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Hemlock woolly adelgid, Adelges tsugae Annand, is a destructive
introduced pest of hemlock trees in eastern North America, and management
has focused on the use of natural enemies through classical biological control.
Two species of chamaemyiid flies, Leucopis argenticollis Zetterstedt and
Leucopis atrifacies (Aldrich) have been collected previously from western
hemlock trees, Tsuga heterophylla (Raf.) Sargent, infested with A. tsugae in
the Pacific Northwest. Leucopis spp. found associated with A. tsugae in the
Pacific Northwest are known to be important predators of Adelgidae.
Additionally, biological control programs for other adelgid species have
employed chamaemyiid predators in the past with varying degrees of success,
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indicating that Leucopis spp. are good candidates for biological control of A.
tsugae in eastern North America.
This study was conducted to determine the degree of host specificity of
the Leucopis spp. by evaluating prey suitability and host acceptance in nochoice tests using four adelgid species. While collecting immature Leucopis
spp. to use in these tests, we identified a third species, Leucopis piniperda
Malloch, associated with A. tsugae in Oregon and Washington. Leucopis spp.
survival was highest on A. tsugae, but they were able to complete development
on all four adelgid species. These results suggest that Leucopis spp. may have
a conservative host range within the Adelgidae, but may not be specific to A.
tsugae. Additionally, fourteen western hemlock trees infested with A. tsugae
in Oregon and Washington were sampled over a period of 14 months to
evaluate the seasonal abundance and synchrony of Leucopis spp. with A.
tsugae in the field. Leucopis spp. larvae were collected year-round on branches
infested with A. tsugae. There was a positive correlation between Leucopis
spp. and A. tsugae abundance. Peak abundance of Leucopis spp. coincided
with the presence of both progrediens and sistens eggs of A. tsugae in the field.
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Chapter 1: Introduction and Literature Review

2!

The invasion of exotic insect species into forest ecosystems can alter the
structure, function, composition, productivity and dynamics of natural systems.
Introduced forest insects can cause major changes in forest stand composition
and may have devastating effects on aesthetic conditions and important natural
resources (Orwig and Foster 1998). The hemlock woolly adelgid, Adelges
tsugae Annand (Hemiptera: Adelgidae) is one example of this type of invasive
insect.

Adelges tsugae in the United States
Adelges tsugae is an introduced herbivore on forest and ornamental
hemlock trees in the eastern United States. First discovered in the eastern
United States in Richmond, VA in 1951, A. tsugae became a species of
concern in the 1980’s when it began its spread to natural stands causing
widespread mortality of the two hemlock species native to eastern North
America, Tsuga canadensis (L.) Carriére and Tsuga caroliniana Englemann
(McClure 1987). Tsuga canadensis is found from eastern Canada, west
through northeastern Minnesota and as far south as Georgia and Alabama.
Tsuga caroliniana has a more limited distribution in the Appalachian
Mountains from southwestern Virginia to northern Georgia. Tsuga canadensis
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and T. caroliniana are significant components of predominantly deciduous
eastern forest ecosystems. Considered a foundation species, eastern hemlocks
are shade tolerant, slow growing, late-successional trees that provide a cool,
damp habitat, resulting in a microclimate unique to hemlock dominated forests
(Ellison et al. 2005, Orwig and Foster 1998). Loss of T. canadensis from
eastern forests has resulted in large-scale changes in species diversity,
vegetation structure, environmental conditions and ecosystem processes and
function (Orwig et al. 2002, Nuckolls et al. 2009, Ellison et al. 2010,
Spaulding and Rieske 2010). These changes will ultimately allow for
replacement by hardwood tree communities, leading to gaps in the forest
canopy which may increase risks for exotic plant invasions (Spaulding and
Rieske 2010).
Adelges tsugae is native to Japan, China and western North America,
and has been documented on all nine species of hemlocks across its native
range (Havill et al. 2006). Throughout the eastern United States, all A. tsugae
were found to have an identical haplotype shared only with adelgids collected
from Tsuga sieboldii Carrière in southern Honshu, Japan, pointing to the most
likely source of the introduction (Havill et al. 2006). These populations are
thought to be regulated primarily by natural enemies and host tree resistance.
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Where it is indigenous, A. tsugae has not caused significant damage to forest or
cultivated trees.
Adelges tsugae is currently spreading through eastern hemlock’s native
range at an estimated rate of between 8.9 to 30 km/year (McClure et al. 2001,
Evans and Gregoire 2006, Morin et al. 2009). To date, eighteen states ranging
from Vermont to Georgia have reported infestations of A. tsugae (USDA
Forest Service 2009). The only natural check on the continued spread of A.
tsugae may be winter temperatures that can drop below -26° C, which have
been shown to increase A. tsugae mortality (Skinner et al. 2003, Shields and
Cheah 2005, Evans and Gregoire 2006).

Adelges tsugae biology
Adelges tsugae is a minute (0.4-1.4 mm), aphid-like, sucking insect that
feeds near the base of needles on hemlock trees by inserting its stylet bundle
into the parenchyma cells of the xylem rays (Young et al. 1995, McClure
2001). A predominately sessile insect, A. tsugae spends all but the first
nymphal stage of its life feeding in one location, covered by white, woolly
wax.
Life histories within the family Adelgidae are complex and involve
both morphologically different forms and life cycles on alternate hosts.
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Adelgids are found strictly on conifers and may display both holocyclic
(alternating between primary and secondary hosts) or anholocyclic (single
host) life cycles (McClure 1989). Anholocyclic adelgids reproduce only by
parthenogenesis, whereas the holocyclic adelgids can also reproduce sexually
where the primary host is available. Spruce trees (Picea spp.) are the primary
host in holocyclic species of both genera within the family Adelgidae. Adelges
tsugae use Tsuga spp. as their secondary host (Annand 1924, McClure 1989).
Adelges tsugae has a complex polymorphic life cycle producing two
generations per year; the progrediens present from April through June, and the
sistens generation present from July through April. Newly hatched nymphs,
known as crawlers, are active and seek out suitable feeding sites generally at
the bases of needles on young, nutrient-rich twigs (McClure 1989). First-instar
nymphs of the sistens generation undergo a period of aestival diapause for
several months beginning in late summer. Development resumes in the fall
and adult female sistens lay eggs within their ovisacs beginning in the late
winter (McClure 1987, McClure and Cheah 1999). A. tsugae collected from T.
canadensis in the eastern United States were shown by Salom et al. (2002) to
have a minimum temperature threshold for development of 3.9° C. In early
spring and summer, progrediens and sistens crawlers can disperse by means of
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wind, birds, deer or humans, eventually settling on a young branch, and
remaining sessile for the remainder of their lives (McClure 1990).
While A. tsugae are known to be holocyclic in Japan, alternating
between spruce and hemlock, in western North America and China, there is no
sexual reproduction of A. tsugae, and all individuals are anholocyclic,
reproducing parthenogenetically on their secondary host (McClure 1989).
Each adult female is capable of producing from 25 to 300 eggs. The sistens
adults are generally more fecund than the progrediens (McClure 1991,
McClure et al. 2001). Within its native range in Japan and in the eastern
United States where A. tsugae is holocyclic, eggs laid by the sistens generation
in late spring can mature into a winged sexual form (sexupara). The
proportion of the sistens progeny that develop into the winged sexuparae
appears to be density dependent (McClure 1991). The sexuparae must migrate
to an alternate spruce host where they are capable of sexual reproduction. In
the eastern United States, however, no suitable spruce host has been found and
the sexuparae die before sexual reproduction occurs (McClure 1987, 1989).
The sexual generation has not been observed in western North America
(Zilahi-Balogh et al. 2003, Kohler et al. 2008a). Despite the inevitable
mortality of all sexuparae in the eastern United States, with parthenogenetic
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reproduction and two generations per year, populations of A. tsugae are able to
increase rapidly.

