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HEMLOCK WOOLLY ADELGID IN NORTH AMERICA

The hemlock woolly adelgid (HWA), Adelges tsugae Annand (Homoptera: Adelgidae), is a
serious threat to hemlock landscape and forest stands in the eastern United States (McClure,
1996).  Eastern hemlock (Tsuga canadensis [L.] Carr.) and Carolina hemlock (Tsuga caroliniana
Engelm.) are very susceptible to HWA attack, and infested trees have died in as little as four
years (McClure, 1991).

DISTRIBUTION OF HWA

HWA  is believed to have originated in Asia (McClure, 1987), and was first observed in North
America in the Pacific Northwest in the early 1920s, where Annand (1924) described it from
specimens collected on western hemlock, Tsuga heterophylla (Raf.) Sargent, in Oregon.  An
earlier description in 1922 identified the species as Chermes funitectus Dreyfus, also from west-
ern hemlock in Vancouver, British Columbia (Annand, 1928).  Annand (1928) reported that
the two species were the same.

HWA is exotic to eastern North America (McClure, 1987).  First collected in the eastern
United States in Virginia in 1951 in an ornamental setting (Stoetzel, 2002), it has spread to
forests where it currently occurs in parts of 16 states along the eastern seaboard from North
Carolina to New England (USDA FS, 2004).  The main front of the HWA infestation is ad-
vancing at approximately 25 km per year (McClure, 2001).

There are nine recognized species of hemlock (Farjon, 1990).  Their distribution is re-
stricted to cool, moist regions of North America and Asia in areas without either extreme win-
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ter or summer temperatures (Burns and Honkala, 1990; Farjon, 1990).  In North America,
hemlocks occupy two regions widely separated from each other.  One is the Pacific Northwest
with extensions in the northern Rocky Mountains and the Sierra Nevada Mountains of Cali-
fornia.  The other area extends from Nova Scotia west to Minnesota and south in the moun-
tains to northern Alabama (Farjon, 1990).  In Asia, hemlocks occur in Japan (though not on
Hokkaido), on Taiwan, and scattered across much of the mountainous regions of eastern, cen-
tral, and western China, extending westward to northwest India (Farjon, 1990).

HWA HOST RANGE

Species of hemlock in Asia and western North America are attacked by HWA but are seldom
damaged.  In the Pacific Northwest, HWA is not considered a forest pest, but it can weaken
and kill ornamental trees (Furniss and Carolin, 1977).  Tree resistance and natural enemies have
been suggested as playing a role in maintaining HWA below injurious levels in these two re-
gions (Cheah and McClure, 1996; Montgomery and Lyon, 1996).  In contrast, hemlock species
in eastern North American have little or no tolerance to attack by HWA.  Infested trees exhibit
poor crown condition, reduced terminal branch growth, and needle loss that often results in
mortality when trees are predisposed to other stresses (i.e., drought) (McClure et al., 2001;
Souto et al., 1996).

Hemlock stands in eastern North America that provide important habitats for a number of
fish and wildlife species are at risk (Evans et al., 1996; Quimby, 1996).  Studies by McClure
(1987) and Montgomery and Lyon (1996) in Connecticut, and Wallace and Hain (2000) in
North Carolina and Virginia, documented a number of native or established predators associ-
ated with HWA, but they were generally found at densities too low to significantly affect popu-
lations of HWA.  Because of the paucity of native natural enemies associated with HWA, clas-
sical biological control has been pursued.  Since the mid-1990s, five species of Coleoptera, four
in the family Coccinellidae (Tribe: Scymnini), and one in the family Derodontidae have being
evaluated for potential biological control of HWA in the eastern United States (Cheah and
McClure, 1998; McClure et al., 2000; Montgomery et al., 2000; Lu and Montgomery, 2001;
Zilahi-Balogh et al., 2002b; 2003ab).

