mexican species Eurytoma sivinskii Gates and Grissell
(Gates and Grissell, 2004; Gates et al., 2008) which was discovered
attacking pupae of the West Indian fruit fly, Anastrepha obliqua
(Macquart) a species of the exclusively frugivorous, and often pes-
tiferous, tephritid tribe Toxotrypanini (Aluja, 1994). Very little is
ll rights reserved.
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known on the biology of this species. Recently, Mena-Correa
et al. (2008) determined that E. sivinskii is ectoparasitic and that
the life cycle is completed in 23.1 ± 1 (mean ± SE) days at
27 ± 2 �C. Females are capable of superparasitism, laying eggs pri-
marily in the medial and posterior portions of the host. Indepen-
dent of where the eggs were placed within the puparium, adults
tended to emerge through the middle of it.

Tephritid fruit fly biological control relies heavily on larval/egg-
prepupal braconid parasitoids (Purcell, 1998; Ovruski et al., 2000).
A number of species have been both classically introduced around
the world and considered for mass-release in support of fly-free
zones and eradication programs (Sivinski et al., 1996; Montoya
et al., 2000). However, it has been proposed that there may be an
underappreciated role for augmentation of pupal parasitoids as
well, since insects that escape a larval parasitoid might fall victim
to a pupal parasitoid later in their development. Mixed mass-
releases of sterile Mediterranean fruit fly, Ceratitis capitata
(Wiedemann), braconids and the pteromalid pupal parasitoid
Pachycrepoideus vindemiae (Rondani) have been popular with Costa
Rican agriculturalists (Camacho, 1998). The problem with P.
vindemiae is that it is an ectoparasitoid able to attack a wide range
of hosts, among them pollinators and other beneficials (Guillén
et al., 2002, and references therein). Generalism raises questions
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concerning both non-target effects and lack of efficacy as declining
target populations cause them to turn to relatively more numerous
non-targets (Sivinski et al., 1998). An interesting alternative to this
exotic species was discovered in Central Veracruz, Mexico in the
late 90s by López et al. (1999): the relatively specialized native dia-
priid endoparasitoid Coptera haywardi (Ogloblin) (Sivinski et al.,
1998). For example, while P. vindemiae only attacked Anastrepha
ludens (Loew) pupae on the surface, C. haywardi was able to attack
pupae that were buried up to 5 cm deep (Guillén et al., 2002). In
the case of pupae placed on the surface, parasitism by C. haywardi
reached 49.5% which was significantly higher than the 19% re-
corded for P. vindemiae (Guillén et al., 2002). In subsequent field-
cage tests, C. haywardi showed great potential for the control of
C. capitata in Guatemala attacking 81.8% of pupae naturally buried
at depths of 1–5 mm (Baeza-Larios et al., 2002).

Most species of the large and widespread parasitoid genus
Eurytoma (Hymenoptera: Chalcidoidea: Eurytomidae) attack gall-
forming Cynipidae (Hymenoptera) and Diptera (Tephritidae and
Cecidomyidae) (DiGuilio, 1997). Among the Tephritidae, flies with-
in Eurosta and Trupanea, exclusively attacking flower heads, are in
turn attacked by eurytomid parasitoids (Horner, 1999; Goeden
et al., 1998). Interestingly, E. sivinskii instead of attacking pupae
in galls or flowerheads, forages for host pupae in and on the soil
(Mena-Correa, 2005). Because of its peculiar foraging tactics for
economically important hosts such as A. obliqua, A. ludens (Loew),
the Mexican fruit fly. A. ludens is a polyphagous fly found through-
out Mexico and Central America where it is a major pest of citrus,
particularly grapefruit (Citrus paradisi Macfadyen), as well as man-
go (Mangifera indica L.) (Aluja et al., 2009a).

We hypothesized that several factors might influence the effi-
cacy of E. sivinskii attacking A. ludens, and by implication the
parasitoid’s possible role in biological control. (1) Location of
hosts within the soil: Frugivorous fruit fly larvae typically leave
their host fruits to pupate in the soil at depths of from near
the surface to �5 cm (e.g., Hodgson et al., 1998). The position
of pupae in the ground affects both their vulnerability to preda-
tors (Aluja et al., 2005) and to parasitoids (Guillén et al., 2002).
For example, C. haywardi, a tephritid specialist, can parasitize
C. capitata pupae at depths of at least 15 mm in the field but
parasitism decreases significantly with increasing burial depths
(Baeza-Larios et al., 2002). (2) Experience: It is widely known that
experience influences the foraging efficiency of parasitoids
(Quicke, 1997). For example, previous exposure to host visual
and chemical cues and oviposition substrates increases respon-
siveness and rates of oviposition by females (Wäckers and Lewis,
1994). (3) Soil structure: In addition to depth, the degree of soil
compaction and ease of digging can influence access to hosts
(Guillén et al., 2002). Substrate particle size and moisture con-
tent play a role in the ability of cyclorraphous fly parasitoids
to reach host pupae (Smith and Rutz, 1991; Geden, 1999; Rueda
and Axtell, 1985a). (4) Intrinsic rate of increase: The capacity of
E. sivinskii for increase, a function of longevity and fecundity,
could influence its abundance and distribution relative to other
tephritid biological control agents.

