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Release-Recovery in the Field and Reproductive Success in the Lab of
Laricobius osakensis (Coleopera: Derodontidae) a Biological Control Agent for
the Hemlock Woolly Adelgid, Adelges tsugae

Katlin Leigh Mooneyham
ABSTRACT

The hemlock woolly adelgid (HWA), Adelges tsugae Annand (Hemiptera: Adelgidae) is a
small, non-native insect that feeds on hemlock (Tsuga spp.) species native to the eastern
United States. One biological control agent, Laricobius osakensis, shows promise due to its
voracious feeding on and synchronous life cycle with HWA. This beetle species is originally
from Japan and has undergone all the necessary testing while in quarantine, gaining
permission for field release in 2010. Field releases began in the fall of 2012 and continued
the following fall. Reproduction occurred at the first year’s field sites with beetles recovered
at both sites the following fall. During the second year of field work, beetle recovery was
low due to winter temperatures that caused high HWA mortality. All of the L. osakensis
beetles released in the field are first reared in an Insectary on Virginia Tech’s campus. To
improve health of these beetles during rearing, a series of chemical amendments were
added to the water baths where HWA infested cut hemlock branches were placed. HWA
samples were taken from each treatment and analyzed for carbon, nitrogen and total
carbohydrates and beetles emergence was recorded in relation to prescribed treatment.
None of the treatments appeared as the best for improving HWA health, but there were
differences between the sampling months within the two years. These differences in month
correlate with the biological processes occurring within HWA at these times such as
reproduction and preparation for aestivation. No treatment helped increase beetle

emergence.
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Chapter 1: Introduction

1.1 Biology and damage of the hemlock woolly adelgid

The hemlock woolly adelgid (HWA), Adelges tsugae Annand (Hemiptera: Adelgidae), was
first noticed in the eastern United States in the early 1950’s near Richmond, Virginia (Souto
et al. 1996). This non-native insect was introduced from Japan (Havill et al. 2006), and feeds
on two species of hemlock native to the eastern United States; eastern hemlock (Tsuga
canadensis L. Carriére) and Carolina hemlock (Tsuga caroliniana Engelman) (McClure
1987). This insect is now established throughout more than half the native range of eastern
hemlock, including the mountainous regions of the southeastern and Mid-Atlantic United
States and throughout much of New England (Mayer et al. 2002, Morin et al. 2011, Havill et
al. 2011). Its spread is variable by region and may be limited by climatic conditions, such as
colder temperatures in the northern range of hemlocks (Evans and Gregoire 2007). The
native range of HWA extends throughout Asia and western North America where it is not
considered a pest. In those locations, HWA populations are regulated by native predators,
host resistance, and extreme temperatures (McClure 1989, McClure and Cheah 1999,
Skinner et al. 2003). Eastern and Carolina hemlocks are highly susceptible to HWA and
there are no known specialist predators of HWA in the eastern United States (Wallace and

Hain 2000).

Adelgids share many characteristics with their close relatives, the aphids and phylloxerans,
in that they have a complex life cycle with both sexual and asexual generations (McClure
1987). Adelgids differ because they have shorter antennal segments and lack cornicles.
They also have siphunculi and lack the retention of oviparity within all generations (Heie

1987). Adelgids feed solely on gymnosperms unlike their relatives that feed on angiosperms



(Heie 1987). Additionally, both sexual and asexual female adelgids lay eggs only on conifers

(Drooz 1985).

In Asia, HWA requires two hosts, spruce (Picea spp.), the primary host and hemlock, the
secondary host (Havill and Foottit 2007). However, no adequate spruce hosts have been
found in the eastern United States (McClure 1987). Due to the lack of a primary host, the
annual HWA lifecycle is comprised of two parthenogenic generations made up solely of
wingless females (McClure 1987, Havill and Foottit 2007). The sistens, or winter generation,
spans 9-10 months from early summer to the following spring, and is the generation that
aestivates through the summer months. The second generation, the progrediens, occurs
from spring to early summer (McClure 1987). Most adelgids develop as wingless
progredientes in the spring, mature quickly, and lay eggs in the late spring (Onken &
Reardon 2011). Crawlers of the sistens generation settle at the base of hemlock new growth
and aestivate through the summer typically until October (McClure 1987). The life cycle of
HWA is accelerated in southern climates in the U.S. because of its warmer climate (Mausel

etal. 2008).

Adelgids produce a filamentous wax-like product to protect its body and the eggs it
produces (McClure 1987, Mason et al. 1989). The waxy substance surrounding the adelgid
is thought to provide protection against predation (Skinner et al. 2003). This substance is
excreted from glands throughout the dorsum of the adelgid so as to fully cover the insect
(McClure 1987). This protective covering is present in all life stages with the exception of
newly hatched nymphs (McClure 1987, 1989). Gas chromatography/mass spectrometry
(GC/MS) on HWA wax determined that it is composed of a diketoester and contains

chrysarobin and chrysophanol, known insect antifeedant compounds (Jones et al. 2014).



The hemlock woolly adelgid is damaging to the host because it remains at the same feeding
site on the hemlock twig during its full development. The number of eggs produced by
sistentes and rapid development of progredientes contribute to the population explosions
observed in this species (McClure 1991, Onken and Reardon 2011). The sessile lifestyle
coupled with the chemical deterrents and physical, waxy contents which provide protection

from predators, have contributed to the success of HWA (McClure 1989, Jones et al. 2014).

1.2 Hemlock in the eastern United States

Eastern hemlock has a finite distribution in the eastern United States, with the major
densities located in Northeast and the mountainous regions of the Southeast (Morin et al.
2011). Although it is not a dominant species in eastern forests, it's widespread distribution,
tolerance for shade, and long lifespan, make it play a key role in forest ecosystems. In pure
stands, hemlocks are more frequently a late successional dominant species found in
association with other trees (Peattie 1950). These trees have considerable ecological value
and they are considered a foundation species in forested areas with no disturbances (Morin
etal. 2011). One of the greatest functions of eastern hemlocks is its role in regulating the
microclimates in riparian areas, as it is typically found on well drained, moist to very moist
soils (Orwig et al. 1998, Ward et al. 2004). Eastern hemlocks are frequently found growing
alongside streams and are extremely influential in regulating the biotic communities within
and surrounding these streams (Morin et al. 2011). Invertebrate communities were more
evenly distributed and total biotic diversity was higher for streams associated with
hemlocks (Snyder et al. 2002). Negative effects of HWA on forest structure are extremely
detrimental because of relatively long-term changes to species composition (Orwig and

Foster 1998). Changes in sites where hemlocks were dominant become more homogenous



with an increase in Acer, Quercus and Betula species (Orwig and Foster 1998). Losing
hemlock in a stand, as a result of HWA, can cause an increase in soil temperatures because
of the opening up of the canopy (Jenkins et al. 1999). In addition to being a critical
component to the health of eastern forests, hemlocks are commonly planted in ornamental

landscapes in the United States and Europe.

1.3 Damage to hemlocks caused by HWA attack

The hemlock woolly adelgid causes damage to Tsuga species by feeding on young branches
and twigs, usually at the base where the needles attach (McClure 1987). Similar to many
other plant feeders, HWA has a stylet bundle for feeding. This bundle creates two canals;
one to inject saliva into the tree and the other to move nutrients from within the tree to the
insect used for feeding (Young et al. 1995). Insertion of the stylet bundle is assisted by an
external sheath material that acts to secure the stylet to the hemlock (Oten et al. 2014). The
adelgid inserts its stylet bundle intracellularly, secreting four trophically related enzymes to
create a systemic response within the tree, and then feeds on the xylem ray parenchyma
(Young et al. 1995, Oten et al. 2014). Damage to the tree is done by depleting photosynthate
reserves and other nutrients. Additionally, the adelgids cause damage by eliciting the
development of false rings, a hypersensitive response within the tree, restricting water
transport (Gonda-King et al. 2012). By feeding in late winter and early spring, HWA has the
ability to access these nutrients as well as to avoid the generalist predators that are not
active at this time (Orwig and Foster 1998, McClure 1987). The HWA has been shown to
manipulate hemlock physiology by restricting the movement of carbohydrates within the
hemlock. By altering this essential process, new foliage is deprived of nutrients necessary
for growth (Schwartzberg and Montgomery 2010). Once these nutrient reserves are

depleted, the tree’s ability to grow and create new shoots is reduced and dieback and



ultimately death of the tree occurs (Morin et al. 2011). There is no discrimination by HWA
between trees of different sizes. HWA can also be fatal to hemlocks of all ages depending on
the other stresses impacting the tree such as drought or poor soil quality (McClure 1992).
Therefore, attack from HWA can occur on all trees causing bud mortality, foliage chlorosis,
and overall defoliation of the tree (USDA 2008). Tsuga canadensis lacks the ability to
resprout or have a flush of new foliage after a defoliation event, making recovery from
attack more difficult. (McClure 1989, Orwig and Foster 1998, Mayer et al. 2002). These
insects are also responsible for changing the volatile profile of eastern hemlocks. The
adelgid creates an increased quantity of monoterpenes released from the eastern hemlock
branch tips. The decline of HWA contrasted with hemlock percent new growth has a clear
trend with infested foliage releasing monoterpenes at a higher rate than that of unifested

hemlocks (Broeckling and Salom 2003).

