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ABSTRACT This study investigated the interactions of the pupal fruit ßy parasitoid, Dirhinus
giffardii Silvestri, with each of four egg- or larval-pupal fruit ßy parasitoids: Fopius arisanus (Sonan),
Diachasmimorpha longicaudata (Ashmead), Diachasmimorpha kraussii Fullaway, and Psyttalia con-
color (Szépligeti) in Hawaii. F. arisanus attacks host eggs, whereas the other three attack host larvae;
all four parasitoids emerge from host puparia. D. giffardii attacked host puparia that had been
previously parasitized by all of the other four parasitoids. Attacks by D. giffardii on young ßy puparia
in which the secondary (parasitoid) host pupae had not fully formed resulted in high offspring
mortalityofD.giffardiicomparedwith thosedevelopingonolderhostpuparia, inwhich thehostpupae
had fully formed. Adult D. giffardii that developed on secondary host species were smaller and had
highermortality than those reared from theprimaryhost, theMediterranean fruit ßy,Ceratitis capitata
(Wiedemann). Developmental times of male and female D. giffardii were not affected by the host
species. D. giffardii preferred to attack older rather than younger host puparia. D. giffardii also
preferred to attack the primary rather than the secondary host species and invested more female
offspring in primary than in secondary host species. Because of its nature of facultative hyperpara-
sitism, D. giffardii may pose signiÞcant nontarget risks to other primary fruit ßy parasitoids.

KEY WORDS biological control, ectoparasitoids, fruit ßy parasitoids, hyperparasitism, nontarget
impact

CLASSICAL BIOLOGICAL CONTROL OF tephritid fruit ßy
pests using parasitoids has been successful in a few
subtropical and tropical regions (Wharton 1989, Pur-
cell 1998, Ovruski et al. 2000). In Hawaii, successful
establishment of several hymenopteran parasitoids
such as the egg-pupal parasitoid Fopius arisanus
(Sonan) and larval-pupal parasitoids Fopius vanden-
boschi (Fullaway), Diachasmimorpha longicaudata
(Ashmead),Diachasmimorpha tryoni (Cameron), and
Psyttalia incisi (Silvestri) has resulted in signiÞcant
suppression of two major tephritid pests: the Medi-
terranean fruit ßy, Ceratitis capitata (Wiedemann),
and the oriental fruit ßy, Bactrocera dorsalis (Hendel)
(see Purcell 1998 for a review). However, the use of
classical biological control in agricultural ecosystems
has become subject to increasing scrutiny with regard
to nontarget impacts of introduced parasitoids against
both endemic and exotic beneÞcial species (Howarth
1991, Follett and Duan 1999, Henneman and Mem-
mott 2001, Louda et al. 2002).

Several studies have raised concerns about the po-
tential nontarget impact of introduced larval-pupal
fruit ßy parasitoids in Hawaii. For example, D. longi-

caudata andD. tryoniwere found to attack a nontarget
gall-forming tephritid, Eutreta xanthochaeta (Ald-
rich), that was deliberately introduced for the control
of the weed, Lantana camara L. (Duan et al.1998). At
present, there is a lack of information on the impor-
tance of pupal fruit ßy parasitoids and their potential
interactions with other egg- and larval-pupal fruit ßy
parasitoids, although several pupal parasitoids were
among the earliest introductions from West Africa to
Hawaii for fruit ßy biocontrol, including Dirhinus
giffardii Silvestri, Coptera spp., and Pachycrepoideus
vindemmiae Rondani (Silvestri 1914, Clausen et al.
1965, Wharton 1989, Purcell 1998).

Most egg- or larvae-attacking fruit ßyparasitoids are
endoparasitic koinobionts (Wharton et al. 2000,Wang
et al. 2003); they complete development in host pupae
within puparia and thus are vulnerable to attack by
pupal parasitoids (Sivinski et al. 1998,Wang andMess-
ing 2004b). Some pupal fruit ßy parasitoids are facul-
tative hyperparasitoids. For example, the chalcid,
Spalangia gemina Boucek, can oviposit in puparia of
the Mexican fruit ßy, Anastrepha ludens (Loew), that
have been previously parasitized by D. longicaudata
(Sivinski et al. 1998). Furthermore, S. gemina does not
discriminate between parasitized and unparasitized
pupae and develops in both (Sivinski et al. 1998). P.
vindemmiae is able to attack two parasitoids of Dro-
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sophila larvae, Asobara tabida Nees and Leptopilina
heterotoma (Thomson) (van Alphen and Thunnissen
1983), as well as a number of tephritid fruit ßy para-
sitoids (Wang and Messing 2004b). Dresner (1954)
reported that D. giffardii could attack B. dorsalis pu-
paria previously parasitized by F. vandenboschi in Ha-
waii and has only a slight preference for unparasitized
over parasitized puparia. However, detailed informa-
tion is lacking on potential interactions between D.
giffardii and other principal fruit ßy parasitoids in
Hawaii.

