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BACKGROUND OF SYSTEM

DESCRIPTION OF PEST INVASION AND PROBLEM

One of the consequences of the Civil War was the collapse of the cotton industry in the South.
Ultimately, this led to idle textile mills in the New England states. A Franco-American scientist,
Etienne Leopold Trouvelot, sought to capitalize on this situation by using giant silkworm
moths native to North America to develop a sericulture industry (Liebhold et al., 1989). Be-
cause a disease caused by a protozoan (Nosema bombycis Naegeli) had a devastating impact on
the silk industry in Europe (Leggett, 1949), Trouvelot sought to negate this problem by cross-
ing the European gypsy moth, Lymantria dispar (Linnaeus), with American silkworm moths,
hoping to develop a pathogen-resistant silkworm (Howard, 1930). During the course of his
experiments, conducted at his home at 27 Myrtle Street, Medford, MA, some immature stages
escaped (Forbush and Fernald, 1896), and the moth began its colonization of North America
in 1868 or 1869 (Liebhold et al., 1989). Since that time, literally millions of dollars have been
expended in attempts to eradicate, retard the spread, or suppress this invasive pest.

The gypsy moth is probably the most destructive forest and shade tree pest in the north-
eastern United States, defoliating a record 13 million acres in 1989. It attacks primarily hard-
wood trees, especially oak, although after the larvae are half-grown they will attack conifers.
They usually do not infest ash, black walnut, catalpa, or yellow-poplar (tulip tree). The range
of this introduced pest is primarily the northeastern United States, from Maine south to North
Carolina and west to Wisconsin. Small, isolated infestations have been reported from Califor-
nia, Tennessee, and Iowa. Male moths have been trapped in a number of other states.
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The eggs hatch in late April or early May, with the larvae completing feeding in late June or
early July. After feeding, the larvae pupate within loose silken cradles and emerge as adult
moths in about two weeks. Shortly after the female emerges, she mates and begins laying eggs
on trees, rocks, or other nearby objects. The female, too heavy with eggs to fly, deposits buff-
colored clusters of 100 to 1,000 eggs. The current year's egg masses can be found from late July
or August until April or May of the following year. The gypsy moth has one generation per
year.

When populations reach outbreak levels, gypsy moth defoliation produces adverse eco-
logical effects and economic impacts in both forests and urban-suburban settings (McManus
and McIntyre, 1981). Because it defoliates numerous species of shade trees and becomes a
severe nuisance pest in urban environments, gypsy moth can be characterized as a "people
pest" of the first order. This factor has afforded gypsy moth a high political profile and has
driven many of the decisions made in efforts to eradicate or suppress the pest, including efforts
at its biological control, which began shortly after the start of the 20 th century, when biological
control as a discipline was in its infancy (Clausen, 1978). As in the case of most pest problems,
there was considerable pressure to obtain a quick solution, and the gypsy moth was no excep-
tion; consequently, the overall strategy was to introduce many species of control agents in the
hope that one or more of them would suppress the pest. Before 1980, the host specificity of
natural enemies introduced against pest insects was not a major consideration. In fact, the
polyphagous nature of Compsilura concinnata Meigen, a tachinid fly established between 1907
and 1909 (Howard and Fiske, 1911) and now believed to have adverse effects on native giant
silkworm moths (Boettner et al., 2000), was considered desirable by early workers because this
fly would attack the imported cabbageworm, Pieris rapae (L.); browntail moth, Euproctis
chrysorrhea (L.); and satin moth, Leucoma salicis (L.) (Howard and Fiske, 1911; Burgess and
Crossman, 1929). A detailed description of earlier (pre-1990) work on classical biological con-
trol of the gypsy moth is beyond the scope of this chapter, and the interested reader is referred
to the reviews provided by Hoy (1976), Reardon (1981), and Van Driesche et al. (1996).

A total of 16 introduced natural enemies became established as a result of these efforts:
three predators - Calosoma sycophanta (L.), Carabus auratus L., and Carabus nemoralis Muller
(Coleoptera: Carabidae) (Clausen, 1978); 11 parasitoids - Ooencyrtus kuvanae (Howard) (Hy-
menoptera: Encyrtidae), Anastatus disparis Ruschka (Hymenoptera: Eupelmidae), Cotesia
melanoscelus (Ratzeburg) (Hymenoptera: Braconidae), Phobocampe unicincta (Gravenhorst)
and Pimpla (=Coccygomimus) disparis (Viereck) (Hymenoptera: Ichneumonidae), Brachymeria
intermedia (Nees) (Hymenoptera: Chalcididae), Monodontomerus aereus Walker (Hy-
menoptera: Torymidae), Compsilura concinnata (Meigen), Exorista larvarum (L.), Parasetigena
silvestris (Robineau-Desvoidy), and Blepharipa pratensis (Meigen) (Diptera: Tachinidae)
(Howard and Fiske, 1911; Burgess and Crossman, 1929; Hoy, 1976; Schaefer et al.,1989); and
two pathogens - gypsy moth nuclear polyhedrosis virus (LclNPV) (Glaser and Chapman,
1913) and Entomophaga maimaiga Humber, Shimazu and Soper (Zygomycetes:
Entomophthorales) (Andreadis and Weseloh, 1990). The latter species has produced dramatic
epizootics in gypsy moth populations in the years after its initial recovery in 1989 (Hajek et al.,
1995, 2000; Webb et al., 1999). In addition, E. maimaiga appears to have had adverse effects on
the guild of larval parasitoids, particularly the univoltine tachinid flies P silvestris and B. pratensis,
both of which attack late instars of the gypsy moth (Blumenthal and Wilt, 1998). There is some
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evidence that E. maimaiga might not be as effective in the Great Lakes region as in other parts
of the gypsy moth distribution (McCullough et al., 2001).