In addition to examining behaviors related to the efficacy of
E. sivinskii in controlling tephritid pests, we considered the possi-
ble costs associated with its introduction or augmentation. (1)
Host range and the danger to non-target Diptera: Broad host ranges
are common in ectoparasitoids of dipteran pupae (Sivinski et al.,
1998) and pose a threat to non-target flies. Furthermore, parasit-
oids exhibiting broad host ranges may be less effective as they
turn from the increasingly rare targets in populations in the pro-
cess of suppression. (2) Hyperparasitism: Pupal parasitoid devel-
opment in primary parasitoids may adversely affect overall
control by limiting their numbers and population growth. Some
species of Eurytoma act as hyperparasitoids and have been re-
ported attacking cocoons of the gregarious endoparasitoid Cotesia
glomerata L. (Hymenoptera: Braconidae) (Tagawa and Fukushila,
1993).

2. Materials and methods

2.1. Insect cultures and experimental conditions

This study was carried out at the Unidad de Entomología Apli-
cada of the Instituto de Ecología A.C., Xalapa, Veracruz, Mexico.
Environmental conditions were fixed at 27 ± 2 �C, 75 ± 5% RH,
and a 12:12 h photoperiod.

E. sivinskii were reared on two-d old lab-reared A. ludens pupae
following the methods described by Aluja et al., (2009b). Our col-
ony was started with individuals collected in 1997 in A. obliqua
pupae derived from tropical plum (Spondias mombin L., Anacardi-
aceae) growing in Tejería, Veracruz, México (Aluja et al., 2009b).
Adult parasitoids were transferred to Plexiglas cages
(30 � 30 � 30 cm) at emergence and fed ad libitum with water
and honey. To prevent oviposition experience, parasitoids were
not exposed to host pupae until used for experiments. Twenty-
four hours before an experiment began, parasitoids were trans-
ferred to smaller Plexiglas cages (23 � 23 � 23 cm) using glass
vials. In all cases, after A. ludens pupae were exposed to parasit-
oids, they were removed and placed in plastic cups (200 ml) con-
taining moistened vermiculite and covered with a fine-mesh cloth
lid. Water used to dampen the vermiculite contained sodium ben-
zoate (2 g/l) to suppress fungal growth.

2.2. Parasitism related to host-burial depth and female experience

After running a preliminary experiment with two soil types
(clay-rich and sandy), we decided to only use the clay-rich soil
in the formal experiment as preliminary results indicated that
few females dug in search of pupae and that such behavior was
not influenced by soil type. We chose the clay-rich soil (50%
RH) as this is the most common soil type in the region where
E. sivinskii was originally discovered. The soil was obtained in a
fragment of tropical montane cloud forest that surrounds the
grounds on which the Instituto de Ecología, A.C. is build. Soil type
was determined by texture analysis with the assistance of the
Departamento de Suelos of the Instituto de Ecologia A.C. in
Xalapa, Veracruz, Mexico.

The experimental design was a 2 � 5 factorial arrangement of
treatments as follows: two female experience levels (naive or with
previous oviposition experience and five burial depths of pupae
within soil (0, 0.5, 1.0, 2.0 and 4.0 cm). In total, there were 10 treat-
ment combinations, and five replicates for each combination. Host
pupae were exposed to female parasitoids in plastic cups (200 ml)
containing 5 cm of soil. Twenty A. ludens pupae per plastic cup
were buried artificially at 0, 0.5, 1.0, 2.0, and 4.0 cm depth. Three
days after pupae were buried, each groups of 20 A. ludens pupae
were exposed to E. sivinskii cohorts of 10 naive or experienced fe-
males (8 to 11-d old) for 72 h.

Pupae were recovered from the soil following exposure. Ten pu-
pae from each replicate were dissected under a stereo microscope
to verify parasitism (presence or absence of E. sivinskii eggs). The
other 10 pupae were individually placed in glass flasks
(5 � 1 cm) containing moistened vermiculite. After 10 d, fly and
parasitoid emergences were recorded daily for 20 d.

Rates of parasitism (i.e., percent parasitism) among treatments,
in pupae that were dissected or kept until adult parasitoids
emerged, were compared using a factorial analysis of variance
ANOVA (Zar, 1996), with depth of burial and female experience le-
vel (naive vs. experienced) as factors. Data in proportions were arc-
sin transformed before analysis (Zar, 1996).



Table 2
Analysis of variance for experiment on parasitism by E. sivinskii related to female
experience (experienced vs. na) and host-burial depth (response variable was percent
parasitism). In one case pupae were dissected to quantify the number of E. sivinskii
eggs inside them and in the other, we allowed adults to emerge from parasitized
pupae.

Source df F P

Dissected pupae
Experience 1 0.008 0.928
Depth 1 16.032 0.000
Experience � depth 1 0.001 0.923

Emerged adults
Experience 0.019 0.888
Depth 17.468 0.000
Experience � depth 1 0.007 0.934
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2.3. Host breadth

The capacity of E. sivinskii to attack a variety of hosts was exam-
ined in no-choice and choice experiments. Pupae from three
Anastrepha species (A. ludens, A. obliqua and A. serpentina), were
used as were those of an unidentified tachinid (Diptera: Tachini-
dae), Paleaosepsis sp. (Diptera: Sepsidae) and Musca domestica L.
(Diptera: Muscidae).