BIOLOGY OF HWA

Life histories within the family Adelgidae are complicated and involve a succession of morpho-
logically different forms and life cycles (Blackman and Eastop, 1994).  Adelgids use only coni-
fers as their host.  Host alternation and cyclic parthenogenesis represent two life history char-
acteristics within this group (Moran, 1988; 1992; Blackman and Eastop, 1994).  Species may be
holocyclic (host altering between primary and secondary host) or anholocyclic with no host
alteration, either living on Picea (in which a gall may be formed) or on the secondary host
(Blackman and Eastop, 1994).  The genus Picea is the primary host in holocyclic species of
both Adelges and Pineus, the two genera within the family Adelgidae.  Adelges spp. utilize
Abies, Larix, Pseudotsuga or Tsuga as their secondary host.  The secondary host for Pineus is
Pinus (Blackman and Eastop, 1994).  HWA is known to be holocyclic in Japan, alternating
between Picea polita and Tsuga sieboldii Carrière, while in North America and China it is ap-
parently anholocyclic (Blackman and Eastop, 1994).
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The life history of HWA was first studied in 1985 after its establishment in Connecticut
(McClure, 1987).  Subsequent studies in Virginia by Gray and Salom (1996) reported the life
history to be similar, with possible differences due to a faster rate of development of the over-
wintering sistens generation in Virginia.  HWA completes three asexual generations on hem-
lock per year (McClure, 1989; 1996).  Over-wintering sistens lay both alate sexuparae and
apterous progrediens eggs that hatch and develop simultaneously in the spring.  Sexuparae
adults migrate to Picea, the primary host.  Sexuales, the progeny of sexuparae, have not been
observed to develop successfully on any species of Picea in North America (McClure, 1989).
Progrediens remain on hemlock and lay sistens eggs that hatch and undergo an aestival dia-
pause as a first instar nymph.  Sistens resume development in the autumn and mature by Feb-
ruary (McClure, 1989; 1996).

Life history studies in British Columbia on western hemlock revealed that the winged
morph (sexuparae) is absent.  This is in contrast to eastern United States (Zilahi-Balogh et al.,
2003a) and China (Gabriella Zilahi-Balogh, pers. observ.) and suggests a possible species com-
plex within HWA.

OTHER ADELGIDAE IN NORTH AMERICA

There are 52 known members in the family Adelgidae in two genera, Adelges and Pineus.  Five
species of Adelges spp., including a species complex, are known to occur in North America.
These are Adelges abietis (L.), Adelges cooleyi (Gillette), Adelges laricis Vallot complex, Adelges
piceae (Ratzeburg), and A. tsugae (HWA) (Blackman and Eastop, 1994).

Adelges abietis is anholocyclic on spruce, Picea spp. (in North America typically Picea
abies [L.] Karst, Picea glauca [Moench] Voss, and Picea sitchensis [Bong.] Carr.).  Picea abies
and P. sitchensis are not native to eastern United States.  Picea abies is of European origin but is
commonly planted as an ornamental tree in the east, while P. sitchensis is native to western
North America.  Picea glauca is major constituent of boreal forests in Canada.  It is a minor
component in northeast United States and generally confined to abandoned fields (Burns and
Honkala, 1990).  Adelges abietis is found throughout Europe, North Africa, India, and North
America (Blackman and Eastop, 1994).

Adelges cooleyi typically alternates hosts between Picea spp. (Picea engelmannii Parry ex
Engelm., Picea pungens Engelm., and Picea sitchensis) and Douglas-fir, Pseudotsuga spp.
(Pseudotsuga macrocarpa [Vasey] Mayr and Pseudotsuga menziesii [Mirb.] Franco) (Blackman
and Eastop, 1994).  The native distribution of these conifers is limited to western North America.
However, Douglas-fir has been widely planted in eastern North America as an ornamental tree
(Burns and Honkala, 1990).

The A. laricis group occurs in Europe and North America and alternates hosts between
species of Picea and Larix, or may have an incomplete cycle restricted to either the primary or
the secondary host.  The A. laricis group is made up of a complex comprising possibly up to 11
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distinct species (Blackman and Eastop, 1994).  Four species within this complex have been
described from North America: Adelges aenigmaticus Annand, Adelges diversis Annand, Adelges
lariciatus Patch, and Adelges oregonensis Annand (Annand, 1928; Blackman and Eastop, 1994).
The A. laricis group has been recorded from Picea abies, Picea mariana (Mill.) B.S.P., Picea
rubens Sargent, Picea sitchensis (as primary hosts), and from Larix decidua Miller and Larix
laricina (Du Roi) K. Koch (as secondary hosts)  (Burns and Honkala, 1990).  Picea mariana
occurs extensively in the boreal forests of North America.  In eastern United States, it is limited
to small patches in the northeast (Burns and Honkala, 1990).  Picea rubens occurs throughout
northeastern United States and in small patches in the southern Appalachian Mountains (Burns
and Honkala, 1990).  Larix laricina is a constituent of boreal forests in North America.  In
northeastern United States, it is commonly associated with P. mariana (Burns and Honkala,
1990).