Someaspectsof thebiologyofD.giffardiihavebeen
documented (Dresner 1954, Podoler and Mazor
1981a, b). The parasitoid is native to West Africa,
where its original host is C. capitata (Silvestri 1914,
Dresner 1954). It has been introduced into �20 coun-
tries, mainly in the PaciÞc and Central American re-
gions (Noyes 2002). Itwas introduced intoHawaii and
Italy during 1912Ð1913 for the control of C. capitata
and the olive fruit ßy, Bactrocera oleae (Gmelin), re-
spectively (Silvestri 1914,Clausenet al. 1965,Wharton
1989), and later was trans-shipped from Hawaii to
Israel for control of C. capitata (Rivnay 1968). The
parasitoid was also introduced for control of other
fruit ßy pests in the genera Anastrepha, Bactrocera,
Ceratitis, and Dacus in Australia, Central America,
Pakistan, and Samoa, respectively (Noyes 2002). Be-
sides those tephritid fruitßy species, theparasitoidcan
also successfully parasitize other dipterous hosts such
as houseßies (Noyes 2002). In Hawaii, D. giffardii has
become widely established, although its importance
has never been documented (Purcell 1998).

This study addresses the potential impact of D.
giffardii as a hyperparasitoid of the egg-pupal fruit ßy
parasitoid F. arisanus and three larval-pupal fruit ßy
parasitoidsD. longicaudata, Diachasmimorpha kraussii
Fullaway, and Psyttalia concolor (Szépligeti). F. arisa-
nus is currently the dominant fruit ßy parasitoid in
Hawaii (Bess et al. 1961, Haramoto and Bess 1970,
Wong et al. 1984, Purcell et al. 1998), partly because
of its competitive superiority against larval-pupal fruit
ßy parasitoids (van den Bosch and Haramoto 1953,
Wang and Messing 2002, 2003, Wang et al. 2003). It is
currently the only egg-attacking fruit ßy parasitoid
extant in the Western Hemisphere (Wharton 1989,
Purcell 1998, Ovruski et al. 2000), although two addi-
tional egg-attacking parasitoids, Fopius caudatus
(Szépligeti) and Fopius ceratitivorus Wharton, are in
quarantine in Guatemala (Lopez et al. 2003) and Ha-
waii awaiting release permits (R.H.M., unpublished
data). D. longicaudata is one of the most widely es-
tablished fruit ßy parasitoids in the world (Purcell
1998, Ovruski et al. 2000). With recent developments
in mass-rearing technology, both F. arisanus and D.
longicaudata have potential for augmentative release
for the control of tephritid pests (Purcell 1998,
Ovruski et al. 2000). D. kraussii and P. concolor were
recently reintroduced into Hawaii from Australia and
West Africa, respectively, as part of a renewed effort
to import additional parasitoids for the control of te-
phritid pests (Messing and Ramadan 2000, Wang and
Messing 2002).

We Þrst determined if D. giffardii can attack four
other fruit ßy parasitoids in Hawaii and the effects of
these secondary host species and host puparia age on
the offspring Þtness of D. giffardii compared with
those developing in the primary host C. capitata. We
then determined if the parasitoid prefers to attack the
primary rather than the secondary host species to
understand potential nontarget risk by this generalist
parasitoid.

Materials and Methods

Hosts and Parasitoids. Ceratitis capitata, Bactrocera
latifrons (Hendel), F. arisanus, and D. longicaudata
were provided by the mass-rearing facility of USDA-
ARS PaciÞc Basin Agricultural Research Center, Ho-
nolulu, HI. Fly eggs of both species, incubated on a
wheat-based artiÞcial diet (Tanaka et al. 1969) in plas-
tic containers (20 by 12 by 4 cm), and host puparia
parasitized by the two parasitoids were shipped
weekly from the rearing laboratory to the Kauai Ag-
ricultural ResearchCenter (KARC),where all rearing
and experiments were performed under laboratory
conditions (23 � 1�C, 65 � 10% RH, LD 12:12 h, 3500
lux). When ßy eggs developed into third-instar larvae
in the rearing container, some larvae were used for
parasitizationby larval-pupalparasitoids toobtainpre-
viously parasitized host puparia for later tests, while
the remainder were reared to obtain puparia or adult
ßies by placing the rearing container into a Fiberglass
box (45 by 30 by 15 cm) containing 1.5 cm of sand (ßy
larvae pupate in the sand). Emerged adult wasps of
each specieswere held in screen cages (25 by 25 by 25
cm)withwater and honey provided in the laboratory.

Laboratory populations of D. kraussii, P. concolor,
and D. giffardii were established at KARC. D. kraussii
was reared on B. latifrons, the most suitable host
(Messing andRamadan2000),whereasP. concolorwas
reared on C. capitata using a similar method. Approx-
imately 300 third-instar larvae were placed in an ovi-
position unit (modiÞed petri dish, 9 cm diameter and
0.8 cmdeep)with diet, and the petri dishwas exposed
to 100Ð150 pairs of 1- to 2-wk-old adult parasitoids in
a cage for 24 h. The exposed host larvae together with
diet were transferred to a plastic container (5.5 by 9.5
by 10.5 cm) and placed into a holding box containing
sand (for detailed procedures see Wang and Messing
2002).

Dirhinus giffardii were initially established in the
laboratory of M. W. Johnson in the University of Ha-
waii at Manoa, Honolulu, HI, from Þeld collections of
parasitized fruit ßy puparia from the Island of Hawaii,
and were later trans-shipped to KARC. Pilot experi-
ments were Þrst conducted to determine the suitable
host stages for rearing and experiments with D. giffar-
dii. Preliminary dissections showed that D. giffardii
reach an egg maturation peak 6Ð10 d after emergence
with four to six mature eggs and that it can attack all
stages of host puparia, including the late larval or
prepupal stage in youngpuparia (Table 1). It took 1Ð2,
2Ð3, and 4Ð5 d for the tephritids, F. arisanus, and the
three larval-pupal parasitoids to develop into a fully
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formed pupa within a puparium, respectively, at 23 �
1�C (Table 1). We used 2- to 3-d-old C. capitata pu-
paria in all rearing of D. giffardii by placing �100Ð200
puparia in a petri dish and exposing the petri dish to
�100 pairs of 6- to 10-d-oldD. giffardii adults in a cage
for 1Ð2 d. Appropriately equal numbers of emerged
adult male and female D. giffardii were held in cages
(25 by 25 by 25 cm), with water and honey provided.
We used 6- to 10-d-old naṏve female wasps (i.e., with-
out oviposition experience) in all experiments.