1.4 Management of Hemlock Woolly Adelgid

There are a variety of ways to combat HWA, though most are not suitable for large scale
forest settings. The most common method of control is the application of insecticides to
infested trees. Foliar sprays, horticultural oils, soil injections, stem injections and bark
sprays are all available for use against HWA (Fidgen et al. 2002). Neonicotinoids, systemic
insecticides introduced in the 1990s, have proven to be the most successful way to manage
populations (Cowles et al. 2006). These insecticides have also proven to be less toxic to
mammals and safer for applicators to apply (Cowles et al. 2006, Cowles 2009). Soil
application of systemic insecticides have residual activity of up to 5 years making them
extremely effective in HWA suppression (Fidgen et al. 2002, Mayfield et al. 2015). However,
there are concerns associated with the use of these insecticides near streams and other

aquatic environments (Cowles et al. 2006). Old trees or trees in landscape settings are



excellent candidates for receiving these treatments. It can be costly to implement this
control, and because of this, it is not a viable option when used alone for large tracts of

hemlock forests.

1.5 Biological Control of Hemlock Woolly Adelgid

Successful establishment of biological control predators is a critical step in the struggle to
impact HWA and help maintain hemlock health (Mausel et al. 2010, Havill et al. 2011, Onken
and Reardon 2011). A successful classical biological control program should re-establish
control over an introduced pest by means of natural enemies. It generally takes several
years to fully implement, but the ultimate goal is to halt destruction by the pest species and
save the threatened host (Legner and Bellows 1999). For a biological control program to be
considered a success, the population of pests must be reduced enough by biological control
agents to at least slow the decline of the trees. The most common approach for this is the
importation of predators or parasitoids (Clausen 1951, Hall and Ehler 1979, Dahlsten and
Mills 1999). The first phase of a biological control program involves the search for beneficial
insects and then exporting them to other countries (Franz 1961). Since HWA is not a native
pest, few natural enemies exist to maintain population levels below a damaging threshold
(Wallace and Hain 2000). To preserve the hemlocks that are still alive and restore the
health of those impacted, release of effective biological control agents is needed. The HWA
is ideal for biocontrol because of its sessile lifestyle and persistence on a tree for a long
period of time, which leaves it exposed to predators. There are no known parasitoids of
HWA and thus the biological control program has focused on HWA specific predators as

main method of control (Havill and Foottit 2007).

1.5.1 Biological Control of Hemlock Woolly Adelgid



The search for suitable predators began in 1992. The first effort began with a search of
HWA in Japan (McClure 1995). One species, Sasajiscymnus tsugae (Sasaji and McClure)
(Coleoptera: Coccinellidae), was imported from these efforts, mass reared, and approved
for release in 1995 (Sasaji and McClure 1997). Field studies on this predator showed that it
was successfully reproducing and dispersing (Cheah et al. 2004), but recovery has been

variable and it is only recently becoming established in forests (Hakeem et al. 2010).

Additional studies conducted in the mid-1990s in China revealed that three species of lady
beetles in the genus Scymnus were imported, reared, and cleared for release. However, due
to difficulty in mass rearing these species, operational releases have taken place on a very

limited basis, with none in the past few years (Montgomery and Keena 2011).

1.5.2 Laricobius spp. as Biological Control Agents

Laricobius beetles are members of the family Derodontidae (tooth-necked fungus beetles).
Members of this family are known for their feeding behavior on fungi and indentations on
their pronotum, with the exception of those species in the genus Laricobius (Bright 1991,
Hava 2006). Laricobius spp. are adelgid specialists and are ideally suited for biocontrol of
HWA because both the adults and the larvae feed on their prey (Bright 1991). Laricobius
nigrinus, a predator from the Pacific Northwest, was found in 1997 feeding solely on HWA
(Zilahi-Balogh et al. 2003). Field studies showed that this species has a synchronous life
cycle with HWA (Zilahi-Balogh et al. 2003). While it will feed on other adelgid species, it can
only complete development on HWA (Zilahi-Balogh et al. 2002). Releases of L. nigrinus in
the eastern U.S. began in 2003 and it is still mass reared and released throughout the

hemlocks’ native range (Salom et al. 2008, Mausel et al. 2010). L. nigrinus has established in



field sites primarily in USDA Plant Hardiness Zones 6a and 6b (Mausel et al. 2010). Up until

now, the impact of the predator has been difficult to quantify.

A native Laricobius species is found in the eastern United States, Laricobius rubidus Le
Conte, which feeds primarily on pine bark adelgid (PBA), Pineus strobi Hartig, and it prefers
this adelgid over HWA (Zilahi-Balogh et al. 2005). This predator can complete its life cycle
when feeding on HWA and is frequently found feeding and reproducing in sites along side L.
nigrinus (Mausel et al. 2008). These two species have been shown to hybridize in the forest
setting (Havill et al. 2012). The long-term consequences of this were recently assessed

(Fischer et al. 2015), and shown to have limited impacts in both HWA and PBA systems.

1.5.3 Laricobius osakensis as a Biological Control Agent

When it was confirmed that HWA in eastern US originated from Osaka, Japan (Havill et al.
2006), a search for natural enemies was initiated near that location. Identifying natural
enemies from the native habitat of the pest is an important part of classical biological
control (Pschorn-Walcher 1977). A native species, L. rubidus, and two introduced species, L.
nigrinus, and L. osakensis Montgomery and Shiyake have been evaluated for their efficacy as
predators of HWA (Zilahi-Balogh et al. 2005, Mausel et al, 2010, Lamb et al. 2011). Of
particular interest is L. osakensis, native to the same location where HWA in the eastern
United States originated from. This predator has evolved with this strain of HWA (Havill et
al. 2006). Exclusion cage studies carried out in the Kansai region of Japan showed that L.

osakensis suppressed HWA populations in the winter and early spring (Lamb et al. 2011).

Laricobius osakensis was first discovered in Japan in 2005 from a systematic sampling effort

on Tsuga sieboldii (Lamb et al. 2011). The adult is between 2-3 mm in length and is dorsally



convex and ventrally flattened. Its antennae have eleven segments with a three segmented
club, elytra are seriate or striate, and the abdomen has five visible sternites (Montgomery et
al. 2011). Lack of ocelli is the primary way to distinguish L. osakensis from other Laricobius
species (Montgomery et al. 2011). Adult L. osakensis beetles have two color morphs to help
distinguish between sexes. Beetles with reddish, glossy elytrae are females while those that

are nearly black with no gloss are males (Lamb et al. 2011).

Laricobius osakensis shows promise as a biological control agent due to its voracious feeding
behavior compared with other predatory species. In predation studies, L. osakensis adults
fed on more ovisacs than L. rubidus and L. nigrinus (Story et al. 2012). In addition to feeding
on complete ovisacs, L. osakensis larvae consumed ovisacs in half the time of L. nigrinus
(Vieira et al. 2012). Female L. osakensis also showed a greater numerical response, laying
more eggs than L. nigrinus females at increasing prey densities (Vieira et al. 2012). The rate
of egg development is similar to that of L. nigrinus, but L. osakensis larval development is
much faster at two different temperatures (Lamb et al. 2008). Laricobius osakensis females
begin ovipositing one to two weeks prior to HWA oviposition, which allows the developing
larvae to begin feeding as soon as eggs are present (Lamb et al. 2011). The larvae primarily
consume eggs of HWA, but they were also observed feeding and developing on third and
fourth instar HWA nymphs (Vieira et al. 2011). Studies carried out for all the Laricobius spp.
showed that when all are together, they do not negatively affect predation or survivorship

and thus it is not an issue to have these predators in the field together (Story et al. 2012).

The specificity of L. osakensis and HWA predator/ prey relationship means that these
beetles also undergo aestival diapause at the same time as HWA. These predators are

univoltine and are active in the winter when HWA is active (Lamb et al. 2008, Vieira et al.



2013). Adults emerge in the fall after undergoing a summer aestivation period. In
December, adults begin laying eggs in HWA ovisacs. Eggs continue to be deposited through
early spring and hatch from January to April where the larvae develop and feed on HWA
eggs within the ovisacs. In spring, after developing through four instars, the mature larvae
drop into the soil where they begin their dormant period (Lamb et al. 2011). Since the L.
osakensis lifecycle is synchronized with A. tsugae, it is not surprising that in laboratory
studies it could only complete development to the adult stage when feeding on HWA (Vieira
etal. 2011). All life stages of L. osakensis showed a positive correlation with the presence of
HWA adults (Vieira 2013). It is an effective predator in Japan because of its ability to
oviposit before HWA oviposition even begins (Vieira 2013). The USDA, Animal and Plant
Health Inspection Service (APHIS) approved this beetle for release as a biological control

agent from quarantine in 2010 (Fisher et al. 2014).

1. 6 Food Quality in Relation to Laboratory Rearing

In forested settings, conifers such as T. canadensis grow best on acidic soils due to their
reduced ability to take up nutrients as pH increases. In general, nutrient levels required for
conifers are lower than what is required for broadleaved trees (Rothstein and Cregg 2005).
Productive forest soils have characteristics that serve three main functions: promotion of
root growth to accept, maintain, and distribute water to the tree, provide and cycle mineral
nutrients vital for growth, and promotion of optimal gas exchange including taking in and
releasing carbon (Rothstein and Cregg, 2005, Burger and Kelting 1999). The soil is where
the tree obtains its sustenance and therefore the nutrient makeup of soil is a determinant of
the success of the tree. Without an appropriate substrate source of nutrients, the health of

the hemlock and its associated feeders is severely diminished.
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A major factor of concern for rearing L. osakensis in the lab is maintaining the health of HWA
prey on hemlock branches used to feed the predators. Current rearing methods of L.
nigrinus follow the insects throughout their whole life cycle, a process that is labor
intensive, expensive, and yields variable results annually. Specially designed rearing cages
are used where the adult beetles live, feed, and reproduce on bouquets of cut hemlock
infested with HWA. In this system, eggs hatch and the emerging larvae feed on HWA and the
mature larvae drop down into jars attached to the funnels (Salom et al. 2012). Larvae are
then counted and placed into a ventilated lid container filled with a soil mix that is watered
weekly and maintained in an environmental chamber from August to September at 19°C to
synchronize emergence with food availability from HWA breaking diapause (Lamb et al.
2007). These techniques developed for L. nigrinus described by Lamb et al. (2005) have

been used for L. osakensis.

