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Abstract

Two species of cerambycid beetles that attack eucalypts, Phoracantha
semipunctata (Fabricius) and P. recurva Newman, have been accidentally introduced
from Australia into most regions of the world in which their hosts have been
planted. The beetles cause extensive mortality in plantations and landscape
plantings of the trees. Management programmes have focused on integration of
silvicultural practices, host plant resistance and biological control. To rear and
release natural enemies of the larval stages of the beetles in California, mass
rearing protocols for continuous production of two species of parasitoids have
been developed. The methods described represent the first long-term and large-
scale techniques for mass rearing parasitoids of any wood-boring cerambycid
species. In addition to providing large numbers of parasitoids for releases, the
mass rearing effort has also provided large numbers of parasitoids for fundamental
studies of their biology and behaviour.

Introduction

Eucalyptus species native to Australia and New Guinea
have become important plantation timber resources
throughout many of the temperate and subtropical regions
of the world (Doughty, 2000). The wood-boring beetles
Phoracantha semipunctata (Fabricius) and P. recurva Newman
(Coleoptera: Cerambycidae) are also native to Australia, but
they have been introduced into many parts of the world
where their eucalypt host trees have been planted. The
beetles are critical mortality factors for the trees in many of
those novel environments, particularly those with hot, dry

summer conditions in which the trees are seasonally water
stressed (Chararas, 1969; Drinkwater, 1975; Ivory, 1977;
Gonzalez-Tirado, 1987; Hanks et al., 1993a). 

Although the beetles cause significant mortality outside
their native range, they are rarely a significant problem in
Australia (Duffy, 1963). This may be a consequence of a
number of ecological factors that interact in complex ways to
regulate the beetle populations (Paine et al., 2001), but it is
difficult to separate out the effects of the various factors in
the native range. In contrast, in novel environments, it may
be possible to evaluate each factor independently. For
example, water stress is a critical factor in predisposition of
trees to beetle attack and colonization (Hanks et al., 1991b)
with high bark moisture content limiting or prohibiting
colonization of the host (Hanks et al., 1999). Host species
preferences have been examined in regions where a limited
number of Eucalyptus species have been introduced (Hanks
et al., 1993b, 1995; Powell, 1978), and within the native range
(Paine et al., 2000a). For example, a study conducted in a
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multispecies Eucalyptus plantation in California found that
species such as E. camaldulensis Dehnhardt, E. cladocalyx F.
Mueller, and E. sideroxylon A. Cunningham ex Woolls
appeared to be resistant, whereas E. diversicolor F. Mueller, E.
globulus LaBillardière, E. grandis Hill ex Maiden, E. nitens
(Deane & Maiden), and E. viminalis LaBillardière were
highly susceptible to attack by Phoracantha beetles (Hanks et
al., 1995). These and other studies of the basic biology of the
beetle species and their hosts have been used to develop an
integrated programme of silvicultural practices and host
resistance to manage beetle populations (Paine et al., 1995).

In addition to environmental factors, the complex of
natural enemies in Australia that attack the guild of wood-
boring insects consisting of Phoracantha and related species
may play an important role in regulating beetle populations.
Two of the more common parasitoid species are Syngaster
lepidus Brullé and Jarra phoracantha Marsh & Austin (both
Hymenoptera: Braconidae) (Austin et al., 1994; Austin &
Dangerfield, 1997). Both are idiobiont larval ectoparasitoids,
S. lepidus being a solitary species and J. phoracantha being
gregarious. Female parasitoids locate suitable host larvae
feeding under the bark, probably using acoustic or
vibrational cues, and probe through the bark with their
ovipositors to sting and paralyse their hosts (Hanks et al.,
2001). One or more parasitoid eggs, depending on the
species, are laid on or beside the immobilized beetle larva.
The guild of parasitoids and predators exploiting these
woodborers may interact in complicated ways (Moore,
1972), and resource partitioning and patterns of host
utilization by the larval parasitoids have been studied in
Australia (Moore, 1963; Paine et al., 2000b; Hanks et al.,
2001). 