To obtain host puparia previously parasitized by F.
arisanus, C. capitata eggs were collected by exposing
a papaya fruit (8Ð10 cm diameter) in a cage (25 by 25
by25cm)holding150pairs of 1- to2-wk-oldadultßies.
The infested fruit was exposed to �150 pairs of 1- to
2-wk-old F. arisanus in a cage for 24 h. The exposed
fruitwas placed over ßydiet in a container (9.5 by 10.5
by 13 cm). When the larvae started to pupate, the
rearing container was placed into a holding box con-
taining sand (for detailed procedures see Wang and
Messing 2003). C. capitata puparia parasitized by D.
longicaudata were obtained using similar procedures
as described above for P. concolor.

All rearing and experiments were conducted under
the same laboratory conditions described above; the
following three experiments were conducted.

Facultative Hyperparasitism. In no-choice experi-
ments, we exposed the following to D. giffardii: (1)
unparasitized C. capitata puparia; (2) C. capitata pu-
paria that were parasitized previously by F. arisanus,
D. longicaudata, or P. concolor; and (3) B. latifrons
puparia thatwereparasitizedpreviouslybyD.kraussii.
For each host species, we tested both 0- to 1-d-old
puparia in which the host pupae had not yet formed
and older puparia (for the actual age, see Table 3), in
which the host pupae had fully formed.

For each host species, newly formed puparia were
collected daily, and the two groups of different age
puparia were prepared. Host puparia previously par-
asitized by larval parasitoids were distinguished from
unparasitized puparia by oviposition scars on the cu-
ticle of the puparium or by observing the adult ap-
pendages of unparasitized 2- to 3-d-old ßy pupae vis-
ible through the cuticle. Inside a parasitized older
puparium, therewas a relatively largegapbetween the

puparium and the pupal body, and the pupa was
clearly visible under a microscope. Thus, all host pu-
paria were examined and chosen under a microscope.
However, it was difÞcult to distinguish puparia para-
sitized by F. arisanus from unparasitized young pu-
paria because there was no oviposition scar on the
puparium surface. Only older puparia were used for
the tests with F. arisanus.

For each test, 50Ð100 puparia were placed in a petri
dish and were exposed to �50 female D. giffardii for
24h in a cage.After this exposure, one-half thepuparia
weredissectedwithin2Ð3d todetermineparasitismby
D. giffardii. Healthy D. giffardii eggs hatched within
2 d under these laboratory conditions. During the
dissection, dead D. giffardii eggs (i.e., that failed to
hatch after 2 d) were also counted. The other half of
the exposed puparia were transferred into a small
container (3 by 5 by 4 cm) and reared until ßies or
parasitoid adults emerged. As a control, we reared
25Ð50 previously parasitized or unparasitized puparia
for each of the tests. The body size (length), devel-
opmental time, and sex of each emerged parasitoid
were recorded. On emergence, all adult wasps were
chilled in a refrigerator (6Ð7�C) for 12 h and individ-
ually measured for maximum body length (from an-
terior edge of head to the abdominal terminus) under
a microscope. Because body length is strongly corre-
lated with dry body weight in D. giffardii (Wang and
Messing 2004a), we used length as an index of body
size. All dead puparia from each test were dissected,
and the number of unemerged adults was recorded.
Here, adult emergence rate referred to thepercentage
of adult wasps that successfully emerged to the total
number of wasps that developed to adults (i.e.,
emerged plus unemerged adults). Premature mortal-
ity was estimated based on the following formula:

M � �N � P � W�/�N � M0�

where M is the estimated immature mortality of D.
giffardii; N is the number of puparia reared for each
test; P is the percentage parasitism by D. giffardii
based on dissections (N � P is thus the expected
number of D. giffardii adults from the rearing); W is
the actual number of D. giffardii that developed into

Table 1. Life history of C. capitata and its associated parasitoids

Host species
Developmental time and stage (in days at 23 � 1 �C)

1Ð2 3Ð9 10Ð11 12Ð13 13Ð14 14Ð15 20Ð22 22Ð24 30Ð32

Primary host Egg Larva • Puparium –
C. capitata E L PP P P P A

–
Secondary hosts

F. arisanus E L L PP P P P A
–

D. longicaudata E L L PP P P P A
D. kraussii E L L PP P P P A
P. concolor E L L PP P P P A

–

Arrow indicates the attackable stages of tephritid puparia by the pupal parasitoid,D. giffardii.Notewithin a younger puparium the host pupa
has not yet formed. E, egg; L, larva; PP, prepupa; P, pupa; A, adult.
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adults from each rearing; and M0 is the control mor-
tality.

The testwas repeated7Ð13 times foreach secondary
(parasitoid) host species and 25 times for the primary
(ßy) host. Mean wasp size and developmental time
were estimated by pooling all individuals reared from
the same host species. Because the premature host
mortalitywas high, only a fewadultwaspswere reared
from the youngpuparia, and their developmental time
and size were not analyzed.