Similar challenges exist for mass rearing of L. osakensis. The quality of the adelgid prey
strongly influences the quality of the predator produced in the lab in terms of growth,
survival and fecundity (Jubb, personal observation). Each HWA life stage offers some
necessary nutrients required to sustain the predator, such as total biomass, vitamins,
minerals and protein, lipid and carbohydrate content. Predators that feed solely on adelgid
adults, especially those adults with eggs, receive a majority of their lipid content from these

feedings (Cheah et al. 2004, Cohen and Cheah 2011).

High mortality of L. osakensis adults due to early emergence from aestival diapause has
been a concern at the Virginia Tech Insectary. There are no clear, defined standards as to
how to properly mimic natural field conditions in a laboratory environment. To date, no

systematic effort has been attempted to assess the nutritional aspects of rearing L.
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osakensis. Since food quality has been considered a limiting factor for lab reared Laricobius
for some time it is proposed that early emergence may be a result of inadequate nutrition
during larval development. It is suggested that healthier adelgids could satisfy the needs of
the beetles for longer periods of time (Bottrell et al. 1998). The soil chemical environment,
primarily pH, may explain why simply putting cut branches into tap water could have a

negative effect on food quality of these branches. (Schoenholtz et al. 2000).

The relationship between phytophagous insects, their hosts, and nitrogen content is a
strong indicator of the insect’s overall success (Fagan and Siemann 2002). In studies where
nitrogen was directly used to fertilize hemlocks infested with HWA, population densities
were five times greater after a single generation than on unfertilized trees (McClure 1991).
In addition to increased populations, the number of eggs produced per adult and survival
percentage for nymphs doubled on those trees that were fertilized (McClure 1991). The
adelgids thrive on the addition of nitrogen because it allows for an increase in the soluble
nitrogen concentration in hemlock sap, which is easily ingested by active, feeding nymphs
(McClure 1991). High plant nitrogen concentrations have been shown to benefit
phytophagous insects by increasing the host tissue nutrition or through lowering the plant’s
carbon based defensive compounds (Kyto et al. 1996). Fertilization improves growth by
increasing the concentrations of amino acids in the sap, thus increasing the nutritional
quality of the plant for sucking insects (Waring and Cobb 1992). With conifers, the addition
of fertilizers on needle quality leads to an interesting dynamic in that it increases the
nutrient content as well as the resin content, which is a negative factor for insect predation
on these trees. Such a conflicting interaction can lead to poor insect performance, though

this is not always the case with these species (Bjorkman et al. 1991).
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To accelerate predator establishment, field insectaries are needed to provide more natural
conditions for rearing predators (Salom et al. 2011). The key principle of biological control
is the utilization of entomophagous insects and to foster their survival and reproduction in
a natural setting (Franz 1961). Laricobius nigrinus reared under field conditions were
better adapted to the environment and appeared healthier and larger than those reared in
the lab (Mausel et al. 2008). It is important to establish these insectaries in areas where
managers or owners are willing to protect release areas from spraying, cutting and other
management practices that could negatively impact predators (Salom et al. 2011). Because
of the challenges associated with rearing Laricobius beetles in the lab, we are interested in
improving efficiency and operations for sustained productivity. Therefore quantity of
beetles released and their impact on adelgids in the forest is dependent on establishing

effective rearing practices in the lab (Salom et al. 2008).

1.7 Research rationale

Eastern and Carolina hemlocks are both ecologically important forest trees whose existence
remains threatened by damage from HWA (Morin et al. 2011). This insect has wreaked
havoc throughout hemlock’s range in the eastern United States (Cheah et al. 2004, Evans &
Gregoire 2007). The damage to hemlocks is severe, with symptoms including discoloration
and loss of needles as well as branch dieback (McClure 1987). Within some forested areas
under HWA attack, mortality can be as high as 95% of all impacted hemlocks (Havill et al.
2011). The most promising method for control of this pest species is use of classical
biological control. Biological control is defined as use of living organisms to suppress a pest
population and making it less damaging than it would otherwise be (Eilenberg et al. 2001).
Despite almost two decades of predator beetle releases, a determination as to how much the

predators are impacting HWA remains unclear (Onken and Reardon 2011, Vieira et al.
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2012). In addition to studies with L. osakensis, impact assessment of already released

predators is critical in justifying continuous efforts in biological control for HWA.

Laricobius osakensis is a new potential biological control agent that needs to be evaluated
for colonization, establishment, and eventually, its impact on HWA. Laboratory tests and
field studies in Japan showed that L. osakensis plays a critical role in holding HWA
populations below damaging levels (Lamb et al. 2008). Studies conducted in the lab with L.
osakensis have shown it to be a well-rounded predator that is efficient at predation against

HWA.

This predatory insect is currently reared in two labs in eastern North America. Virginia
Tech houses one such research lab, rearing both L. osakensis and L. nigrinus. The efforts
involved in rearing these insects are costly and time consuming, requiring year round staff
to tend to the growth and development of these beetles. There have been challenges in this
process, such as early emergence from the larval stage, mortality of adults and poor food
quality. With these challenges, there is room to improve the rearing process in lab and to
establish field locations where these insects can colonize naturally and populations can

grow to numbers where a field insectary can be established.

1.8 Objectives of this study are to:
1. To evaluate the establishment of L. osakensis on eastern hemlock following different field
release strategies

a. Field release of adults at different densities per release location

b. Field release of L. osakensis at different life stages and its reproduction in the field
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2. To evaluate the effect of food amendments on HWA physiology and L. osakensis
development for lab rearing
a. Evaluate amendment treatments on total carbon and nitrogen of HWA feeding on
food treatments.
b. Evaluate amendment treatments on the amount of glucose of HWA feeding on the
different food treatments.
c. Determine changes to HWA health and how these health changes relate to L.

osakensis beetle emergence after feeding on these adelgids.
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Chapter 2: Colonization and establishment in the field of Laricobius osakensis
(Coleoptera: Derodontidae), a predator of the hemlock woolly adelgid, Adelges

tsugae (Hemiptera: Adelgidae)

Abstract

Biological control of the hemlock woolly adelgid (HWA), Adelges tsugae Annand
(Hemiptera: Adelgidae), is the most promising method of suppressing this pest species. The
predatory beetle, Laricobius osakensis Montgomery and Shiyake (Coleoptera:Derodontidae)
shows potential as a biological control agent because it is from the same region of Japan as
the strain of HWA decimating the eastern United States and because of its voracious
appetite for HWA. This beetle species was released at four sites in the eastern United States
to evaluate its potential at suppressing HWA and to determine its survival and colonization
in eastern forests. Results from the first year post-release indicated that the beetles were
reproducing at these sites and that they survived the summer aestivation period to emerge
the following fall. Second-year data were impacted by high HWA mortality due to periods of

low winter temperatures.

Keywords: Classical biological control, Adelges tsugae, Tsuga canadensis, Tsuga caroliniana,

Laricobius osakensis, field release
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2.1 Introduction

The hemlock woolly adelgid (HWA), Adelges tsugae Annand (Hemiptera: Adelgidae), is a
non-native insect pest that feeds on eastern (Tsuga canadensis) and Carolina hemlocks
(Tsuga caroliniana) (Havill et al. 2011, McClure 1987). This strain of HWA was introduced
from Japan, most likely from imported nursery stock, and was first recorded in Richmond,
Virginia in the early 1950’s (Havill et al. 2011, Souto et al. 1996). In their native range in
Asia, as well as the Pacific Northwest of the United States, HWA is not considered a pest
species on hemlocks. Natural resistance of other Tsuga spp. as well as thriving predator
populations keep this species from reaching the damaging levels seen in the eastern United
States (McClure and Cheah 1999). The spread of HWA throughout the eastern United States
is driven by a variety of sources including wind, movement of humans and animals, and

limited by extreme cold winter temperatures (McClure 1987, Evans and Gregoire 2007).

Hemlocks in eastern forests have tremendous ecological value. They play an integral role in
regulating the ecosystems microclimate in riparian areas as well as providing critical
habitat for numerous wildlife species such as the black-throated green warbler (Dendroica
virens) and the blue-headed vireo (Vireo solitarius) (Quimby 1995, Orwig and Foster 1998,
Jenkins et al. 1999). Loss of hemlocks is detrimental to these natural forested environments
as it allows for fast growing pioneer species to move in and alter forest composition. In
some cases, these introductions include non-native species that impact the forest even more

intensely (Orwig and Foster 1998, Lovett et al. 2006).