Biological control of invasive species can be a vital
component of pest management programmes (Paine et al.,
1993, 1997), particularly when the host plants under attack
are widely dispersed in urban landscapes. Successful
establishment of natural enemies is dependent, in part, on
the number of individuals that are introduced into the new
environment (Hopper et al., 1993; Etzel & Legner, 1999).
However, it can be difficult to develop mass rearing
programmes for parasitoids that both yield the critical mass
of parasitoids required to achieve successful establishment,
and are economically and logistically feasible. This is
particularly true for parasitoids of larvae that develop
slowly deep within plant tissues. Attempts at rearing these
larvae on artificial diets, or artificial diets supplemented
with host material (e.g. sawdust) have generally been
inefficient and labour-intensive, and are not conducive to
continuous rearing of large numbers of parasitoids for
release (e.g. Gardiner, 1970; Alya & Hain, 1987; Boldt, 1987;
Kosaka & Nagura, 1990; Necibi & Linit, 1997; Lee & Lo,
1998). The objective of the work reported here was to
develop and optimize protocols for mass rearing larval
parasitoids of two species of long-lived woodboring beetles.
These methods have now been used to continously rear tens
of thousands of parasitoids for release since the early 1990s. 

Materials and methods

Rearing Phoracantha larvae as hosts for parasitoids

A year-round supply of Phoracantha adults is an absolute
necessity, as a source of the eggs and larvae needed for
parasitoid breeding material. Rearing of adult Phoracantha

beetles has been described (Hanks et al., 1993a), and further
improvements and refinements are described below. During
the warmer months, adult beetles are collected from
naturally or artificially infested logs (see below) held in
outdoor screen cages or greenhouses. However, Phoracantha
spp. overwinter as quiescent prepupae in cells in the
sapwood, so that there is no adult emergence under natural
overwintering conditions for periods of many months. To
provide adult beetles for colony maintenance, hand-infested
billets (see below) are also held in a greenhouse for a period
of 10 weeks until the larvae are fully developed and have
constructed pupation chambers in the sapwood. The mature
larvae will not usually pupate and complete their
development by simply maintaining logs at constant warm
temperatures, or by chilling treatments alone. However,
larvae can be induced to pupate by first chilling the logs at
~5°C for periods of at least one month, then transferring the
logs to an environmental chamber in which the
temperatures are cycled between 15 and 25°C (12 h:12 h).
Subjecting logs to the chilling treatment prior to temperature
cycling results in better synchronization of adult emergence.
In both the screen cages and the environmental chamber,
adults are collected thrice weekly from the walls and
ceilings, where they tend to congregate in cracks, joints, and
other tight spaces.

Adult beetles are maintained in cylindrical screen cages
with tops and bottoms fashioned from plastic Petri dishes.
Adults are provided with 10% honeywater solution in
wicked vials, and with Eucalyptus pollen, which stimulates
and increases egg production (J.G. Miller et al., un-
published). The cage bottoms are lined with layers of filter
paper, and females deposit eggs in masses between the
layers. Eggs are collected from the cages daily and held in
covered Petri dishes under ambient laboratory conditions
until they hatch (5–7 days). The neonate larvae are used to
infest logs as described below.