Preference Between Two Different Host Stages. In
this experiment, we chose C. capitata and F. arisanus
asmodel species to further determine if the parasitoid
prefers to attack old versus young puparia in a choice
experiment. Both young and old puparia were ob-
tained as in the above experiment. A single female D.
giffardii was provided with Þve young and Þve old
puparia for 24 h.

The test was conducted in a small cage (9.5 by 10.5
by 13 cm). A wet tissue paper was spread over a petri
dish (7 cmdiameter) and coveredwith 1.5 cmof sand.
The young and old puparia (10 puparia in total) were
placed together on the sand in the center of the petri
dish. The wet paper was used to keep the sand moist,
preventing desiccation during the experiment. The
petri dish was placed inside the cage with water and
a droplet of honey, and a female D. giffardii (naṏve,
without oviposition experience) taken directly from
the holding cage was released into the experimental
cage. After this exposure, all puparia were dissected
within 2Ð3d todetermine thepercentageparasitismof
each age group. During the dissection, the number of
dead D. giffardii eggs (failed to hatch within 2Ð3 d)
was recorded. The test was repeated 15 times. Data on
egg mortality were pooled with data from the dissec-
tion in the previous experiment.

Preference Between Primary and Secondary Host
Species. This experiment was to further determine if
D. giffardii prefers the primary (C. capitata) to sec-
ondary (parasitoids) host, using D. longicaudata as a
model species in a choice test. A single female D.
giffardii was provided with Þve 2- to 3-d-old unpara-
sitized C. capitata puparia and Þve 5- to 6-d-old C.
capitata puparia parasitized previously by D. longicau-
data for 24 h. The total number of hosts (10) provided
was high relative to theparasitoidÕs normalmature egg
load (four to six mature eggs) to maximize the possi-
bility of preferred selection for the primary rather
than the secondary host species. These previously

parasitizedpupariawere chosen as in the previous test
through external examination under a microscope.

The test was conducted in a small cage (9.5 by 10.5
by 13 cm), with Þve parasitized and Þve unparasitized
puparia placed together on sand in the center of the
petri dish. The petri dish was placed inside the cage
with water and a droplet of honey, and a naṏve female
D. giffardii taken directly from the holding cage was
released into the experimental cage. After the 24-h
exposure, all puparia were dissected within 1Ð2 d to
determine the number of both types of puparia par-
asitized. The experiment was repeated 25 times.

To determine the effect of host species on the sex
allocation strategy of D. giffardii, an additional 20
replications were conducted, with all the exposed pu-
paria reared until ßies orwasps emerged. Sex ratiowas
estimated based on the emerged wasps.

Data Analysis. All comparisons of mean values of
parasitoid size and developmental time, mortality,
emergence rate, sex ratio, and percentage parasitism
among the different treatments were performed using
one-way ANOVA (JMP 4.1, SAS Institute, Cary, NC).
All proportional data were transformed by arcsine
square root before an analysis of variance (ANOVA).
If a signiÞcant difference among treatments was de-
tected, the mean values were subjected to multiple
comparisons using Tukey honestly signiÞcant differ-
ence (HSD) test.

Results

Facultative Hyperparasitism. Dirhinus giffardii was
a facultative hyperparasitoid and could develop on all
of the four other parasitoids: F. arisanus, D. longicau-
data, D. kraussii, and P. concolor. Adult D. giffardii
reared from its primary host (C. capitata) were sig-
niÞcantly larger than those reared from any of the
four secondary host species (female: F4,166 � 37.9, P 	
0.001; male: F4,278 � 45.2, P 	 0.001; Table 2). There
was no signiÞcant difference among the size of the
wasps reared from any of the four secondary host
species (Table 2). Developmental times of both male
and female D. giffardii were unaffected by their host
species (female: F4,166 � 0.09, P � 0.98; male: F4,278 �
0.07, P � 0.99; Table 2).

Dirhinus giffardii could attack the newly formed
(0Ð1 d old) host puparia of both unparasitized and
previously parasitizedhosts (by all four parasitoids) in
no-choice tests (Table 3). In this experiment, we did

Table 2. Effect of host species on the wasp size and developmental time of D. giffardii (23 � 1 °C)

Host species
Wasp length (mm) Developmental time (days)

Female Male Female Male

C. capitata 3.47 � 0.04 (66)a 3.10 � 0.03 (71)a 35.0 � 0.27a 32.9 � 0.29a
F. arisanus 2.89 � 0.06 (20)b 2.51 � 0.04 (45)b 34.8 � 0.48a 32.8 � 0.31a
D. longicaudata 2.94 � 0.06 (21)b 2.56 � 0.05 (52)b 34.9 � 0.48a 32.8 � 0.40a
D. kraussii 3.04 � 0.05 (31)b 2.61 � 0.04 (64)b 34.8 � 0.39a 32.8 � 0.27a
P. concolor 2.90 � 0.05 (33)b 2.60 � 0.04 (49)b 34.8 � 0.38a 32.9 � 0.29a

Values (mean � SE) followed by different letters within each column were signiÞcantly different (ANOVA, Tukey HSD test, P 	 0.05).
Figures in brackets are the sample sizes.
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not control the ratio of hosts to wasps among the
different treatments; thus, percentageparasitismbyD.
giffardii varied among the tests for each host species
or age (Table 3). Mortality of D. giffardii was always
lower in unparasitized C. capitata puparia than in any
of the puparia thatwere previously parasitized in both
age groups (young puparia: F3,27 � 4.8, P 	 0.05; old
puparia: F4,65 � 4.5, P 	 0.05; Table 3). In general,
control mortality of unparasitized puparia was also
lower than those previously parasitized (Table 3).
There was no signiÞcant difference in mortality of D.
giffardii offspring developing on the four secondary
host species in either age group (Table 3).

