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ABSTRACT

Invasive species exact important ecologic, economic, and cultural tolls in
forests. This research focused on the intersections of invasive ecology, forest
management, and a forest commodity. Invasive ecology was explored through an
assessment of two potential biological control agents of hemlock woolly adelgid. The
two species of silver fly (Leucopis spp.) from the Pacific Northwest were first examined
for temporal resource partitioning patterns. The niches of these species were then
examined spatially by developing a species distribution model. Leucopis spp. exhibited
sinusoidal patterns of daily emergence when examined over a 29-day period, with peak
daily abundances that were inversely related. Spatially, however, landscape-scale and
climatic indicators were not significant in predicting the presence of Leucopis spp. in the
Pacific Northwest. This adds important information about niche dynamics of Leucopis
spp. in the Pacific Northwest, which may have logistical and operational implications for
their use in the USDA Forest Service’s Hemlock Woolly Adelgid Initiative.

Additionally, the potential opportunities and risks of using wood that has been
impacted by invasive species and pests was explored through a literature analysis focused
on three species posing a threat to northeastern US forests: emerald ash borer, hemlock
woolly adelgid, and southern pine beetle. Based on this review, I concluded that although
opportunities for the use of this wood are sometimes recognized, the phytosanitary risks
in feedstock pre-treatment are not being directly addressed in US-related literature.
These studies provide important evidence for adaptive solutions to forest pests that
consider both forest health and forest economics.
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CHAPTER 1: AN INTRODUCTION TO FOREST PEST ECOLOGY,
MANAGEMENT OPTIONS, AND ENERGY ALTERNATIVES IN THE US’
NORTHEASTERN FORESTS

1.0 Impacts of forest pests and invasive species in the eastern US

Within New England’s forests, insects and diseases contribute to many vital ecosystem
services. Their role in decomposition and nutrient cycling (Dajoz 2000, Schowalter et
al. 2018), pollination services for up to 90% of plant species (Klein et al. 2007), and
indigenous biological control services (Losey and Vaughan 2006) are clearly
paramount to forest ecosystem function. However, the effects of their negative impacts
can also ripple through ecosystems and communities. For the purposes of this paper,
we will define pests as both insects and diseases, native and exotic, in forested
landscapes that alter or degrade ecosystem functions or services deemed valuable to
humans. Some of these pests, such as the southern pine beetle (Dendroctonus frontalis;
SPB) may be indigenous to the ecosystem, while others, such as the hemlock woolly
adelgid (Adelges tsugae Annand; HWA) and emerald ash borer (Agrilus planipennis;
EAB) are exotic invasive species (Waring and O’Hara 2005). The movement of these
exotic invasive species is being facilitated by humans through trade and an increasingly
globalized economy (Everett 2000, Levine and D’ Antonio 2003). This movement, in
combination with economics, disturbance, and propagule pressure, are important
drivers of such invasive species’ successful establishment (Meyerson and Mooney

2007).



The negative impacts of these forest pests, exotic and indigenous, are felt across
sectors worldwide. This is, however, especially true in temperate North America where
Dale et al. calculated that pest disturbance exceeded forest fire disturbance by 50 to 1 in
terms of acreage in 2001 (Dale et al. 2001). In 2015, van Lierop et al. found that over
57 million hectares (14.1 million acres) had reported disturbance due to pests. In
northeastern forests in New York, Pennsylvania, and Connecticut more than 45 pests
were found in several counties in 2013 (Liebhold et al. 2013).

One example of an invasive species, the hemlock woolly adelgid, HWA, a
species native to Japan, has caused widespread hemlock mortality and impacted
hemlock ecosystems since its arrival to the eastern United States over 60 years ago on
ornamental trees in Richmond, Virginia (Stoetzel 2002, McClure 1987). HWA has
now spread throughout most of the range of eastern and Carolina hemlock trees (7suga
canadensis and T. caroliniana, respectively), incurring aesthetic, ecologic, and
economic changes (Quimby 1996). Damages to hemlocks caused by HWA include
needle drop, desiccation, branch dieback, significant nutrient loss, and eventual death
(McClure 1991). At the landscape scale, the loss of hemlock trees changes forest
composition (Orwig et al. 2002, Brantley et al. 2013, Ellison et al. 2005) and increases
stream temperatures, soil pH, and nitrification (Kizlinski et al. 2002, Jenkins et al.
1999). The effects of hemlock loss also extend to animal species, including several
species of fish and bird found uniquely in association with hemlock ecosystems (Ross
et al. 2003, Angelini et al. 2011). Management of invasive species such as HWA that is

efficient, sustainable, and minimizes non-target effects presents challenges for forest



managers. Strategies such as silviculture and biological control may offer potential

solutions to these complex issues.

2.0 Biological control

2.1 Definition and merit

Biological control, defined by H.S. Smith as the “control or regulation of pest
populations by natural enemies,” has been used to manage populations of non-native
plants, animals, and pathogens globally for decades (Smith 1919). Biological control
agents can include predators, parasites, or pathogens which, when correctly evaluated,
planned, and executed, can produce a sustainable, economically competitive, and lower
risk management option that can be used over large landscapes. This is especially
relevant considering the alternatives to managing so called “pest” populations in
valuable ecosystems.

Several hallmark cases demonstrate the merits of the use of biocontrol. The
orange industry specifically profited enormously from the use of biocontrol in the late
1800s. The industry faced huge threats from the cottony-cushion scale and found
chemical control methods to be largely ineffective. The introduction of the Vidalia
beetle revitalized the industry by effectively managing the cottony-cushion scale in a
matter of years (DeBach and Rosen 1991). An additional example is provided by the
management of prickly pear (Opuntia, spp.) in Australia in the early 1900s. Over the

course of a just a few years, the introduction of Cactoblastis fly larvae reduced



hundreds of acres of Opuntia to wilted biomass, relieving the landscape to return to its

previous state (DeBach and Rosen 1991).

2.2 Biological control as a forest pest management tool

Management of pests is a multi-faceted issue with a suite of options based on long-term
goals, characteristics and biology of the pest, and the level or intensity of invasion or
spread (Waring and O’Hara 2005, Muzika 2017). Silviculture and biological control
represent two options for forest pest management, which may also work in tandem to
ultimately offer the most economic, efficient, and sustainable solutions for forest
managers. Silvicultural practices can change the successional dynamics of a forest
impacted by pests through the removal or preservation of affected tree species (Dale et
al. 2017). Although there is limited research about the efficacy of prescribed
silviculture methods for long-term forest health to manage specific pests (Muzika and
Liebhold 2000), studies on species such as HWA, SPB, and EAB offer examples of its

effective use.

2.3 Important knowledge for success of biological control programs

Knowledge of the biophysical characteristics of the native habitats of biological
control candidates can support prioritization of field releases in locations most likely to
positively support species establishment and survival (Hoelmer and Kirk 2005, Sun et
al. 2017). Habitat modeling and exploration of potential environmental drivers of

species’ presence in their native habitat can support these goals (Guisan and



Zimmermann 2000). These models can be useful in describing and predicting a
species’ distribution that can aid in better understanding their niche characteristics and
potential range (Hirzel et al. 2006, Hoelmer and Kirk 2005).

Additionally, knowledge of a biological control agent’s potential interspecific
interactions, predator-prey relationship dynamics, and environmental envelopes would
improve the efficiency and efficacy of the biological control program and avoid some
of the problems experienced with biological control efforts in other parts of the globe
(Mitchell and Wright 1967, Gaimari 1991). This is because biological control has also,
of course, produced results that have been harmful to the environment and the
ecosystems into which new species were introduced. This has provided valuable
lessons for practitioners and mirrors in many ways the expanding knowledge within the
environmental field about invasion ecology and dynamics. An early example of this
occurred in Hawaii with the sugar leaf hopper (Perkinsiella saccharicida). Although
biocontrol became an eventual success in the management of this pest to sugar cane,
five introduced species struggled to manage the sugar leaf hopper due to differences
across the landscape in precipitation, which was eventually resolved with the
introduction of 7. mundulus from Australia (DeBach and Rosen 1991).