Adelges piceae is anholocyclic on Abies spp.  It is of European origin (Blackman and Eastop,
1994).  In eastern North America both balsam fir, Abies balsamea (L.) Mill. and Fraser fir, Abies
fraseri (Pursh) Poir are extremely sensitive to attack by A. piceae, often resulting in tree death
(Arthur and Hain, 1984).  Balsam fir has a northeastern distribution in the United States, while
Fraser fir is limited to high elevations of the southern Appalachian Mountains (Burns and
Honkala, 1990).

Adelges spp. known to be injurious to their hosts in eastern North America are HWA and
A. piceae.  Classical biological control programs have been targeted towards these two Adelges
spp. in North America (Zilahi-Balogh et al., 2002b, and references therein).

Of 21 described species of Pineus worldwide, 10 species occur in North America, and 9 of
these are described from North America (Annand, 1928; Blackman and Eastop, 1994).  Those
known to occur in eastern United States include Pineus boerneri Annand, Pineus coloradenis
(Gillette), Pineus floccus (Patch), Pineus pini (Macquart), Pineus pinifoliae (Fitch), Pineus similis
(Gillette), and Pineus strobi Hartig.  Pineus pinifoliae, P. floccus, and P. pini are injurious to
either their primary or secondary hosts.  Pineus pinifoliae alternates hosts between Picea spp.
(P. engelmannii, P. glauca, P. mariana, P. pungens, P. rubens, and P. sitchensis) and white pines
(Pinus strobus L. and Pinus monticola Dougl. ex D. Don) (Blackman and Eastop, 1994).  On
eastern white pine (P. strobus), continued heavy attack, especially on young plantations causes
severe damage.  Needles turn yellow, growth is reduced and occasionally trees are killed (Baker,
1972).  Pineus floccus host alternates between Picea spp. (P. rubens and P. mariana) and Pinus
strobus in eastern United States (Blackman and Eastop, 1994).  Damage may be similar to that
caused by P. pinifoliae on Pinus, but damage is usually not serious.  On Picea, heavy infesta-
tions may kill the tips of branches or cause an overproduction of laterals, which leads to bushy,
deformed trees (Baker, 1972).  Pineus pini can be injurious to a wide range of Pinus spp.
(Blackman and Eastop, 1994).  In Hawaii, P. pini was successfully controlled with the introduc-
tion and establishment of Leucopis (Neoleucopis) tapiae Blanchard (Diptera: Chamaemyiidae)
from Europe (Culliney et al., 1988; Greathead, 1995) and Leucopis nigraluna McAlpine from
Pakistan (Mills, 1990).
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HOMOPTERA OF CONSERVATION VALUE

Paraprociphilus tessellatus (Fitch) (Aphididae) is a woolly aphid common on Alnus spp. and
Acer spp. (Baker, 1972).  It is of ecological importance in the eastern United States as it is one of
the preferred food items for carnivorous larval stages of the butterfly, Feniseca tarquinius (Fab-
ricius) (Lepidoptera: Lycaenidae).  This is the only carnivorous butterfly in North America
(Opler, 1998).