The hemlock woolly adelgid causes injury to hemlocks by feeding on young foliage, typically

at the base where the needles attach (McClure 1987). It is active and feeds in the winter

where it is able to access the tree’s stored photosynthate and reserves, depleting the
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necessary nutrients for that tree to create new growth in the spring (McClure 1987, Orwig
and Foster 1998). Hemlock death is slow and prolonged due to HWA feeding and the
cyclical populations of the adelgids as they grow and feed intensively and then decline along
with hemlock health. These insects do not discriminate between size and age of hemlocks
and therefore all trees are susceptible. Damage appears on the trees as bud mortality,
foliage discoloration, and overall loss of needles (USDA 2008). Loss of these species in the
forest causes structural changes in the forest canopy, change in species composition, and

can also alter the forest soil temperatures (Jenkins et al. 1999, Orwig and Foster 1998).

There are numerous methods for control of this pest, with the most effective being chemical
control. Application of insecticides is primarily by means of systemic injection or foliar
sprays (McClure 1991). The most effective treatment available for hemlocks is the use of
imidacloprid, a neonicotinoid insecticide that targets the insect’s central nervous system
and has low toxicity to mammals. While this treatment is effective, most hemlocks are in
proximity of streams where many chemical control methods are toxic to aquatic systems
(Cowles et al. 2006). This approach is most effective in small-scale environments because of
cost and effort on a per tree basis (Fidgen et al. 2002). In large-scale, forested settings
where it is difficult to access the trees, there are numerous populations of trees to treat,

limiting the long-term use of insecticides to control HWA.

Because of these challenges, establishment of a biological control program became a
priority in the effort to develop means of suppressing HWA (Mausel et al. 2010, Onken et al.
2011). Predators from both Asia and the United States have been evaluated since the mid-
1990s with limited success (Wallace and Hain 2000, Onken and Reardon 2011). Three

predators have been seriously evaluated for their potential as control agents; Scymnus
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sinuanodulus Yu & Yao (Coleoptera: Coccinellidade), Sasajiscymnus tsugae Sasaji
(Coleoptera: Coccinellidade) and Laricobius nigrinus Fender (Coleoptera: Derodontidae)
(McDonald et al. 2008). Members of the genus Laricobius have been studied for their
potential as biological control agents since 1997 (Mausel et al. 2008). Members of this genus
feed solely on Adelgidae, but so far none have been able to sufficiently suppress HWA below

damaging levels (Havill and Foottit 2007, Story et al. 2012).

Classical biological control is the importation of natural enemies from the native range of
the pest species where they control the insect below economically damaging levels (Clausen
1951, Franz 1961, Hall and Ehler 1979, Dahlsten and Mills 1999). The hemlock woolly
adelgid is ideal for biological control because of its immobile lifestyle and easy access for
predation due to its persistence on trees for extended periods of time. Laricobius osakensis
Montgomery and Shiyake (Coleoptera:Derodontidae), native to the same location where
HWA in the eastern United States originated, is one such predator currently being
evaluated. This predator has evolved with this strain of HWA (Havill et al. 2006). This beetle
was first found in 2005 from a sampling effort that took place in the Kansai region of Japan
on Tsuga sieboldii (Montgomery et al. 2011). L. osakensis is promising as a biological control
agent because of its increased predation and reproduction compared with other Laricobius
species (Vieira et al. 2012). Both Laricobius osakensis and HWA undergo an aestivation
period at the same time and have co-evolved life cycles as is expected with a predator that
has a narrow host range (Lamb et al. 2008). This predator has a univoltine lifecycle, active
from November to April in its native range in Japan (Vieira 2013). Additionally, laboratory
studies show that L. osakensis can only complete development on HWA and is therefore not
a threat to other species native to eastern forests (Vieira et al. 2011). All stages of L.

osakensis are positively correlated with the presence of HWA sistens adults (Vieira 2013). In
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2010, this species was approved for removal from quarantine by the USDA Animal and

Plant Health Inspection Service (APHIS) and subsequently allowed to be released.

In this study, we considered both the number and life stage of L. osakensis necessary to
optimize colonization and establishment success. The methodology for field release of L.
osakensis is based on that in place for L. nigrinus adults (see Mausel et al. 2010). All releases
of L. nigrinus have been adult releases, except in Georgia, where they have also been
released at the egg stage (Dalusky 2013). The potential benefit to releasing eggs is that is
cuts down dramatically on effort to rear these beetles. Given the similarities between
climate in the southern Appalachians and that of its native range in Japan, the primary goal
of the research in this chapter is to determine how L. osakensis survives and colonizes in
eastern forests. Additionally, we hope to create a protocol for other forest health

professionals to use when releasing these beetles on their own.

2.2 Materials and methods

2.2.1 Predators released

The L. osakensis beetles used for field release were lab-reared adults from beetles collected
from HWA-infested southern Japanese hemlock, Tsuga sieboldii. Laboratory rearing of these
beetles took place at the Virginia Tech Insectary, utilizing methods established for L.
nigrinus (Lamb et al. 2005). In the fall, after adults emerge from the soil, they are held in 3.8
L containers with up to 50 beetles on HWA-infested eastern hemlock bouquets. L. osakensis
beetles were given fresh HWA every two weeks up until the point where they were released
in the field. Adult Laricobius osakensis were held in environmental chambers at 2-10 °C

depending on day length and at 70-90% relative humidity. Prior to release, beetles were
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checked to ensure none were missing appendages, showed abnormal behavior, or showed

low vigor.

2.2.2 Study site selection and characteristics

Federal, state and private lands served as release locations for L. osakensis. Assistance in
scouting locations was provided by federal, state, and university employees. Guidelines
were set up for sites so that continuity amongst the sites was possible. The requirements for
a site to be deemed suitable were as follows: >10 ha of forest primarily composed of
hemlock, trees with high live crown ratios, light to moderate HWA infestation, and >2
kilometers away from any previous L. nigrinus release locations. Trees receiving L. osakensis
beetles were clustered around a central infestation if one could be located. Individual
release trees were selected on the basis that they were light to moderately infested with
HWA, had minimal crown decline, and foliage accessible from the ground for beat sheet
sampling. Each tree was tagged with either a blue or silver aluminum tree tag at breast

height as well as branches flagged for finding the tree within the stand.

2.2.3 Release method

Tree health was qualitatively assessed prior to release by five parameters: percent live
crown ratio, foliage density, live tips, live branches and percent new foliage. Hemlock health
estimates done for the release trees at each site were used to estimate the amount of HWA
per branch on the tree (Table 2.1). Percent live crown ratio was determined by looking at
the ratio of a hemlock’s live crown in relation to that of its total height. Crown density was
determined by looking at the percent live branches and foliage that blocks light from
coming through the crown. The percentage of new foliage and live tips were conducted by

visually looking over the tree and noting what percent of branches had live foliage and on
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these branches, what percent of greenery was new growth. Determination of the average
number of adelgids per branch tip was determined by picking 10 branches at random and

counting the number of live HWA on each branch until reaching 20 individuals.

L. osakensis adults were released in two states in the eastern United States. In the fall of
2012, 500 adults were released at both the Little Meadows Hunt Club (Giles County, VA)
and Carnifex Ferry Battlefield State Park (Summersville, WV). Beetles were released on
three separate trees within each site at staggered intervals of 80, 170 and 250 with an initial
idea of comparing colonization success of different per tree release densities. We did not
continue this approach in the fall of 2013, where 2000 beetles were released at both the
Clinch Mountain Wildlife Management Area (Saltville, Russell County, VA) and the George
Washington National Forest (Goshen, VA). Each of these two sites had eight release trees
selected with 250 beetles released on each tree. Field releases occurred in November,
corresponding to when the sistens generation breaks diapause. Differences in numbers
released per site in 2012 and 2013 is done largely to the availability of beetles from the

Virginia Tech Insectary.

Prior to release, bouquets of HWA infested hemlock were prepared at the Virginia Tech
Insectary. The bouquets were made up of 10-15 twigs (10 cm in length) and held in
ventilated escape proof polyethylene containers (950 mL, Rex Tech Corp., Kent, Ohio),
which were sealed with parafilm. The beetles were hand carried to release sites in a cooler
and kept at an ambient temperature and shaded before release within 24 h of packaging.
The hemlock branches from the Insectary that held the predators were placed on the

release tree on branches flagged because of their HWA populations.
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Table 2.1 Average health index of hemlock trees and average number of hemlock woolly adelgid per branch for each of the four L.

osakensis release sites.

Site Year Avg % live Avg%live Avg%tips Avg% new Avg% Avg no.
crownratio branches alive foliage crown adelgid per

density branch

Little Meadows 2012 94 +2.2 88+7.6 82 +13.1 73 +16.8 77 £5.7 16 £1.5

Giles Co. VA

Carnifex Ferry 2012 76 £10.4 82+7.6 83+11.5 88+11.5 73 £16.1 15+2.4

Battlefield State Park

Summersville, WV

George Washington 2013 81+10.8 79 £6.2 83 6.2 85+5.3 74+£7.2 17 £2.2

National Forest, Goshen,

VA

Clinch Mountain Wildlife 2013 72+14.8 81+11.3 89 +8.2 83+4.2 76 £10.3 15+4.3

Management Area
Saltville, VA
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All predator releases occurred when weather conditions were ideal and calm. Conditions

acceptable for field release included clear days, little to no wind and mild, cool temperatures.

Laricobius osakensis eggs were released at each field site, but at different locations from where
adult releases took place separated by a minimum of 1 km. Egg releases were made at the two
2012-2013 field sites and also at the two 2013-2014 sites. At each site, 1000 eggs were
released on HWA infested trees that had met the same criteria as the infested trees where
adult releases occurred. These releases were done by attaching ~5 HWA infested branches
from the Insectary (20-30 cm in length), laden with L. osakensis eggs, to flagged branches on
infested release trees (Dalusky 2013). The objective was to compare the success of

colonization between the two methods.