Effects of A. tsugae on hemlock trees
Infestations of A. tsugae can begin with just a single adelgid on a branch
because of their parthenogenetic reproduction. Adelges tsugae preferentially
infest the youngest twigs first, and will later move to older branches,
eventually covering the entire crown of the tree.
Feeding by A. tsugae on eastern hemlock causes the needles to dessicate
and inhibits growth of new shoots. As A. tsugae feeds in the xylem ray
parenchyma cells, it can diminish the hemlock’s stored nutrient reserves, but
may also inject salivary toxins into the tree during stylet insertion, causing
further injury (Young et al. 1995). Within months of infestation, trees may
begin to lose color, needles will begin to drop off and trees will cease to
produce new growth (McClure 1987). Defoliation and major limb dieback can
become apparent in as few as 2 years, and trees may die in as few as 4 years
(McClure et al. 2001). Infested hemlocks may survive for many years, but
with only sparse foliage near the very top of the crown.
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Management of A. tsugae
Suppression of A. tsugae in landscape and horticultural settings has been
relatively successful using an integrated approach with insecticides. However,
management options in forested settings are limited, and A. tsugae is
continuing to cause high mortality to eastern hemlocks.
Studies by McClure (1987) and Wallace and Hain (2000) indentified a
number of native predators associated with A. tsugae in the eastern United
States, however, they were mostly generalist predators and found at densities
too low to significantly impact A. tsugae populations. While a seemingly
obvious choice for A. tsugae control, insecticides are not feasible in forests for
several reasons. First, forested regions are often inaccessible to the equipment
needed for adequate coverage of insecticidal treatments, and the sensitivity of
forest habitats makes widespread insecticide applications impractical. In
addition, large-scale insecticide applications are generally cost prohibitive
(Cowles et al. 2006). Furthermore, the adelgids’ protective woolly wax
covering can reduce contact with and thus the efficacy of insecticides if proper
timing of application is not achieved (Mills 1990). However, in horticultural
settings and for use on individual high-value trees insecticidal soaps,
horticultural oils and other insecticides can be effective for A. tsugae control
(Kish 2007).
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Current efforts to control A. tsugae in eastern North America are
focused on developing a classical biological control program using predators
imported from Japan, China and western North America (McClure 1992,
Cheah et al. 2004, Ward et al. 2004). Biological control employs natural
enemies (parasitoids, predators and pathogens) to reduce pest populations.
Because no effective predators of A. tsugae have been found in the eastern
United States, importation of natural enemies from its native range may be the
most promising option for control (Wallace and Hain 2000). Additionally,
because there are no known parasitoids of adelgids, biological control of A.
tsugae has focused on the use of insect predators and/or entomopathogens
(Wilson 1938, Cheah et al. 2004).

Chemical Control of A. tsugae
While insecticides are not preferred for managing A. tsugae in forest
systems, they are used on occasion. Insecticidal soap and horticultural oil
sprays can provide effective control of A. tsugae, however they have limited
usefulness for large trees because they must be applied to the entire plant
surface. Additionally, insecticidal soaps and horticultural oils have no residual
effect, limiting their long-term efficacy (McClure et al. 2001, Lorenz 2009).
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Imidacloprid, a systemic neo-nicotinoid insecticide, can be applied as a
foliar spray, or it can be applied to trees through soil injections (Silcox 2002).
In the case of soil injections, the host trees absorb the chemical and the insects
come in contact with it when they feed upon the host. This works remarkably
well against A. tsugae, however imidacloprid is highly toxic in aquatic
environments limiting its use in environmentally sensitive areas (Cowles et al.
2006). Additionally, the use of imidacloprid can impact biological control
predators either through direct exposure (i.e. feeding upon contaminated prey
or contact with contaminated soil) or indirect exposure (i.e. reduced A. tsugae
availability), although these non-target impacts may be negligible in the field
(Eisenback et al. 2010).

Biological Control of A. tsugae
Because of the limited options for minimizing the impact of A. tsugae
populations in forest ecosystems, efforts to manage the pest have focused
primarily on natural enemies and biological controls. In forest systems,
classical biological control is the most widely used approach, with the majority
of importations employing parasitoids (Dahlsten and Mills 1999). However,
the majority of insect predators imported for biological control have been
employed against homopteran pests (Dahlsten and Mills 1999).
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Surveys conducted by McClure (1987), Montgomery and Lyon (1996),
and Wallace and Hain (2000) found native species of Syrphidae,
Ceciomyiidae, and Chrysopidae previously established on A. tsugae
populations in Connecticut, North Carolina and Virginia, but these generalist
predators were found at densities too low to significantly impact populations of
A. tsugae.
In the early 1990s, a project of classical biological control was initiated
to introduce A. tsugae predators from western North America and Asia to the
eastern United States. Since this time, several predators have been investigated
and/or released as biological control agents of A. tsugae (Cheah et al. 2004,
Montgomery et al. 2009a).

Current Biological Control Agents of A. tsugae
Sasajiscymnus tsugae: Discovered in Japan in 1992, Sasajiscymnus
tsugae is a tiny coccinellid beetle of the Tribe Scymnini, a group known to be
specialist predators of aphids, scales, mealybugs and adelgids. A. tsugae is the
preferred host of S. tsugae, but this beetle will also feed on other species of
adelgids (Butin et al. 2004). Releases of S. tsugae began in Connecticut in
1995, and since this time over 1 million have been released on more than 100
sites in 15 eastern states (Cheah et al. 2004). Both adults and larvae of S.
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tsugae are highly mobile, feed on all life stages of A. tsugae, adapt to a variety
of climatic conditions and possess good searching and dispersal abilities
(Cheah and McClure 1996). Additionally, S. tsugae have been shown to
display a high degree of synchrony with A. tsugae (Cheah and McClure 2000).
Field reproduction, establishment and overwintering ability of S. tsugae have
been documented (Cheah and McClure 2000). Unfortunately, studies by Butin
et al. (2003) and Asaro et al. (2005) have indicated that S. tsugae may have
negligible impacts on A. tsugae populations. These results paired with
inconsistent recovery of S. tsugae as reported by Cheah et al. (2005), indicate
that S. tsugae may not be the ideal A. tsugae predator.