NATIVE OR ESTABLISHED HWA PREDATORS IN THE EASTERN UNITED
STATES

Members of the family Adelgidae have few natural enemies.  No parasitoids have been found in
association with any adelgids.  Predators have been used successfully for biological control of
adelgids.  Zilahi-Balogh et al. (2002b) reviewed the biological control efforts worldwide for the
family Adelgidae.  Biological control agents include Coleoptera (Coccinellidae, Derodontidae),
Diptera (Cecidomyiidae, Chamaemyiidae, Syrphidae), Neuroptera (Chrysopidae,
Hemerobiidae), and Homoptera (Anthocoridae).  Surveys for native or established natural
enemies have been conducted by McClure (1987) and Montgomery and Lyon (1996) in Con-
necticut and by Wallace and Hain (2000) in North Carolina and Virginia.  Members of the
families Cecidomyiidae, Syrphidae, and Chrysopidae were found associated with HWA by
McClure (1987), but densities were too low to have any significance in reducing adelgid popu-
lations.  Surveys by Montgomery and Lyon (1996) on HWA infested eastern hemlock growing
in stands with eastern white pine and Scotch pine (Pinus sylvestris L.) recovered Scymnus suturalis
Thunberg (Coleoptera: Coccinellidae), Laricobius rubidus LeConte, and a brown lacewing
(Hemerobiidae).  On P. strobi-infested eastern white pine, S. suturalis, and L. rubidus, Leucopis
(Neoleucopis) obscura Haliday (Chamaemyiidae), and a Tetraphleps spp. (Anthocoridae) were
recovered.  Both S. suturalis and L. rubidus were abundant on both pine and hemlock (Mont-
gomery and Lyon, 1996).  Scymnus suturalis is of European origin and introduced into Michi-
gan in the 1960s (Montgomery and Lyon, 1996).   Surveys by Wallace and Hain (2000) in three
forest sites over two years in northern North Carolina and southern Virginia on HWA-in-
fested eastern hemlock collected Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae);
Chrysoperla harrisii (Fitch) (Neuroptera: Chrysopidae); Hemerobius humulinus L. and
Hemerobius sp. (Neuroptera: Hemerobiidae); Aphidoletes abietis Kieffer, Aphidoletes
aphidimyza Rondani, Aphidoletes sp., Lestodiplosis sp., and Trisopsis sp. (Diptera:
Cecidomyiidae); Leucopis sp. (Diptera: Chamaemyiidae); unspecified Syrphidae; and L. rubidus
(Coleoptera: Derodontidae).  Predators were collected in very few numbers over both years.
Overall, H. axyridis, Neuroptera, and Cecidomyiidae were the most abundant.  In cage exclu-
sion experiments, there were no significant predator effects (Wallace and Hain, 2000).

Laricobius rubidus is the only native Laricobius spp. in eastern North America and there-
fore of ecological value.  Because there is some overlap in the diets of L. rubidus, we expect
some competition between these two congeners and the introduced Laricobius nigrinus Fender
in the eastern United States.  However, the inability of L. nigrinus to complete development on
P. strobi suggests that the two congeners will not compete on the primary host of L. rubidus
(Zilahi-Balogh et al., in press).
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HWA PREDATORS: THE GENUS LARICOBIUS

Laricobius is one of four genera in the family Derodontidae that inhabits relatively humid
forests in temperate regions (Lawrence and Hlavac, 1979).  Members in the genus Laricobius
are predacious on woolly adelgids (Homoptera: Adelgidae).  In contrast, the remaining three
genera feed on fungi or on the by-products of fungal metabolism (Lawrence and Hlavac, 1979;
Bright, 1991).  The genus Laricobius is poorly studied.  Small size (< 3 mm), cryptic habits, and
activity concentrated in the cooler months of the year make member of this genus rare in
collections.

Eleven species of Laricobius are described from the Holarctic.  Since Lawrence and Hlavac
(1979) reviewed the Derodontidae, two new species have been described from Siberia (Nikitsky
and Lafer, 1992), as well as two species from Nepal (Háva and Jelínek, 2000; Jelínek and Háva,
2001), and one species from China (Háva and Jelínek, 1999).

LARICOBIUS IN NORTH AMERICA

In North America, there are four described species of Laricobius.  They are Laricobius erichsonii
Rosenhauer, Laricobius laticollis Fall, L. nigrinus, and L. rubidus.  Laricobius erichsonii is native
to Europe and was introduced into North America in the 1950s and 1960s as a biological
control agent of A. piceae, while the three remaining species are native to North America (Hatch,
1962; Lawrence, 1989; Bright, 1991).