Wild A. ludens, A. obliqua, A. serpentina and A. striata puparia
originated from infested Citrus paradisi Macfadyen, Manilkara zapo-
ta (L.), Mangifera indica L. and Psidium guajava L., respectively, that
had been shipped from Uruapan, Michoacán, Mexico. Puparia orig-
inating from laboratory-reared A. ludens stemmed from our colo-
nies. The other three dipterans were collected in a compost pile
in Coatepec, Veracruz, Mexico (a mixture of rotten fruit, vegetables
and chicken manure).

Infested fruit and compost samples were brought to the labora-
tory and kept in plastic baskets placed above washbowls contain-
ing vermiculite as a pupation medium (Guillén et al., 2002). The
vermiculite was checked every two days to recover newly formed
pupae, which were then placed in 200 ml plastic cups (6 � 5 cm)
containing moistened vermiculite and covered with a fine-mesh
cloth lid. All pupae remained in these cups for three–five days
and were weighed before use in the experiments. In the case of
compost samples, we sorted all pupae by size and shape. Most of
the material was used in our experiments, but samples were also
kept to identify the adults emerging from the puparia.

No-choice test. Female parasitoids were released in the presence
of only one potential host species. Because pupae of each species
were obtained at different times, treatments were performed fol-
lowing availability of host pupae. Thus, four sub-treatments were
performed (Table 1). For each potential host species, 40 pupae
were exposed to cohorts of 10 female and 5 male E. sivinskii (nine
to 12-d old) for 48 h. The experiment was replicated five times.

Choice test. Female parasitoids were exposed to pupae of the dif-
ferent potential host species offered simultaneously. Pupae were
marked with different colored dots (Vinci�, Vinci de México, S.A.
de C.V., Mexico) that corresponded to species. Because pupae of
all the species tested were not available at the same time, we ran
three sets of tests with different combinations of species (details
in Table 2). Forty or 45 host pupae (i.e., 10 or 15 pupae per species)
were exposed at the same time to cohorts of 10 female E. sivinskii
and five males (nine to 12-d old) for 48 h. We replicated each test
five times. In both the choice and no-choice test pupae were
weighed individually to determine any effect of host weight, such
as sex-ratio biases, on the rate or nature of parasitism.
Table 1
Mean ± SE percent parasitism by E. sivinskii related to female experience and the
depth at which Anastrepha ludens pupae were buried. In one case pupae were
dissected to quantify the number of E. sivinskii eggs inside them and in the other, we
allowed adults to emerge from parasitized pupae.

Depth (cm) Experienced Naive

Dissected pupae
0 88 ± 4.9 84 ± 4
0.5 0 ± 0 0 ± 0
1.0 0 ± 0 0 ± 0
2.0 0 ± 0 0 ± 0
4.0 2 ± 2 2 ± 2

Emerged adults
0 86 ± 4 82 ± 5.8
0.5 0 ± 0 0 ± 0
1.0 0 ± 0 0 ± 0
2.0 2 ± 2 0 ± 0
4.0 0 ± 0 0 ± 0
Rates of parasitism among treatments were compared using a
one-way ANOVA (Zar, 1996) with host species as the independent
factor. When significant differences were found, a Tukey’s test was
performed (Zar, 1996). Data in proportions were arc-sin trans-
formed before analysis (Zar, 1996). The pupal weight and rates of
parasitism were tested for correlation using the r Spearman test
(Zar, 1996).

2.4. Determination of hyperparasitism

Additional parasitoid species reared at the Unidad de Entomo-
logía Experimental of the Instituto de Ecología A.C., Xalapa, Vera-
cruz, Mexico (Aluja et al., 2009b) were used to determine the
potential of E. sivinskii to hyperparasitize. These target parasitoids
displayed different types of parasitism (endo- and ectoparasitoids
of larvae and pupae), which served to detect any different vulner-
abilities to hyperparasitism. Parasitoid species used were: Opius
hirtus Fisher (endoparasitoid of third instar A. ludens larvae),
C. haywardi (endoparasitoid of A. ludens pupae) and P. vindemiae
(ectoparasitoid of A. ludens pupae). Parasitism by O. hirtus was
accomplished by exposing third instar host larvae to female para-
sitoids for six–eight hours (details in Aluja et al., 2009b). Parasitism
by C. haywardi and P. vindemiae was accomplished by exposing
three-d old pupae to female parasitoids for 24 h (details in Guillén
et al., 2002). In the case of O. hirtus, we exposed third instar
A. ludens larvae inside our rearing cages (details in Aluja et al.,
2009b). The number of primary parasitoids in these cages fluctu-
ated between 100 and 200 individuals of both sexes. One hundred
milliliter of pupae (ca. 2700 individuals) placed on top of a plastic
lid were exposed to the two pupal primary parasitoids (C. haywardi
and P. vindemiae) while 30 ml of larvae (ca. 860 individuals) were
exposed to the primary larval-prepupal parasitoid (O. hirtus). In
the latter case the larvae were mixed with guava pulp placed on
a plastic lid tightly covered with organdi cloth (‘‘sandwich method”
described in Aluja et al., 2009b).