Scymnus spp.: Many species of coccinellid beetles have been found
on hemlock trees in China associated with A. tsugae, and to date, three species
within the genus Scymnus have been studied extensively: Scymnus
camptodromus, S. sinuanodulus and S. ningshanensis (Yu et al. 2000).
Scymnus adults will feed on all life stages of A. tsugae and occasionally other
adelgid species, however, first instar Scymnus larvae will only survive if they
can feed on the eggs of A. tsugae (Montgomery et al. 2002). All three
Scymnus spp. are univoltine and coincide with the progrediens generation of A.
tsugae. S. camptodromus has been shown to feed on A. tsugae, however,
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difficulties in laboratory rearing have prevented its use as a biological control
predator (Montgomery et al. 2009a). S. sinuanodulus and S. ningshanensis are
both currently being released in the eastern United States. Releases of S.
sinuanodulus began in Georgia in 2004, and the first release of S.
ningshanensis took place in April of 2007 in Connecticut and Massachusetts
(Montgomery et al. 2009a). Field sleeve cage studies have suggested that S.
sinuanodulus can significantly reduce the rate of increase in A. tsugae
populations, and that S. ningshanensis can suppress A. tsugae population
growth particularly in situations where S. tsugae failed to do so (Butin et al.
2003). While both of these Scymnus predators have the potential to prevent A.
tsugae populations from rapidly increasing, thus stabilizing populations, their
ability to actively reduce large A. tsugae infestations has not been
demonstrated (Cheah et al. 2004).

Laricobius nigrinus: L. nigrinus is a derodontid beetle native to the
Pacific Northwest. It was first found associated with A. tsugae on western
hemlock trees in British Columbia, Canada (Zilahi-Balogh et al. 2003).
Although L. nigrinus has been observed feeding on other adelgid species under
laboratory conditions, it can only complete development on A. tsugae and is
considered to be very host specific (Zilahi-Balogh et al. 2002a). L. nigrinus is
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univoltine; its life cycle is highly synchronized with A. tsugae and egg-laying
of L. nigrinus coincides with egg-laying by the overwintering (sistens)
generation of A. tsugae (Zilahi-Balogh et al. 2003). Eggs of L. nigrinus are
laid directly in the woolly ovisacs of A. tsugae, and larvae feed on A. tsugae
eggs (Zilahi-Balogh et al. 2003). Despite difficulties in rearing, between 2003
and 2005, L. nigrinus was released at 22 sites between Massachusetts and
Georgia and had established at 13 (Mausel et al. 2010). L. nigrinus is expected
to be a complementary component to the suite of predators used for biological
control of A. tsugae because it is active in the winter making it unlikely to
compete with other released predators that become active later in the spring
(Lamb et al. 2002, Flowers et al. 2006).

Entomopathogens of A. tsugae
To date, several fungal pathogens of A. tsugae from the United States
and China have been isolated and are being evaluated as biological control
agents. Extensive research has isolated two strains of Beauveria bassiana and
a single strain each of Verticillium lecanni and Metarhizium anisopliae that
may hold potential for use against A. tsugae (Costa et al. 2005, Reid et al.
2010). However, while these fungi have caused significant A. tsugae mortality
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in laboratory testing, field efficacy has not been proven and non-target effects
on A. tsugae predators is still being evaluated (Cheah et al. 2004, Reid et al.
2010).

Breeding hemlocks for resistance
One of the most important pest management tactics employed in forest
settings is the planting of resistant trees. It has been observed that hemlock
trees within the native range of A. tsugae are seldom harmed by the insect and
many researchers believe these hemlocks have evolved to exist in stable tritrophic relationships between the host (hemlock), it’s herbivores (such as A.
tsugae), and the predators of A. tsugae (Havill and Montgomery 2008). Efforts
have begun to develop hybrid hemlocks, combining Tsuga caroliniana with
resistant hemlock types from China and the western United States in an
attempt to establish host tree resistance (Montgomery et al. 2009b). Currently,
a hybrid of T. chinensis has demonstrated some degree of resistance to A.
tsugae and is considered promising as a resistant alternative in landscape
settings (Montgomery et al. 2009b).
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Potential candidates for A. tsugae biological control
Explorations for additional A. tsugae predators throughout its native
range are ongoing. Several newly discovered predators including species of
Derodontidae, Coccinellidae, Anthocoridae and Chamaemyiidae are currently
being evaluated (Montgomery et al. 2009a). To date, the major emphasis of
research in biological control of A. tsugae has been on the rearing and release
of coleopteran predators. However, it is important to note that it is rare for a
single organism to effectively suppress an invasive insect, rather an integrated
approach is preferred which uses several compatible agents that together help
to reduce pest populations. Additionally, breeding for resistance to A. tsugae
in eastern hemlocks as well as the use of entomopathogens for A. tsugae
control are being actively investigated and may provide management options
in the future.

Leucopis spp.: Between March 2005 and November 2006, Kohler et al.
(2008a) conducted a survey of predators associated with A. tsugae in the
Pacific Northwest. Results of their study revealed a complex of natural
predators associated with western A. tsugae populations. Of these natural
enemies, predaceous flies of the family Chamaemyiidae were found to be the
second most abundant behind L. nigrinus. Two different chamaemyiid species
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were identified: Leucopis argenticollis, Zetterstedt and Leucopis atrifacies
(Aldrich) (Kohler et al. 2008a). Both L. argenticollis and L. atrifacies are
known adelgid specialists, and their presence has been correlated with A.
tsugae infestations in the Northwest (McAlpine and Tanasijtshuk 1972, Kohler
et al. 2008a). Biological control of other adelgid pests have employed
chamaemyiid predators in the past with varying degrees of success justifying a
closer look at L. argenticollis and L. atrifacies as potential biological control
agents of A. tsugae (Zilahi-Balogh et al. 2002b).

Chamaemyiidae as biological control agents
Historically, biological control of adelgid pests has been difficult and
managers have often relied on a complex of predators to reduce populations.
Zilahi-Balogh et al. (2002b) reviewed the worldwide biological control
programs for the family Adelgidae and suggested the most effective of these
predators have been members of the Chamaemyiidae (Diptera) and
Anthocoridae (Homoptera). All larvae in the chamaemyiid family are
predaceous on homopterans, particularly adelgids, aphids, mealybugs and
scales (Gaimari and Turner 1996). Despite the chamaemyiids potential for use
in biological control of adelgid pests, the family has been understudied and
very little is known of the biology and morphology of most chamaemyiid
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species (Gaimari and Turner 1996, Hagen et al. 1999). Within the
chamaemyiid family, the genera Leucopis, Neoleucopis, Cremifania and
Lipoleucopis all contain adelgid specialists, the majority of which belong to the
genus Leucopis (McAlpine 1971, Clausen 1978, McLean 1992, Hagen et al.
1999).
To date, there have been several species in the genus Leucopis utilized
in classical biological control programs for adelgids throughout the world
(Hagen et al. 1999). In North America, four chamaemyiid species of which
three were Leucopis including L. atratula Ratzenburg, L. hennigrata McAlpine
and L. obscura Haliday along with Cremifania nigrocellulata Czerney were
released for control of the balsam woolly adelgid (Adelges Piceae Ratzenburg)
(Mitchell and Wright 1967, Schooley et al. 1984). While these Leucopis
species along with at least four additional predators were able to establish on
A. piceae, none resulted in any significant control (Mitchell and Wright 1967,
Clausen 1978).
Biological control efforts targeting two Pineus spp. of pine bark adelgid
resulted in successful establishment of several chamaemyiid predators in Chile,
New Zealand and Hawaii (Mills 1990, Greathead 1995, Hagen et al. 1999). The
successful control of P. boerneri in Hawaii and P. pini in New Zealand was
achieved with the use of Leucopis (Neoleucopis) tapiae (Greathead 1995).
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Greathead (1995) also suggested that priority should be given to L. atrifacies for
further evaluation as an additional predator of P. boerneri in Hawaii.