2.2.4 Beat sheet sampling for predators

Beat sheet sampling for predators occurred once monthly from November to May, 2012-2014.
This procedure was done with canvas beat sheets (71 cm?, BioQuip, Rancho Dominguez, CA).
Branches in the lower canopy of both the release tree and the surrounding non-release
hemlocks within 20 m were sampled and any predators discovered were then recorded. Beat
sheets were placed under the branches with high HWA populations and then the branches
were tapped ~ 10 times with a stick. Predators that dropped were identified in the field. Any L.
osakensis were returned unharmed to the tree they were collected from. Sampling was not
done when temperatures were below 0°C, because adult Laricobius spp. are not active (Zilahi-
Balogh et al. 2003) or on days where it was not windy, raining or snowing. For each sample
period, the number of adults, release tree, site conditions and sample date were all recorded

for each release site.
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2.2.5 Branch clipping sampling procedure for larvae

Mausel et al. (2010) determined that field colonization of Laricobius was more accurately
assessed by sampling for larvae rather than adults. To use this method for L. osakensis, the
branches were clipped once a year at each site, on each release tree, in March or April,
depending on when HWA oviposition was at its peak. Eastern redbud (Cercis canadensis L.)
flowering was used as a phenological indicator to guide the start of larvae sampling (Mausel et
al. 2010). Heavily infested branches were cut on the assumption that they would have L.
osakensis larvae within the ovisacs. Branches were cut with hand pruning shears from all areas
of the tree that were heavily infested. Branches were cut in 20-30 cm lengths from parts of the
tree within reach. Branches from each release tree were loosely placed in individually labeled
plastic bags (26.8 x 27.3 cm) and stored in a cooler, in a covered vehicle. Samples were then
transported to the Virginia Tech Insectary where each sample was put in a rearing funnel
(Salom et al. 2012). After the L. osakensis larvae developed through the four instars, they
dropped as pre-pupae into mason jars attached to the funnel. These funnels were inspected
daily for larvae that had dropped. The larvae were counted, and recorded according to release

tree, site and then moved to soil containers to undergo pupation and then aestivation.

Dead larvae found during the funnel checks were placed in a vial containing 99% ethanol and
held until molecular analysis could be determined. These larvae were identified by molecular
methods, since Laricobius larvae are morphologically indistinguishable among species. The
mitochondrial cytochrome oxidase I (COI) gene was used for species identification (Davis et al.
2011). Partial cytochrome oxidase subunit I (COI) was amplified for 21 Laricobius larvae
recovered over the 2012-2013 field season. Amplification of the COI gene was done according

to protocol described by Fisher et al. (2014) and Davis et al. (2011).
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2.3 Results

2.3.1 Annual field survey and Laricobius osakensis collection

The total number of adult beetles recovered at Little Meadows during the first year (2012-
2013) was 15, while the total number of adults at Carnifex was 4 (Figure 2.1). No beetles were
collected at either site in March. The beetles recovered in the first season were all P; adults.
The sampling of these adults was to ensure that they were still active and present this first
field season. During the 2013-2014 field season, 2 adult L. osakensis were recovered at Little
Meadows and 5 were recovered at Carnifex (Figure 2.2). From December to May 2014 we
recovered few to no adult beetles due to the extreme winter temperatures experienced during
these months. The adults recovered during this second year field season were all F; adults or
the progeny of the P1adults released the previous season. Laricobius beetles recovered were
assumed to be L. osakensis because the release location was different from that of L. nigrinus

releases.

Larvae were recovered at both field sites the first year, with 209 larvae recovered from Little
Meadows and 8 from Carnifex. Of the larvae recovered from the Little Meadows site (148), the
majority were from the tree where 250 beetles were released. The trend did not hold up, as the
lowest amount of adults released had the second highest amount of larvae drop (48) from it.
The third release tree, with 170 adults released, had the fewest larva drop with 13 larvae
recorded. The Carnifex site followed the same trend with the highest adult release tree having
the highest larva drop. The 250 adult release tree had 5 larvae drop, the 80 release tree had 2
and the 170 tree had 1. Molecular analysis on subsamples of these larvae found 14 of the 21
samples to be L. osakensis and 7 of the samples to be the native L. rubidus. Branches were
clipped in the 2014 field season to monitor larvae from the F; adults, however, no larvae

dropped during this field season.
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The total number of P; adult beetles recovered at the Saltville field site the first year (2013-
2014) was 7 while the total number recovered at Goshen was 1 (Figure 2.3). The beetles
released at both of these sites were all P; adults. We attribute the low recovery numbers to the
low winter temperatures experienced in the 2014 field season. After December there was a
decrease in recovery numbers, which corresponded to the extreme cold winter temperatures.
Branches were clipped to monitor larval drop however, no larvae were recovered from either

of these field sites during spring of 2014.

Eggs were released at all four sites in March of both 2013 and 2014. Beat sheet sampling of all
the release trees the following fall after release has yet to yield any definitive results with no

adult L. osakensis beetles recovered.

2.4 Discussion

Beat sheet sampling to monitor the colonization of L. osakensis yielded positive results during
the first field season. We recovered adult P1 beetles throughout the field season after release
and we recovered larvae showing that the released beetles were reproducing in the field. It has
been established in similar studies that beat sheet sampling is difficult for small, hard to find
insects, but that non-recovery of these beetles does not mean that the beetles are not present

(Venette et al. 2002, Mausel et al. 2010).
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Figure 2.1 P1adult Laricobius osakensis recovered from beat sheet sampling during the 2012-
2013 field season by month at the Little Meadows (LM) and Carnifex (CAR) field sites. These
numbers were recovered from monthly sampling at each site and by beat sheet sampling of all
side of release tree.
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Figure 2.2 F,adult Laricobius osakensis recovered from beat sheet sampling during the 2013-
2014 field season by month at the Little Meadows (LM) and Carnifex (CAR) field sites. These
numbers were recovered from monthly sampling at each site and by beat sheet sampling of all
side of release tree.
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Figure 2.3 P1adult Laricobius osakensis recovered from beat sheet sampling during the 2013-
2014 field season by month at the Saltville and Goshen field sites. These numbers were
recovered from monthly sampling at each site and by beat sheet sampling of all side of release
tree.
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Figure 2.4 P1 and F; adult Laricobius osakensis recovered from beat sheet sampling during the
2012-2014 field seasons by site. Little Meadows and Carnifex were sampled 2012-2014 while
Saltville and Goshen were sampled in 2013-2014 only. These numbers were recovered from
monthly sampling at each site and by beat sheet sampling of all side of release tree.
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Figure 2.5 2014 winter minimum temperatures in the eastern United States (top) and the
percent HWA mortality associated with the areas of extreme cold (bottom). From McAvoy et al.
2015.
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One confounding issue with the recovery of adult beetles was the extreme winter
temperatures experienced during the 2014 field season. Winter temperatures reached as

low as -35° C in certain regions of the eastern United States causing considerable adelgid
mortality (McAvoy et al. 2015). The loss of food source and cold weather together caused the
decline in L. osakensis adults recovered from December to May of 2014. Evidence suggests that
beat sheet sampling is less effective in the winter than in the fall and spring (Zilahi-Balogh et
al. 2003). The weather conditions may serve to explain the lack of larvae recovered during this
time. The low recovery of adult beetles could be the result of these beetles being intolerant of
the freezing temperatures experienced during the 2014 field season. Testing must be
conducted to determine the supercooling point of L. osakensis. The other contributing factor is
the lack of prey. No prey means no predators because they are missing their primary food

source.

The results from the egg release that occurred in March of both 2013 and 2014 are still
inconclusive, as only one adult has been recovered thus far from all four sites. While it is much
easier to rear the beetles only to the egg stage versus through adulthood, the lack of recovery
suggests more sampling time is necessary to determine if this is a more effective method for L.

osakensis release compared with releasing the lab reared adults.

Continued fieldwork is needed to assess the colonization of L. osakensis over time at each of the
field sites. The ultimate goal is to create successful field insectary sites to relieve rearing
pressure from Insectaries where adult L. osakensis beetles can be collected and redistributed
for release at other impacted locations. Establishing these sites can take many years as seen
with L. nigrinus (Mausel et al. 2010). It is hard to determine if colonization is occurring with

only two years of field data. Continued sampling is necessary to assess L. osakensis colonization
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in the eastern United States. Given that these beetles are from Asia, it is important to see if
these insects are able to adapt to their new environment. Their success as well as their impact

is critical in determining their effect on suppressing HWA in the eastern United States.