In the case of the management of HWA, several predators have been evaluated
as biological control agents in the eastern United States based on their host specificity
(Zilahi-Balogh et al. 2002, Grubin et al. 2011), scalability (Havill et al. 2011),
synchronization with HWA development (Grubin et al. 2011), long-term potential to

establish (Mausel et al. 2010) and effectiveness at lowering HWA populations (Mausel



et al. 2008, Vose et al. 2013). Several issues have arisen with these predators, however,
in connection with their niches and lifecycle phenologies which have impacted the
rollout of their use for biological control. For example, the univoltine L. nigrinus only
feeds on HWA’s over-wintering sistens populations, limiting its ability to control HWA
during the spring and summer part of its life cycle (Zilahi-Balogh et al. 2003, Vose et
al. 2013) Issues of hybridization have also emerged with this biological control agent,
which may impact its efficacy in the future (Fischer et al. 2015). Two species of silver
fly, Leucopis argenticollis (Zetterstedt) and Leucopis piniperda (Malloch) (Diptera:
Chamaemyiidae) from the Pacific Northwest region of the United States have also been
identified as potential biological controls agents of HWA that show merit based on their
abundance with HWA s in the PACIFIC NORTHWEST (Kohler et al. 2007, Kohler et
al. 2016), association with both of HWA’s generations (Grubin et al. 2011, Kohler et al.
2008), host-specificity on adelgids (Grubin et al. 2011), survival in enclosed-release
experiments in Tennessee, New York (Motley et al. 2017) and North Carolina
(unpublished data) in North America, and the success of chamaemyiidae-based
biological control programs in North America, Hawaii, and Africa (Smith and Coppel
1957, Greathead 1995, Mitchell and Wright 1967, Culliney T.w et al. 1988). The two
predators are synchronized with HWA development, but also appear to be synchronized
with one another (Rose et al. 2019), suggesting interspecific competition.

Despite the high ecological and resource management implications of
understanding the biology of potential biological control agents, little is known about

the relationship between these two specialist species. Knowledge of these two species’



interspecific interactions, predator-prey relationships, and environmental envelopes,
would improve the efficiency and efficacy of the biological control program and avoid
some of the problems experienced with using Leucopis as a biocontrol in other parts of
the globe (Mitchell and Wright 1967, Gaimari 1991). These cases highlight the

importance of understanding fully the biology of an introduced biocontrol agent.

3.0 Future outlooks for pests and adaptive management

3.1 Pests in northeastern US Future

Pests were predicted by Lovett et al. in 2006 to be the primary driver of changes in
species compositions in future decades in the northeastern US (Kizlinski et al. 2002).
In addition to the risks of exotic invasive species spread, inherent in an increasingly
globalized economy (Lovett et al. 2016), a combination of warmer winters, increased
precipitation, and habitat destruction provide ample opportunity for pest dispersal and
shifting or expanding ranges (Lovett et al. 2006, Hlasny and Turc¢ani 2009, Dukes et al.
2009, Logan et al. 2003, Fitzpatrick et al. 2012). Insects are also likely to benefit under
a warming climate scenario as temperature is a crucial component of insect
development (Weed et al. 2013, Hlasny and Turcani 2009). Extended growing seasons
for 4-6 weeks, as predicted by Hayhoe et al. (Hayhoe et al. 2007), will affect emergence
and voltinism (or, number of generations per season) of many insect species as well as
their associated host species, predators, and pathogens (Dukes et al. 2009, Weed et al.
2013).

In the future, northeastern forests are likely to face an increase in pest-damaged



forest biomass as pest ranges shift in a changing climate (Weed et al. 2013, Dukes et al.
2009, Fitzpatrick et al. 2012) and the risk of introduction of new exotic invasive species
rises (Lovett et al. 2016). Southern pine beetle, for example, is being found in more
northernly ranges, including New Jersey, New York and Connecticut (Dodds et al.
2018, Gan 2004), and is forecasted to expand as far as southeastern Canada in the
coming decades (Lesk et al. 2017). Similarly, HWA, which is currently limited by
colder winter temperatures in the north, is predicted to expand across the northeast by

the end of the century (Paradis et al. 2008, Fitzpatrick et al. 2012).

3.2 Adaptive strategies and considerations
Biological control may be a good option for future management of forest pests
especially when, like for HWA, although insecticides have been found to be highly
effective in localized mitigation, their use over the large landscapes in which the pest is
now found is considered impractical (Mark S. McClure 1992, Eisenback et al. 2014).
However, it’s important to fully understand the niche and dynamics of biological
control agents and their new potential environments prior to their release. This is
because biological control has also, of course, produced results that have been harmful
to the environment and the ecosystems into which new species were introduced. This
has provided valuable lessons for practitioners and mirrors in many ways the expanding
knowledge within the environmental field about invasion ecology and dynamics.
However, even with these challenges in the implementation and use of

biocontrol to manage pests, pathogens, plants, etc. by managers trying to achieve



multiple conservation objectives on frequently limited budgets, a small staff, and across
large landscapes, biocontrol presents a valuable option. The possibility, such as in the
case of HWA, of managing a pest over vast landscapes without the use of chemicals
that could cause unforeseen environmental effects (including rebounds in other pest
populations) versus leaving this ecosystem to self-regulate and lose this important and
iconic keystone species (DeBach and Rosen 1991), makes a compelling argument for
the use of biological control for the management of forest pests.

As in the example of using silver flies, the need to understand a species
phenology and niche in its native range is crucial for its effective use as a biological
control (Holmes 1973). For Leucopis spp., knowledge of these two species’
interspecific interactions, predator-prey relationships, and environmental envelopes is
important given the issues encountered by chamaemyiidae-based biological control
programs in the past (Mitchell and Wright 1967, Gaimari 1991). Also, understanding
of the biophysical characteristics of their habitats in the PACIFIC NORTHWEST
would foster prioritization of field releases in locations most likely to foster Leucopis
spp. establishment and survival (Hoelmer and Kirk 2005, Sun et al. 2017). Habitat
modeling and exploration of potential environmental drivers of Leucopis spp. presence
in the PACIFIC NORTHWEST would be useful (Guisan and Zimmermann 2000) as
models describing and predicting a species’ distribution can aid in better understanding
their niche characteristics and potential range (Hirzel et al. 2006, Hoelmer and Kirk

2005).



Last, it is important to understand fully the potential positive and negative
economic and ecologic outcomes of strategies for adapting to forests affecting by pests
(Meyerson and Mooney 2007). For example, the use of salvaged wood, which can be
defined as wood “obtained from areas that are affected by natural disturbances (e.g.,
wind- throw, fire, insect infestation, drought)” (Lamers et al. 2013), can support forest
management goals after an ecological disturbance. This can be a result of silvicultural
treatments, such as preventative management (or, treatment or removal before an
anticipated pest disturbance) or direct control (or, the removal after a pest disturbance
has begun), which can dually support forest health, manage pest population numbers,
and provide an economic incentive for forest management (Dale et al. 2015). Wood
pellets which, despite their phytosanitary status as a final product, still face risks in the
pre-treatment supply chain. These risks are relevant in the northeast, a region already
impacted by the highest density of damaging forest pests (Lovett et al. 2016, Liebhold
et al. 2013), has not had a comprehensive analysis of phytosanitary risk in the transport
of wood fuel feedstocks.

However, the effects of extensive removal of forest residues, such as wood
infested by pests, can have deleterious effects upon forest ecosystems. Several studies
have considered the risks of soil compaction from large machinery, disrupted
geochemical cycles, and decreased biodiversity associated with the use of salvaged
wood for bioenergy (Egnell et al. 2016, Lamers et al. 2013), which will need to be
considered in sustainable harvest planning. Beyond environmental concerns,

dependence on an inherently sporadic feedstock suffused through vast, remote, and
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challenging landscapes can compromise profitability. Although opportunities for the
use of this wood are beginning to be recognized, the phytosanitary risks in feedstock
pre-treatment are not being directly addressed in US-related literature. Consideration
and weighing of the positive and negative environmental, economic, and cultural
outcomes support robust decision making on complex issues such as the use of

salvaged wood as a wood pellet feedstock.