Parasitized hosts were identified by changes on the surface of
the puparium. After a few days, the endoparasitoids (O. hirtus
and C. haywardi) caused the host to assume a wrinkled surface with
pearly-white tones which became consistently more obvious as
the parasitoid’s body became distinguishable through the host
puparium. The ectoparasitoid (i.e., P. vindemiae) was clearly visible
through the host puparium.

Twenty pupae of similar ages and previously parasitized by
these primary parasitoids were exposed on the surface of a Petri
dish to E. sivinskii cohorts of 10 females and five males that were
six to 10 d of age. Opius hirtus, C. haywardi, and P. vindemiae
emerged as adults approximately 16, 30, and 28 d, respectively,
after oviposition (preliminary observations). Thus, the following
groups were exposed to E. sivinskii cohorts of 10 females and five
males (one cohort/replicate): (a) 100 pupae (20 per replicate) for
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each of the following pupal ages (measured as days elapsed after
oviposition of the primary parasitoid had occurred: 1 to 15-d after
parasitism by O. hirtus (total of 1500 pupae [=15 ages � 5 repli-
cates � 20 pupae/replicate]). We note that among the one-d pupae
stemming from larvae parasitized by O. hirtus, some pre-pupae
were found. (b) 100 pupae (20 per replicate) for each of the follow-
ing periods (days) after oviposition of the primary parasitoid had
occurred: 1 to 30-d after parasitism by C. haywardi (total of 2000
pupae [=20 ages � 5 replicates � 20 pupae/replicate]). We note
that in this case, pupae at the time of exposure to E. sivinskii were
5 to 34-d old since they were exposed at age 3 d to the primary
parasitoid; (c) 100 pupae (20 per replicate) for each of the follow-
ing periods (days) after oviposition of the primary parasitoid had
occurred: 1 to 12-d after parasitism by P. vindemiae (total of
1200 pupae [=12 ages � 5 replicates � 20 pupae/replicate]). We
note that in this case, pupae at the time of exposure to E. sivinskii
were 5 to 16-d old since they were exposed at age 3 d to the pri-
mary parasitoid (as was the case with C. haywardi). In addition,
for each group exposed to E. sivinskii, 20 host pupae/replicate not
exposed to E. sivinskii were separated as control groups. The expo-
sure time to E. sivinskii cohorts was 24 h and five replicates were
performed. The percent parasitism/hyperparasitism and sex-ratio
of emerging E. sivinskii were recorded.

The rates of hyperparasitism (E. sivinskii emergences/fly emer-
gences + primary parasitoid emergences + E. sivinskii emergences),
the efficiency of primary parasitoid (fly emergences/fly emer-
gences + primary parasitoid emergences), and host quality
estimated by the primary parasitoid emergences (primary para-
sitoid emergences/fly emergences + primary parasitoid emer-
gences) (Begon et al., 2006; Sullivan and Völkl, 1999) for each
treatment (i.e., days elapsed after oviposition of the primary par-
asitoid had occurred) were compared via an ANOVA, with arc-sin
transformed data. Parasitoid sex-ratios were compared against a
1:1 ratio using a chi-square goodness-of-fit test. Finally, for each
set of experiments, parasitoid sex-ratios were compared among
treatments within parasitoid species using a chi-square test
(Zar, 1996).

2.5. Demographic parameters of E. sivinskii

To obtain parasitoids of known age and history, hosts were ex-
posed daily to one-d old E. sivinskii females. Pupae were recovered
after 24 h and placed in closed plastic vials (200 ml) containing
moistened vermiculite (�5 g). When adults emerged, they were
transferred to Plexiglas cages to form experimental cohorts. Be-
cause male emergence preceded female emergence, each cohort
consisted of 15 recently emerged females and 15 two-d old males.
Adults had ad libitum access to diluted honey (70% honey, 30%
water) (Miel Carlota�, Hérdez S.A. de C.V., Cuernavaca, Morelos,
Mexico) and water. We saturated pieces of cotton with the hon-
ey/water solution and placed them in 10 cm Petri dishes in the bot-
tom of every cage. Water was administered similarly.

This study examined longevity, fertility and fecundity of insects
in three treatments: (a) parasitoids without host exposure (i.e.,
without direct investment in reproduction), which were observed
until all died to be able to estimate longevity; (b) parasitoids with
daily exposure to 45 host pupae (3 to 5-d old), which were ob-
served until adult parasitoids emerged from them to calculate
parameter Ro for the adult stage (pupa-adult); (c) parasitoids with
daily exposure to 45 host pupae (3 to 5-d old), which were dis-
sected to quantify the number of eggs laid by females and their
eclosion to calculate parameter Ro based on the number of eclosed
eggs (i.e., those hatching into larvae). Dissections were performed
five–eight days after parasitoid exposure because during this peri-
od it was possible to observe the egg chorion or eclosed larva
(Mena-Correa, 2005). There were five replicates for each treatment.
A total of 12,200 host pupae were exposed to female parasitoids in
treatment ‘‘b”.