The adult emergence rate of D. giffardii was gen-
erally high, and there was no difference among dif-
ferenthost species ineither agegroup(youngpuparia:
F3,27 � 1.1, P � 2.4; old puparia: F4,65 � 2.1, P � 0.09;
Table 3).

Preference Between Two Different Host Stages.
Whenprovidedwith a choice,D. giffardiipreferred to
attack older rather than younger C. capitata puparia,
both in unparasitized hosts (F1,28 � 11.6, P 	 0.001)
and hosts parasitized previously by F. arisanus (F1,28 �
18.4, P 	 0.001; Table 4). Attack on the young puparia
resulted in �30%eggmortality in both host species. In
contrast, almost all D. giffardii eggs successfully
hatchedwhen laid in the older puparia of both species
(Table 4).

Preference Between Primary and Secondary Host
Species. Dirhinus giffardii preferred to attack unpara-
sitized host puparia rather than those previously par-

asitizedbyD. longicaudata (F1,48 � 14.8,P	 0.001; Fig.
1A) and laid signiÞcantlymore female eggs in unpara-
sitized than parasitized puparia (F1,38 � 12.8, P 	
0.001; Fig. 1B).

Discussion

To date, only a few pupal fruit ßy parasitoids have
been evaluated for their potential interactions with
egg- or larval-pupal fruit ßy parasitoids (Sivinski et al.
1998, Wang and Messing 2004b). Like the pupal para-
sitoids P. vindemmiae (Wang and Messing 2004b) and
S. gemina (Sivinski et al. 1998), D. giffardii is a facul-
tative hyperparasitoid capable of attacking other egg-
and larval-pupal fruit ßy parasitoids.

Dresner (1954) reported that D. giffardii could de-
velop equally well on both unparasitized B. dorsalis
puparia and puparia previously parasitized by the lar-
val-pupalparasitoidF. vandenboschi,althoughdetailed
information was lacking. Our study showed that D.
giffardii reared from secondary host species were
smaller and had higher mortality than those reared
from the primary host C. capitata. Because the con-
version of host biomass into parasitoid biomass re-
quires energy, the secondary host should contain less
food resources than the primary host. It has been
shown that parasitized C. capitata larvae were smaller
than unparasitized larvae (Wang and Messing 2003).
Asa result, parasitizedC. capitatapupariawere smaller
than unparasitized puparia. For example, the volume
of unparasitized C. capitata puparia (1.108 mm3) was
�1.5 times the volume of puparia parasitized by F.
arisanus (0.708 mm3) (Wang and Messing 2004b).
Because D. giffardii was observed to consume almost
all the host resource, it is not surprising that the D.
giffardii adults that emerged from secondary hosts
were smaller than those reared from the primary host.

Although there is a positive correlationbetween the
size of hosts and emerged wasps in D. giffardii, there
is no signiÞcant relationship between individual de-
velopmental time and body size in this parasitoid (Ta-
ble 2). This suggests that D. giffardii grows faster on
large and primary host species than on small and sec-
ondaryhost species,whichagreeswith thepredictions

Table 3. Effects of host species and age on the offspring survival and adult emergence of D. giffardii

Host species
and age

Age (days) N
Percent

parasitism

Rearing (%)

Immature mortality Adult emergence Control mortality

Young puparia
C. capitata 0Ð1 7 78.4 � 4.5 25.9 � 4.7a 93.4 � 3.4a 20.4 � 2.3a
D. longicaudata 0Ð1 10 37.4 � 6.9 38.2 � 3.7b 96.9 � 2.7a 45.2 � 5.6b
D. kraussii 0Ð1 7 42.5 � 7.5 42.6 � 5.1b 92.8 � 3.6a 42.6 � 3.2b
P. concolor 0Ð1 7 60.8 � 8.1 41.1 � 4.7b 95.3 � 3.4a 42.9 � 4.6b

Old puparia
C. capitata 2Ð3 25 54.1 � 7.5 13.9 � 2.6A 96.8 � 2.5A 9.9 � 1.8A
F. arisanus 3Ð4 12 35.4 � 5.1 29.7 � 3.8B 95.2 � 2.3A 28.5 � 4.5B
D. longicaudata 4Ð5 13 33.9 � 4.7 24.9 � 3.2B 93.9 � 2.9A 35.0 � 5.4B
D. kraussii 4Ð5 10 46.7 � 8.9 29.2 � 4.6B 91.4 � 2.9A 29.5 � 4.8B
P. concolor 4Ð5 10 65.4 � 8.2 32.1 � 4.6B 91.1 � 2.9A 34.0 � 4.3B

Values (mean � SE) among different species were compared with the same age group; different letters within each column and age group
indicate a signiÞcant difference among treatments (ANOVA, Tukey HSD test, P 	 0.05).