4.0 Summary

Insects and disease contribute to many vital ecosystem services in northeastern
forests. The negative impacts of forest pests, however, are felt across sectors
worldwide. The management of pests, exotic and indigenous, is certainly relevant and
becoming more so in a changing climate. Within the context of climate change, a need
for alternative energy resources, and an uptick in the use of biomass for energy in the
US, we urge more investigation and action into the utilization of salvage wood from
pest events for energy while maintaining cradle to grave phytosanitary standards.
Management and policy decisions about forests pests should be based on long-term
goals, pest biology, and the suite of potential positive and negative environmental,
economic, and cultural outcomes. Connecting these factors can bring the Northeast
better managed forests, local economic incentives, and a greater number of options for

alternative energies.
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1.0 Abstract

Two species of silver fly, Leucopis argenticollis (Zetterstedt) and Leucopis piniperda
(Malloch) (Diptera: Chamaemyiidae), from the Pacific Northwest region of North
America have been identified as potential biological controls agents of hemlock woolly
adelgid (Hemiptera: Adelgidae: Adelges tsugae Annand; A. tsugae) in eastern North
America. The two predators are collectively synchronized with hemlock woolly
adelgid development. To determine if adult emergence of the two species of silver fly
were also synchronized with each other, possibly resulting in competition on their prey,
we collected adult Leucopis which emerged from western hemlock (Pinaceae: Tsuga
heterophylla (Raf.) Sarg.) infested with A. tsugae at four sites in the Pacific Northwest
during a 29-day period. Leucopis adults were collected twice daily from caged
branches in the laboratory and specimens were identified to species using DNA
barcoding. More adults were collected in the evening than the morning collections.
Additionally, the daily emergences of adults over the 29-day sampling period exhibited
sinusoidal fluctuations with peaks of abundance alternating between species, resulting
in temporal partitioning on adelgid prey. This pattern could alleviate competition
between the species and may have logistical implications for their use as biological

control agents in eastern North America.
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1.0 Introduction
Two species of silver fly (Diptera: Chamaemyiidae), Leucopis argenticollis
(Zetterstedt) and Leucopis piniperda (Malloch) [misidentified as Leucopis atrifacies
Aldrich in Kohler et al. (2008 and Grubin et al. (2011)], from the Pacific Northwest
show promise as biological control agents for hemlock woolly adelgid (Adelges tsugae
Annand) in eastern North America. Adelges tsugae arrived in the eastern United States
from Japan over 60 years ago, likely on ornamental trees near Richmond, Virginia
(Stoetzel 2002, Havill et al. 2014). Adelges tsugae has spread throughout most of the
range of eastern and Carolina hemlocks (7suga canadensis (L.) Carriére and T.
caroliniana Engelmann, respectively), incurring aesthetic, ecologic, and economic
impacts (Quimby 1996). Damages to hemlocks caused by 4. tsugae include needle
drop, desiccation, branch dieback, nutrient loss, and death (McClure 1991). At the
landscape scale, the loss of hemlock trees changes forest composition (Orwig et al.
2002, Brantley et al. 2013, Ellison et al. 2005) and increases stream temperatures, soil
pH, and nitrification (Jenkins et al. 1999, Kizlinski et al. 2002). The effects of hemlock
also negatively impacts the abundance of several species of fish and bird found
uniquely in association with hemlock ecosystems (Ross et al. 2003, Angelini et al.
2011).

Adelges tsugae has multiple native genetic lineages in Asia and western North
America (Havill et al. 2017). Potential biological control agents from these regions
have been evaluated based on their host specificity (e.g. Zilahi-Balogh et al. 2002,

Grubin et al. 2011), synchronization with 4. tsugae development (Grubin et al. 2011),
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long-term potential to establish (Mausel et al. 2010) and effectiveness at lowering A.
tsugae populations (Mausel et al. 2008, Vose et al. 2013). Surveys conducted by
Kohler et al. (2008, 2016), revealed that these Leucopis species were the most abundant
predators associated with 4. tsugae infested western hemlocks. Additionally, L.
argenticollis and L. piniperda complete development on (Grubin et al. 2011) and are
synchronized with (Rose et al. 2019) A. tsugae in the Pacific Northwest. These two
species are also found in eastern North America (McAlpine and Tanasijtshuk 1972), but
eastern flies of both species are genetically divergent from their western relatives
(Havill et al. 2018), predate on pine adelgids (Pineus spp.), and have not been collected
in the east on HWA. These Leucopis species are promising candidates for biological
control due to their abundance on 4. tsugae in the Pacific Northwest (Kohler et al.
2007, Kohler et al. 2016), association with both 4. tsugae generations (Grubin et al.
2011, Kohler et al. 2008), host-specificity on adelgids (Grubin et al. 2011), and
successful survival and reproduction in enclosed-release experiments in Tennessee,
New York (Motley et al. 2017), and North Carolina (unpublished data). Oher species
of Chamaemyiidae have successfully controlled other adelgid species in Hawaii, Chile,
and Africa (Allo and Karanja 1986, Greathead 1995, Culliney et al. 1988, Zuniga
1985), suggesting that this group of predators could also be effective against HWA.
However, biological control programs using Chamaemyiidae have encountered
issues with predator-prey phenological synchronization (Mitchell and Wright 1967,
Gaimari 1991). Synchronization of these two species of Leucopis with 4. tsugae was

initially studied in aggregate because it is difficult to distinguish them from one another
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based on morphology. Collectively, the two species were shown to be synchronized
with the adelgid’s life cycle in the Pacific Northwest (Kohler et al. 2008, Grubin et al.
2011). However, specimens can now be reliably identified to species using DNA
barcoding (Havill et al. 2018; Rose et al. 2019), allowing each species to be studied
separately. Using these DNA barcoding methods to distinguish the species, Rose et al.
(2019) found no evidence of spatial niche differentiation among four sites, and bi-
weekly sampling showed no obvious patterns of temporal differentiation, suggesting
that their efficacy as biological controls could be limited by interspecific competition.
However, the coarse sampling of flies in Rose et al. (2019) might have masked finer
scale patterns. The results reported here therefore represent a more fine-scale temporal
and spatial survey of Leucopis dynamics on Adelges tsugae in the Pacific Northwest to
distinguish whether these two species might avoid interspecific competition while
feeding on Adelges tsugae. This approach avoids aggregate sampling which could
potentially confound crepuscular emergence, daily emergence, and effects of site.
Temporal dynamics were quantified through a semidiurnal, daily assessment of adult
emergence (hereafter referred to as AM/PM for simplicity) patterns over the course of

29-days across four sites.

2.0 Materials and Methods
2.1 Field methods
To identify sites with abundant Leucopis suitable for intensive sampling, nine sites

were surveyed for Adelges tsugae in Washington and Oregon. At each site, 7.
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heterophylla foliage containing Adelges tsugae was collected between 1000 and 1600
between March 30™ and April 7%, 2019. Foliage was transported to Oregon State
University (OSU), Department of Forest Ecosystems and Society, Corvallis, Oregon,
and placed in bug dorms (Item number BD2120, MegaView Science, Taiwan; referred
to as ‘cages’ hereafter). Each cage contained two Sterilite® plastic shoeboxes
(31x19x10 mm) with floral foam blocks, saturated with deionized water, into which
branch clippings were inserted. The cages also contained a small amount of water at the
bottom of each shoebox to maintain turgidity of the cut branches. Cages were kept in a
laboratory at room temperature. Four of the nine original sites, Grant Park, Point
Defiance, Thurston Title Co., and Tumwater Falls (Table 2.1), had 60 or more adult
Leucopis emerging from the foliage, so additional foliage was collected from these sites
on April 29th and May 13" for fine-scale sampling of adult fly emergence.

Each cage was inspected for adult Leucopis in the morning (between 730-900
and in the evening (between 1830-2000). Leucopis from each cage were aspirated and
placed into vials with 95% EtOH. For each vial, the adult emergence date, AM/PM, and
collection site was recorded. Vials were stored at -20°C until overnight shipment to the
USDA Forest Service George D. Aiken Forestry Sciences Laboratory at the University
of Vermont (UVM) in Burlington, VT, where samples were immediately placed into -
10°C storage until DNA extraction and identification using DNA barcoding.

A subsample from the total 3,808 collected specimens was selected to fulfill the

spatial and temporal objectives of the study. Up to six adult flies, as available, were
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analyzed per AM/PM, laboratory collection date, and site, resulting in a total of 767

individuals.