Following Begon et al. (2006), we constructed a life table for
each treatment (a–c) with the number of surviving insects (sx),
the age-specific survival (lx), mortality likelihood (dx), the daily
rate of mortality (qx), the mean lifespan (Lx) and the expected life-
span (ex). Moreover, a fecundity table for treatments b and c was
prepared including the total offspring (Fx) (reproductive output of
the entire population), the age-specific fecundity (mx) (the fecun-
dity per surviving individual), original female offspring per day
(lxmx), cohort generation time (Tc) (x lxmx/lxmx) and the expected
female offspring (Ro) (mean number of offspring produced by an
individual over the course of its life) =

P
lxmx). Finally, for treat-

ment ‘‘c”, the intrinsic rates of natural increase (rm) values were
calculated according to the Lotka equation (Birch, 1948): Re�rmx

lxmx = 1, where x is the age, lx the age-specific survival and mx

the age-specific fecundity. The finite rate of increase (k = erm)
and the doubling time (DT = ln 2/rm) were evaluated according
to DeLoach (1974). We calculated sx as well as Fx based on the
mean of five simultaneous replicates with cohorts of 15 females
per replicate. Ro for adult emergence was calculated with data
from treatment ‘‘b”, whereas Ro for eclosed eggs was evaluated
with data from treatment ‘‘c”. The x from ‘‘Days” varies according
to treatments.

In treatment ‘‘b”, emergence rates were compared using a one-
way ANOVA with the female parasitoid age as the independent fac-
tor. The rates of emerged adults were similarly compared using a
one-way ANOVA. Data in proportions were arc-sin transformed be-
fore analysis (Zar, 1996). All analyses were performed using Statis-
tica� software. When indicated, parasitism rates (i.e., percent
parasitism) (No. of adult parasitoid emerged/No. of emerged
flies + No. adult parasitoid emerged) were estimated.

3. Results

3.1. Parasitism related to host-burial depth and female experience

Eurytoma sivinskii parasitized significantly more pupae located
on the soil surface than buried pupae (Tables 1 and 2). Female
experience did not significantly affect parasitism rates (Table 2).
A single pupae of 100 buried at 4 cm exposed to naïve E. sivinskii
females ended up being parasitized. In the case of experienced fe-
males they parasitized pupae buried at depths of 2 and 4 cm,
respectively (one pupae in each case) (Table 1). These results indi-
cate that females are able to dig in search of pupae but that such an
event is extremely rare as females preferred to attack pupae on the
soil surface.

3.2. Host breadth

The rates of parasitism were significantly different among host
species, according to the experimental conditions and sub-treat-
ments observed.

No-choice tests. (1) Test comparing parasitism on M. domestica,
Palaeosepsis sp. and the tachinid pupae: significant differences in
the rates of parasitism were observed among species (F = 7.21;
df = 2; P = 0.009), with the highest rate being observed on
M. domestica and no development at all recorded on Palaeosepsis
sp. (Table 3). A positive correlation was found between the rates
of parasitism and pupal weight (R = 0.604; P = 0.017).

(2) Test comparing parasitism on M. domestica, A. obliqua, A.
striata and laboratory-reared A. ludens pupae: significant differ-
ences in the rates of parasitism among species were observed
(F = 15.138; df = 3; P < 0.001). The lowest rate was observed on
M. domestica, A. obliqua, the fly species on which E. sivinskii was
originally collected in the field, exhibited the highest rate (Table 3).



Table 3
The capacity of E. sivinskii to attack a variety of hosts (i.e., host breath) as examined in
a no-choice experiment. Mean (±SE) percent parasitism values in different sub-
treatments are provided.

Sub-treatment Fly species N Parasitism (%)

Onea sp. Tachinid 5 10.26 ± 5.3 a
Palaeosepsis sp. 5 0.00 ± 0.0 b
M. domestica 5 69.56 ± 17.9 c

Twob M. domestica 5 18.67 ± 9.0 a
A. obliqua 5 99.38 ± 0.6 b
A. striata 5 96.66 ± 1.3 b
A. ludens laboratory 5 87.13 ± 7.5 b

Threec M. domestica 5 98.15 ± 1.2 a
A. serpentina 5 97.69 ± 1.7 a
A. striata 5 98.18 ± 1.8 a
A. ludens wild 5 48.20 ± 12.0 b
A. ludens laboratory 5 91.56 ± 6.3 a

Fourd A. ludens wild 5 22.00 ± 13.5 a
A. ludens laboratory 5 93.94 ± 4.0 b

a Significant differences in the rates of parasitism were observed among species
(F = 7.21; 2 df; P = 0.009).

b Significant differences in the rates of parasitism among species were found
(F = 15.138; 3 df; P < 0.001).

c Significant differences in the rates of parasitism were observed among species
(F = 6.166; 4 df; P = 0.0007).

d Significant differences in the rates of parasitism were observed between species
(F = 28.571; 1 df; P = 0.0007).

Table 4
The capacity of E. sivinskii to attack a variety of hosts (i.e., host breath) as examined in
a choice experiment. Mean (±SE) percent parasitism values in different sub-
treatments are provided.