In Chile,

Leucopis (Neoleucopis) obscura was employed for the successful control of P.
pini (Mills 1990). Additional chamaemyiid predators were released for control
of Pineus spp. in Australia and Africa, but none were effective for overall
control of the pine bark adelgid pests (Mills 1990). Based on this, Mills (1990)
suggested Leucopis argenticollis as warranting further evaluation as a control
agent for P. pini in Africa.

Conclusion
Biological control programs for managing adelgid pests that have
achieved the highest degree of success have included members of the
chamaemyiid family in Hawaii, New Zealand and Chile (Greathead, 1995,
Mills 1990, Hagen et al. 1999, Zilahi-Balogh et al. 2002b). To date,
investigations and releases of predators for the hemlock woolly adelgid have
been generally limited to coleopteran predators. Recommendations made by
Zilahi-Balogh et al. (2002b), Mills (1990), and Greathead (1995) suggest that
future exploration for additional natural enemies of A. tsugae should include
the Chamaemyiidae. Studies by Kohler et al. (2008a) identified L.
argenticollis Zetterstedt and L. atrifacies Aldrich as adelgid specialists native
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to the Pacific Northwest found to be associated with A. tsugae, signifying that
L. argenticollis and L. atrifacies are excellent candidates for evaluation of their
potential as biological control agents of the hemlock woolly adelgid in the
eastern United States.
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Chapter 2: Host Specificity of Leucopis spp. Associated with Hemlock Woolly
Adelgid (Hemiptera: Adelgidae) in the Pacific Northwest.
Sarah M. Grubin
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Abstract

The hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera:
Adelgidae), is an invasive exotic insect that feeds on eastern North American
hemlocks (Tsuga spp.) and is the target of a classical biological control
program in the eastern United States. Previous explorations for native
predators of A. tsugae were conducted in western North America and identified
two species of flies, Leucopis argenticollis Zetterstedt and Leucopis atrifacies
(Aldrich) (Diptera: Chamaemyiidae), as the second most abundant predators
associated with A. tsugae. Both L. argenticollis and L. atrifacies are known
adelgid specialists and they are frequently found with A. tsugae in the field.
During the course of this study, a third chamaemyiid predator, Leucopis
piniperda Malloch was also found feeding on A. tsugae. Host specificity is a
critical attribute of a successful biological control agent in order to protect nontarget organisms. Leucopis spp. were tested on four adelgid species in three
no-choice tests. Leucopis spp. survival was highest on A. tsugae, but they were
able to complete development on all four adelgid species. These results
suggest that Leucopis spp. may have a conservative host range within the
Adelgidae, but may not be specific to A. tsugae.
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Fourteen western hemlock trees infested with A. tsugae in Oregon and
Washington were sampled over a period of 14 months to evaluate the seasonal
abundance and synchrony of Leucopis spp. with A. tsugae in the field.
Leucopis spp. larvae were collected year-round on branches infested with A.
tsugae. There was a positive correlation between Leucopis spp. and A. tsugae
abundance. Peak abundance of Leucopis spp. coincided with the presence of
both progrediens and sistens eggs of A. tsugae in the field.
Keywords: Adelges tsugae, Leucopis argenticollis, Leucopis atrifacies,
Leucopis piniperda, biological control, prey suitability, phenological
synchrony
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Introduction
The hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera:
Adelgidae), is an exotic insect that feeds on forest and ornamental eastern and
Carolina hemlocks, Tsuga canadensis (L.) Carriére and Tsuga caroliniana
Engelmann, respectively. Originating from Japan, A. tsugae was first
discovered near Richmond, Virginia, in 1951 (Stoetzel 2002, Havill et al.
2006). Adelges tsugae became a pest of concern in the 1980’s when it began
causing widespread mortality of eastern and Carolina hemlocks. As of 2010,
eighteen states ranging from Maine to Georgia have reported infestations of A.
tsugae (USDA Forest Service 2009). Where it is indigenous, A. tsugae
coexists with native hemlock trees, generally causing little or no damage. It is
believed that A. tsugae populations in their native range are regulated primarily
by natural enemies and host tree resistance (Havill et al. 2006).
Adelges tsugae have styletiform mouthparts which they insert into the
xylem ray parenchyma cells of the hemlock tree (Young et al. 1995). Feeding
diminishes stored nutrient reserves, leading to a decline in tree growth and
often tree death (Orwig and Foster 1998). A predominantly sessile insect, A.
tsugae have a complex polymorphic life-cycle producing two generations per
year; the progrediens present from April through June, and the sistens
generation present from July through April (McClure 1989).
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Suppression of A. tsugae in landscape and horticultural settings has
been relatively successful using an integrated approach with insecticides, but
management options in forested settings are limited. The insecticide
treatments used to manage A. tsugae on cultivated trees are inappropriate for
treating hemlocks in forest environments because stands are scattered and
inaccessible, trees are often located in environmentally sensitive areas, and full
insecticidal coverage is difficult to achieve (McClure 2001). Consequently,
efforts to manage A. tsugae have focused on the use of natural enemies and
biological control.
Members of the family Adelgidae as a whole have very few natural
enemies, and no parasitoids have been found in association with any adelgids
worldwide (Wilson 1938). Nevertheless, foreign explorations in Asia and the
Pacific Northwest have identified several predators as potential biological
control agents of A. tsugae (Yu et al. 2000, Zilahi-Balogh et al. 2007, Kohler et
al. 2008a, Yu and Montgomery 2008). As of 2009, three coccinellids from
Asia and Laricobius nigrinus Fender from the Pacific Northwest have been
released in the eastern United States (Montgomery et al. 2009a). In the Pacific
Northwest, Kohler et al. (2008a) identified many predators associated with A.
tsugae on infested western hemlock, Tsuga heterophylla (Raf.) Sargent, of
which L. nigrinus was the most abundant, followed by Leucopis argenticollis
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Zetterstedt and Leucopis atrifacies (Aldrich), flies in the family
Chamaemyiidae. Both L. argenticollis and L. atrifacies are known adelgid
specialists, and they are frequently found in association with A. tsugae in the
field (McAlpine and Tanasijtshuk 1972, Greathead 1995, Tanasijtshuk 2002,
Kohler et al. 2008a,b).
Larvae in the family Chamaemyiidae are specialized predators of
Sternorrhyncha, including adelgids, scales, aphids, and mealybugs (Gaimari
and Turner 1996). Despite the chamaemyiids potential for use in biological
control of adelgid pests, the family has been understudied and very little is
known of the biology and morphology of most chamaemyiid species (Gaimari
and Turner 1996, Hagen et al. 1999). Within the Chamaemyiidae, the genera
Leucopis, Neoleucopis, Cremifania and Lipoleucopis all contain adelgid
specialists, the majority of which belong to the genus Leucopis (Hagen et al.
1999).
Historically, several Leucopis species have been utilized in classical
biological control programs throughout the world (Hagen et al. 1999). In
North America, four chamaemyiid species, Leucopis atratula Ratzenburg,
Leucopis hennigrata McAlpine, Leucopis (Neoleucopis) obscura Haliday and
Cremifania nigrocellulata Czerney were released for control of the balsam
woolly adelgid, Adelges piceae Ratzeburg. While these chamaemyiids were
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able to establish on A. piceae, none resulted in any significant suppression of
populations (Mitchell and Wright 1967). Chamaemyiid predators were also
released for control of Pineus spp. in Australia and Africa, but none were
completely effective in suppressing populations (Mills 1990). Biological
control efforts targeting Pineus spp. in Chile, New Zealand and Hawaii,
however, resulted in successful establishment of several chamaemyiid
predators including Leucopis (Neoleucopis) tapiae Blanchard and L. obscura
(Mills 1990, Hagen et al. 1999 Zilahi-Balogh et al. 2002b).
Leucopis argenticollis, a broadly distributed species, can be found
throughout North America, Europe and Asia. It has been recorded on A.
piceae in eastern North America, on four Pineus species throughout its range
(McAlpine and Tanasijtshuk 1972) and in association with A. tsugae in the
western United States (Kohler et al. 2008a). The range of L. atrifacies is
restricted to the western United States (Tanasijtshuk 2002). Larvae of these
two species of Leucopis are morphologically indistinguishable. Furthermore,
very little is known about the biology and life cycles of these species.
The overall goal of this research was to assess these Leucopis spp. as
candidates for use in a biological control program for A. tsugae in the eastern
United States. The specific objectives were to: 1) determine the degree of host
specificity of Leucopis spp. by evaluating prey suitability and survivorship
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using several adelgid species as prey and 2) monitor the phenology and
abundance of Leucopis spp. immatures and A. tsugae in the field to assess the
degree of seasonal synchrony between the two.