The following procedures are suitable for rearing larvae
of either of the two Phoracantha spp. Host tree species is an
important factor because survivorship is higher and
development is faster in logs of some Eucalyptus species than
others (Powell, 1978; Hanks et al., 1993b, 1995). In our
experience, logs of E. grandis, E. tereticornus J.E. Smith, and E.
camaldulensis are all excellent host substrates. Bark thickness
is also critical for rapid development of larvae, with bark
thickness of 0.5 to 1 cm being optimal. Thus, plantation
grown Eucalyptus trees 30–70 cm in circumference are felled
and cut into billets ~50 cm long, and the billets are air dried
for 2–3 days. Larvae require logs with moist green bark to
develop; however, survivorship is reduced and
development time is increased if logs are either too wet or
too dry (Hanks et al., 1991b, 1999). To check moisture
content, a 10 cm long cut is made into the bark with a razor
knife. If water droplets appear in the cut, further drying is
necessary. If no free water is visible after making a sample
cut, the cut ends of the billets are sealed by dipping in
melted paraffin wax to retard further drying while the beetle
larvae develop. Following waxing, a second cut is made
parallel to the first to form a 2 mm wide V-shaped groove
reaching the outer xylem. The angle of the groove must be
less than about 30° to provide a leverage surface against
which the neonate larvae can brace themselves to bite into
and penetrate the bark.

Billets are hand-infested with neonate larvae to control
density, to minimize competition for resources and
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cannibalism, both of which decrease survival (Hanks et al.,
1993a). Neonate larvae (<2 days old) are placed into the
groove with a fine paintbrush at a density of one larva per
60 cm2 of bark surface area, so that an average log contains
25–30 larvae. Small to medium sized billets are infested with
their entire complement of neonates at one time, resulting in
hosts of uniform size for the parasitoids. For billets over
35 cm in circumference, the larvae are divided between two
grooves cut in opposite sides of the logs, with the two
groups transferred into the log one day apart to minimize
competition.

Infested billets are held for 21–28 days at ~32°C to allow
the beetle larvae to develop to the optimal size for
parasitization. Larvae that are too small or too large result in
poor parasitoid survival or skewed sex ratios (Joyce et al.,
2002). Larval size is checked at 21 days by peeling back bark
at one end of the billet and measuring the width of the
feeding galleries. Larvae with galleries ~0.7 to 1.5 cm in
width are of appropriate size for parasitization, with a width
of 1 cm being optimal for production of vigorous parasitoids
with a female-biased sex ratio (Joyce et al., 2002). If the larvae
are too small, logs are held for additional time to allow the
larvae to develop to the optimal size. 

Once parasitoid emergence has ceased, logs that still
contain significant numbers of mature larvae that escaped
parasitization are then returned to the beetle rearing
programme (see above), and the emerging adult beetles are
collected as described above.

Production of larval parasitoids

When the beetle larvae have reached the size appropriate
for parasitization, billets are stood on end in 70 cm × 70 cm ×
l m wood-framed cages covered with nylon mesh, with
20–25 billets per cage, and ~200 pairs of parasitoids are
introduced into each cage. The cages are misted twice daily
with water, and honey is applied in streaks to the mesh as a
food source. Cages are held at ~25°C in a well-lit laboratory
room or greenhouse. Adult parasitoids will live for more
than four weeks under these conditions.

For reasons that are unclear, parasitoid oviposition
increases with the density of billets in the cage, and even a
large number of parasitoids will not begin ovipositing
readily if given only a few widely spaced billets. Oviposition
rates are optimal when the cage is filled with billets spaced
10–20 cm apart. Highest parasitism rates are achieved with
ten pairs of parasitoids per billet, and do not improve with
greater numbers of parasitoids.

A set of infested billets is exposed to ovipositing
parasitoids for 7–10 days, then transferred to a greenhouse
maintained at ~25°C for an additional week while the
parasitoids develop. The logs are then transferred to
emergence boxes consisting of sealed cardboard boxes
(60 cm × 60 cm × 45 cm) with a 1 l clear glass jar attached to
one side. Emerging wasps are attracted to the light entering
through the glass jar and self-collect within the jar. Billets are
stood on end inside the boxes (10–15 billets per box), with at
least 5 cm spacing between billets. Closer spacing inhibits
the movement of emerging parasitoids to the trap jar.
Emergence begins about seven days after transferring the
logs to the emergence boxes, and continues for about 21
days. Parasitoids are collected from the jars twice daily.
Overall, parasitoids take about three weeks to develop from
egg to adult. Parasitoids can also be held in plastic holding

bins for up to four weeks at 6°C to build up large numbers of
insects for release. Honey is streaked on the inside walls of
the bins, and parasitoids are encouraged to feed by bringing
the bins to ambient temperature in the laboratory for 2 h
once a week. 