DESCRIPTION OF AGENT PROPOSED FOR INTRODUCTION

Biology of the parasitoid Two independent evaluations of biological control work on gypsy
moth were made during the 1990s (Delfosse et al., 1994; Van Driesche et al., 1996). Both
recommended that further overseas exploration for natural enemies be focused in non-out-
break or low density populations of gypsy moth. This need prompted us to re-examine
Aphantorhaphopsis (= Ceranthia) samarensis as a potential candidate for importation, study,
and possible release. This fly, originally described from Russia in 1921 (Sabrosky and Reardon,
1976), was first recovered from gypsy moth in Austria (Fuester et al., 1983). Because only a
few puparia were recovered from L. dispar during our two-year study, we concluded that it
was an occasional parasitoid of gypsy moth. However, a 10-year study conducted by Mills
and Nealis (1992) suggested that this species had substantial potential for biological control of
gypsy moth. In brief, they experimentally exposed gypsy moth larvae in areas where local
gypsy moth populations were at low densities, recollected the hosts, and returned them to the
laboratory to rear out the parasitoids. They concluded that A. samarensis represented a prom-
ising candidate for biological control of gypsy moth in Canada for the following reasons: (1)
This parasitoid is able to persist in areas where gypsy moth populations are low and thus pre-
sumably has good host searching ability. (2) It responds quickly to local increases in gypsy
moth density. (3) It was by far the main parasitoid attacking sentinel larvae exposed in the field,
with very high rates of parasitism. (4) Based on photoperiod and temperature conditions in
central Europe (same latitude as southern Ontario), if established in the United States, most of
the parasitoid's population would be univoltine and not require alternate hosts. (5) Puparia in
diapause could be shipped to Canada and overwintered in quarantine. (6) Post-storage emer-
gence rates could be determined under a variety of environmental conditions. Releases were
made in Canada (Nealis and Quednau, 1996)

Quednau (1993) worked out the biology of A. samarensis, which is briefly summarized as
follows. This species hibernates as a pharate adult in the puparium. Newly emerged females
mate with older (5-6 day old) males. There is a 10-12 day pre-oviposition period. The egg is
deposited directly on the host; hatching occurs immediately, and the neonate maggot rapidly
bores into the host (ovolarviposition). The average number of progeny produced by a female
over its lifetime is 55. Females live an average of 41 days and deposit their eggs on second and
third instars of L. dispar. The parasite develops internally, forming a respiratory funnel that
produces a characteristic circular scar on the host cuticle. Development in the host takes 6-14
days, and the full grown maggot generally emerges from third or fourth instars, or less fre-
quently, fifth instars. Because A. samarensis attacks earlier larval stages than the other univoltine
tachinids associated with gypsy moth, interspecific competition with E. maimaiga might be less
intense.

Source of agent This Palearctic species has a wide distribution in northern and central Europe:
Austria (Fuester et al., 1983), France (Mills and Nealis, 1992), Germany (Maier, 1990), Hun-
gary (Mihalyi, 1986), Poland (Sukovata, 2000), and Sweden, as well as the Leningrad and
Kubyshev regions of Russia (Hefting, 1984). All of the material used in our laboratory tests
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with North American Lepidoptera came from eastern France (Haute-Saone, Bas-Rhine, and
Cote d' Or provinces) and had been reared from L. dispar.