The preferred host of L. erichsonii is A. piceae, but other hosts include A. cooleyi, Adelges
nusslini Borner, Pineus pineoides (Cholodkovsky), and P. strobi (Lawrence and Hlavac, 1979).
Laricobius laticollis has been collected from Douglas-fir, P. menziesii, in the Pacific Northwest
(Brown, 1944; Lawrence and Hlavac, 1979), but no prey associations have been reported to
date.  Laricobius rubidus is native to eastern North America with a distribution extending from
the District of Columbia north to New Brunswick, west to Michigan (Brown, 1944; Lawrence,
1989), and more recently, as far south as North Carolina (Wallace and Hain, 2000).  The pri-
mary host of L. rubidus is the pine bark adelgid, P. strobi, but A. piceae (Clark and Brown,
1960) has also been reported as a host.  Laricobius rubidus has also been infrequently collected
from HWA-infested eastern hemlock in Connecticut (Montgomery and Lyon, 1996), north-
ern North Carolina, and southern Virginia (Wallace and Hain, 2000).  Studies by Zilahi-Balogh
et al. (in press) demonstrated that HWA is a suitable host for L. rubidus. Larvae fed a diet of
only HWA completed development to the adult stage.  In addition, there were no significant
differences in development time of L. rubidus fed a diet of HWA or P. strobi.  However, in a
paired-choice test, oviposition by L. rubidus was more than six times greater on P. strobi than
on HWA, indicating an ovipositional preference for P. strobi.

LARICOBIUS NIGRINUS

Laricobius nigrinus (Fender, 1945) has a known distribution in British Columbia, western Wash-
ington, Oregon, and northern Idaho (Hatch, 1962; Lawrence, 1989).  The distribution of this
predator appears to coincide with the distribution of western hemlock (Burns and Honkala,
1990).  Laricobius nigrinus was first observed in close association with HWA populations on
western hemlock in British Columbia in the early 1990s (Leland Humble, Canadian Forest
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Service, Victoria, Canada, pers. comm.).  We selected this beetle for evaluation as a candidate
biological control agent for HWA for two reasons: (1) L. nigrinus has been found consistently
in association with HWA in the Pacific Northwest; and (2) HWA is not considered a forestry
pest in the Pacific Northwest.  We hypothesized that L. nigrinus may play a role in regulating
HWA abundance in the Pacific Northwest and therefore warranted investigation as a candidate
biological control agent of HWA in the eastern United States.

The life history of L. nigrinus was studied over two years in British Columbia (Zilahi-
Balogh et al., 2003a).  Laricobius nigrinus is univoltine.  Females lay eggs singly within the
woolly ovisacs of HWA from January to May.  Onset of egg laying by L. nigrinus coincides
with egg laying by the over-wintering (sistens) generation of HWA.   After hatching, larvae feed
on the eggs of HWA.  On completion of feeding, mature larvae migrate to the soil to pupate.
Emergent adults remain in the soil in aestival diapause, resuming activity in the autumn at
about the same time that aestivating nymphs of HWA (sistens) resume development (Zilahi-
Balogh et al., 2003a).  In summary, L. nigrinus attacks two generations of HWA.  Adults feed
on the developing sistens from the time they become active in the autumn, while larvae feed on
the eggs laid by over-wintered sistens.  The phenology of L. nigrinus in Virginia is similar to
that in British Columbia (Lamb, pers. comm.).