Materials and Methods
Leucopis spp. immatures used in this study were field collected from
western hemlock branches infested with A. tsugae found at nine locations in
Washington and Oregon (Table 1). Infested branches were transported back to
the laboratory and held at 3˚ C with the cut ends in water. A. tsugae ovisacs
were examined under a dissecting microscope, and Leucopis spp. eggs and
larvae were removed and used immediately for testing as no rearing methods
or artificial diet were available for these insects.

Test Prey: Four alternative species of prey were used in host specificity tests
based on taxonomic or ecological similarity to A. tsugae as well as seasonal
and geographic availability (Kuhlmann et al. 2005). All selected test prey
were species of Adelgidae, representing both genera in this family (Table 2).
All test prey were field collected while eggs were present from their associated
host tree before the trials. Two species of pine bark adelgid (Pineus spp.) were
used during the course of this study. An unidentified Pineus spp. was
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collected from branches on young lodgepole pine, Pinus contorta Dougl. ex.
Loud., located in the Deschutes National Forest near Bend, Oregon. Pineus
strobi (Hartig) were collected from an ornamental planting of white pine,
Pinus monticola Dougl. ex D. Don, in Wilsonville, Oregon. Adelges piceae
(Ratzeburg) were collected from Fraser fir, Abies fraseri (Pursh), in a
Christmas tree plantation in Lane County, Oregon. Adelges cooleyi (Gillette)
were collected from an ornamental Douglas-fir, Pseudotsuga menziesii (Mirb.)
Franco, located on the Oregon State University campus in Corvallis, Oregon.
The egg stage of all prey was used in all trials. Eggs of adelgids are
laid in a mass by a sessile female and surrounded by white waxy/woolly
flocculence. This stage was selected because Leucopis spp. eggs were always
found at the base of the hemlock needles where an A. tsugae ovisac was
present.

!
30!
Table 1. Collection locations for Leucopis spp. used in feeding trials.
State, County, City
Latitude (N)
Longitude (W)
OR, Multnomah, Portland a
45° 32'20.5"
122° 37'44.3"
a,b,c
WA, Pierce, Ruston
47° 18'17.7"
122° 30'57.3"
a,b,c
WA, Thurston, Olympia
47° 1'3.4"
122° 54'10.2"
a,c
WA, Thurston, Olympia
47° 0'48.3"
122° 54'18.4"
b,c
WA, Pierce, Tacoma
47° 16’40.9”
122° 31’1.7”
b
WA, King, Vashon
47° 27'19.9"
122° 26'58.6"
b,c
WA, Pierce, Tacoma
47° 16’4.86”
122° 30’58.9”
c
WA, Thurston, Olympia
47° 1'4.8"
122° 54'4.8"
c
WA, Pierce, Ruston
47° 18'2.5"
122° 31'2.0"
a
Leucopis spp. from this location were included in trial 1 (summer 2009)
b
Leucopis spp. from this location were included in trial 2 (spring 2010).
c
Leucopis spp. from this location were included in trial 3 (summer 2010).

30

!
31!

!

Table 2. Collection locations for alternate adelgid prey species used in feeding trials.
Adelgid Species
Host Tree
State, County, City
Pineus strobi
Pinus monticola
OR, Clackamas, Wilsonville b,c
Pineus spp.
Pinus contora
OR, Deschutes, Hosmer Lake a
Adelges cooleyi Pseudotsuga menziesii
OR, Benton, Corvallis b,c
Adelges piceae
Abies fraseri
OR, Lane, Cheshire b
a
Adelgids from this location were used as prey in trial 1 (summer 2009)
b
Adelgids from this location were used as prey in trial 2 (spring 2010).
c
Adelgids from this location were used as prey in trial 3 (summer 2010).

Latitude (N)
45° 17'6.2"
43° 57'38.7"
44° 33'51.3"
44° 10'59.1"

Longitude (W)
122° 44'54.1"
121° 47'12.2"
123° 17'6"
123° 17'33.4"
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Host Suitability: Three no-choice feeding trials were conducted, one
in 2009 and two in 2010, to evaluate suitability of alternative prey for
immature Leucopis spp.
Trial 1: A preliminary feeding trial was conducted during the summer
of 2009. Test prey for this trial were progrediens eggs of A. tsugae, and eggs
of the unidentified Pineus spp. A total of 60 Leucopis spp. eggs and larvae
were found during the time period of this trial. Thirty larvae were randomly
assigned to each adelgid species. Dishes containing Leucopis spp. and prey
were held in an environmental growth chamber at 25˚ C 12:12 L:D and 60%
RH.
Trial 2: A second feeding trial was conducted during the spring of
2010. Test prey for this trial were sistens eggs of A. tsugae, and eggs of P.
strobi, A. cooleyi, and A. piceae. A total of 79 Leucopis spp. eggs and larvae
were found during April and May of 2010. Larvae were randomly assigned to
each adelgid species. Dishes containing Leucopis and prey were held in an
environmental growth chamber at 25˚ C, 14:10 L:D and 60% RH.
Trial 3: The third feeding trial was conducted during the summer of
2010. Test prey for this trial were sistens eggs of A. tsugae, and eggs of P.
strobi, and A. cooleyi. A total of 108 Leucopis eggs and larvae were found
during June and July of 2010, and they were randomly assigned to each
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adelgid species. Dishes containing Leucopis and prey were held in an
environmental growth chamber at 25˚ C, 14:10 L:D and 60% RH.
Individual Leucopis spp. eggs or larvae of any developmental stage
were randomly assigned to each test prey. Feeding test containers were 50-mm
diameter Petri dishes with 2.5 cm holes drilled in the lid and covered with fine
mesh screen. Two layers of filter paper were placed in each Petri dish and
moistened with de-ionized water. Petri dishes were wrapped in Parafilm® to
prevent larvae from escaping. The number of larvae included in each trial was
limited to the number of larvae collected from infested branches at the time of
the trial. Leucopis spp. larvae were monitored every 1-3 days, given fresh
prey, and filter paper was replaced and remoistened. Any larvae that pupated
within 48 hours of being placed with adelgid prey in a Petri dish were omitted
from the final results. All Leucopis spp. larvae that survived to the adult stage
were sent to Dr. Stephen Gaimari, California Department of Food and
Agriculture, Sacramento, California for species identification.