Host range in native range of agent Prior to our host range studies, A. samarensis only had
been recorded from two hosts in Europe, both lymantriids: L. dispar (Fuester et al., 1983;
Maier, 1990; Mills and Nealis, 1992; Kenis and Lopez-Vaamonde, 1998) and Orgyia recens
(Hubner) (Mihalyi, 1986). However, this parasitoid has not been reported from other destruc-
tive European lymantriids that have been studied extensively: nun moth, Lymantria monacha
Linnaeus (Komarek, 1937; Fahringer, 1941; Thompson, 1944-1950; Thompson and Simmonds,
1964-1965; Herting, 1976; Mills and Schoenberg, 1985); browntail moth (Burgess and Grossman,
1929; Sisojevix et al., 1976); satin moth (Pawlowicz, 1936; Pisica et al., 1978; Drea and Fuester,
1979); rusty tussock moth, Orgyia antiqua (L.) (Wellenstein and Fabritius, 1973; Drea and
Fuester, 1979; Mills and Schoenberg, 1985); and pale tussock moth, Elkneria pudibunda (L.)
(Herting, 1960; Wellenstein, 1978).

THE RECEIVING LOCATION

DESCRIPTION OF FAUNA IN AREA OF PROPOSED AGENT INTRODUCTION

Area of proposed release Prior to the completion of our studies (Fuester et al., 2001), A.
samarensis already had been released in Canada (Mills and Nealis, 1992; Nealis et al., 2002), but
permanent establishment of the parasitoid there had not been documented (nor has it been to
date). We wished to make releases of this species against gypsy moth in the northeastern United
States, but the possibility that C. concinnata may have contributed to the reported decline of
several saturniid moths in New England (Boettner et al., 2000) and recent recoveries of P
disparis, a parasitoid of gypsy moth from the Far East introduced during the 1970s, from non-
target species (Schaefer et al., 1989) prompted us to look at the host range of A. samarensis
more closely before taking action.

Species closely related to target pest There are only seven genera of Lymantriidae in North
America, all of which fall in the subfamily Lymantriinae (Ferguson, 1978). Three of the genera
(Lymantria, Leucoma, and Euproctis) fall in the tribe Lymantriini but are monotypic, repre-
sented solely by introduced species from Europe (gypsy, brown-tail, and satin moths), all of
which can be considered legitimate target pests. The remaining genera fall in the tribe Orgyiini.
Two of these are alpine or boreal: Acsala, known only from Alaska and the Yukon, and
Gynaephora, widely distributed in the Arctic but occurring only above the tree line in the
Rocky Mountains and northern Appalachians (New Hampshire, Maine, and Quebec). The
likelihood of a temperate, sylvan species such as A. samarensis attacking species in these genera
seems very remote indeed. This leaves two genera of interest - Dasychira (16 spp.) and Orgyia
(10 spp.). At least 11 spp. of Dasychira occur in the northeastern United States - tephra Hubner,
dorsipennata (Barnes and McDunnough), vagans (Barnes and McDunnough) , basiflava
(Packard) , meridionalis (Barnes and McDunnough), cinnamomea (Grote and Robinson),
leucophaea (J. E. Smith), obliquata (Grote and Robinson), plagiata (Walker), pinicola (Dyar),
and manteo (Strecker). About half are minor forest and shade tree pests (Baker, 1972): basiflava
(dark tussock moth) on a variety of hardwoods; cinnamomea on elm; vagans, meridionalis, and
tephra on oaks; and pinicola and plagiata (pine tussock moth) on conifers. None are consid-
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ered rare, and all are broadly distributed (Ferguson, 1978). Most of the North American Orgyia
are western species, and only four occur in the northeastern United States - antiqua (L.) (rusty
tussock moth), detrita Guerin-Mèneville, definita Packard (definite-marked tussock moth),
and leucostigma (J. E. Smith) (white-marked tussock moth). All of these except 0. detrita are
considered to be pests of forest and shade trees (Baker, 1972; Drooz, 1985; Johnson and Lyon,
1988; Wallner, 1989). Though not considered a pest and rare in collections, 0. detrita is widely
distributed (Ferguson, 1978), and at least one outbreak has been reported from coastal North
Carolina (Drooz et al., 1986).

Species of value as biological control agents Lepidoptera attacking aquatic weeds were not
considered to be at risk of attack by A. samarensis. A number of Lepidoptera attack common
reed, Phragmites australis Cavanilles, but all bore within shoots, roots, or rhizomes (Blossey et
al., 2002), and it is unlikely that they would be exposed to attack by A. samarensis. Two key
natural enemies of spotted knapweed (Centaurea maculosa L.) , the gelechiid Metzneria
paucipunctella (Zeller) and the cochylid Agapeta zoegana L., feed in flower heads and roots
(Story, 2002), respectively, and are probably thus protected from attack by A. samarensis. The
sphingid Hyles euphorbiae L., a defoliator of leafy spurge (Euphorbia esula L.) (Nowierski and
Pemberton, 2002) and cypress spurge (Euphorbia cyparisseas L.) (Faubert and Casagrande,
2002), occurs in New York state and is not sequestered within the plant, so it might be subject
to attack by A. samarensis.