Table 4. Effect of host puparium age on the oviposition pref-
erence and egg survival of D. giffardii

Host
species

Puparium
age

Host
stage

No.
dissected

Percent
eggs died

N
Percent

parasitism

C. capitata 0Ð1 d Larva 85 28.2 15 26.0 � 5.2a
2Ð3 d Pupa 209 0 15 66.3 � 4.1b

F. arisanus 0Ð1 d Larva 41 31.7 15 22.6 � 3.8a
3Ð4 d Pupa 121 4.1 15 57.9 � 5.0b

Percentage parasitism (mean � SE) between the two different age
groups was compared within the same host species; different letters
indicate a signiÞcant difference between the two age groups (Student
t-test, P 	 0.05.
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of development models for parasitoids developing in
a Þxed resource system (Mackauer and Sequeira
1993). It also reßects the plasticity of body growth in
this generalist parasitoid that may be an important
physiological characteristic that allows it to attack a
broad host range (Harvey et al. 1994,Wang andMess-
ing 2004a).

Whenprovidedwith a choice,D. giffardii preferred
to attack primary rather than secondary host species
and laid more female eggs in the large host species.
Attacking the primary host species gave it the advan-
tage of having large female offspring. This is consistent
with theoretical predictions of optimal host selection
and sex allocation, given that there is often a positive
relationship between female size and reproductive
potential (Charnov and Stephens 1988, King and
Charnov 1988, Ueno 1998, Napoleon and King 1999,
Wang and Messing 2004a).

In general, parasitoids attacking quiescent host
stages such as eggs or pupae prefer to attack younger
rather than older hosts (e.g., Wang and Liu 2002). As
host pupae age, internal tissues undergo histolysis,
histogenesis, and differentiation to adult internal or-
gans and sclerotized appendages, and thus, older host
pupae may contain less resources. However, within a
younghost pupariumof tephritids, theßypupahasnot

yet formed. Although D. giffardii could successfully
attack the youngest host puparia to some extent, the
selection of young hosts comes at a higher cost of
juvenile mortality (Table 3). Thus, the selective ac-
ceptance of old puparia by D. giffardii is adaptive.

Dirhinus giffardii does not kill its host at the time of
oviposition, and thus a parasitized host can continue
to metamorphose until the parasitoid egg hatches, at
which time the ßy larva becomes permanently para-
lyzed while the parasitoid larva feeds on it (Dresner
1954). In older puparia, D. giffardii normally lay eggs
into the space between the wall of the puparium and
the pupa body (Dresner 1954). However, in younger
host puparia, if D. giffardii eggs hatch before the
formation of the host pupae, they are bathed in the
host hemolymph, because there is no space between
the host body and the puparium wall. High mortality
may be caused by either the adult parasitoid feeding
on the liquid that exudes from a young host after it is
stung or the immune response of the immature host
(dissection found that the surface of some D. giffardii
eggs had obvious black spots when laid in a young
host).

Only a few facultative hyperparasitoids have been
evaluated for biological control, and most of them
werenot recommended for classical biological control
programs (e.g., Ehler 1979,Weseloh et al. 1979, KÞr et
al. 1993). Among the pupal fruit ßy parasitoids so far
evaluated (Sivinski et al. 1998, Baeza-Larios et al. 2002,
Guillén et al. 2002), most of them, like D. giffardii, P.
vindemmiae(WangandMessing2004b), andS. gemina
(Sivinski et al. 1998), were generalist facultative hy-
perparasitoids. Only a few, such as Coptera haywardi
(Ogloblin), are host-speciÞc (Sivinski et al. 1998). D.
giffardii has become well established in several re-
gions, including Hawaii (Purcell 1998) and Israel
(Rivnay 1968), since it was released. In Israel, it was
regarded as an inefÞcient natural enemy, partly be-
cause of its low fecundity (Podoler andMazor 1981b).
The actual negative impact by this parasitoid through
hyperparasitism in the Þeld has not been documented
in Hawaii or elsewhere, because traditional Þeld sur-
veys have largely ignored pupal parasitoids (Ovruski
et al. 2000).When it occurs in the Þeld, it would likely
reduce the efÞcacy of other fruit ßy parasitoids in
controlling ßy pests. Although D. giffardii prefers to
attack tephritid ßies rather than their associated para-
sitoids and may have a narrow window of potential
competition with other parasitoids, this study points
out the potential deleterious effect of D. giffardii on
other principal parasitoids and suggests that the use of
D. giffardii as a classical biological control agent
should be avoided, because the parasitoidmay disrupt
other biological control agents already established.
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wasps of D. giffardii between unparasitized C. capitata pu-
paria and puparia previously parasitized by D. longicaudata
as larvae. (A) Number of each host species parasitized. (B)
Percentage of female wasps reared from each host species.
Bars refer to mean � SE (n � 25).

1318 ENVIRONMENTAL ENTOMOLOGY Vol. 33, no. 5



supported by USDA-ARS Grant 5853208147 to R.H.M.
Voucher specimens were placed in the Hawaiian Depart-
ment of Agriculture. This is Paper 4682 of the UH College of
Tropical Agriculture and Human Resources Journal Series.

References Cited

Baeza-Larios, G., J. Sivinski, T. Holler, and M. Aluja. 2002.
The ability of Coptera haywardi (Ogloblin) (Hymenop-
tera: Diapriidae) to locate and attack the pupae of the
Mediterranean fruit ßy Ceratitis capitata (Wiedemann)
(Diptera: Tephritidae), under semi-natural conditions.
Biol. Control. 23: 213Ð218.

Bess, H. A., R. van den Bosch, and F. H. Haramoto. 1961.
Fruit ßy parasites and their activities in Hawaii. Proc.
Hawaiian Entomol. Soc. 17: 367Ð578.