Sub-treatment Fly species N Parasitism (%)

Onea sp. Tachinid 5 2.50 ± 2.5 a
Palaeosepsis sp. 5 0.00 ± 0.0 b
M. domestica 5 73.33 ± 11.3 c

Twob M. domestica 5 92.00 ± 8.0 a
A. obliqua 5 89.84 ± 5.2 a
A. serpentina 5 89.92 ± 2.5 a
A. striata 5 83.78 ± 5.1 a

Threec A. ludens wild 5 45.67 ± 7.1 a
A. obliqua 5 66.67 ± 21.1 a
A. serpentina 5 37.97 ± 16.6 a
A. striata 5 38.00 ± 21.1 a

a Significant differences in the rates of parasitism were observed among species
(F = 16.179; 2 df; P = 0.0004).

b No significant differences in the rates of parasitism among species were found
(F = 0.808; 3 df; P = 0.507).

c No significant differences in the rates of parasitism were observed among
species (F = 1.113; 3 df; P = 0.373).
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No correlation was observed between parasitism rates and pupal
weights (R = 0.297; P = 0.203).

(3) Test comparing parasitism on M. domestica, A. serpentina, A.
striata, wild A. ludens and laboratory-reared A. ludens pupae: signif-
icant differences in the rates of parasitism were found among spe-
cies (F = 6.166; df = 4; P = 0.0007) with wild A. ludens exhibiting the
lowest rates (Table 3). A significant correlation between the rates
of parasitism and pupal weights was observed (R = �0.415;
P = 0.039).

(4) Test comparing parasitism on wild A. ludens and laboratory-
reared A. ludens pupae: a significant difference in parasitism rates
was observed between laboratory-reared and wild A. ludens
(F = 28.571; df = 1; P = 0.0007), the former exhibiting a higher rate
of parasitism (Table 3). No significant correlation was found be-
tween parasitism rates and pupal weight (R = 0.265; P = 0.460).

Choice tests. (1) Test simultaneously comparing parasitism on
M. domestica, Palaeosepsis sp. and tachinid pupae: significant differ-
ences in the rates of parasitism were observed among host species
(F = 16.179; df = 2; P = 0.0004), with the highest rate of parasitism
observed in M. domestica (Table 4). A significant correlation be-
tween parasitism rate and pupal weight was observed (R = 0.808;
P = 0.0003).

(2) Test simultaneously comparing parasitism on M. domestica,
A. obliqua, A. serpentina and A. striata pupae: No significant differ-
ences in the rates of parasitism were observed among host species
(F = 0.808; df = 3; P = 0.507) (Table 4). No significant correlation
was observed between parasitism rate and pupal weight
(R = �0.394; P = 0.085).

(3) Test comparing parasitism on wild A. ludens, A. obliqua,
A. serpentina and A. striata pupae: No significant differences were
observed among species (F = 1.113; df = 3; P = 0.373). Furthermore,
we found no significant correlation between parasitism rate and
pupal weight (R = 0.248; P = 0.292).

3.3. Capacity for hyperparasitism

Eurytoma sivinskii was able to hyperparasitize pupae previously
parasitized by O. hirtus (larval-prepupal parasitoid), C. haywardi
and P. vindemiae (both pupal parasitoids). When E. sivinskii at-
tacked pupae previously parasitized by O. hirtus, there was a mean
rate of hyperparasitism (over all pupal ages) of 69.71 (±13.9)
(Table 4). The highest rates of hyperparasitism were observed
six-d after oviposition of the primary parasitoid had occurred
(which in the case of O. hirtus corresponds to the actual age of pu-
pae [i.e., six d-old]) (F = 5.077; df = 14; P < 0.001), and the lowest
rates of hyperparasitism were in young (one to four-d after ovipo-
sition of the primary parasitoid had occurred) and old (14 and 15-d
after oviposition of the primary parasitoid had occurred) pupae
(Fig. 1). Overall (i.e., lumping all pupae together independent of
age [i.e., days after oviposition of the primary parasitoid had oc-
curred]), the sex-ratio of hyperparasitizing E. sivinskii was signifi-
cantly female-biased (v2 = 64.888; df = 1; P < 0.001). The control
group (not exposed to E. sivinski) exhibited a mean rate of parasit-
ism by O. hirtus of 52.85 (±2.19).

Eurytoma sivinskii hyperparasitized pupae previously parasit-
ized by C. haywardi at a mean rate of 17.32 (±11.5) (over all pupal
ages), with significantly higher rates observed six to 10-d after ovi-
position of the primary parasitoid had occurred (i.e., 10 to 14-d old
pupae as the latter were 3-d old when exposed to the primary par-
asitoid) (F = 3.574; df = 30; P < 0.001) (Fig. 1). The lowest rates of
hyperparasitism were obtained in older pre-parasitized pupae
(i.e., 14 to 30-d after oviposition of the primary parasitoid had oc-
curred [=18 to 34 d-old pupae]). Overall (i.e., lumping all pupae to-
gether independent of days elapsed after oviposition of the
primary parasitoid had occurred), the sex-ratio of hyperparasitiz-
ing E. sivinskii was significantly female-biased (v2 = 27.776;
df = 1; P < 0.001). The control group (not exposed to E. sivinski)
exhibited a mean rate of parasitism by C. haywardi of 73.84
(±19.20).