RESEARCH RATIONALE

Host range testing was conducted by Zilahi-Balogh et al. (2002a) under quarantine in Virginia
to determine if L. nigrinus behaved similarly to other congeners and had a preference for HWA
over other adelgids.  Six species of prey (Homoptera) in three families (Adelgidae, Aphididae,
and Diaspididae) were evaluated in host specificity tests.  Within the family Adelgidae, we se-
lected A. piceae, A. abietis, and P. strobi.  We would have liked to include A. cooleyi and A.
lariciatus in our host range tests, but were unable to collect A. cooleyi in numbers high enough
for evaluation.  We attempted to use A. lariciatus, which attaches to the needles of its host plant
(L. decidua), but found that L. decidua needles desiccated and dropped from the twigs in a
very short period of time (1-2 d) and therefore were not suitable in a 3-day bioassay.  We
broadened our taxonomic scope and selected other Homoptera in two families: Aphididae
(Cinara pilicornis [Hartig], Myzus persicae [Sulzer]) and Diaspididae (Chionaspis pinifoliae
[Fitch]).  We used these taxa over other Aphidoidea because of their availability.  Myzus persicae
does not feed on Pinaceae and therefore would never be encountered by L. nigrinus in the
field; however, it was found infesting potted sweet pepper plants (Capsicum frutescens L. var.
grossum cv. California Wonder) in the greenhouse and therefore was available for use.  We
would have preferred to evaluate a scale insect that feeds on Tsuga spp.—e.g., Fiorinia externa
Ferris or Nuculaspis tsugae (Marlatt) (Diaspididae)—over C. pinifoliae but were unable to col-
lect either species from hemlock in high enough numbers to evaluate.  In retrospect, the woolly
alder aphid, P. tessellatus, should have been considered in host range testing as it is a preferred
host for the larvae of the carnivorous butterfly F. tarquinius.  However, its ecological impor-
tance was inadvertently overlooked at the time.  Current host range testing is including this
species.
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Before host range testing could be initiated, potted tree saplings infested with their associ-
ated insects were grown in an outdoor tree nursery.  With the exception of A. piceae, test prey
were collected from ornamental trees near Blacksburg, Virginia, or from the Blacksburg Ranger
Forest District in Giles and Montgomery counties, in Virginia (Zilahi-Balogh et al., 2002a).
Adelges piceae was obtained from Fraser fir trees dug up and potted from a Christmas tree
plantation in Avery County, North Carolina.  Chionaspis pinifoliae, HWA, and A. abietis were
field collected from their associated tree at the appropriate stage before tests and held at 4°C in
moistened floral foam (Oasis®) before use.

The egg stage was used in all tests for members in the family Adelgidae and Diaspididae.
Eggs of adelgids are typically laid in a mass by a sessile female and surrounded by flocculent
material (waxy/woolly filaments).  This stage was selected because we found L. nigrinus fe-
males laying eggs in the woolly ovisacs of HWA.  HWA differs from the other three adelgids
tested in that it breaks aestival diapause in late September/October, develops throughout the
winter, and begins to lay eggs in February (McClure, 1987).  In contrast,  the other adelgids
used in our host range tests over-winter as early instar nymphs and begin to lay eggs in the
spring when buds begin to break on their host tree (April or May) (Gambrell, 1931; Friend and
Wilford, 1933; Baker, 1972; Arthur and Hain, 1984; Johnson and Lyon, 1991; USDA, 1985).
The challenge was synchronizing development of the various adelgid species with that of HWA.
This was achieved by moving adelgid-infested potted trees from the outdoor nursery into a
greenhouse (at approximately 24°C) beginning in January to accelerate development before
being used in tests.  Prey species in the family Aphididae were tested at the early instar nymphal
stage.  Prey species in the family Adelgidae and Diaspididae remain attached to their host plant
once crawlers settle; excess individuals were removed from the host plant with fine forceps
when numbers exceeded those required for a particular test.  Individuals of the two aphid
species used were transferred onto or removed from their respective host plant with a fine
brush to attain the appropriate number on the host plant cutting.

HOST SPECIFICITY TESTS

Host specificity tests conducted by Zilahi-Balogh et al. (2002a) were of two types – host accep-
tance and host suitability.  Host acceptance tests determine whether a candidate biological con-
trol agent will feed and/or oviposit on a host.  Host suitability tests determine whether the
agent is able to complete development to the adult stage and produce viable offspring on a
particular host (Kok et al., 1992).  Host suitability tests therefore are more crucial in determin-
ing potential host range.

Adult predators (L. nigrinus) used in these tests were field-collected from western hemlock
in British Columbia in the early spring to ensure that females were gravid and then shipped to
a USDA approved quarantine facility at Virginia Polytechnic Institute and State University,
Blacksburg, Virginia.  Insects were maintained on field-collected, HWA-infested, eastern hem-
lock twig cuttings.  Tests utilizing immature stages were the progeny of field-collected females.
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HOST ACCEPTANCE

Oviposition tests.  Both no-choice (single-prey) and paired-choice oviposition tests were con-
ducted to evaluate the effect of prey type on acceptance and preference by L. nigrinus females
for oviposition.  All tests were conducted in 14 x 2.5 cm plastic petri dishes.  One male-female
pair was placed in a petri dish with either one bouquet of associated host plant twigs housing
the test prey (no-choice test) or two adjacent bouquets of host plant with associated prey (paired-
choice test).  A bouquet was made up of two to four terminal tip branches (10-12 cm length) of
prey-infested host plant held together by wrapping the cut end with parafilm to prevent the
twigs from drying out.  In the paired-choice tests, HWA was paired with each of the six test
prey.  The same numbers of prey (50 to 60 individuals per bouquet) were used in each test.
Duration of each test was three days.  The number of L. nigrinus eggs deposited on each plant
bouquet was counted at the end of each test (Zilahi-Balogh et al. 2002a).  A 3-day test was
selected based on preliminary trials that showed that three days was a long enough interval to
get a treatment effect without resulting in host plant desiccation or having to add additional
prey.