Species of marked conservation value Two endangered butterflies, the Karner blue (Lycaeides
melissa samuelis Nabokov) and Mitchell's satyr (Neonympha mitchelli mitchelli French), occur
in the northeastern United States. The first species inhabits meadows and prairies, and the
second species, sphagnum bogs. Whereas the known hosts of A. samarensis are forest insects,
it is expected that this fly will be limited to forest habitats. Because neither of the endangered
butterflies occurs in forests, it is anticipated that they will be ecologically separated from A.
samarensis. While no Saturniidae appear on the United States Fish and Wildlife Threatened
and Endangered species list, Boettner et al. (2000) have provided evidence that C. concinnata
can destroy large numbers of several species in the field, and a number of saturniids appear on
state lists. For example, buck moth, Hemileuca maia (Drury); imperial moth, Eacles imperialis
pini Mitchener; and Columbia silk moth, Hyalophora columbia (S. I. Smith) are listed among
the endangered, threatened, and special concern Lepidoptera of Michigan. The monarch but-
terfly, Danaus plexippus L., while rather common in the eastern United States, has precarious
overwintering sites in Mexico and has been the subject of recent studies concerning possible
hazards presented by genetically modified corn pollen (containing toxins derived from Bacillus
thuringiensis Berliner) landing on its food plant, milkweed. Therefore, it surely can be consid-
ered an icon species.

THE TESTING PLAN: ANALYSIS OF METHODS

SEARCH FOR OTHER HOSTS IN EUROPE

Our study differed from most other host range studies in that it was not confined to challeng-
ing the candidate parasitoid with non-target species in the laboratory; but, in addition, an effort
was made to field collect other hosts that might be parasitized by A. samarensis in its region of
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origin. We felt that this would be useful because of the possibility that A. samarensis could have
been overlooked by previous investigators. Therefore, we made extensive collections of gypsy
moth and other Lepidoptera at localities in Europe where A. samarensis was abundant (see
Fuester et al. [2001] for a detailed account of the methodologies employed and results ob-
tained).

TEST LIST FOR HOST RANGE TESTING

The test list of U.S. Lepidoptera selected for host range testing of A. samarensis in quarantine
appears in Table 1. It was compiled by one of us (RWF) with input from Dale Schweitzer (The
Nature Conservancy). The table includes the reasons why the various species were selected.
In brief, the lymantriids were selected because they are closely related to the gypsy moth. The
Noctuoidea exclusive of Lymantriidae (Noctuidae, Notodontidae, and Arctiidae) were consid-
ered somewhat related to gypsy moth. The rest were forest species that belonged to a sensitive
group (Saturniidae) or were considered icon species (monarch butterfly). Unfortunately, only
about half of the desired species were actually tested, generally because no mated females of A.
samarensis were available when we had the caterpillars in hand. This was the case for Amphipyra
pyramidoides Guenee, Chaetoglaea sericea (Morrison), Sericaglaea signata (French), Malacosoma
disstria (Hubner), Datana ministra (Drury), Biston betularia cognatoria (L.), and Hemileuca
maia Drury. For four other species, we were unable to obtain material to rear - Ceratomia
hageni Grote, Pachysphinx modesta Harris, Prochoerodes transversata (Drury), and Clostera
indusa (Htibner).

In addition, laboratory tests on host suitability of European Lepidoptera were carried out
by inoculating caterpillars with young neonate maggots of A. samarensis. No special list of
hosts was developed in advance, but inoculations were made on an ad hoc basis as host larvae
became available.

DESCRIPTION AND RATIONALE OF TESTS RUN

Choice tests We relied mostly on choice tests for our laboratory studies with North American
Lepidoptera. We used a choice test format because not all mated females of A. samarensis laid
eggs when exposed to larvae even though all flies had been held long enough to become gravid.
We feared that false negatives could occur if female flies that were not gravid (or were not
behaviorally ready to lay eggs) were the ones chosen to be exposed to a non-target species.
Quednau and Lamontagne (1998), found that the gestation period of mated females of C.
samarensis ranges from 7-8 days at 22°C to 17 days at 10-15 °C (12:12 L:D) and, because of
variation in the time of day when mating occurs and the metabolism of individual females, not
all females in a cohort begin ovolarviposition on the same day. We conducted these tests in a
rearing room of the quarantine facility at the United States Department of Agriculture, Agri-
cultural Research Service's Beneficial Insect Introduction Research Unit at Newark, Delaware,
at 25°C, 50-60% RH, and a photoperiod of 14:10 (L:D) . Screened cages (46 x 33 x 40 cm) with
sliding plexiglas doors were used as test arenas. Flies were provided with sponges soaked in
distilled water for moisture, and sugar cubes and jelly (Quednau and Lamontagne, 1998) for
food. During tests, we exposed 15 gypsy moth larvae (second or early third instars) on a
bouquet of red oak and 15 larvae of a nontarget species of similar size on a bouquet of a
preferred host plant to two females of A. samarensis. Tests lasted 48 h and cages were gently