Results and Discussion

To our knowledge, the work described here represents
the first successful, longterm mass rearing programme for
both cerambycid beetles and their larval parasitoids. The
methods described have been used to maintain the exotic
braconid parasitoids S. lepidus and J. phoracantha in
continuous culture since 1992, with no further importations
of wasps from Australia since 1996. This effort has provided
more than 32,000 S. lepidus and 8100 J. phoracantha
respectively for field releases. However, it must be pointed
out that parasitoids are only released from May through to
September, when there are host larvae available in the field.
Consequently, it is estimated that several times that number
of parasitoids have been reared in total, once the insects
required for colony maintenance year-round are taken into
consideration. Identical methods were also used to rear two
other species, Jarra longipennis Marsh & Austin, and
Callibracon limbatus Brullé (both Hymenoptera: Braconidae),
for several years, before funding restrictions forced us to
focus on only two parasitoid species. These methods should
be readily adapted to rearing parasitoids of other wood-
boring species. 

Parasitoid production can be adjusted readily to meet the
requirements of experiments, colony maintenance, and field
releases by adjusting the number of infested logs available
for oviposition at any one time. Typical weekly production
of S. lepidus and J. phoracantha adults is illustrated in fig. 1. It
must be pointed out that wasp production through the
warmer months underestimates the total numbers that could
have been produced, because during the summer a
significant fraction of the total production was diverted to
field releases rather than to increasing the size of the
colonies. At the end of the field season, when there are no
hosts available in the field, colonies are scaled back to a
maintenance level, with all the parasitoids produced now
being used for colony maintenance, rather than being split
between colony maintenance and field releases.

As a measure of the overall logistics and efficiency of
laboratory rearing S. lepidus, the rearing operation was
tracked for a one year period, from 1 November 1995 to 1
November 1996. During that period, 37,769 neonate
Phoracantha larvae were used to hand infest 1510 logs (~100
trees), for a mean density of 25 larvae per log. These logs
produced a total of 9356 S. lepidus adults, corresponding to
24.8% of the host larvae theoretically available.
Approximately 40% of the larvae escaped parasitism, and
eventually produced adult beetles. The final 35% of host
larvae used to infest logs produced neither wasps nor
beetles, but the causes of mortality were not determined.

However, the process must anticipate the inherent time
lags associated with cutting and preparation of logs for
rearing the beetle larvae, development of beetle larvae to the
optimal size for parasitization, and the developmental time
of the parasitoids themselves. The whole process from
felling trees and collection of beetle eggs to emergence of the
first new generation of parasitoids takes about eight weeks.
This lag time is critically important when gearing up to
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produce large numbers of wasps for releases during the
summer months.

Several considerations are crucial to successful rearing of
the beetle larvae and their parasitoids. First, although
artificial diets have been used to rear small numbers of
cerambycid beetles for identification and taxonomic
purposes, or for studying their biology (Gardiner, 1970; Alya
& Hain, 1987, and references therein; Boldt, 1987; Kosaka &
Ogura, 1990; Necibi & Linit, 1997; Lee & Lo, 1998), the
methods described were not amenable, nor cost-effective, to
scaling up for production of large numbers of beetles and
beetle larvae. In our system, use of the natural woody host
material instead of artificial diet avoided potential problems
with spoilage which necessitates multiple transfers of
developing larvae to fresh diet (Kosaka & Ogura, 1990; Lee
& Lo, 1998), and with the diet being nutritionally inadequate
for proper and timely development of the beetle larvae.
Preparation and transfer of artificial diet into suitable
individual containers is also labour intensive. In contrast, a
single 0.5 m long Eucalyptus billet can be used to rear 20–30
beetle larvae and, once the log is infested, no further input is
required. However, proper conditioning of the billets is
crucial for optimizing establishment and survival of larvae,
including air-drying logs to the optimal bark moisture
content, followed by waxing the cut log ends to retard
further drying. 