When attacking the primary parasitoid P. vindemiae, E. sivinskii
attained rates of parasitism from day one to eleven after oviposi-
tion of the primary parasitoid had occurred (five to 15 d-old pupae
as the latter were 3-d old when exposed to the primary parasitoid)
that were not significantly different (Fig. 1). The mean rate of
hyperparasitism during this period was 71.95 (±22.33) (over all
host ages). Significantly higher rates of hyperparasitism were ob-
served one to 11-d after oviposition of the primary parasitoid
had occurred (five to 15 d-old pupae) than on older pupae
(14.85 ± 18.43 day after oviposition of the primary parasitoid had
occurred [=18 to 22 d-old pupae]) (F = 5.730; df = 14; P < 0.001 As
was the case with the previous two experiments, the overall (i.e.,
lumping all pupae together independent of host age) sex-ratio of



Fig. 1. Eurytoma sivinskii emergence in relation to the days elapsed after oviposition of the primary parasitoid had occurred in Anastrepha ludens pupae. Pupae were first
exposed to the primary parasitoids Opius hirtus (attacks third-instar larvae), Coptera haywardi and Pachycrepoideus vindemiae (both attack pupae) and then to E. sivinskii. Age
of A. ludens pupae corresponds to the days after oviposition of the primary parasitoid had occurred in the case of O. hirtus as the larvae attacked pupated the same day. In the
case of the primary pupal parasitoids they were offered three-d old A. ludens pupae so by the time E. sivinskii attacked the same pupae, the latter were five-d old.
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hyperparasitizing E. sivinskii was significantly female-biased
(v2 = 12.242; df = 1; P < 0.001). The control group (not exposed to
E. sivinski) exhibited a mean rate of parasitism by P. vindemiae of
72.22 (±17.55).

3.4. Demographic parameters of E. sivinskii

Treatment a (i.e., without host exposure): female expected life-
span (Lx) was 51 d, whereas male Lx was 30 d. Curves for male and
female age-specific survival (lx) are shown in Fig. 2A. Maximum fe-
male longevity was of 86 d and that of males was of 62 d.
Fig. 2. Demographic parameters for E. sivinskii attacking Ananstrepha ludens pupae. Ag
exposure], treatment b (B) [i.e., with host exposure], and treatment c (C) [i.e., with host
Treatment b (i.e., with host exposure): female Lx was 24.9 d and
male Lx was 28.3 d. Curves for male and female age-specific sur-
vival (lx) are shown in Fig. 2B. Maximum female longevity was
77 d and that of males 58 d. Total mean offspring/cohort (Fx) was
425 individuals and the expected female offspring (Ro) was 28.3
adults. Age-specific fecundity (mx) is shown in Fig. 3A.

Treatment c (i.e., with host exposure and dissection): female Lx

was 23.3 d and male Lx 28.1 d. Curves for male and female age-spe-
cific survival (lx) are shown in Fig. 2C. Maximum female longevity
was 47 d and that of males was 45 d. Mean egg production per co-
hort (Fx) was 665 eggs. Mean larvae per cohort (Fx) was 514.2 with
e-specific survival (lx) of males and females for treatment a (A) [i.e., without host
exposure and dissection].



Fig. 3. Demographic parameters for E. sivinski attacking Anastrepha ludens pupae.
Age-specific fecundity (mx) for treatment b (A) [i.e., with host exposure], and
treatment c (B) [i.e., with host exposure and dissection].
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an Ro of 44.3 for eclosed eggs (i.e., that became larvae) and 34.3
when measured as the number of eclosed adults (i.e., pupae were
observed until all adults emerged from them). The intrinsic rate
of natural increase (rm) was 0.34, with a finite rate of increase (k)
of 1.40 and a doubling time (DT) of 2.05. Age-specific fecundity
(mx) is shown in Fig. 3B.

Recently emerged females did not parasitize hosts. Maximum
egg production was recorded in 2 to 15-d old females
(F = 23.936; df = 47; P < 0.0001). In 98.7% of the recorded cases
(N = 975), only one adult emerged from pupae. However in 13 pu-
pae (1.3% of total) exposed to nine to 13-d old females, two adults
emerged.

4. Discussion

Although attacking puparia buried beneath a substrate has been
previously noted within the Chalcidoidea (Rueda and Axtell,
1985b; Sivinski et al., 1998), E. sivinskii seems to be the first re-
corded eurytomid capable of digging through soil to parasitize a
host. We note however that parasitism occurred almost exclusively
on the surface and in the few cases where parasitism was observed
in buried pupae, rates declined sharply with burial depth as is also
true also of another burrowing tephritid parasitoid, the diapriid C.
haywardi (Baeza-Larios et al., 2002). Given that Anastrepha spp. pu-
pae regularly occur at depths of 2–5 cm (Hodgson et al., 1998), it
would seem that most would be beyond the reach of E. sivinskii,
which in turn would limit its impact as an agent of population con-
trol. Furthermore, our experiments did not conclusively reveal how
E. sivinskii locates either host patches or underground pupae. Addi-
tional studies are thus needed to determine for example the influ-
ence of potential kairomones or cues from the fruit on which fruit
fly larvae are developing.