Charnov, E. I., and D. W. Stephens. 1988. On the evolution
of host selection in solitary parasitoids. Am. Nat. 132:
707Ð722.

Clausen, C. P., D. W. Clancy, and Q. C. Chock. 1965. Bio-
logical control of the oriental fruit ßy Dacus dorsalis
(Hendel) and other fruit ßies in Hawaii. Tech Bulletin
1322. U.S. Department of Agriculture, Washington, DC.

Dresner, E. 1954. Observations on the biology and habits of
pupal parasites of the oriental fruit ßy. Proc. Hawaiian
Entomol. Soc. 15: 299Ð310.

Duan, J. J., R. H. Messing, and M. F. Purcell. 1998. Associ-
ation of the opiine parasitoid Diachasmimorpha tryoni
(Hymenoptera: Braconidae) with the lantana gall ßy
(Diptera: Tephritidae). Environ. Entomol. 27: 419Ð426.

Ehler, L. E. 1979. Utility of facultative secondary parasitoid
in biological control. Environ. Entomol. 8: 829Ð832.

Follett, P. A., and J. J. Duan. 1999. Nontarget effects of
biological control. Kluwer Academic Publishers, Boston,
MA.

Guillén, L., M. Aluja, M. Equihua, and J. Sivinski. 2002.
Performance of the two fruit ßy (Diptera: Tephritidae)
pupal parasitoids (Coptera haywardi [Hymenoptera:Dia-
priidae] and Pachycrepoideus vindemmiae [Hymenop-
tera: Peteromalidae]) under different environmental soil
conditions. Biol. Control. 23: 219Ð227.

Haramoto,F.H., andH.A.Bess. 1970. Recent studies on the
abundance of the oriental and Mediterranean fruit ßies
and the status of their parasites. Proc. Hawaiian Entomol.
Soc. 20: 551Ð566.

Harvey, J. A., Harvey, I. F., and D. J. Thompson. 1994. Flex-
ible larval growth allows use of a range of host sizes by a
parasitoid wasp. Ecology. 75: 1420Ð1428.

Henneman, M. L., and J. Memmott. 2001. InÞltration of a
Hawaiian community by introduced biological control
agents. Science. 293: 1314Ð1316.

Howarth, R. G. 1991. Environmental impacts of classical
biological control. Annu. Rev. Entomol. 36: 485Ð509.

Kfir, R., J. Gouws, and S. D. Moore. 1993. Biology of Tet-
rastichus howardi (Olliff) (Hymenoptera, Eulophidae), a
facultativehyperparasitoidof stemborers. Biocontrol Sci.
Tech. 3: 149Ð159.

King,B.H., andE.L.Charnov. 1988. Sex-ratiomanipulation
in response to host size by the parasitoid Spalangia cam-
eroni: a laboratory study. Evolution. 42: 1190Ð1198.

Lopez, M., J. Sivinski, P. Rendon, T. Holler, K. Bloem, R.
Copeland, M. Trostle, and M. Aluja. 2003. Colonization
of Fopius ceratitivorus, a newly discovered African egg-
pupal parasitoid (Hymenoptera: Braconidae) of Ceratitis
capitata (Diptera: Tephritidae). Fla. Entomol. 86: 53Ð60.

Louda, S. M., R. W. Pemberton, M. T. Johnson, and P. A.
Follett. 2002. Nontarget effectsÑthe AchillesÕ heel of
biological control? Retrospective analyses to reduce risk

associated with biological introductions. Annu. Rev. En-
tomol. 48: 365Ð396.

Mackauer, M., and R. Sequeira. 1993. Patterns of develop-
ment in insect parasites, pp. 1Ð23. In N. E. Beckage, S. N.
Thompson, andB.A.Federici (eds.), Parasites andpatho-
gens of insects, vol. 1. Academic, San Diego, CA.

Messing, R. H., and M. M. Ramadan. 2000. Host range and
reproductive output of Diachasmimorpha kraussii (Hy-
menoptera: Braconidae), a parasitoid of tephritid fruit
ßies newly imported to Hawaii, pp. 713Ð718. In K. H. Tan
(ed.), Area-wide control of fruit ßies and other insect
pests. Penerbit Universiti Sains, Penang, Malaysia.

Napoleon, M. E., and B. H. King. 1999. Offspring sex ratio
response to host size in the parasitoid wasp Spalangia
endius. Behav. Ecol. Sociobiol. 46: 325Ð332.

Noyes, J. S. 2002. Interactive catalogue of world chal-
cidoidea 2001. Compact disc. Taxapad, Vancouver, Can-
ada.

Ovruski, S., M. Aluja, J. Sivinski, and R. Wharton. 2000.
Hymenopteran parasitoids on fruit-infesting Tephritidae
(Diptera) in Latin America and the southern United
States: diversity, distribution, taxonomic status and their
use in fruit ßy biological control. Integr. PestManag. Rev.
5: 81Ð107.

Podoler,H., andM.Mazor. 1981a. Dirhinusgiffardii Silvestri
(Hym.: Chalcididae) as a parasite of the Mediterranean
fruit ßy, Ceratitis capitata (Wiedemann) (Dip.: Tephriti-
dae). I. Some biological studies. Acta Oecol. 2: 255Ð265.

Podoler, H., and M. Mazor. 1981b. Dirhinus giffardii Silves-
tri (Hym.: Chalcididae) as a parasite of the Mediterra-
nean fruit ßy, Ceratitis capitata (Wiedemann) (Dip.: Te-
phritidae). II. Analysis of parasite response. Acta Oecol.
2: 299Ð309.