182 Chapter 14. Determining the Host Range of Aphantorhaphopsis samarensis



Monarch Butterfly

Hagen's Sphinx
Modest Sphinx

Imperial Moth
Luna Moth
lo Moth
Regal Moth
Buck Moth

Copper Underwing
Silky Sallow
Tobacco Budworm
Variable Sallow
Beet Armyworm
Cabbage Looper

Icon species

Forest species
Forest species

Sensitive group
Sensitive group
Sensitive group
Sensitive group
Sensitive group

Somewhat related
Somewhat related
Readily available
Somewhat related
Readily available
Readily available

White-marked Tussock
Variable Tussock

Yellow-Based Tussock

Forest Tent Caterpillar

Pepper & Salt Moth
Large Maple Spanworm

Closely related
Closely related

Closely related

Forest species

Forest species
Forest species

Yellow-necked Caterpillar Somewhat related
Angle-lined Prominent	 Somewhat related

Isabella Tiger Moth
Yellow Wooly Bear Moth
Fall Webworm
Virgin Tiger Moth
Salt Marsh Caterpillar

Somewhat related
Somewhat related
Somewhat related
Somewhat related
Somewhat related
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Table 1. U.S. species proposed for host range tests with Aphantorhaphopsis samarensis

Family/Scientific Name Common Name Reason Chosen

Danaidae
* Danaus plexippus L.

Sphingidae
Ceratomia hageni Grote
Pachysphinx modesta Harris

Saturniidae
* Eacles imperialis (Drury)
* Actias luna (L.)
* Automeris io (Fabricius)
* Citheronia regalis (Fabricius)
Hemileuca maja (Drury)

Noctuidae
Amphipyra pyramidoides Guenee
Chaetaglaea sericea Morrison
* Heliothis virescens (Fabricius)
Sericaglaea signata (French)
* Spodoptera exigua (Hubner)
* Trichoplusia ni (Hubner)

Lymantriidae
* Orgyia leucostigma (J. E. Smith)
* Dasychira vagans (Barnes and

McDonnough)
Dasychira basiflava (Packard)

Lasiocampidae
Malacosoma disstria (Hubner)

Geometridae
Biston betularia cognataria (L.)
Prochoerodes transversata (Drury)

Notodontidae
Datana ministra (Drury)
Clostera inclusa (Hubner)

Arctiidae
* Pyrrharctia isabella (J. E. Smith)
* Spilosoma virginica (Fabricius)
* Hyphantria cunea (Drury)
* Grammia virgo (L.)
* Estigmene acrea (Drury)

*Species actually tested

atomized with distilled water at least twice a day. When test periods were completed, larvae
were reared to determine if parasitism had occurred. Caterpillars were reared in ventilated
plastic cages (12 [hl x 12 [dial cm) with false bottoms similar to those described by Loan and
Holdaway (1961) so that any maggots of C. samarensis that emerged would drop to the bottom
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and not be injured by any unparasitized caterpillars. After test exposures, larvae of gypsy moth
were fed with an artificial diet while non-target species larvae were fed small bouquets of their
usual host plant (or artificial diet if the species came from a laboratory culture). Hosts were
reared to the pupal stage or until death occurred and categorized as parasitized, unparasitized
(healthy), diseased, desiccated, or dying of unknown causes. Hosts dying before reaching the
pupal stage were dissected to see if parasitization had occurred.

No-choice tests A limited number of no-choice tests were run by Philip Kingsley in the quar-
antine facility at the United States Department of Agriculture, Animal and Plant Health Inspec-
tion Service's Methods Development Center at Otis Air National Guard Base in Massachu-
setts. In each case, only five test larvae per species per trial were offered to females of A.
samarensis. The oviposition cages (arenas) were similar to those described by Quednau (1993).

Host Suitability Tests Tests on host suitability were performed on several European species of
macrolepidoptera by artificially inoculating larvae of L. dispar and non-target species with mature
eggs of C. samarensis that had been dissected from uteri of gravid females three weeks or more
in age and then placed on potential hosts with a watercolor brush. Females of butterflies and
moths were netted or caught by light trapping and caged to obtain eggs. Many females were
caught and some of them laid eggs, but most of the eggs did not hatch. Thus, very few caterpil-
lars were available for testing. Inoculations were performed by restraining a host larva with
pins, removing the hairs from the 9 th and 10th body segments, and placing a freshly eclosed
maggot on the host integument with a moistened brush. Maggots were kept damp with Ringer's
solution while they searched for an entry site. Once a site was chosen, entry through the
integument took 30 seconds. All larvae were reared on a natural host plant until A. samarensis

emerged or pupation occurred. One month after oviposition, live larvae that had not pupated
were dissected.