Parasitism rates are affected by a variety of circumstances and
even in the laboratory, host density, age, host and form of exposure
can make comparisons among species difficult. Given this caveat,
mean pupal parasitism rates in our laboratories in other generalist
ectoparasitoid species can range as high as 93% (e.g., Dirhinus hima-
layanus Westwood; Sivinski et al., 1998). In our study, parasitism
by E. sivinskii reached 99.38 ± 0.6, 98.18 ± 1.8, and 98.15 ± 1.2 in
the cases of A. obliqua, A. striata and M. domestica. In this respect,
we discovered a striking, and highly significant difference in para-
sitism, when comparing lab-reared A. ludens and wild specimens of
the same species (e.g., 93.94 ± 4.0 vs. 22.0 ± 13.5). On the one hand,
it could be that residual odors from the grapefruit from which
these pupae originated (larvae developed in grapefruit and when
exiting the fruit to pupate, were also in contact with rotting fruit
and juices oozing from these fruit) were partially repellent to the
host-seeking females. On the other, learning could be possibly in-
volved with chemical cues associated with the diet in which lab
A. ludens were reared exerting a positive effect on E. sivinskii fe-
males. Finally, it is also possible that pupae from lab-reared larvae
contain more nutrients than those derived from grapefruit. At any
rate, and with one exception (Palaeosepsis sp.), E. sivinski was able
to inflict heavy mortality on most species exposed to its parasitic
activity.

Life expectancies and reproductive capacity are the basis for
demographic parameters that determine the population rate of in-
crease. Such values can give insights into how rapidly a parasitoid
can increase relative to its host and how economically it might be
reared as an augmentative biological agent. Survivorship and ex-
pected lifespan of females that never oviposited were nearly twice
those of ovipositing females. Females reproducing continuously
had the same or lower lifespan as males.

Related to the above, but viewed from the perspective of risks to
non-targets and to other parasitoids, our results conclusively show
that E. sivinskii was able to develop in puparia of several dipteran
species, and choice experiments revealed no significant preference
among Anastrepha species or between Anastrepha and M. domestica.
Such a broad host range is typical of chalcidoid pupal ectoparasi-
toids (Sivinski et al., 1998). Eurytoma sivinskii also successfully
hyperparasitized several parasitoid species, although we were un-
able to determine if this hyperparasitism is direct (i.e., by direct
oviposition in or on the primary parasitoid) or indirect (i.e., by
attacking the primary parasitoid’s phytophagous host). The largest
degree of hyperparasitism by E. sivinskii was observed in middle-
aged pupae (six to 13 d-old) originally parasitized by the larval-
prepupal parasitoid Opius hirtus and the least degree in C. haywardi
possibly indicating an ability to fend of the attack of the secondary
parasitoid. In the case of the pupal parasitoids C. haywardi and
P. vindemiae, E. sivinskii preferentially hyperparasitized young pu-
pae (10–14 and five to 15 d-old, respectively). In sum, a clear ten-
dency emerges indicating that E. sivinskii females do not like to
parasitize old pupae of any type and that by parasitizing younger
hosts the proportion of females in the progeny is increased. As sim-
ilar pattern was reported by (Tagawa and Fukushila, 1993) working
with the hyperparasitoid, Eurytoma sp. (Eurytomidae) on cocoons
of the primary parasitoid, Cotesia (=Apanteles) glomerata
(Braconidae).

The intrinsic rate of increase (rm) for E. sivinskii (0.34) was higher
than the rm calculated for other parasitoid species such as the braco-
nids F. arisanus (0.12), D. longicaudata (0.12) and F. vandenboschi
(0.08), the first two of which are widely mass-reared for augmenta-
tive release (Bautista et al., 2001; Vargas et al., 2002). This is
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somewhat surprising, since all other things being equal, an
egg-prepupal parasitoid like F. arisanus, might be adapted to have
more oviposition opportunities than a pupal parasitoid exploiting
the same host population; (i.e., mortality afflicting hosts during
development will continuously shrink their numbers) (Price,
1975). Perhaps the greater host range of E. sivinskii leads to higher
encounter rates with a larger variety of individually rare host spe-
cies. However, the high rate of increase may make it particularly well
suited to exploit patchy windfalls such as concentrations of shal-
lowly buried tephritid pupae available for limited periods of time
under fruit trees. The latter, added to the ability to lay considerable
amounts of eggs and survive up to 86 d, would allow females to suc-
cessfully exploit host patches over extended periods of time.

Before ending, we would like to note that in this study, in 975
recorded cases (98.7% of total), only one adult emerged from pu-
pae. Two adults emerged in 13 pupae (1.3% of total). This contrasts
with results recently published by Mena-Correa et al. (2008), indi-
cating that even though females were capable of superparasitism,
laying between 1 and 8 eggs per host (mean ± SE, 2.59 ± 1.56),
invariably only one adult parasitoid emerged. We believe this
can be explained by the fact that here we exposed close to 1000
pupae in the related experiment and in the Mena-Correa et al.
(2008) experiments fewer than hundred pupae were exposed to
E. sivinskii females. That is, as the phenomenon is very rare, large
numbers of pupae need to be exposed to detect it.

In conclusion, the marginal efficacy and considerable environ-
mental shortcomings of E. sivinskii make it a poor candidate for
tephritid biological control. E. sivinskii is an ectoparasitoid which
is best able to attack tephritid pupae on the soil surface, and has
only a limited capacity to attack the deeply buried pupae typical
of pestiferous fruit flies (Hodgson et al., 1998). In addition, the abil-
ity of E. sivinskii to attack non tephritids, including tachinid parasit-
oids, and to hyperparasitize valuable braconid primary parasitoids
means that there would be environmental and agricultural risks
associated with its mass release.
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