2.3 DNA barcoding

Leucopis argenticollis is morphologically distinguished from L. piniperda by the
patterns of postpronotal setae, which can be difficult to observe. Therefore, species
was determined using DNA barcoding using methods outlined in Havill et al. (2018).
Briefly, each fly was punctured with a sterilized insect pin to expose contents of the
body cavity and incubated with proteinase K at 56°C for a minimum of one hour. After
incubation, the fly cuticles were recovered as morphological vouchers and deposited at
the Yale Peabody Museum of Natural History with accession numbers ENT961561
through ENT961676. DNA was extracted from the remaining liquid using the Mag-
Bind Blood and Tissue Kit (Omega Bio-Tek, Norcross, GA) using the manufacturer’s
protocol. The standard 658 bp DNA barcoding portion of the mitochondrial cytochrome
oxidase I gene was amplified and sequenced using primers LepF1 and LepR1. DNA
sequences were compared to those of known specimens (described in Havill et al. 2018,

and available on GenBank) for species identification.

2.4 Statistical Analyses
Mean daily abundances were calculated for each Leucopis species at each AM/PM
interval and site. All data sets were tested for normality using the Shapiro-Wilk test.

Differences in species abundances and morning versus evening emergence were
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assessed using Welch’s Two-Sample t-test with a null hypothesis of no difference
between means. The effect of site on abundance of each species was assessed using
one-way analyses of variance. Both L. piniperda and L. argenticollis daily abundance
data were not normally distributed (W = 0.92, p-value = 0.03 and W = 0.81, p-value =
0.0001, respectively). Accordingly, a Spearman rank correlation test was applied to the
two species’ abundances over the 29-day study period. All data analyses were run in R

Studio version 3.5.2.

3.0 Results

3.1 Species’ abundances

Of the 767 adult Leucopis specimens analyzed in the study, 28.9% were L. argenticollis
and 71.1% were L. piniperda. The number of L. piniperda was greater than L.
argenticollis (t = 3.35, df =44.19, p-value = 0.001). In addition, four flies that emerged

from foliage collected at the Grant Park site were Neoleucopis atratula (Ratzeburg).

3.2 Spatial effects on species abundances

Leucopis spp. emerged from branches collected at all sites. The greatest total Leucopis
adults were collected from, in descending order, Point Defiance (1481 collected, 234
sampled), Thurston Title Co. (781 collected, 194 sampled), Tumwater Falls (925
collected, 192 sampled), and Grant Park (526 collected, 147 sampled) (Fig. 2.1a). The
number of L. argenticollis did not vary among sites (F= 0.822, df= 3, 48, p-

value=0.488), however, the mean number of L. piniperda did vary by site: Point
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Defiance (4.94 SE 0.38), Thurston Title Co. (5.03 SE 0.28), Tumwater Falls (4.24 SE

0.46), and Grant Park (3.38 SE 0.39) (Fig. 2.1b; F=3.828, df= 3, 118, p-value=0.0117).

3.3 Temporal effects on species abundances

Leucopis emergence was higher at the PM collection (59.2%) than the AM collection
(40.8%) (t =-2.66, df = 52.84, p-value = 0.01) (Fig. 2.2). However, when evaluated by
species, there was no effect for time of day for L. argenticollis (t =-0.95, df = 51.69, p-
value = 0.35) nor L. piniperda (t=-1.61, df = 51.18, p-value = 0.11).

Within the 29-day study period, the abundances of L. argenticollis and L.
piniperda appeared to vary in a sinusoidal pattern (Fig. 2.3), with L. piniperda
emerging before L. argenticollis, and peaks of abundance alternating between species.
Peak totals of L. piniperda occurred on Julian Date (JD) 106 (49 adults), JD 127 (43
adults), and JD 134 (25 adults). Peak totals of L. argenticollis occurred on JD110 (19
adults) and JD 133 (28 adults). L. piniperda were not found (i.e. abundance of zero)
between JD 113 and 116 while no L. argenticollis were found between JD 106-109 nor
JD 121 to 129. The number of L. piniperda and L. argenticollis were inversely

correlated over the study period (tho =-0.71, S = 6263, p-value = 1.983¢e-05).

4.0 Discussion
Our results provide insight on the interspecific life cycle dynamics of L. argenticollis
and L. piniperda from the Pacific Northwest which may improve their implementation

as biological control agents of 4. tsugae in eastern North America. The pattern (over a
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29-day period) demonstrated an inverse relationship between the abundances of each
species’ daily emerged adults which followed a sinusoidal pattern with peaks of
abundance alternating between species. Although examining the drivers for this pattern
is outside the scope of this study, alternating abundances could result in decreased
interspecific competition (Walter 1991) by staggering each species’ adult emergence
and thus segregating oviposition (Pellmyr 1989, Pompanon et al. 2006). This pattern
could also be a residual effect of prey availability (Grubin et al. 2011, Ximenez-Embun
et al. 2014), or of the specialization of each species of Leucopis in predating specific
parts of A. tsugae’s lifecycle (Pellmyr 1989, Pampanon et al. 2006).

The complementary sinusoidal patterns of daily abundance for the two species
may also explain findings from a previous study by Motley et al. (2017). In that study,
Leucopis spp. from the Pacific Northwest were released in caged field experiments first
in Tennessee in mid-May (at the southern edge of the eastern 4. tsugae range) and then
in upstate New York in early-June (at the northern edge of the eastern 4. tsugae range)
to evaluate survival and reproduction in eastern North America. Release-times at each
site were staggered to synchronize with 4. tsugae egg laying in the different regions. In
New York, all F1 adults collected from enclosures were L. argenticollis, whereas those
collected from the enclosures in Tennessee were a mix of L. piniperda and L.
argenticollis. Given the findings of our study on the temporal presence of each species,
a possible explanation for the findings of Motley et al. (2017) would be that species’
composition was influenced by the temporally staggered collection of Leucopis spp.

from the Pacific Northwest.
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Overall, we found that L. piniperda outnumbered L. argenticollis by 41.9%.
This is seemingly at odds with the findings of Kohler et al. (2008), Grubin et al. (2011),
and Rose et al. (2019), which all found higher abundances of L. argenticollis.
However, unlike previous studies, our study examined Leucopis spp. populations at a
finer-scale (daily) over a relatively short time-period (29 days). Additionally, the
sample size used in the current study was nearly seven times (n=767 Leucopis spp.) that
of previous studies (Kohler et al. 2008, n=99, Grubin et al. 2011, n=125, Rose et al.
2019, n=76). Temporally, our results indicate that both species of Leucopis combined
had greater adult emergence at the evening collection time across all sites (Fig. 2.2).
Although this did not further the investigation of how the species may be partitioning
their resources, it may be useful information for collection of Leucopis spp.

Spatially, our results indicated that although the effect of the site from which
branches were collected did not correlate with L. argenticollis abundance, there was a
relationship for L. piniperda. This is contrary to the findings of a previous study which
found that site did not correlate with abundances of adult and immature specimens of
either species (Rose et al. 2019). These differences may be explained in part by the
large variance in our study, specifically in the Thurston Title Co. L. piniperda data set
(Fig. 2.1b). Additionally, our results may differ from previous studies as we only
sampled emerging adults versus all life stages. By excluding immature flies from our
dataset, it was is not possible to assess the effects of immature survival or interspecific

competition by site. Differences in the canopy structure, or other environmental
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factors, across sites could also provide an explanation for these differences, however,
such an analysis fell outside the scope of our study.

Our findings may have implications for the use of these Leucopis species as
biological control agents of A. tsugae in eastern North America, especially considering
the documented synchronicity issues for other Chamaemyiidae used for biological
control (Smith and Coppel 1957, Mitchell and Wright 1967, Gaimari 1991). This could
imply that the two species could work in tandem to impact A. tsugae populations and
thus would both need to be released in eastern North America. Given the challenges of
identifying these Leucopis species based on morphology, this may require multiple
releases at each site in eastern North America in a season to ensure that both species are
released.

The recovery of a few Neoleucopis atratula specimens among the Leucopis
feeding on A. tsugae in our study represents a new prey record. Neoleucopis atratula is
a European species that was introduced to New Brunswick, Canada from Germany in
1965 for biological control of Adelges piceae (Ratzeburg), an invasive pest of fir trees
(Abies) in North America (Schooley et al. 1981). Neoleucopis atratula has also been
recovered feeding on Adelges piceae in the Pacific Northwest in British Columbia in
1990-1991 (Humble 1994), but it is not known how it arrived on the west coast. This
species primarily feeds on A. piceae and related adelgid species on Abies but has also
been reported on Pineus species on Pinus (McAlpine 1971). Similar to Greathead

(1995), who concluded that N. atratula would not be an effective control for Pineus sp.
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in Africa, it probably would not contribute to 4. tsugae control because it primarily
feeds on A. piceae.