TEST RESULTS AND INTERPRETATIONS

RESULTS OF FIELD COLLECTIONS IN EUROPE

In addition to some 20,360 larvae of L. dispar, over 850 larvae in at least 54 other species in 11
families were collected and reared over a five-year period from field sites in Europe. Out of 103
larvae in five species of other Lymantriidae, only two, one of L. monacha and one of 0. antiqua,

yielded puparia that could not be distinguished from those of A. samarensis, but no adults
emerged, so new host records could not be claimed with certainty. No A. samarensis was
obtained from any of the remaining centrifugal groupings, which included the Noctuoidea
other than Lymantriidae (492 specimens in 22 species), Heterocera other than Noctuoidea (135
specimens in 26 species), or Rhopalocera (121 specimens in seven species). Even if one assumes
that the puparia recovered from L. monacha and 0. antiqua were A. samarensis, overall para-
sitization rates across all years and sites for gypsy moth, other lymantriids, and Lepidoptera
other than lymantriids would be 8, 2, and 0%, respectively. Thus, gypsy moth was obviously
the chief, if not the only, host utilized by A. samarensis at our field sites. We feel that this is an
important finding because the results reflected what was actually going on in the field in habi-
tats favorable to A. samarensis.
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RESULTS OF LABORATORY TESTING IN NORTH AMERICA

Assessment of overall testing success A summary of the trials (=replicates) pairing L. dispar with
North American species of Lepidoptera appears in Table 2. Choice and no-choice tests were
conducted with 14 and two native species, respectively.

In the choice tests, 1-5 trials were run for each species, depending upon the numbers of
caterpillars and parasitoids available. Unfortunately, females of A. samarensis failed to attack
any hosts (including the L. dispar control) whatsoever in nearly 40% of all trials, rendering the
results inconclusive. We did not anticipate this high rate of failure of A. samarensis to attack L.

Table 2. Numbers of successful and unsuccessful laboratory trials attempted for native species of North American
Lepidoptera exposed with L. dispar to two females of A. samarensis, 1997-1998.

Native species tested
No. of trials
attempted

No. of trials
unsuccessfula

No. of trials
successfulb

Choice tests

D. plexippus 2 1 1

A. tuna 2 0 2

E. imperialis 1 1 0

C. regalis 1 1 0

P. isabellaa 1 0 1

S. virginica 5 3 2

H. cunea 5 0 5

G. virgo 4 0 4

E. acrea 2 2 0

Dasychira sp. prob. vagans 1 0 1

0. leucostigma 4 0 4

S. exigua 1 0 1

H. virescens 5 3 2

T. ni 4 4 0

Totals 38 15 23

No-choice tests

A. io 3 0 3?

A. tuna 1 0 1

'Neither the test (native) or control (Lymantria dispar) species were parasitized
b Either the test, control species, or both were pararasitized
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dispar because we were using two female flies instead of just one, as per Quednau and
Lamontagne (1998) in their rearing protocol. In 10 of the 14 species tested, one or more trials
were successful in that at least some control hosts (L. dispar) were attacked, and it was possible
to draw inferences as to whether the non-target larvae were likely to be acceptable hosts for A.
samarensis. In those cases where no hosts were parasitized, we concluded that either the fe-
males were not gravid or not behaviorally ready to lay eggs. The four species in which all trials
were inconclusive were the saturniids Citheronia regalis (Fabricius) and Eacles imperialis (Drury),
the arctiid Estigmene acrea (Drury), and the noctuid Spodoptera exigua (Hubner).

In the no-choice tests, none of the non-target species were parasitized in any of the trials,
but at least some of the L. dispar in each trial (as evidenced by the production of puparia) had
been attacked by the females of A. samarensis. However, even in these cases, the results cannot
be considered conclusive because of the possibility that the female flies used in nontarget spe-
cies cages might not have been gravid or might not have been behaviorally ready to eggs

Assessment of host range The results of those trials that we considered successful are presented
in Table 3. Successful choice and no-choice tests were run with ten and two native species,
respectively. In one case, Actias luna (L.), both choice and no-choice trials were run. In every
choice test between gypsy moth and non-target species except one, A. samarensis attacked the
gypsy moth but not the non-target species (Table 3). We concluded that all of these species
were outside of the host range of A. samarensis. Females of A. samarensis attacked only one
non-target species, the white-marked tussock moth, Orgyia leucostigma (J. E. Smith), another
lymantriid. In this case, substantial numbers of hosts were attacked, yielding about two pu-
paria per parasitized host, so we concluded that 0. leucostigma lies within the host range of A.
samarensis. The only other lymantriid tested, Dasychira sp., probably vegans (Barnes and
McDunnough), was not parasitized.