Second, infested billets must be stored and monitored
carefully, because the developing larvae are subject to
predation from rodents and ants, particularly when the bark
splits as it dries. Furthermore, emerging adult beetles are
susceptible to pyemotid mites, even a few of which can
paralyse and kill an adult beetle within hours (Hanks et al.,
1992). To prevent outbreaks of these mites, stored billets
should be liberally sprinkled with sulphur dust (Hanks et al.,
1992) or talcum powder, both of which serve as physical
barriers to mite movement, with no apparent effect on adult
beetles. Because of their short generation times, mite
infestations can develop very quickly, and our beetle
colonies were almost wiped out by mites in 1991 before
control methods were developed.

A third factor to consider in mass rearing of these

parasitoids is their host location behaviour. Ovipositing
female wasps probably locate logs infested with their hosts
using volatile chemical or visual cues. Once on a log, female
wasps may use shorter range acoustic or vibrational cues to
find and assess the quality of the host larvae hidden under
the bark. In our rearing system, in addition to the fact that
the wasps are confined in close proximity to the infested
logs, some of the longer range cues that the wasps need to
locate and identify habitats in which they may find hosts,
such as odours and log silhouettes, are indeed present. The
importance of these cues should not be underestimated. For
example, in a host specificity trial, it was determined that S.
lepidus females were totally indifferent to Phoracantha larvae
inserted into freshly cut elderberry logs, presumably
because the wasps did not recognize the elderberry logs as a
suitable habitat in which to search for hosts. Furthermore,
the short range cues used to locate hosts once on an infested
log are still present in our rearing system, and ovipositing
females exhibit typical host location behaviours on the
artificially infested billets. In contrast, the softer texture of
artificial diet would be unlikely to serve as a good substrate
for host location by these wasps, particularly if they are
using host location cues associated with the noise or
vibrations created by their hosts’ mandibles rasping at the
cambium tissues.

Mass rearing and release of parasitoids is obviously
crucial to their successful establishment for biological
control of exotic wood-boring insect pests. Wood-boring
insects may be particularly difficult to control by other
methods because their host trees are frequently large and
widely dispersed over extensive areas, and because the
insects spend most of their lives protected under the bark
and in the woody tissues of their hosts. Problems with
controlling such insects are further exacerbated for those
species that girdle their hosts, preventing movement of
systemic insecticides up to infested tissues. For such insects,
biological control offers one of the few management options
that has any chance of even partial control of the pest on a
long-term, area-wide basis. Accidental introductions of
exotic wood-boring insects are not infrequent and may have
serious economic consequences (Cavey et al., 1998). For
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Fig. 1. Weekly colony production of adult Syngaster lepidus (--�--) and Jarra phoracantha adults (–�–) for 1998.



example, the Asian longhorned borer Anoplophora
glabripennis (Motschulsky) (Coleoptera: Cerambycidae),
which was recently introduced into the United States, has
the potential to devastate hardwood forests and landscape
plantings over large parts of the North American continent
(Nowak et al., 2001). For this and other exotic wood-borers,
establishment of natural enemies from the pest’s native
range, and integration of biological control with cultural
tactics, may represent the best strategy to maintain
populations below damaging levels. The methods described
here for mass rearing wood-boring pests and their
parasitoids should provide a model for the initiation of
biological control programmes targeting related insect pests
worldwide. 

The large numbers of wasps produced by our rearing
system also have made it possible to begin detailed
investigations of the biology and host location behaviour of
parasitoids of cryptic wood-boring species. These
parasitoids are unable to contact and assess their prey
directly except with the ovipositor, and yet females are able
to determine the size of their hidden hosts and adjust the sex
ratio of their progeny as a function of host size (Joyce et al.,
2002). The mechanisms involved in the host location and
host assessment behaviors are currently under investigation. 
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