The lack of recovery of L. osakensis over this two year period is not specific to this species of
Laricobius. Recovery of L. nigrinus has also been limited due to the sub-freezing winter
temperatures and reduction in HWA populations. Because L. nigrinus has been studied in
greater detail, we know that its population fluctuates with that of HWA and we believe that
this is the same trend seen with L. osakensis. To fully understand the success of these beetles in
the eastern United States, more field seasons are needed to see how the populations change
over time and in periods of both high and low HWA population densities. Over the course of
this project we had a year with low HWA numbers and it is to be expected that because of this

we will have low L. osakensis populations as well.
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Chapter 3: Assessing potential nutritional amendments on HWA physiology to

improve quality of prey for laboratory reared Laricobius osakensis

Abstract

The hemlock woolly adelgid (HWA) Adelges tsugae Annand (Hemiptera: Adelgidae) is a non-
native species that feeds on hemlocks (Tsuga spp.) in the eastern United States. This species
feeds from fall-spring on stored nutrients at the base of the needles on the trees. In forested
settings, classical biological control is the best option for control of this pest. One species being
evaluated as a potential biological control agent is Laricobius osakensis Montgomery and
Shiyake (Coleoptera: Derodontidae). Before L. osakensis can be released in the field, it must
first be reared at an Insectary on Virginia Tech’s campus. To help improve the lab rearing
process, water amendments were added to the cut HWA-infested hemlock branches over a
two-year period to see if any improvements could be found in HWA physiology. Carbon,
nitrogen and total carbohydrate samples were analyzed from HWA exposed to each water
treatment. Results indicated that none of these treatments significantly altered these HWA
physiological measures. This study was conducted during 2013 and 2014 and we did find
differences in these physiological measures between months sampled during the two years of
this study. These monthly differences correlated with the utilization of each nutrient to the
biological process occurring at that time such as reproduction or preparation for aestivation.
Cohorts of L. osakensis beetles were assigned a treatment and fed on HWA from each

treatment. No treatment significantly affected beetle emergence.

Keywords: Adelges tsugae, Laricobius osakensis, elemental analysis, lab rearing
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3.1 Introduction

The hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae) is a small, non-
native insect that feeds on, and negatively impacts hemlocks (Tsuga spp.) in eastern North
America (McClure 1987, Wallace and Hain 2000). It feeds by inserting its stylet bundle into the
tree at the base of the branch where the needles attach (McClure 1987, Young et al. 1995).
Feeding occurs from late fall to early summer. The adelgid feeds on the xylem ray parenchyma
cells where it is able to access photosynthate and other stored nutrients (McClure 1987, Young

etal. 1995, Orwig and Foster 1998).

Plants that are stressed as a result of feeding by insects generally breakdown and concentrate
nutrients in other areas that are not under attack (Price 1991). This phenomenon involving the
movement of nutrients throughout the plant can increase the survival and fecundity of the
insects feeding on the plant (White 1984). The relationship between phytophagous insects,
their hosts, and nitrogen content is a strong indicator of the insect’s overall success (Fagan and
Siemann 2002). Adding nitrogen to HWA-infested hemlocks can lead to population densities
of HWA that are 5 times higher than those of unfertilized trees (McClure 1991). Additionally,
the amount of eggs produced by adult HWA increases, as does the survival for nymphs on

these fertilized trees (McClure 1991).

High concentrations of plant nitrogen have been shown to benefit phytophagous insects by
increasing the host tissue nutrition or by lowering the plant’s carbon-based defensive
compounds (Kyto et al. 1996). Hemlock fertilization improves growth by increasing amino
acids concentrations in the sap, thus improving the nutritional quality of plant sucking insects
(Waring and Cobb 1992). It is reasonable to assume that nitrogen, as a resource to HWA is able

to provide these insects with what they are lacking and elevated levels appear to be beneficial.
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Information about the benefits of fertilization to the hemlock/HWA relationship also
hypothesizes that additional physiological processes within HWA such as carbon and

carbohydrates would also improve.

To combat this pest species, biological control agents are needed. One species that is currently
being assessed for its potential as a biological control agent is Laricobius osakensis
Montgomery and Shiyake (Coleoptera: Derodontidae). It is ideal for biological control because
it is from the same region of Japan as this strain of HWA, and these two species have
synchronous life cycles (Vieira et al. 2013). Laricobius osakensis can only complete its
development on HWA (Vieira et al. 2011). Compared with another HWA predator, L. nigrinus
Fender, L. osakensis has shown a higher functional and numerical response feeding on HWA
(Vieira et al. 2012). After a quarantine period with all the necessary testing prior to release, L.

osakensis was approved for field release in 2010 by USDA APHIS.

All L. osakensis released in the field were first reared at the Virginia Tech Department of
Entomology Insectary lab on campus at Virginia Tech. Lab rearing L. osakensis involves feeding
beetles HWA-infested hemlock foliage collected from the field. Laboratory rearing of Laricobius
species has been successful (Salom et al. 2012), but there is room for improvement. The
current laboratory set up involves specially designed rearing cages where adult beetles live,
feed, and reproduce on clusters of hemlock foliage infested with HWA. Laboratory reared L.
osakensis adults emerging from aestivation are held in the Insectary and maintained at 2-10 °C,
under seasonally adjusted photoperiods and 70-90% RH in environmental chambers. They are
maintained in these chambers until preparations for field release begins. Prior to release,

beetles are screened for small size, any missing body parts or poor color (Mausel et al. 2008).
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Early emergence by aestivating adults remains a major concern (Lamb et al. 2007). The
relationship between food quality and emergence has often been questioned, yet it has not
been studied for any species of Laricobius. To rear the larvae, funnels are filled for two weeks
(1 set of egg-laden foliage per week) before they are left to undergo larval development. Since
foliage tends to dry out by the end of larval development, fresh HWA infested hemlock foliage
was added each time the funnel was filled with eggs. In most cases, additional fresh foliage had
to be added because larvae appeared malnourished towards the end of each funnels’
productivity range (Jubb, unpublished data). This has led to low numbers of emerging adults in
the fall. For example, between October and December 2012, roughly 2247 adults or

approximately 23% of beetles emerged (Jubb, unpublished data).

We hypothesize that once the hemlock branches are cut, the vitality of the hemlock begins to
diminish which in turn, affects the vitality of the adelgid. The introduction of nutrient additives
to water baths where the hemlock cuttings are held should improve the health of the hemlock
resulting in better nutrition for the adelgids that feed on them. The study reported here tests

this hypothesis.

3.2 Materials and Methods

3.2.1 Foliage Amendment Preparation

Foliage from HWA infested hemlocks was obtained in the field and brought to the Virginia
Tech Insectary and placed in 102 L water baths prepared in storage containers (Home Depot,
39.4 cm x 49.9 cm x 72.8 cm). The foliage cuttings were held in these containers less than 24 h
before being moved to treated water baths. Each of the four treatments had two replicates
with equal amounts of foliage placed in them (Figure 3.1). Foliage was arranged by placing

branches in holes cut in the container lids to optimize exposure to solar radiation for
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photosynthesis. Each of the treatments were made by mixing the experimental solutions in 4 L
of distilled water. 4 L of treated water were added to each container. Prior to being placed in
the water treatments, each hemlock branch was re-cut 5cm from the base of the branch to
facilitate water uptake. Branches were maintained in the solutions for a week at a time and

replaced weekly with fresh solutions.

Four chemical treatments were selected for this study based on recommendations by
professionals in the plant sciences field. Two of the treatments, Knops, and Hoaglands, are
commonly used hydroponic solutions that are considered to have all the necessary nutrients
needed to sustain healthy plants (Table 3.1). Another, Keeps it Green™ (PeakSeasons,
Riverside, CA), is a commercially available preservative created to maintain cut conifers. Its
contents are proprietary. The last solution is a sucrose-Clorox solution that involves mixing

Clorox bleach with sugar.

3.2.2 Adelges tsugae Sample Preparation

Branches infested with HWA from each treatment were cut and placed in a labeled bag and
then transported to the lab. Branches were placed under a dissecting microscope (Nikon
SMZ800) and the majority of the wax covering was removed with probes. Once the wax was
removed, the insects were placed into 0.6 mL microcentrifuge tubes (Fisherbrand®). Each vial
contained approximately 30 adelgids for analysis. For each treatment, two vials of adelgid
were created; one for carbon and nitrogen combustion (elemental) analysis and one for
carbohydrate analysis. Wet sample weights were obtained using a microbalance (Orion Cahn
C-36, Thermo Scientific®). The carbohydrate assay samples were homogenized in 30 pL of
70% ethanol in 0.6 mL pre-weighed microcentrifuge tubes. They were then sonicated for 2-3

min (Solid State/Ultrasonic FS-28, Fisher Scientific®), and then centrifuged for 5 min between
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1050-1300 rpm with a 12-place rotor (Micro-Centrifuge Model 59A, Fisher Scientific®). The
samples were then stored at -16°C until the assays were conducted. The samples destined for
elemental analysis were placed in new microcentrifuge tubes after being weighed and frozen

at -16°C until they could be analyzed.

3.2.3 Elemental Analysis

Each sample was reweighed prior to the start of analysis and then dried overnight at 78-83°C
with absorbent silica beads. After drying, the adelgids were reweighed to obtain dry weight
(mg) and stored in a vacuum chamber with absorbent silica beads until ready for analysis. A
series of 0.25 and 2.0 mg uric acid standards (Sigma Chemical Company, St. Louis, MO) and
0.25, 1.0, and 3.0 mg BSA (Sigma Aldrich, St. Louis, MO) standards were weighed out for each
group. Both dried samples and standards were placed in aluminum capsules (Elementar®,
Germany). Samples were then loaded into the vario EL Cube (Elementar®, Germany) for
analysis. These samples and standards were subjected to elemental analysis which included
complete combustion of each sample at 1200°C, trapping carbon and nitrogen onto columns,
which then are eluted separately and detected by a thermal conductivity detector. This
analysis was done in the Department of Dairy Science on Virginia Tech’s campus in Litton

Reeves by research technician Amy Tanner.

3.2.4 Total Carbohydrate Assay

The total carbohydrate assay used was adopted from one used by Van Handel and Day (1988).
Anthrone reagent was obtained from Acros Organics (Morris Plains, New Jersey) and was
prepared according to Van Handel and Day (1988) at 1.4 mg/mL. A dilution series of 10
pug/mkL, 50 ug/mL, 100 pg/mL, and 1000 pg/mL were prepared from a leucine stock solution.