Concerning the no-choice tests, three paired trials were run with Automeris io (Fabricius)
and L. dispar. The results were similar in all trials: no larvae of A. io yielded puparia of A.
samarensis, but 10 puparia were obtained from gypsy moth (Table 3). At least one female fly in
each trial and arena with gypsy moth was gravid, attacking the target pest. Although it is
conceivable that all females exposed to A. io were not gravid, it seems unlikely. Therefore, we
suspect that A. io does not lie within the host range of A. samarensis. In the remaining test, one
trial was run with test larvae of A. luna and L. dispar, each species in a different arena. No
larvae of A. luna yielded puparia of A. samarensis, but three puparia were obtained from gypsy
moth. Although it is possible that the A. samarensis exposed to A. luna were not gravid, the
results are at least consistent with the results in the choice test with the same species (Table 3), so
we believe that A. luna does not lie within the host range of A. samarensis.

RESULTS OF HOST SUITABILITY TESTS IN EUROPE

Successful development of fly larvae implanted in field-collected caterpillars occurred only in
gypsy moth (Table 4). Dead parasitoid larvae were found in three arctiids, one nemeobid, and
one noctuid. No maggots successfully penetrated H. euphorbiae, a sphingid, which was the
only biological control agent tested.
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Table 3. Results of successful tests involving exposures of L. dispar with selected native species of North
American Lepidoptera to two gravid females of A. samarensis, USDA-ARS, Newark, Delaware,
1997-1999

Native species tested	
Host plant of native
species testeda

Native species
Hosts attacked (puparia recovered) within or outside

host range

Choice tests

D. plexippus	 Asclepias syriaca L.	 0	 5(6)	 outside

A. luna	 Juglans nigra L.	 0	 9(10)	 outside

P. isabellab	 Mixed Graminaceae	 0	 4(14)	 outside

S. virginica	 Betula populifolia	 0	 2(2)	 outside
Marshall

H. cunea	 Prunus serotina	 0	 40(73)	 outside
Ehrhart

G. virgo	 Lactuca sativa L.	 0	 30(72)	 outside

Dasychira vagans?	 Quercus prinus L.	 0	 4(4)	 outside

0. leucostigma	 Acer rubrum L.	 20(45)	 5(5)	 within

S. exigua	 Pyrus malus L.	 0	 1(1)	 outside

H. virescens	 Rosa multiflora	 0	 5(6)	 outside
Thunberg

Totals	 20(45)	 105(193)

No-choice tests

A. io	 Quercus sp.	 0	 ?(12)	 outside?

A. luna	 Quercus sp.	 0	 ?(3)	 outside

'All exposures of control species, L. dispar, made on Quercus rubra Linnaeus.
bOnly four test larvae per species instead of 15.
'In no-choice tests, only five test larvae per species instead of 15.

SUMMARY EVALUATION

OVERALL SYNTHESIS

The results of all four approaches used—review of the literature, field collections of Lepidoptera

in a favorable habitat for the candidate natural enemy within its native range, laboratory host

range tests on North American species, and artificial inoculations to assess host suitability—led

us to the conclusion that the host range of A. samarensis is restricted to the family Lymantriidae,

Native disparspecies	 L.
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Table 4. Lepidopterous larvae inoculated with young A. samarensis maggots and results of rearings or dissec-
tions.

Species and Family
No. larvae
inoculated

No. of A.
samarensis

reared

No. of dead
maggots found
by dissection

Agriades glandon (Prun.) - Lycaenidae 3 0 0

Hamearis lucina (L.) - Nemeobidae 2 0 0

Macrothyacia rubi (L.) - Lasiocampidae 1 0 0

Hyles euphorbiae (L.) - Sphingidae 2 0 0

Peridea anceps (L.) - Notodontidae 1 0 0

Callimorpha dominula (L.) - Arctiidae 17 0 3

Eilema deplane (Esper) - Arctiidae 4 0 4

Lithosia quadra (L.) - Arctiidae 3 0 1

Lymantria dispar (L.) - Lymantriidae 38 20 _a

Mamestra brassicae (L) - Noctuidae 2 0 7

'Non-parasitized Lymantria dispar were not dissected.

probably only to the genera Lymantria and Orgyia. Because the only Lymantria species in
North America is the pest L. dispar, and all four species of Orgyia in the eastern United States
are native pests (Baker, 1972; Drooz, 1985; Drooz et al., 1986; Johnson and Lyon, 1988; Wallner,
1989), the host range of A. samarensis seemed specific enough to justify release, and an Envi-
ronmental Assessment was submitted by USDA-APHIS to the State of Pennsylvania. This
resulted in a finding of no significant impact, and releases of A. samarensis were made by per-
sonnel from the Pennsylvania Department of Environmental Resources, Bureau of Forestry.
The technical results of our studies were published in a peer-reviewed journal (Fuester et al.,
2001).