Broadly, this study demonstrates the importance of fully understanding a
species’ niche in its native range for its effective use as a biological control (Holmes
1973). Knowledge of these two species’ interspecific interactions, predator-prey
relationships, and environmental requirements could improve the efficacy of biological
control of 4. tsugae and avoid some of the problems experienced with using
chamaemyiids as biological control agents in other regions (Mitchell and Wright 1967,

Gaimari 1991).
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7.0 Tables

Table 2.1: Name, city, state, and coordinates of sites in the Pacific Northwest where
Adelges tsugae-infested western hemlock branches were collected between March 30t
and April 71, 2019. Sites were chosen for analysis based on abundance of adults which
emerged in the laboratory. Sites with asterisks were sampled twice more.

Site Name City, State Latitude Longitude

*Point Defiance Park Tacoma, Washington 47.3041 -122.5163
*Thurston Title Co. Thurston, Washington 47.0409 -122.9009
*Tumwater Falls Olympia, Washington 47.0133 -122.9048
*QGrant Park Portland, Oregon 45.5403 -122.6303
Faith Baptist Church Tacoma, Washington 47.2680 -122.5164
Hoyt Arboretum Seatttle, Washington 45.5148 -122.7141
Seattle Arboretum Pierce County, Tacoma 47.6385 -122.2983
Weyerhauser Squim Clallam County, Sequim 48.1081 -123.2092
Woodland Park Thurston, Olympia 47.6684 -122.3441
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Table 2.2: Total number of Leucopis adults collected from laboratory cages between
March 30th and April 7th, 2019. Foliage was collected from all sites, however, only sites
with asterisks were used for study analysis as more than 60 adults had emerged by the
second collection of foliage on April 29th and May 13th.

Collection site
Collection g - £ 5 £ - 5 3 3
Dae | 2% 2% ¥ g £§ £S5 fr EE i+«
@19 |22 FE 2% Z£ 55 E2 E: 5% EE
= 0 — S oD ﬁ ;‘ = gf N g
= < < = =
16-Apr 3 3 40 20 72 20 3
17-Apr 2 12 34 10 56 29 1
18-Apr 4 10 1 8 10 31 9 1
19-Apr 2 1 8 6 22 1 1
20-Apr 4 3 4 6 2 11 8 2
21-Apr 6 1 13 1 5 6 3
22-Apr 8 3 15 1 1
23-Apr 8 10 2 12 1
24-Apr 8 1 7
25-Apr 3 11
26-Apr 38 11
29-Apr 3 6
30-Apr 1 4 8
1-May 2 23
2-May 4 12 43
3-May 10 13 39
4-May 20 24 35
5-May 49 275 95 26
6-May 15 267 80 80
7-May 16 216 78 95
8-May 5 124 48 94
9-May 3 42 32 47
10-May 4 20 25 35
11-May 17 8 24
12-May 61 21 13 1
13-May 98 25 5 43
14-May 84 179 35 150
15-May 64 108 20 192
Totals 18 526 10 1481 52 781 925 2 13
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8.0 Figures

Fig 2.1: Comparison of daily abundances of (a.) L. argenticollis and (b.) L. piniperda
adults collected from laboratory cages. Adelges tsugae-infested branches from which
flies emerged were collected from four sites in Washington and Oregon during Julian
dates 106-135 (April 16 - May 15, 2019).
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Fig 2.2. Total adult Leucopis adults collected from laboratory cages at each time of day
(AM/PM) pooled by foliage collection sites and day of collection in the laboratory.
Emergence was found to be higher at the PM collection (59.2% of sampled adult flies)
than the AM collection (40.8% of sampled adult flies) (t =-2.66, df = 52.84, p=0.01).
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Fig. 2.3: Daily total abundances of adult Leucopis piniperda and L. argenticollis
collected from laboratory cages with Adelges tsugae-infested Tsuga heterophylla
foliage from four sites. Data were collected between Julian date 106-135 (April 16th to
May 15th). No data was collected on Julian dates 117 and 118.
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CHAPTER 3: SPECIES DISTRIBUTION MODELING TO EXPLORE THE
HABITAT OF LEUCOPIS SPP., POTENTIAL BIOLOGICAL CONTROLS FOR
THE HEMLOCK WOOLLY ADELGID (ADELGES TSUGAE)

3.0 Abstract

In eastern North America, the hemlock woolly adelgid (Adelges tsugae Annand) is an
invasive species from Japan that has caused widespread damage. Two predators from
the Pacific Northwest, Leucopis argenticollis and Leucopis piniperda (Leucopis spp.),
show potential as biological control agents of 4. tsugae based on their host specificity,
ability to target multiple generations of 4. tsugae’s lifecycle, and potential to survive in
eastern North America. However, little is known about their native niche in the Pacific
Northwest. Here we use environmental raster data, specifically presence and non-
detection data, from surveys of Leucopis spp. in the Pacific Northwest to develop a
habitat suitability model using the species distribution modeling platform Biomod2.
The resulting ensemble model performed well based on statistical metrics, but has
limitations based on the lack of temporal considerations, exclusion of predator-prey
relationships with 4. tsugae in the Pacific Northwest, and potential confounding of
environmental variables used in the model. Temperature, dewpoint temperature
maximum, and elevation were identified as variables that explain habitat variability of
Leucopis. Results, however, are preliminary and may be used a baseline for further

modeling work.
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3.1 Introduction
The hemlock woolly adelgid (Adelges tsugae Annand) is an invasive species in eastern
North America, introduced from Japan to Richmond, VA, over 60 years ago (Stoetzel
2002). A. tsuage impacts eastern and Carolina hemlock trees (7suga canadensis and T.
caroliniana) for which tree mortality has been documented in as little as four years
(McClure 1991). The loss of hemlocks on the east coast, now considered a “Near
Threatened” species on the International Union for the Conservation of Nature’s Red
List of Threatened Species (Farjon 2013), has resulted in various aesthetic, ecologic,
and economic changes (Quimby 1996.). Forest composition has been documented to
shift towards a more homogenous make-up with a greater proportion of birch, oak and
maple (Orwig et al. 2002), thereby increasing winter transpiration rates and decreasing
soil moisture (Brantley et al. 2013, Ellison et al. 2005). Increased stream temperatures,
soil pH, and nitrification (Kizlinski et al. 2002) are also attributed to the loss of
hemlock overstory. In 2014, Li et al. conservatively estimated the economic loss from
A. tsugae to a 75000 km? area of southern New England to be $24.6 million US dollars.
In locations studied in the Pacific Northwest, the abundances of two species of
predatory silver fly (Leucopis argenticollis and L. piniperda) were found to be the
second highest amongst the predators collected on A. tsugae infested hemlocks (Kohler
et al. 2008). Leucopis spp. have emerged as strong candidates for biological control of
A. tsugae due to the success of chamaemyiidae-based biological control of adelgids in
other parts of the world (Smith and Coppel 1957, Greathead 1995, Mitchell and Wright

1967, Culliney T.w et al. 1988), their relative abundance on 4. tsugae in the Pacific
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Northwest (Kohler et al. 2008 Kohler, G.R. et al. 2016), their ability to target both
generations of the A. tsugae life cycle in the Pacific Northwest (Grubin et al. 2011,
Kohler et al. 2016), and their survival in enclosed-release experiments in Tennessee,
New York (Motley et al. 2017) and North Carolina (Neidermeier et al., unpublished
data) in North America.

However, relatively little is known about Leucopis spp.’s ecological niche in
their native habitat. To this end, a habitat model and exploration of potential
environmental drivers of Leucopis spp. presence in the Pacific Northwest would be
useful (Guisan and Zimmermann 2000). Models describing and predicting a species’
distribution can aid in better understanding their niche characteristics and potential
range (Hirzel et al. 2006, Hoelmer and Kirk 2005). Given the contrasting climates and
environments of the Pacific Northwest and parts of 4. tsugae’s current invaded range in
the east, the question of habitat suitability is relevant to the efficacy of operational
releases of Leucopis spp. The objective of this study was to better understand Leucopis
spp.’s, environmental envelope, including the climatic and physical characteristics of
their native habitat. To accomplish this, we will determine the biophysical
characteristics of their habitats in the Pacific Northwest (Hoelmer and Kirk 2005, Sun

et al. 2017) and develop a species distribution model.