Prior to analysis, HWA samples were reconstituted from the freezer in 70% EtOH, vortexed,
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and centrifuged for 5 minutes at 3000 rpm (Micro-Centrifuge Model 594, Fisher Scientific) to
produce a pellet of HWA homogenate. To separate the HWA homogenate, a solution of 100 pL
1:1 chloroform:methanol and 75 uL DI H,0 was made. Within each 96 well polypropylene PCR
plate (Thermo Fisher Scientific), there was a control of three glucose standards and triplicate
replicates of HWA carbohydrate extracts. The reactions created were a control of 175 pL of
anthrone reagent with 25 pL of DI H;0, glucose standards with 25 pL of each standard and 175
uL of anthrone reagent, and the HWA samples which were made up of 10 uL. HWA
homogenate, 15 pL of DI H20, and 175 of anthrone reagent. Each well contained a total volume
of 200 pL. Plates were placed on a 100°C dry heat bath for 30 min with caps over each well to
reduce evaporation. After the heat bath, the samples were cooled for 1-2 min and then flipped
to mix in any condensation that may have adhered in the caps. Prior to any reading, 150 pL of
each aliquot was pipetted into a flat bottom microplate and read at 625 nm (M2 SpectraMax,

Molecular Devices).

3.2.5 Beetle Emergence in Relation to HWA Health

All of the L. osakensis beetles that were held in the Virginia Tech Insectary were divided evenly
amongst the four treatments and the control. A schedule was set up so that each beetle
container was fed HWA from a prescribed treatment weekly. Also included in this study were
L. nigrinus beetles which were also being reared at the Insectary. Each cohort of beetles was
fed its prescribed treatment through the entirety of its life. The number of larvae that dropped
from each cohort was recorded and then correlated with the number of adults that emerged in

the fall.

3.2.6 Statistical Analysis
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The biomass data were analyzed by using a mixed model blocking for the year and crossing
treatment and date. All data are presented as means * standard error and the p=0.05

significance level was used. All tests were run on JMP Pro 10.0.2 (SAS 2012).

For the overall analysis, we looked at the interaction between the month and treatment by
means of a two-way ANOVA. The elemental carbon and nitrogen, carbohydrate and beetle
emergence data obtained for both 2013 and 2014 were analyzed utilizing a fit least squares
model. A student t-test was used to determine significance when necessary. All data are
presented as means * standard error and the p=0.05 significance level was used. All tests were

run on JMP Pro 10.0.2 (SAS 2012).

3.3 Results

3.3.1 HWA Biomass

There were significant differences between treatments and month sampled in 2013 regarding
HWA biomass (Fig. 3.2). Each of the treatments had significantly higher amounts of biomass
compared with the control. February and March had higher amounts of biomass compared
with that of April and May (F= 5.29; df= 19, 20; p< 0.05). In 2014 there were only significant
differences amongst months with March and April having higher amounts than February and

May (F= 1.79; df= 19, 20; p< 0.05) (Fig. 3.3).

3.3.2 Adelgid Nitrogen Content

In 2013 there were significant differences between month with April having the highest
amount of nitrogen and May having the least amount (F= 2.66; df= 3, 12; p< 0.05) (Fig. 3.4). In
2014 there were monthly differences with April having the highest amount again and February

having the least amount (F= 3.5; df= 3, 12; p<0.05) (Fig. 3.5).
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3.3.3 Adelgid Carbon Content
There were no significant differences in the amount of total carbon in sampling or amongst
treatment for 2013 (F= 0.58; df= 3, 4; P>0.05) (Fig. 3.6). There were also no differences in total

carbon for month or amongst treatment in 2014 (F= 0.91; df= 3, 4; P> 0.05) (Fig. 3.7).

3.3.4. Adelgid Carbohydrate Content

Adelgid carbohydrates had significant differences for both sample month and treatment during
2013 (Fig. 3.8). March had the highest amount of carbohydrates and February had the lowest.
For the treatments, Knopps had significantly higher amounts of carbohydrates compared with
other treatments and the Sucrose-clorox treatment and control had the lowest amounts (F=
6.43; df= 19, 20; p< 0.05). In 2014, there were only differences for month and not treatment
(Fig. 3.9). March had significantly higher amounts of carbohydrates compared with the other

months (F=4.92; df= 19, 20; p< 0.05).

3.3.5 Laricobius osakensis Emergence per Treatment
Emergence of L. osakensis beetles over the two years showed that across all treatments, there
was a decrease in percent mean emergence during 2014 (Figure 3.10). There were no

significant differences between treatments during 2014 regarding L. osakensis emergence.
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Figure 3.1 Set up of infested HWA branches within each of the treatments outside of the
Insectary. This is how the branches were composed in both 2013 and 2014. Adelgid infested
branches were cut from each of the treatments and pulled from analysis for these branches.
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Table 3.1 Comparisons of nutrient concentrations of the four treatments. Each component is
shown in grams of component per liter of total treatment. New solutions were made
accordingly each week.

Component Knopps g/L1  Hoaglands? Sucrose/Clorox3? Keeps it Green™*
g/L g/L g/L
MgS04(7H20) 1.25 492
KH2PO4 0.5 272
H3BO3 0.1425 0.0029
ZnS04(7H20) 0.0882 0.00011
MnCl2(4H20) 0.0144 0.0009
KNOs3 1
(EDTA) 0.5
KOH 0.31
CaClz(2H:0) 0.105
CuS04(5H20) 0.0157
H2Mo04 (85%) 0.0092
CoCl2(5H20) 0.0061
CaNO3(4H20) 944
Fe 0.01
C12H22011 25
(Sucrose)
NaClO (Clorox) 24.6

1Knopps - Knopps W. 1865. Quantitative unter suchungen uber die Eranchrungsprozesse der
pflanzen. Landwirtsch. Vers. Stn. 7:93-107

2Hoaglands - “The Hoagland Solution for Hydroponic Cultivation.” Science in Hydroponics. 02
February 2009. 03 February 2015. < http://scienceinhydroponics.com/2009/02 /the-
hoaglands-solution-for-hydroponic-cultivation.html>

3Sucrose/Clorox- This solution was studied because of it suggested ability to extend the life of
cut conifers by reducing the bacterial growth within the xylem of a tree and to provide a food
source with the sucrose to aid in photosynthesis post-cutting of plant.

4Keeps it Green™- Proprietary confirmation. It was used because it was advertised as a
preservative for cut conifers to extend the foliage of needles post-cutting event

Control- tap water
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Figure 3.2 The adelgid biomass for each treatment by sampling month in 2013. There were
significant differences for both treatment and month sampled and the corresponding HWA
biomass. Stars and letters indicate significant differences using a fit model, student’s t-test.
Error bars indicate standard error as calculated by JMP 10.0.2 (SAS Institute) F=5.29; df= 19,
20; P<0.05.
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Figure 3.3 The adelgid biomass for each treatment by sampling month in 2014. There were
significant differences for month sampled and the corresponding HWA biomass. Letters
indicate significant difference using a fit model, student’s t-test. Error bars indicate standard
error as calculated by JMP 10.0.2 (SAS Institute) F=1.79; df= 19, 20; P<0.05.
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Figure 3.4 The adelgid total nitrogen for each treatment by sampling month in 2013. There
were significant differences for month sampled and the corresponding HWA biomass. Stars
indicate significant differences using a one-way ANOVA, student’s t-test. Error bars indicate
standard error as calculated by JMP 10.0.2 (SAS Institute) F=2.66; df= 3, 12; P<0.05.
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Figure 3.5 The adelgid total nitrogen for each treatment by sampling month in 2014. There
were significant differences for month sampled and the corresponding HWA biomass. Stars

indicate significant differences using a one-way ANOVA, student’s t-test. Error bars indicate
standard error as calculated by JMP 10.0.2 (SAS Institute) F=3.50; df= 3, 12; P<0.05.
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Figure 3.6 The adelgid total carbon for each treatment by sampling month in 2013. There
were no significant differences for month sampled or treatment and the corresponding HWA
biomass. A one-way ANOVA, student’s t-test was used. Error bars indicate standard error as
calculated by JMP 10.0.2 (SAS Institute) F= 0.58; df= 3, 4; P > 0.05.
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Figure 3.7 The adelgid total carbon for each treatment by sampling month in 2014. There were
no significant differences for month sampled or treatment and the corresponding HWA
biomass. A one-way ANOVA, student’s t-test was used. Error bars indicate standard error as
calculated by JMP 10.0.2 (SAS Institute) F=0.91; df= 3, 4; P > 0.05.
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Figure 3.8 The adelgid carbohydrates for each treatment by sampling month in 2013. There
were significant differences for both treatment and month sampled and the corresponding
HWA biomass. Letters and starts indicate significant differences using a fit least squares model,
student’s t-test. Error bars indicate standard error as calculated by JMP 10.0.2 (SAS Institute)
F=6.43; df= 19, 20; P<0.05.
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Figure 3.8 The adelgid carbohydrates for each treatment by sampling month in 2014. There
were significant differences for both treatment and month sampled and the corresponding
HWA biomass. Stars indicate significant differences using a fit least squares model, student’s t-
test. Error bars indicate standard error as calculated by JMP 10.0.2 (SAS Institute) F=4.92; df=
19, 20; P<0.05.
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Figure 3.10 Mean percent Laricobius osakensis emergence within each treatment over 2013
and 2014. These values are the average of two replicates for each treatment based on
approximately 30 adelgids. Statistical analysis was done by a fit least squares model with an
alpha level of p=0.05. Error bars indicate standard error as calculated by JMP 10.0.2 (SAS
Institute). Mean emergence: F= 6.7428, df=9, 66, P < 0.05

48



3.4 Discussion

The nutrients obtained by phytophagous insects from their host plants are critical to their
overall health and fecundity. For phytophagous, sessile insects such as HWA, nutrient feeding
and quality from its host is critical, and directly affects its health and success, as the insects
have no access to alternative food sources. Nutrient distribution is a key factor in success of all
feeding insects but is of major importance for immobile insects (Behmer 2009). Damage to the
tree is done by feeding within the xylem ray parenchyma cells and depleting stored nutrients
within the tree (Young et al. 1995, Oten et al. 2014). Because the adelgid has a close,
detrimental relationship with its hemlock host, it is reasonable to assume that the healthier the
hemlock, the healthier the feeding adelgid will be, and therefore, much more successful. It
should follow that the impact of host nutrition on the adelgid also directly impacts the health
and viability of L. osakensis beetles that feed on them. The interconnected relationship
between these two species means that the health of one species directly relates to the health of
the other. Since L. osakensis can only complete development feeding on HWA, it requires large
quantities of its prey to feed on (Zilahi-Balogh et al. 2002). The close relationship between
plant host, insect pest, and biological control insect is a complex, one that is hard to fully

understand.