COMPLETENESS OF ASSESSMENT

It would have been desirable to do more tests on North American Lepidoptera, especially in
the genus Dasychira and possibly of other Noctuoidea. We only did a few no-choice tests with
A. samarensis, but to have relied on such tests exclusively could have given rise to false negative
tests because of the parasitoid's refractory behavior. Sequential choice tests, with flies pre-
sented first to nontarget species and then shortly thereafter to the target pest could have been
used to provide an appropriate control, but were not. Because we used long exposure times (48
hours), we thought our choice tests would provide the parasitoids ample opportunity to attack
the non-target species offered. In the case of 0. leucostigma, the only other acceptable North
American host besides gypsy moth, we saw a female of A. samarensis attempt oviposition within
a minute of introduction to the test arena. Extended direct observation of fly behavior in
choice tests might have shown whether attention paid to the higher ranked host was preempt-
ing discovery and assessment of the nontarget host.
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As of December 2003, A. samarensis has not been recovered from gypsy moth at release
sites in Canada or the United States, so field studies have not been run to detect its presence in
non-target species. If A. samarensis is recovered, such studies will be implemented.

RECOMMENDATIONS FOR FUTURE WORKERS

Because entomophagous insects can behave abnormally in the laboratory, attacking hosts that
are not normally attacked in nature (Simmonds, 1944), we agree with Greathead (1995) that
field studies in the country of origin to determine an agent's natural host range are useful in
assessing the risk that a candidate species for introduction might present to non-target organ-
isms in the new environment. One of the problems in such an approach, of course, is the
reality of community structure. Figure 1 shows the frequency distribution of the caterpillars of
macrolepidoptera we recovered at our study sites in Europe. There are a large number of
species (in fact, most) that are represented by only a few specimens - too few to allow for
quantitative estimates of incidence of parasitism. Nevertheless, we feel that the information
acquired was useful for three reasons. First, it was realistic: all hosts were collected in the field,
where they had been naturally exposed to foraging females of the parasitoid. Second, all of the
hosts collected were indigenous, suggesting that the host range of A. samarensis was stable and
had not expanded to include invasive species. Third, it demonstrated that A. samarensis was
not widely polyphagous: otherwise, we should have made numerous recoveries scattered over
the various taxa collected. Our approach might be rendered more useful by making exposures
of other hosts to augment sample sizes for host species of special interest, especially those
related to the target pest or favoring the same host plants. In any case, we feel that this ap-
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Figure 1. Frequency distribution of species of Macrolepidoptera, with different numbers of individuals,

recovered at A. samarensis study sites in France and Switzerland, 1993-1999.
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proach merits greater emphasis and that agencies involved in foreign exploration for natural
enemies could commit more resources to it.

Another problem was the difficulty of obtaining and rearing potential non-target hosts for
the laboratory screening tests. Most of the species selected for testing were not of economic
interest, so laboratory colonies did not exist. We were successful in capturing and rearing
some, but not all, of the species we sought. In addition, many forest Lepidoptera only have
one generation a year, and we frequently had caterpillars available when the parasitoids were
not or vice versa. A more flexible approach to developing a list of non-target species for testing
might be to designate genera instead of species, at least in those cases where there is no specific
concern for a particular species. The enlistment of amateur entomologists to aid in the search
for test species might also prove useful.

Many of the females of A. samarensis, even though incubated long enough after mating to
be gravid, didn't lay eggs. Consequently, many of our test caterpillars were wasted, which was
a significant problem with the non-target species, which were usually in short supply. The
failure of flies to lay eggs might have been mitigated by using more flies per trial, increasing the
likelihood that at least one would attack the control host.

Another way to solve this problem might have been to use sequential no-choice tests in-
stead of choice tests. This involves alternately offering a female of parasitoid, first, a given
nontarget test species, then the target pest, then the same nontarget test species again. Dissec-
tion of the first series of target pest caterpillars would provide data to determine whether a
particular parasitoid was able to oviposit in a known host (the pest). This approach has the
advantage (over regular choice tests) that the target pest (presumably a preferred species) is not
present with the nontarget test species and thus cannot divert the parasitoid from attacking it,
should it prove to be a less desirable but acceptable host. Making the first exposures to the
nontarget species (rather than the target pest) avoids conditioning the parasitoid to a preferred
host. Similarly, this design has an advantage over no choice tests, because the ability of each
individual parasitoid to oviposit is determined during the test.

We probably could have made greater use of the artificial inoculation approach in assessing
the risk to non-target species, but it would have involved much more rearing of the latter. It
might have been used profitably to get more information on the suitability of Saturniidae, a
group of special conservation interest; several species are available commercially because they
are showy and popular with collectors. This approach is not practical for most endoparasitoids
because inoculation requires the use of hypodermic needles or some other procedure that would
be traumatic to the host. With this particular system, it seemed to work well because the neo-
nate parasite larva could enter the host on its own.

Our biggest problem in this research was the difficulty in rearing and handling the parasi-
toid. The rearing, performed by the late Dr. Kingsley, is very labor intensive. However, diffi-
culty in rearing or otherwise handling a natural enemy, while important in mass rearing, should
not be a prime consideration in classical biological control.
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