Field Synchrony and Abundance: Fourteen western hemlock trees,
infested with A. tsugae were sampled from 10 locations in Olympia, Tacoma
and Vashon, Washington and Portland, Oregon (Table 3). One site (DA) was
not sampled after March 2010 because A. tsugae populations declined and
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sistens nymphs did not resume development following aestival diapause.
Three additional locations (RH, SL and FS) were added to the sampling regime
in March 2010 upon discovery of large, healthy populations of A. tsugae and
Leucopis spp. During the aestival diapause of the sistens A. tsugae nymphs,
from late August through February, sampling was conducted every 3-4 weeks.
During the early spring as the A. tsugae nymphs resumed development,
sampling frequency was increased to every two weeks and continued at that
interval throughout the summer months. Sampling was continuous for a period
of 14 months beginning in June 2009. On each collection date, four randomly
selected A. tsugae infested terminal shoots between 6-15 cm in length were
clipped from individual trees at each site. Twigs were placed into floral vials
with the cut ends in water and transported immediately back to the laboratory
in a cooler with ice. Samples were processed in the laboratory within 36 hours
of collection using a dissecting microscope. All developmental stages of living
A. tsugae were counted except eggs, which were always present with adults.
The instar of A. tsugae nymphs was determined by counting exuvia. However,
counts of third and fourth instar A. tsugae nymphs were pooled because they
were sometimes difficult to distinguish. We did not include dead or dessicated
A. tsugae (Mausel et al. 2008). All live Leucopis spp. eggs, larvae, and pupae
were counted. Leucopis species have three larval instars (McAlpine and
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Tanasijtshuk 1972, Tanasijtshuk 2002). The first instar was identifiable by
size and lack of pigment. Counts of second and third instar Leucopis spp.
larvae were pooled because they were difficult to reliably differentiate. Eggs
and larvae of Laricobius nigrinus, a derodontid predator of A. tsugae, were
also counted. The presence of other predators on A. tsugae in the samples was
noted to the family level whenever possible. Field collected pupae were kept
on twigs in an environmental growth chamber at 25°C, 10:14 L:D, 60% RH.
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Table 3. Site locations and collection dates for 14 trees at 10 locations in OR and WA sampled every 2-4
weeks between June 2009 and August 2010 to evaluate synchrony and abundance of A. tsugae and
Leucopis spp. in the field.
Site Code

State, County, City

GP

OR, Multnomah, Portland

DA

WA, Thurston, Olympia

PL

WA, Thurston, Olympia

SCH

WA, Thurston, Olympia

TT

WA, Thurston, Olympia

PD

WA, Pierce, Ruston

RH

WA, Pierce, Ruston

SL

WA, Pierce, Tacoma

FS

WA, Pierce, Tacoma

GR

WA King, Vashon

Location
45° 32'20.5" N
122° 37'44.3" W
47° 0'39.19" N
122°53'46.13" W
47° 1'5.23" N
122°54'4.35" W
47° 1'3.78" N
122°54'9.89" W
47° 0'48.37" N
122°54'18.31" W
47°18'17.73" N
122°30'57.38" W
47°18'3.07" N
122°31'0.34" W
47°16'49.89" N
122°30'58.93" W
47°16'40.95" N
122°31'1.79" W
47°27'19.87" N
122°26'58.79" W

Trees Sampled

Dates Sampled

2

06/09 – 08/10

1

06/09 – 03/10

1

07/09 - 08/10

1

06/09 – 08/10

3

06/09 – 08/10

2

06/09 – 08/10

1

03/10 – 08/10

1

03/10 – 08/10

1

03/10 – 08/10

1

06/09 – 08/10
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Statistical Analyses: Variables recorded or calculated for all feeding trials
were days survived, and percent survival to pupation and adulthood. Data
were analyzed using a one-way analysis of variance (ANOVA) to determine
the effect of prey species on total days survived for Leucopis spp. immatures.
Data were log-transformed where necessary to correct for non-normal sample
distributions to satisfy the assumptions of ANOVA. When ANOVA indicated
a significant species effect, means were compared and separated using Tukey’s
HSD test. A Pearson’s !2 contingency test was used to assess differences in
overall survivorship for Leucopis spp. based on prey species. Statistical tests
were carried out using R computer programs (Venebles et al. 2010). Tests
were considered significant if P < 0.05.
Mean abundance data for Leucopis spp. and A. tsugae across all
collection sites were log-transformed to correct for non-normality and analyzed
using a Pearson product-moment correlation. This test allowed us to assess the
degree to which the two species co-vary, and the extent to which they are in
synchrony (Bjørnstad et al. 1999). Statistical tests were carried out using SPSS
version 19.0.0 computer programs (SPSS Inc. 2010). Tests were considered
significant if P < 0.05.
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Results