Purcell, M. F. 1998. Contribution of biological control to
integrated pest management of tephritid fruit ßies in the
tropic and subtropics. Integr. Pest Manag. Rev. 3: 63Ð83.

Purcell, M. F., J. C. Herr, R. H. Messing, and T.T.Y. Wong.
1998. Interaction between augmentatively released Dia-
chasmimorpha longicaudata (Hymenoptera: Braconidae)
andacomplexof opiineparasitoids in a commercial guava
orchard. Biocontrol Sci. Tech. 8: 139Ð151.

Rivnay, E. 1968. Biological control of pests in Israel (a re-
view 1905Ð1965). Isr. J. Entomol. 3: 1Ð156.

Silvestri, F. 1914. Reports of an expedition to Africa in
search of natural enemies of fruit ßies (Trypaneidae).
Territory of Hawaii Board of Agriculture and Forestry
Bulletin 3, pp. 1Ð146.

Sivinski, J., K. Vulinec, E. Menezes, and M. Aluja. 1998. The
bionomics of Coptera haywardi (Ogloblin) (Hymenop-
tera: Diapriidae) and other pupal parasitoids of tephritid
fruit ßies (Diptera). Biol. Control. 11: 193Ð202.

Tanaka, N., H. F. Steiner, K. Ohinata, and R. Okamota. 1969.
Low-cost larvae rearing medium for mass production of
oriental andMediterranean fruit ßy. J. Econ. Entomol. 62:
970Ð971.

Ueno, T. 1998. Adaptiveness of sex ratio control by the pu-
pal parasitoid Itoplectis naranyae (Hymenoptera: Ichneu-
monidae) in response tohost size.Evol.Ecol. 12: 643Ð654.

van Alphen, J.J.M., and I. Thunnissen. 1983. Host selection
and sex allocation by Pachycrepoideus vindemmiae Ron-
dani (Pteromalidae) as a facultative hyperparasitoid of
Asobara tabida Nees (Braconidae; Alysiinae) and Lepto-
pilina heterotoma (Cynipoidea; Eucoilidae). Neth. J.
Zool. 33: 497Ð514.

van den Bosch, R., and F. H. Haramoto. 1953. Competition
among the parasites of the oriental fruit ßy. Proc. Hawai-
ian Entomol. Soc. 15: 201Ð206.

October 2004 WANG AND MESSING: POTENTIAL INTERACTIONS IN FRUIT FLY PARASITOIDS 1319



Wang, X. G., and S. S. Liu. 2002. Effect of host age on the
performance of Diadromus collaris, a pupal parasitoid of
Plutella xylostella. Biol. Control. 47: 293Ð307.

Wang, X. G., and R. H. Messing. 2002. Newly imported lar-
val parasitoids pose minimal competitive risk to extant
egg-larval parasitoidof fruit ßies inHawaii. Bull. Entomol.
Res. 92: 423Ð429.

Wang, X. G., and R. H. Messing. 2003. Intra- and interspe-
ciÞc competition by Fopius arisanus (Hymenoptera: Bra-
conidae) and Diachasmimorpha tryoni (Hymenoptera:
Braconidae), parasitoids of the Mediterranean fruit ßy
Ceratitis capitata (Diptera: Tephritidae). Biol. Control.
27: 251Ð259.

Wang, X. G., and R. H. Messing. 2004a. Fitness conse-
quences of body size-dependent host species selection in
a generalist ectoparasitoid. Behav. Ecol. Sociobiol. (in
press).

Wang, X. G., and R. H. Messing. 2004b. The ectoparasitic
pupal parasitoid, Pachycrepoideus vindemmiae (Hyme-
noptera: Pteromalidae), attacks other primary fruit ßy
parasitoids: host expansion and potential non-target risk.
Biol. Control. (in press).

Wang, X. G., R. H. Messing, and R. C. Bautista. 2003. Com-
petitive superiority of early acting species: a case study of

opiine fruit ßy parasitoids. Biocontrol Sci. Tech. 13: 391Ð
402.

Weseloh, R. M., W. E. Wallner, and M. A. Hoy. 1979. Pos-
sible deleterious effects of releasing Anastatus kashmi-
rensis, a facultative hyperparasite of the gypsy moth. En-
viron. Entomol. 8: 174Ð177.

Wharton, R. A. 1989. Classical biological control of fruit
Tephritidae, pp. 303Ð313. In A. Robinson and G. Harper
(eds.), World crop pests, fruit ßies: their biology, natural
enemies, and control, vol. 3b. Elsevier, Amsterdam.

Wharton, R. A., M. K. Trostle, R. H. Messing, R. S. Copeland,
S. W. Kiman-Njogu, S. Lux, W. A. Overholt, S. Mohamed,
and J. Sivinski. 2000. Parasitoids of medßy, Ceratitis
capitata, and related tephritids in Kenyan coffee: a pre-
dominantly koinobiont assemblage. Bull. Entomol. Res.
90: 517Ð526.

Wong, T.T.Y., N. Mochizuki, and J. I. Nishimoto. 1984. Sea-
sonal abundance of parasitoids of the Mediterranean and
oriental fruit ßies (Diptera: Tephritidae) in the Kula area
of Maui, Hawaii. J. Econ. Entomol. 73: 140Ð145.

Received 20 January 2004; accepted 1 June 2004.

1320 ENVIRONMENTAL ENTOMOLOGY Vol. 33, no. 5