Biomass was looked at to determine differences in overall mass of each group of adelgids as
they fed on the foliage amendments. In 2013 we saw significant differences between treatment
and month. February and March had higher amounts of HWA biomass compared with April
and May which is as expected with HWA feeding at higher levels during these months in
preparation for reproduction later in the spring. All treatments did better at increasing

biomass compared with that of the control.
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We chose to look at nitrogen, as it is a critical component for phytophagous insects. The
addition of nitrogen to hemlocks has also shown to increase the fecundity of reproducing
adelgids and can lead to HWA population densities five times higher than on unfertilized
hemlocks (McClure 1991). Use of nitrogen to fertilize hemlocks has also been documented
increasing the concentrations of amino acids within the sap, which are important as vital
building blocks to many essential functions within insect health (Waring and Cobb 1992).
Nitrogen levels in plant tissues are directly tied to the nitrogen content in herbivorous insects,
so the addition of nitrogen within a hemlock should show positive results for increased
nitrogen levels in HWA (Fagan and Siemann 2002). Lightly infested hemlock trees were less
stressed and healthier, and in turn, had adelgids that contained higher nitrogen amounts
(Jones 2013). Results from our nitrogen analysis showed no treatment differences between
either 2013 or 2014. We did see monthly differences in nitrogen amounts with both 2013 and
2014 having the highest amount of nitrogen in April. February and May had the lowest
amounts for both years. These monthly trends are as expected in relation to the life cycle of
HWA at this time. April is when eggs are laid and as a result, when nitrogen is at its peak to
allocate to the reproduction process. High adelgid mortality was experienced during this time
and we believe more effort was put into utilizing the nitrogen for reproduction to compensate
for the high mortality. With the close relationship between nitrogen content and fecundity of
herbivores we believe that this is the phenomenon we are seeing in the data. However,

fecundity of HWA was not essential for either year of our study.

Elemental analysis on carbon was conducted because carbon is an essential component for all
living organisms. It is also important for HWA because it is the primary component in the waxy
flocculence they utilize to cover themselves. Again, we do not see any clear difference between

the treatments. We also did not see any differences between sample month for carbon analysis.
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We attribute this decrease to loss of biomass of HWA bodies as they desiccate and begin to die

during this period of extreme cold.

Carbohydrates are important indicators of health for herbivorous insects as they feed on
stored sugars within the host plant. Adelgids on healthier hemlocks had higher amounts of
carbohydrates compared with those on unhealthy hemlocks (Jones 2013). After completion of
our study, we found significant differences between month and treatment during our sampling
in 2013. Carbohydrates were at the peak during March, which correlates to the end of the cold
season when they would finish utilizing the conversion into anti-freezing properties. Knopps
stood out as the best treatment during this year with the control yielding the lowest amount. In
2014 we only saw a significant difference for sample month and not for treatment. March was
once again the month with the highest amount of carbohydrates with all the other months
sharing significance. During the winter of 2014, the amount of carbohydrate dropped
significantly from that of 2013. We believe that this is due to the conversion of carbohydrates
into anti-freezing properties utilized by HWA as they attempt to stay alive during this time. It is
well documented that glycogen, a common carbohydrate, decreases in the winter months as it
is converted into glycerol, a polyhydric alcohol used to prevent freezing within an insect
(Chapman 1998). The assay that we used to look at carbohydrates would not pick up on the

glycerol, which is why we see the decrease in carbohydrates between the two years.

Relating the treatments and adelgid health to beetle emergence proved challenging with no
clear trends among any of the treatments. We can relate the decrease in emergence during
2014 to the high HWA mortality experienced during this winter-feeding season. The loss of

primary food source can directly correlate to loss in beetle emergence and success.
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While we looked at basic elemental analysis, other biochemical measures need to be made as
well (ie. lipids, fats, etc.). Work should be conducted to look at the movement of these nutrients
as they pass from the hemlock to HWA and finally to the beetle to track the absorption and
uptake of the nutrients throughout this complex system. More work needs to be done looking
at the physiological changes within the L. osakensis beetles themselves in addition to continued
studies on HWA health. Other studies looking at the direct addition of nitrogen on adelgid

health and the subsequent impacts on beetle health would also be important to look at.
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Chapter 4 Summary

Hemlocks in the eastern United States play a critical role in forests. From regulating the
microclimate to habitat for wildlife, these trees are a key species. A. tsugae (HWA) has wreaked
havoc throughout the native range of hemlocks feeding in the winter on the stored nutrients.
There are means to combat this pest such as chemical control and biological control. Biological
control using predatory beetles is the most effective in forest settings, where the use of
chemicals can be costly and difficult to administer. Laricobius osakensis is one such predator
that feeds exclusively on HWA and has a co-evolved life cycle with this pest species. Because of
this, we hypothesized that L. osakensis is a promising biological control agent to control HWA

in the eastern United States.

Chapter 2 assessed L. osakensis in the field. It describes the different release locations and
number of predators released between 2012-2014 at four different release sites. Recovery of
beetles occurred the first year after field release, including F1 beetles the following fall,
showing that the beetles are capable of reproducing in the field. Larvae dropped from both of
the 2012-2013 field sites and molecular testing showed that the majority of the larvae that
dropped were L. osakensis. From December 2013 to April 2014, recovery dropped due to
extreme winter temperatures and subsequent HWA mortality. We attribute the lack of
recovery of L. osakensis to the inability to find prey. Because this species can only complete
development on HWA, lack of food source would mean no reproduction and growth through
the life stages. The egg release method for L. osakensis proved disappointing both field seasons,
with no recovery from any of the four sites. The limited data from this study are able to show
that this beetle can survive in the eastern United States, feeding on HWA. The trend of decline

in harsh weather is not specific to L. osakensis alone. Other species of Laricobius also declined
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during this period. As a result, it is not fair to exclude this species for its potential as a
biological control agent based on the two years of data from this study. More field seasons are

needed to fully evaluate its potential.

In chapter 3 water amendments were added to buckets of cut hemlock foliage infested with
HWA to see if it impacted the physiology of the feeding HWA. This foliage is used in the
Insectary to feed and house L. osakensis beetles as they reproduce. Four different treatments
and a control were analyzed for their impacts on carbon, nitrogen, and total carbohydrates for
HWA and then the impacts on beetle emergence in lab after feeding on the treated HWA. None
of the treatments improved HWA health. One trend that was noticed during this study was the
differences between HWA health over the two years. Carbon and carbohydrates both
decreased the second year, carbohydrates by an extreme amount. Nitrogen increased slightly
during the second year. Beetle emergence decreased significantly during the second year, a
trend explained by the decrease in HWA health. While this study did not yield any significant
improvements to the health of HWA and the subsequent impacts on L. osakensis health, there
are still areas that can be improved in lab rearing these beetles. The addition of straight
nitrogen to the hemlock cuttings would be good to study, given the previous literature on the

impacts of nitrogen addition and HWA health and fecundity.

Future work

To fully determine whether colonization and establishment of L. osakensis is occurring in the
eastern United States, long term monitoring of these sites, as well as, establishing new sites is
needed. Once beetles start being recovered in higher numbers, monitoring of their impact of
HWA population densities should also be carried out. Continuous monitoring of hemlock

health at these release sites would be valuable in determining the ultimate success of the trees.

54



As beetles establish in the field, sampling should expand to more of the surrounding trees
around the release trees and sampling from more areas of the tree should occur, not limited to
the height of the sampler. The ultimate goal of this study is to create field insectaries for field
reared beetles to be collected. To help achieve this goal, supplemental beetles should be

released at these sites to increase the likelihood of success.

To improve the success of lab reared L. osakensis, more testing should be done involving
treatments to add to the water of the branches. Additions of nitrogen or other hydroponic
solutions should be tested for their impact of HWA health. Elemental analysis of L. osakensis
beetles should also be done to track the physiological differences between HWA and the
beetles that feed on them based on prescribed treatment. Tracking the changes in health
between HWA and L. osakensis after feeding would be important in understanding what
nutrients are utilized by the beetles as they feed. Doing this would help develop a more

comprehensive diet to yield more fit insects.
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