Host Suitability: Leucopis spp. larvae fed on eggs of all test prey species. Of
the 247 larvae observed in no-choice feeding tests across three separate trials,
23.5% pupated and 15.4% emerged as adult L. argenticollis (27) or L.
piniperda (11). Parasitoids emerged individually from 3% of Leucopis spp.
pupae. Parasites were only reared from Leucopis spp. larvae collected during
trial 1.
During trial 1, Leucopis spp. completed development to the adult stage
on diets of both Pineus spp. and A. tsugae. There was no significant difference
in the total days survived for larvae fed A. tsugae or Pineus spp. (F = 0.8699;
df = 1, 39; P = 0.36) (Table 4). Additionally, there was no significant
difference in overall survivorship of Leucopis spp. larvae between the prey
species (!2 = 0.45; df = 1; P= 0.50) (Table 4).
During trial 2, there were significant differences in total days survived
for Leucopis spp. among the four prey species (F = 2.87; df = 3, 68; P = 0.04)
(Table 4). Leucopis spp. larvae fed A. tsugae lived significantly longer than
those fed A. piceae, but there were no differences among A. tsugae, A. cooleyi
and P. strobi or among the three alternate prey species (Table 4). Leucopis
spp. completed development to the adult stage on diets of A. tsugae, A. cooleyi,
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and A. piceae. Survival on A. tsugae and A. cooleyi was not significantly
different, but survival on both of these species was significantly greater than on
A. piceae (!2 = 7.93; df = 2; P = 0.019) (Table 4).
During trial 3, there were significant differences in total days survived
for Leucopis spp. among the three prey species (F = 12.12; df = 2, 98; P <
0.001) (Table 4). Leucopis spp. larvae fed A. tsugae lived significantly longer
than those fed P. strobi or A. cooleyi. Leucopis spp. completed development to
the adult stage on diets of A. tsugae and P. strobi, however, survival to
maturity in this trial was low overall. There were no Leucopis spp. larvae that
survived to adulthood on a diet of A. cooleyi. Because Leucopis spp. failed to
develop on A. cooleyi, they were excluded from further analyses. There were
no significant differences in survivorship between Leucopis spp. larvae fed A.
tsugae or P. strobi (!2 = 3.48; df = 1; P = 0.062) (Table 4).
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Table 4. Mean number of days survived and overall survivorship of Leucopis spp. in three no-choice feeding
trials.
Percent larvae surviving
to adulthoodb
11.14 ± 1.97a
Trial 1
A. tsugae
21
29a
Summer 2009
Pineus spp.
20
9.05 ± 1.74a
15a
12.25
±
1.47a
A. tsugae
20
50a
9.72 ± 2.39ab
Trial 2
P. strobi
18
0
A. cooleyi
18
33a
Spring 2010
11.0 ± 1.49ab
A. piceae
16
6b
6.13 ± 1.01b
12.91 ± 1.86a
A. tsugae
34
21a
Trial 3
5.77 ± 0.57b
P. strobi
36
6a
Summer 2010
A. cooleyi
33
0
5.09 ± 0.47b
a
Within a trial, means followed by the same letter are not significantly different at P < 0.05, by a one-way
ANOVA or Tukey–Kramer HSD test.
b
Within a trial, values followed by the same letter are not significantly different by Pearsons !2 contingency
test.
Test

Prey

n

Mean days survived ± SEa
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Synchrony and Abundance: A total of 132 Leucopis spp. immatures were
collected from twig samples between June 2009 and August 2010. Leucopis
spp. were found to be present year-round on branches infested with A. tsugae
(Fig. 1). All Leucopis spp. eggs were found at the base of hemlock needles in
contact with A. tsugae ovisacs. All field-collected Leucopis spp. larvae were
found within A. tsugae ovisacs either in contact with live A. tsugae or within
unoccupied ovisacs. All Leucopis spp. pupae were found attached to A. tsugae
ovisacs.
Data collected from twig samples confirmed that aestivating A. tsugae
sistens nymphs resumed development in the fall, reached the adult stage during
winter, and oviposited beginning in late-winter continuing into the late-spring
(Fig. 2). The progrediens generation matured rapidly, ovipositing from latespring through early-summer. Sexuparae were not observed. Aestivating
sistens nymphs were present from late-summer through the fall.
Leucopis spp. larvae were collected year-round on branches infested
with A. tsugae (Fig. 2). Leucopis spp. eggs were collected primarily between
May and July, and Leucopis spp. pupae were collected from February through
August. Between June 2009 and August 2010, 87 Leucopis spp. individuals
were successfully reared to the adult stage in the laboratory and identified to
species. Of these, 59.8% were L. argenticollis and 40.2% were Leucopis
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piniperda Malloch. Peaks in mean abundance of A. tsugae occurred on 6 July
2009, between 5 May and 21 June 2010, and between 22 July and 6 August
2010. Highest mean abundance of Leucopis spp. also occurred at these times
(Fig. 1). Furthermore, highest mean abundance of Leucopis spp. larvae
occurred on 6 July 2009, during April and May 2010, and on 7 July 2010.
These times of peak abundance coincided with the presence of both
progrediens and sistens eggs of A. tsugae (Fig. 2). A Pearson product-moment
correlation coefficient indicated a positive correlation in abundance between A.
tsugae and Leucopis spp. (r = 0.44; n = 22; P = 0.04).
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Figure 1. Mean abundance of all life stages of Leucopis spp. (pooled) and A. tsugae collected from all sites in
Oregon and Washington between June 2009 and August 2010.

Leucopis spp.

Mean Leucopis spp. Abundance

Mean A. tsugae Abundance

A. tsugae

Date
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Mean A. tsugae Abundance

Figure 2. Abundance of Leucopis spp. collected from A. tsugae infested T. heterophylla at 10 sites in Oregon
and Washington from June 2009 to August 2010. A. tsugae life cycle is based on observations across all sites.

Date
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Discussion

Host Suitability: Across all three no-choice feeding trials, mean days
survived and overall survival to the adult stage for Leucopis spp. was highest
for larvae fed A. tsugae although the differences were not always statistically
significant. Across trials, mean days survived were consistent for Leucopis spp.
larvae fed A. tsugae, ranging from 11.14 in trial 1 to 12.91 in trial 3 (Table 4).
However, significant differences in mean days survived between larvae fed A.
tsugae or an alternate prey species were found only for A. piceae in trial 2 and
both P. strobi and A. cooleyi in trial 3. In trial 1, the overall survivorship was
29% for Leucopis spp. fed A. tsugae and 15% for Leucopis spp. fed Pineus
spp. Overall survivorship of Leucopis spp. fed A. tsugae in trial 2 was 50%,
greater than the 33% survivorship of Leucopis spp. fed A. cooleyi, and
significantly greater than the survivorship on A. piceae (6%) and P. strobi
(0%). Likewise, survivorship on A. tsugae was 21% in trial 3, which was
greater than overall survivorship of Leucopis spp. on P. strobi (6%) and A.
cooleyi (0%) (Table 4). These tests showed that while Leucopis spp. feeding
on A. tsugae may live longer and survive to the adult stage at a higher rate than
those feeding on other adelgid species, the alternative prey also appear to be
suitable.
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While evidence of a preference for A. tsugae among tested Leucopis
spp. was apparent in the feeding trials, it is important to note that all larvae
assessed in the feeding trials were field caught on A. tsugae. Prior experience
of predators can act as a confounding factor in host suitability trials, reducing
predator response to alternative prey, even when the preferred host is not
present (Van Driesche and Murray 2004), such as in our no-choice trials.
Additionally, because of the difficulties inherent in finding these minute larvae
in the field, we were unable to pre-determine the species or control for the
exact age of each larva prior to entering the trial. Generally, when assessing
predators it is advisable to reduce bias in favor of the target species induced by
experience by rearing and maintaining predators on a diet of species other than
the target species, or on an artificial diet (Withers and Browne 2004).
Unfortunately, this was beyond the scope of this study.
Based on a review of Leucopis spp. literature, and the results of our
host suitability testing, it is likely that the host range of L. argenticollis, L.
atrifacies, and L. piniperda are restricted to the family Adelgidae of which
there are only two genera: Adelges and Pineus (Annand 1928, Blackman and
Eastop 1994, Havill and Foottit 2007), both represented in these trials. Only
five species of Adelges are known to occur in North America including A.
tsugae, A. piceae, A. cooleyi, A. abietis (L.), and A. lariciatus (Patch) (Zilahi-
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Balogh 2004, Havill and Foottit 2007). Of these, both A. tsugae and A. piceae
are introduced. Adelges abietis can be found in the eastern United States,
however, its primary host tree in the eastern United States, Picea glauca
[Moench] Voss, is not a major component of eastern forests. Adelges
lariciatus is found in western and central North America on its primary and
secondary host trees, Picea spp. and Larix spp., respectively (Cumming 1968).
Adelges cooleyi is native only to the western United States, though may be
encountered in horticultural plantings of its native host trees in the East (Ahern
et al. 2009).
There are 7 species of Pineus known to occur in the eastern United
States, including P. pini (Macquart), P. coloradensis (Gillette), P. floccus
(Patch), P. pinifoliae (Fitch), P. similis (Gillette), P. boerneri Annand, and P.
strobi Hartig (Zilahi-Balogh 2004, Havill and Foottit 2007). Of these seven
Pineus species, two are introduced and five are considered native (Butin et al.
2004). The species of greatest concern, however, when considering a
biological control agent for A. tsugae in the eastern United States, is
Paraprociphilus tessellatus (Fitch) (Hemiptera: Aphididae), a woolly aphid
found on Acer spp. and Alnus spp. (Zilahi-Balogh 2004). This aphid is the
preferred prey for the only known predaceous butterfly in North America,
Feniseca tarquinius (Fabricius) (Lepidoptera: Lycaenidae) (Butin et al. 2004,