3.2 Methods

3.2.1 Presence and Non-detection Dataset
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Data were collected from sites in Pacific Northwest with known presence of Leucopis
spp. (Kohler et al. 2008, Kohler 2019 personal communication, Grubin et al. 2011;
Rose et al. 2019; Rose 2019, personal communication; Havill 2019 personal
communication; Ross 2019 personal correspondence—Table 3.1). For the purposes of
this study, Leucopis spp. occurrence data was recorded using the following protocol:
sites with no A. tsugae were categorized as a Leucopis spp. not detected; sites which
had A. tsugae but no Leucopis spp. emerged over the course of one month (Neidermeier
et al. in prep) were also categorized as a Leucopis spp. not detected; sites in which
Leucopis spp. emerged during the month (Neidermeier et al. in prep) were categorized
as Leucopis spp. detected. Collected data covered the years 2004-2019, with 86 total
observations, 71 of which were “detected” and 15 of which were “not detected.” A

total of 46 sites were used for this study, 16 of which were new in 2019.

3.2.2 Field Data Collection Methods

Collection methods in the 2019 field survey are outlined in Neidermeier et al. (in prep.)
Briefly, branches from 7. heterophylla with populations of 4. tsugae were collected
from the field and transported to Oregon State University, Department of Forest
Ecosystems and Society (Corvallis, OR; OSU) and placed in bug dorms (cages) (Item
number BD2120, MegaView Science, Taiwan) at OSU. Cages were kept in a
laboratory at room temperature during the course of the study. Adult Leucopis spp.
were collected using an aspirator and placed in vials of 95% ethanol and stored at -14°C
prior to shipment in insulated boxes with cold packs to the University of Vermont,
George D. Aiken Forestry Sciences Laboratory in Burlington, VT (with shipment times
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of less than 24 hours). All samples were stored at -14°C storage at UVM until they
were used for other studies or deposited as a voucher to the Yale Peabody Museum of

Natural History.

3.2.3 Spatial Data: Acquisition and Treatment

Raster data on the abundance and distribution of 7. heterophylla were procured from
the USDA Forest Service and collated between the years of 2000 and 2009 for the
contiguous United States (US) (Wilson et al. 2013). The data were available for
download at a 250m pixel. Elevation raster data were obtained from the US National
Map (Archuleta et al. 2017, US Geological Survey 2017) in 1 arc second tiles.
Elevation mosaics were assembled in ArcGIS Pro using cubic resampling. Aspect was
calculated in ArcGIS Pro using an assembled elevation model. Bioclimatic variables of
the region were assembled from data available through the Parameter-elevation
Regressions on Independent Slopes Model (PRISM) available from Oregon State
University (PRISM 2019) (see Table 3.2 for a full description of environmental
variables and Fig. 3.2 for plotted examples of environmental raster’s used). For study
years prior to 2009, pre-prepared, composed bioclimatic predictor rasters were
downloaded from USGS (O’Donnell and Ignizio 2012). For study years subsequent to
2009, monthly precipitation, mean temperature, minimum temperature, maximum
temperature, and mean dewpoint temperature were downloaded at 4km resolution from
PRISM (PRISM 2019). These data were then used to calculate individual bioclimatic

predictor rasters using the biovars function in the R package Dismo (Hijmans et al.
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2017). All rasters and coordinate locations were re-projected to match the
specifications of the 7. heterophylla raster dataset in R for Washington and Oregon
states (250m resolution, plotted in Albers Conical Projection, with an extent of xmin = -
2300967, xmax = -1545467, ymin = 2301292, ymax = 3177542).

3.2.4 Model Development and Design

The spatial species distribution model was developed in R (R Core Team, 2019) using
the Biomod2 package (Thullier et al. 2019). Environmental variable values for each
Leucopis spp. observation were first tabulated (Table A.3) and formatted to Biomod2’s
specifications. The previous year’s environmental values for each Leucopis spp.
observation were then appended to this table as well as all static raster values (e.g.,
aspect, elevation, and 7. heterophylla distribution). The random generator seed was set
at 1689 to ensure results were reproducible. The data were then formatted to BioMod2s

specifications, using default modeling options (Thullier et al. 2019).

Stage 1: Species Distribution Models
Eleven species distribution models are available in Biomod2. For this study, MARS
(Multiple Adaptive Regression Splines), GLM (Generalized Linear Model), CTA
(Classification Tree Analysis), and RF (Random Forest) were chosen for the initial
species distribution model runs in which each model was run three times.

For these four species distribution models, the Leucopis spp. occurrence data
were split so that 80% of the data was used to evaluate the initial species distribution

models and 20% was used to assess those models. Prevalence was set at 0.75 to
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increase the weight of the presence-detection data relative to the presence non-detection
data (values below 0.5 increase the relative weight of non-detections, values above 0.5
increase the relative weight of presences—e.g. Fielding and Bell 1997). This value was
chosen in consideration of the difficulty of ensuring true absences in this dataset. The
evaluation metric ROC (Relative Operating Characteristic) was chosen for comparing
the resulting models. This metric estimates the diagnostic abilities of the model in

assigning presence and non-detection (Peterson et al. 2008, Fielding and Bell 1997).

Stage 2: Ensemble modeling

An ensemble model was developed which incorporated the species distribution models
that received ROC scores of 0.7 or higher in the initial model runs, reflecting the
model’s diagnostic ability, where a score of 1 would indicate correct diagnosis in all
cases (Fielding and Bell 1997). All other settings were left as the package default
which utilized seven algorithms available in BioMod2: mean of probabilities,
coefficient of variation of probabilities, upper and lower confidence interval around the
mean, the median of probabilities, models committee averaging, and the weighted mean
of probabilities. This ensemble model was finally projected using 2018 environmental
data from the Pacific Northwest. Finally, a hemlock mask was overlain on this
projection to narrow model results to only include the regions in which hemlocks are

found in the Pacific Northwest.
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3.3 Results

Stage 1: Species distribution modeling results

All four of the species distribution models used in Stage 1 (MARS, CTA, GLM, and
RF) had resulting ROC scores greater than 0.7 in their first run (run 1). In the
following two model runs (run 2 and run 3), all scores were below 0.7 (see Table 3.3
for full model evaluations).

A few variables had values greater than 0.7 (Table 3.4 for full list of variable
importance for all runs and species distribution models used). The current year’s
maximum temperature in the hottest month was higher than 0.7 in the GLM model in
runs 1 and 2 and was nearly 0.7 (0.687) in the third run. The current year’s dewpoint
temperature maximum was greater than 0.7 in runs 2 and 3, as was the previous year’s
dewpoint temperature for runs 1 and 2. The elevation (DEM) was higher than 0.7 in

the CTA model in runs 2 and 3.

Stage 2: Ensemble modeling results

All three-evaluation metrics, KAPPA, TSS, and ROC, used to assess the ensemble
model’s seven algorithm outputs were above 0.8 aside from the coefficient of variation
of probabilities (Table 3.5). The projected ensemble model using environmental data

from 2018 can be seen in Fig. 3.3.
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3.4 Discussion

Our study provides an important baseline for exploring the native habitat of Leucopis
spp- A habitat model of Leucopis spp. in the Pacific Northwest that also describes key
environmental variables associated with their presence would be instrumental for future
biological control programs to selectively target suitable release areas for maximum
survival and establishment of Leucopis spp.

Although the initial four species models used to develop the final ensemble
model did not perform well individually (Table 3.3), the final ensemble model
developed in this study using Biomod?2 in the R statistical software performed well
based on the evaluation metrics used (Table 3.5). We found that temperature, dewpoint
temperature maximum of the current and previous year, and elevation may be worth
further analysis based on the variable importance results from the four species
distribution models (Table 3.4).

However, the model and the data used within it has several notable limitations.
In terms of presence data of Leucopis spp. in the Pacific Northwest, the data used may
not in fact be representative of the true niche of Leucopis spp. in the region. As the
majority of the data were collected by researchers interested in collecting Leucopis
spp., relatively few non-detection data were available in the dataset. Thus, the data
points were not independently sampled for any given year. Furthermore, the majority
of the datapoints came from sites that were relatively easily accessible, with very few

observations recorded in the middle of the forest (for example). However, as Leucopis
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spp. have most often been found where there are healthy populations of adelgids and
adelgids are in turn often found on stressed trees in or around parks and hemlock seed
orchards, this sampling bias may reflect occurrence. This in turn raises the issue of
leaving the predator-prey relationship of 4. tsugae and Leucopis spp. out of our model.
As Leucopis spp. are specialist predators of adelgids (Grubin et al. 2011), the
population of 4. tsugae at any given location can be expected to influence year to year
fluctuations of Leucopis spp. populations (Mitchell and Wright 1967).