Adult feeding test.  Prey acceptance by adult L. nigrinus was examined in a single-prey
feeding experiment using eggs of the four adelgid species, HWA, A. abietis, A. piceae, and P.
strobi.  Even though L. nigrinus adults preferentially feed on nymphs and adult stages of
adelgids, eggs were selected to test because they are uniform in size within a species and similar
in size amongst species.  Adult L. nigrinus were starved for 12 hours and then placed individu-
ally in 50 x 9 mm petri dishes containing one of four prey types attached to sections (< 5 cm) of
host plant.  Numbers of a test species were counted before introduction of the predator.  After
3 days, adult beetles were removed and the number of eggs that remained were counted (Zilahi-
Balogh et al. 2002a).

HOST SUITABILITY

Development and survivorship of L. nigrinus were followed from the egg to adult stage on all
test prey except M. persicae.  We did not evaluate M. persicae because it was the only test prey
on which L. nigrinus females did not oviposit.  Laricobius nigrinus eggs (ca 24 h old) were
transferred individually onto test prey in petri dishes as described above in the adult single-
prey feeding test.  The stage of test prey used was similar to that described for the oviposition
tests.  Egg hatch was followed daily.  Other stages were examined daily or every other day for
survivorship until adult emergence.  Fresh prey was added each time an individual larva was
examined.  Larval molt was determined by recording the presence of an exuvium.  Once the
pre-pupal stage was reached, moistened sterilized peat was placed at the base of each petri dish
and acted as a pupation medium.  The pre-pupal stage was determined to be the stage that
mature larvae left the twig with abundant prey and appeared to be actively searching for a
suitable pupation site (Zilahi-Balogh et al. 2002a).
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RESULTS AND DISCUSSION

HOST ACCEPTANCE

Oviposition tests  In both the no-choice and paired-choice oviposition tests, L. nigrinus fe-
males laid significantly more eggs in HWA ovisacs than on plants bearing other adelgid and
non-adelgid species of Homoptera (Zilahi-Balogh et al. 2002a). No eggs were laid on sweet
pepper with M. persicae and very few eggs were laid on host plants with the other non-adelgid
homopterans in the no-choice tests (Zilahi-Balogh et al. 2002a).  In the paired-choice tests, no
eggs were laid on host plant twigs with the non-adelgid test prey C. pinifoliae (Diaspididae), C.
pilicornis (Aphididae), and M. persicae (Aphididae).  Oviposition was more than five times greater
on HWA than on A. piceae, A. abietis, or P. strobi in the paired-choice tests.  These differences
indicate an ovipositional preference for HWA over these other adelgids (Zilahi-Balogh et al.
2002a).

Adult feeding test  In this no-choice feeding test, eggs of all the test adelgids were fed on by
adult L. nigrinus.  Significantly more eggs of HWA were consumed than eggs of the A. piceae
and P. strobi, but not of A. abietis.  Though not statistically significant, L. nigrinus adults con-
sumed on average twice as many HWA eggs (48.4) than A. abietis eggs (24.7) (Zilahi-Balogh et
al. 2002a).

HOST SUITABILITY

Laricobius nigrinus only completed development to the adult stage on a diet of HWA.  Adelges
piceae and P. strobi supported larval development to the fourth instar, providing evidence of
larval feeding, but did not support further development.  Larvae provided with only A. abietis,
C. pilicornis, or C. pinifoliae did not survive beyond the first instar.