48!
Zilahi-Balogh 2004). Although Leucopis spp. may feed on species of
Adelgidae other than A. tsugae, they are not likely to pose a threat to nontarget species of concern. However, further host range tests should include
members of the Adelgidae native to eastern North America, and should include
P. tessellates to ensure against non-target effects on this aphid.

Synchrony and Abundance: Synchrony between a predator and its host are
considered essential for a successful classical biological control introduction.
This is because non-contemporaneous life cycles can result in starvation of the
predator, decreased impacts on the target prey, and ultimately failure of the
natural enemy to establish (VanDriesche and Bellows 1996, Mausel et al.
2008).
The results from our study indicate that there is a good correlation
between preferred A. tsugae prey stages and Leucopis spp. immatures in
Oregon and Washington. Peak feeding activity by Leucopis spp. was
synchronous with the availability of A. tsugae adults and eggs of both the
sistens and progrediens generations in the late-spring and mid-summer.
Increased larval activity in the early spring coincides with A. tsugae sistens
generation adult development, just preceding egg laying. Collections from 4
June 2010 showed a distinct drop in Leucopis spp. abundance, followed on the
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subsequent collection date by an increase in the presence of eggs, perhaps
indicative of the onset of a second, late-summer generation of Leucopis spp., or
reflective of the life cycles of the different species of Leucopis. Peak Leucopis
spp. activity on July 20, 2009 and August 6, 2010 both correspond with the
eggs of the progrediens A. tsugae, which are hatching and settling as first instar
sistens nymphs.
A previous study in the same geographical area by Kohler et al. 2008a
identified two species of Leucopis, L. argenticollis and L. atrifacies associated
with A. tsugae. The immature stages of both species were consistently found
in close association with A. tsugae ovisacs in that study.
A third species, Leucopis piniperda (Aldrich), was identified in the
present study on all sampling dates. All specimens collected in the field during
the time span of this study that could be identified were either L. argenticollis
or L. piniperda. L. atrifacies were not identified from any specimens collected
during the course of this study. It is possible that L. atrifacies were present as
larvae, but did not survive to adulthood for identification. Leucopis piniperda
can be found throughout the United States and Canada, and is likely present
across the entire range of Adelges and Pineus. Leucopis atrifacies and L.
piniperda are closely related species, which differ only in the structure of the
male genitalia (Tanasijtshuk 2002).
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Based on the peaks in egg, larval, and pupal abundance (Fig. 2), it
appears likely that both L. argenticollis and L. piniperda may have multiple
generations per year. However, because we were unable to identify immature
Leucopis to species, it was not possible to distinguish exact generation times,
or the relative abundance of each species at different times of the year.
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Chapter 3: Conclusion
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Adelges tsugae has caused widespread mortality of eastern hemlock
trees throughout the eastern United States. Spreading at a rate of 8.9 to 30 km
per year, A. tsugae continues to move into new territory and has currently
infested more than 50% of the eastern hemlocks’ native range (McClure et al.
2001, Evans and Gregoire 2006, Morin et al. 2009). To date, it appears that
the only natural check limiting the spread of A. tsugae is high winter mortality
when exposed to temperatures below -26° C (Shields and Cheah 2005). If
winter temperatures increase with the threat of global climate change, A.
tsugae may continue to expand its range further. As the dominant, and
sometimes only conifer species, in many eastern forests, the eastern hemlocks
contribute to a unique ecosystem that is in peril from this invasive insect
(Orwig and Foster 1998). Efforts to develop control methods effective against
A. tsugae have included natural enemies, entomopathogens, insecticides and
resistance breeding. However, since these options have not effectively
regulated populations of A. tsugae in the eastern United States, a program of
classical biological control is seen as the most promising option for natural
forest settings (McClure 1987, Montgomery and Lyon 1996, Wallace and
Hain, 2000).
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The results from many years of biological control practice have
indicated that host-specific parasitoids are the most effective agents with the
lowest risk of non-target effects (Kimberling 2004). Unfortunately, there are
no known parasitoids that attack members of the family Adelgidae (Wilson
1938). Furthermore, few natural enemies specific to adelgids are known. In
spite of the challenges, foreign explorations in Asia and the Pacific Northwest
have produced several predators as potential biological control agents for A.
tsugae (Yu et al. 2000, Zilahi-Balogh et al. 2007, Kohler et al. 2008a, Yu and
Montgomery 2008,). To date, three coccinellids from Asia and Laricobius
nigrinus from the Pacific Northwest have been released in the eastern United
States (Cheah et al. 2004, Montgomery et al. 2009a). Additionally, in the
Pacific Northwest, Kohler et al. 2008a identified many predators associated
with A. tsugae on infested western hemlock including species of chamaemyiid
flies in the genus Leucopis. The Leucopis spp. were found to be the second
most abundant predators after L. nigrinus.
The overall objective of this research was to investigate Leucopis spp.
from the Pacific Northwest as potential biological control agents of A. tsugae
in the eastern United States. We evaluated host specificity of Leucopis spp.
through no-choice feeding trials. We found that larvae of Leucopis
argenticollis and Leucopis piniperda live longer and survive to the adult stage
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at a higher rate when fed A. tsugae compared to alternate adelgid species.
Results indicated a preference for A. tsugae, though differences were not
always statistically significant. Additionally, we looked at the phenology of
Leucopis spp. and A. tsugae in the Pacific Northwest, examining their
abundance and synchrony in the field. We determined a positive correlation
between Leucopis spp. and A. tsugae, and found that times of peak abundance
of Leucopis spp. coincide with the presence of both progrediens and sistens
eggs of A. tsugae.
In sum, it appears that Leucopis spp. are good candidates for further
investigation of their potential as biological control agents of A. tsugae in the
eastern United States. Recommendations for further research should include
development of rearing methods for Leucopis spp. in order to test each species
separately, and to facilitate better control over test subjects. In addition,
further research into the biology of Leucopis spp. from the Pacific Northwest,
including developmental temperature thresholds and requirements for mating
and oviposition would clarify the potential for these flies to establish in the
eastern United States.
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