In terms of the spatial data used, several caveats also exist. The first of these is
the resolution of the environmental data supplied to the models likely influenced model
results. All rasters were re-sampled at 250m, i.e. the resolution of the raster with
largest resolution (7. heterophylla distribution). This may have had the effect of
masking very local site conditions, such as categorizing an urban site as being heavily
forested due to the site’s proximity to a forested park, for example. In addition to using
data with a smaller resolution, incorporation of land-cover categories could better
capture local site conditions. The temporal aspect of the data is likely not appropriately
fine-tuned for the actual timing of the presence/ non-detection observations. For
example, a presence/ non-detection observation collected in June 2014 would be paired
in this model with a maximum dewpoint temperature from 2014 which may have
occurred after the observation was recorded. Future models could ensure that only
environmental data which occurred prior to the date of the occurrence observation is
used in the model. This may entail avoiding the use of yearly summations or averages

which include environmental data occurring after the occurrence observation (as is the
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case in our study). Many of the environmental variables used are also correlated and
lack independence. This dimensionality could lead to a type I statistical error in which
we incorrectly reject the null hypothesis (Sun et al. 2017, Cruz-Cérdenas et al. 2014),
that the environmental variables used do not have an effect on Leucopis spp. presence
or non-detection.

In summary, this model provides an important baseline for future studies of the
habitat and niche of Leucopis spp., especially in relation to their release as biological
control agents of A. tsugae in eastern North America. Our ensemble model, built using
four species distribution models with the Biomod2 modeling package in R, performed
relatively well and highlighted temperature, dewpoint temperature, and elevation as
potentially important environmental elements of Leucopis spp. presence in the Pacific
Northwest. Improvements upon the model design, such as incorporating predator/ prey
dynamics, finer-scale environmental variables in the spatial and temporal senses, and
land-use cover data, as well as an expanded Leucopis occurrence data set, could make
this a useful tool for broadcasting areas in the east where Leucopis spp. would be most
likely to establish and survive as biological control agents of A. tsugae. Improvements
on the efficacy of the biological control of 4. tsugae could reduce hemlock mortality

and reduce damage to ecosystems in eastern North America.
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3.6 Tables

Table 3.1: Leucopis spp. survey sites in the Pacific Northwest with site code, collection
location including a descriptive description and latitude and longitude, and respective

data sources for each year’s Leucopis spp. observations of presence or non-detection.

. Site .
Site State Cf)unty, descriptive Latitude | Longitude Collection year
Code City . and source
location
Benton Astoria
County, Demonstration | 46.1541 -123.7946 2019
AD OR Corvallis Forest
Clackamas
County, Agren Park, 47.4508 -122.5015 2006
AP WA Colton Vashon Island
Whatcom
County, Private 48.6843 -122.4289 2019
BEL WA Bellingham Residence
Clallam Seattle Golf
County, and Country 47.7378 -122.3606 2007
CC WA Sequim Club
WA Dept
Clallam, Agriculture 47.0112 -122.8959 | 2006, 2009, 2010
DA WA Gardiner Building
Clark
County, 45.0488 | -123.1249 2007
Salmon
EH OR Creek Eola Hills SO
Clatsop Forest Park
County, Wildwood 45.5875 -122.7931 2019
FPWW | OR Astoria Trail
House near
Clatsop Faith 422780 | -122.5172 2010
County, Seminary,
FS WA Gearhart Tacoma, WA
Cowlitz
County, Grant Park, 45.5403 -122.6303 2012 (()) 026(’)12 2029(’)19
GP OR Castle Rock | NE 33rd ’ ’
Cowlitz
County, Gorsuch Road, | 47.4537 -122.4492 22%2%’ 22(())296,
GR WA Castle Rock | Vashon Island ’
Island
County, Gearhart 46.0260 -123.9187 2019
GRT WA Coupeville Ridge Trail
King County, | Hoyt
HA OR Seattle Arboretum 45.5148 -122.7141 2006, 2019
King County, | Horning Seed
HS OR Mirrormont Orchard 45.2280 -122.3870 2006
King County, | Japanese
JG WA Redmond Garden 47.0408 -122.8910 2006
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Lewis and

King County, | Clark State 46.5219 -122.8145 2019
LCSP | WA Seattle Park
King County, | McClane
MCC WA Seattle Creek 47.0135 -122.9053 2019
King County, | Marymoor
MP WA Seattle Park 47.6630 -122.1190 2008
King County, | Narrows
ND WA Seattle Drive, Tacoma 47.2718 -122.5240 2016
King County, | WB Nelson
NS OR Vashon State Park 444183 -124.0494 2016
King County,
0S OR Vashon OSU Campus 44.5677 -123.2761 2006, 2016
Point Defiance
et 3041 | 1225163 | 2000, 2010
King County, hemlgcks and 2014, 2016, 2019
Vashon carolina
PD WA Island hemlock
Point Defiance
Lewis Parkinterior, | 47 3131 | 192 5285 2009, 2010
County, trees near
PDI WA Toledo Owen Beach
Lincoln Schmidt
County, House parking | 47.0180 | -1220013 | 20002910
PL WA Waldport lot (Ravine)
Marion
County, St. Priest Point 47.0667 -122.8952 2019
PPP WA Paul Park
Multnomah
County, Rayonier Seed | 48.0680 -122.9601 2006, 2019
RC WA Portland Orchard
Multnomah
County, 47.3007 -122.5172 2010
RH WA Portland Ruston House
Multnomah
County, Beth Willhite's | 45.3679 -122.2291 2006, 2019
SA OR Portland house
Pierce Corner of
County, Hazel Dell & 45.7031 -122.6707 2013
SC WA Ruston 114th St.
Pierce Schmidt
County, House Front 47.0176 -122.9028 | 2009, 2010, 2019
SCH WA Tacoma Olympia, WA
Snohomish
Plerce County WCU | 478783 | -122.2240 2019
County, extension
SE WA Tacoma office
Pierce
County, Washington 47.6385 -122.2983 2017,2019
SARB WA Tacoma Arboretum
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Seminary
Plerce Parking Lot, | 472680 | -122.5164 | 2010,2016, 2019
County, Faith
SL WA Tacoma Seminary
Pierce
County, Schroeder 45.1449 -122.9837 2007, 2008
SO OR Tacoma Seed Orchard
Polk County,
Bethel Seacrest State 46.2974 -122.8207 2019
SSP WA Heights Park- off of IS
Snohomish
County, Tumwater 47.0133 122.9048 | 2013, 2014, 2019
TF WA Everett Falls interior
Tiger
Thurston Mountain
County, State Park 47.4425 -121.9742 2019
™ WA Olympia (path)
Thurston
County, Exit 52 Toutle | 46.3241 -122.9059 2019
TR WA Olympia Ridge Road
Thurston Thrurston
County, County Title 47.0409 -122.9009 203;) 027(’)12 8 05(’)19
TT WA Olympia Co. ’ ’
Thurston
County, Tanara Ville 47.2720 -122.5239 2019
TV WA Olympia Apartments
Thurston
County, 47.4534 -122.4492 2004
VI WA Olympia Vashon Island
Thurston
County, Private 45.7037 -122.6695 2012
VW WA Olympia Residence
Thurston Washington
County, Department of |47 0378 | 1228963 | 2013,2014, 2019
Olympia, Natural
WDNR | WA WA Resources
Thurston Whidbey
County, Island Seed 48.2006 -122.6290 | 2006, 2016, 2019
WI WA Tumwater Orchard
Thurston, Woodland
WP WA Olympia Park 47.6684 -122.3441 2019
Clallam Weyerhaeuser
County, Sequim Seed 48.1081 -123.2092 2006, 2019
WS WA Sequim Orchard

[1] Kohler et al. 2008

[2] Kohler 2019, personal communication
[3] Grubin et al. 2011

[4] Rose et al. 2018

[5] Rose 2019, personal communication
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Table 3.2: Description of the environmental variables used in Biomod? for the

development of a habitat model for Leucopis spp., including the Bioclimatic identifier,

calculation information, and data source.