A summary of test results on oviposition, feeding and larval development indicate that L.
nigrinus has a narrow host range (Table 1).  Although adult feeding tests showed some feeding
on other adelgid species in addition to HWA, larval development tests showed that L. nigrinus
only completed development to the adult stage on HWA.  Therefore, these other adelgid spe-
cies are not suitable hosts.  Maintaining L. nigrinus on HWA prior to and between tests may
have introduced bias toward HWA in the oviposition and feeding tests, but development to the
adult stage only occurred on HWA.  No artificial diet is available for L. nigrinus.

SUMMARY

The two types of laboratory studies conducted (host acceptance and host suitability tests) re-
veal that L. nigrinus has a narrow host range.  It feeds and oviposits on members in the family
Adelgidae but prefers HWA over other adelgids.  In addition, this predator only completed
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development to the adult stage on HWA (Zilahi-Balogh et al. 2002a).  Results from our host
range tests (Zilahi-Balogh et al. 2002a) are supported by field observations made in the native
range of L. nigrinus (Zilahi-Balogh et al. 2003a) and taxonomic and ecological information on
the genus Laricobius (Franz, 1958; Clark and Brown, 1960; Lawrence and Hlavac, 1979;
Lawrence, 1989).

Laboratory studies were followed up with caged field studies in a natural forest setting in
Virginia with L. nigrinus on HWA infested eastern hemlock (Lamb et al., 2002).  These studies
demonstrated that: 1) HWA populations on hemlock branches exposed to L. nigrinus suffered
significantly higher mortality than branches without predators, and 2) L. nigrinus introduced
into cages in the autumn survived (76% survival rate) and reproduced the following spring
(Lamb, pers. comm.).

In conclusion L. nigrinus is host specific to the family Adelgidae and prefers HWA over
the other adelgids tested.  The possibility that a few non-target species of Adelgidae may be
attacked must be balanced with the potential benefit that comes with control of HWA.  In
September 2000, the Animal and Plant Health Inspection Service, United States Department of
Agriculture, approved the field release of L. nigrinus in the eastern United States.

RECOMMENDATIONS

One of the most important aspects in laboratory host range testing is learning how to rear
healthy colonies of both predator (natural enemy) and prey.  If not much is known about the
natural enemy, the researcher needs to spend the time observing how the species responds to
various environmental conditions. One of the biggest challenges in rearing L. nigrinus was

Acceptancea Suitability

Test Species Oviposition Adult Feeding Larval
Development

Final Host
Statusb

Adelgidae
  Adelges tsugae
  Adelges piceae
  Adelges abietis
  Pineus strobi

+
+
+
+

+
+
+
+

+
-
-
-

Yes
No
No
No

Aphididae
  Cinara pilicornis
  Myzus persicae

+
-

x
x

-
x

No
No

Diaspididae
  Chionaspis
    pinifoliae

+ x - No

a + = positive response on test prey; - = negative response on test prey; x = test not conducted;
b Whether the species could serve as a host to L. nigrinus.
Taken from Zilahi-Balogh et al., 2002a.

Table 1. Summary of Results of Acceptance and Suitability Tests of Homoptera Prey Screened as Hosts of
Laricobius nigrinus
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determining what environmental conditions to use to maintain adults that undergo an aestival
diapause.  Spring-like conditions (15°C, 12:12 [L:D]) were optimal for ovipositing adults and
for larval development (Zilahi-Balogh et al., 2003a), but were unsuitable for aestivating adults
because they resumed activity approximately two months earlier than those in the wild.  We
experienced high mortality with early emerging L. nigrinus fed aestivating HWA as well as
alternative food sources including A. abietis nymphs removed from galls, honey, and Wheast®—
a ladybug and lacewing diet (from Planet Natural, Bozeman, Montana).  It is important to
study all aspects of the biology and behavior of a biological control agent.  Not only is this
information useful in comparing attributes between wild and laboratory-reared populations,
but is useful for developing mass rearing protocols.

Choice of testing arena and environmental conditions used need to be considered in the
design of host range tests (Sands and Van Driesche, 2003) as the natural enemy may behave
differently under different conditions.  Bioassays that resemble conditions that the natural en-
emy would encounter in nature are the simplest to interpret.  In retrospect, our petri dish
bioassays might not have been the most appropriate arena to use for a predator that moves in
three-dimensional space, such as a forest environment.  Utilizing a cage as an arena that allows
the predator to search vertically as well as horizontally might have been more appropriate,
despite the small size of the predator.
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