Environmental variable

Description

Tsuga heterophylla distribution
[1]

Elevation [2]

Aspect [3]

Temperature Max [4, 5*]

Temperature Min [4, 5*]
Temperature Range [4, 5*]

Precipitation of wettest month
[4, 5]

Precipitation of driest month
[4, 5]

Maximum Dew Point
Temperature [4, 5*]

Min. Dew Point Temperature
[4, 5]

Mean Dew Point Temperature
[4, 5]

Western Hemlock distribution in WA & OR.

Height above sea level (m).
Slope direction.
Bio 5: Maximum temperature in hottest month.

Bio 6: Minimum temperature in coldest month.

Bio 7: Annual temperature range

Calculated by subtracting Bio 6 from Bio 5

Bio 13: Total precipitation for the wettest month of
that year.

Bio 14: Total precipitation during the driest month.

The annual maximum temperature at which water
will condensate from air

The annual minimum dew point temperature

The annual mean dewpoint temperature

[1

USFS Live tree species basal area of the contiguous United States (2000-2009)

2
[3
[4
[5] PRISM (2019)

USGS National Map
ArcGIS Pro

—_

USGS Bioclimatic Predictors, prepared

*[4] For years prior to 2010, [5] For years after 2009
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Table 3.3: Assessments (ROC and TSS) of models initially run in BioMod? for Leucopis
spp. habitat modeling. Four models (MARS, GLM, CTA, and RF) were each run three
times (RUNI, RUN2, RUN3 in grey). ROC scores were the evaluation metric used to
decipher which model runs were used in the ensemble model. ROC scores greater than
0.7 are in bold, italics.

TSS
ROC

TSS
ROC

TSS
ROC

TSS
ROC

TSS
ROC

TSS
ROC

TSS
ROC

Testing.data
0.595
0.738

Testing.data
0.571
0.762

Testing.data
0.643
0.821

Testing.data
0.667
0.786

Testing.data
0
0.429

Testing.data
0.048
0.524

Testing.data

0.44

MARS,
Cutoff
136
137.5
GLM,
Cutoff
936
937
CTA,
Cutoff
578
581
RF,
Cutoff
565
565
MARS,
Cutoff
1000
-Inf
GLM,
Cutoff
495
500
CTA,
Cutoff
1000
-Inf

RUNI,

Sensitivity
92.857
92.857

RUNI,
Sensitivity
57.143
57.143

RUNI,

Sensitivity
64.286
64.286

RUNI,
Sensitivity
100
100

RUN?2,
Sensitivity
64.286
100

RUN?2,

Sensitivity
71.429
71.429

RUN?2,
Sensitivity
64.286
100

AllData

Specificity
66.667
66.667

AllData
Specificity
100
100

AllData
Specificity
100
100

AllData

Specificity
66.667
66.667

AllData
Specificity
33.333
0

AllData

Specificity
33.333
33.333

AllData
Specificity
33.333
0
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TSS
ROC

TSS
ROC

TSS
ROC

TSS
ROC

TSS
ROC

Testing.data
0.571
0.643

Testing.data
0.119
0.524

Testing.data
0
0.357

Testing.data
0.167
0.583

Testing.data
0.286
0.5

RF,
Cutoff

MARS,

Cutoff

GLM,
Cutoff

-Inf

CTA,
Cutoff

RF,
Cutoff

876
878

993
994

1000

596
600

900
901

RUN?2,
Sensitivity
57.143
57.143

RUN3,

Sensitivity
78.571
78.571

RUN3,
Sensitivity
71.429
100

RUN3,
Sensitivity
50
50

RUN3,

Sensitivity
28.571
28.571

AllData
Specificity
100
100
AllData
Specificity
33.333
33.333
AllData
Specificity
0
0
AllData
Specificity
66.667
66.667
AllData
Specificity
100
100
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Table 3.4: Variable importance for each model by model run number from BioMod?.
Values are not normalized and therefore may not be comparable across models.
Environmental variables followed by a I were from the year in which the presence or
absence of Leucopis spp. was recorded. Those followed by a 2 were from the previous
vear that Leucopis spp. presence or non-detection was recorded (i.e., DPT max.1 for
2019, DPT max.2 for 2018).

RUNI1, AllData
MARS GLM CTA RF
DPT max.1 0 0.642 0 0.005
DPT mean.1 0 0.266 0 0.002
DPT min.lI 0.335 0 0 0.008
PPT max.1 0 0 0 0.002
PPT min.1 0 0 0 0.005
TEMP max.1 0.173 0.734 0.535 0.082
TEMP min.I 0 0 0 0.007
TEMP range.l 0.845 0 0 0.031
DPT max.2 0 0.776 0 0.003
DPT mean.2 0.46 0 0 0.012
DPT min.2 0 0 0 0.008
PPT max.2 0 0 0 0.003
PPT min.2 0.477 0 0 0.003
TEMP max.2 0 0 0 0.017
TEMP min.2 0 0.276 0 0.01
TEMP range.2 0 0 0 0.013
Aspect 0.017 0 0.479 0.04
DEM 0.54 0 0.518 0.053
W _Hem 0 0.282 0 0.044
RUN2, AllData
MARS GLM CTA RF

DPT max.1 0 0.856 0 0.015
DPT mean.1 0 0.374 0 0.001
DPT min.lI 0 0 0 0.004
PPT max.1 0 0 0 0.002
PPT min.1 0.123 0 0 0.004
TEMP max.1 0 0.755 0 0.062
TEMP min.l 0 0 0 0.01
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TEMP range.l
DPT max.2
DPT mean.2
DPT min.2
PPT max.2
PPT min.2
TEMP max.2
TEMP min.2
TEMP range.2
Aspect

DEM

W _Hem

RUN3,

DPT max.1
DPT mean.1
DPT min.1
PPT max.1
PPT min.1
TEMP max.1
TEMP min.1
TEMP range.l
DPT max.2
DPT mean.2
DPT min.2
PPT max.2
PPT min.2
TEMP max.2
TEMP min.2
TEMP range.2
Aspect

DEM

W Hem

0.607

0.247

0.373

S O O O O

0.588

AllData
MARS

GLM

0.529

0.184

S O O O O

0.783

=l eleol el =

0.4

=l el eollel =l el Rl R R R

e
~
N

0.702

RF

0.046
0.005
0.005

0.01
0.003
0.006
0.018
0.004
0.015

0.01
0.099
0.021

0.009
0.002
0.003
0.001
0.002
0.062
0.012
0.024

0.01
0.009
0.008
0.005
0.006

0.01
0.003
0.006
0.015
0.098
0.039
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Table 3.5: Ensemble model evaluation scores of habitat models built in
BioMod? for Leucopis spp. from the Pacific Northwest. Each of the seven models
below represents a different algorithm used by BioMod? to build an ensemble model
from the results of the MARS, GLM, CTA, and RF models initially run.

Mean of probabilities (prob.mean)

Testing.data Cutoff Sensitivity Specificity
KAPPA 0.876 503.5 98.592 86.667
TSS 0.891 563.5 95.775 93.333
ROC 0.985 564 95.775 93.333
Coefficient of variation of Probabilities
(prob.cv)

Testing.data Cutoff Sensitivity Specificity
KAPPA NA NA NA NA
TSS NA NA NA NA
ROC NA NA NA NA
Confidence interval (prob.ci)

Testing.data Cutoff Sensitivity Specificity
KAPPA 0.813 255 94.366 93.333
TSS 0.877 255 94.366 93.333
ROC 0.964 255 94.366 93.333

Confidence interval (prob.ci.alpha)

Testing.data Cutoff Sensitivity Specificity
KAPPA 0.876 871 98.592 86.667
TSS 0.853 871 98.592 86.667
ROC 0.925 871 98.592 86.667

Median of probabilities (prob.median)

Testing.data Cutoff Sensitivity Specificity
KAPPA 0.876 464 98.592 86.667
TSS 0.877 649.5 94.366 93.333
ROC 0.979 649 94.366 93.333

Models committee averaging (committee.averaging)

Testing.data Cutoff Sensitivity Specificity
KAPPA 0.959 374 100 93.333
TSS 0.933 374 100 93.333
ROC 0.997 375 100 93.333
Weighted mean of probabilities (prob.mean.weight & prob.mean.weight.decay)
Testing.data Cutoff Sensitivity Specificity
KAPPA 0.876 506 98.592 86.667
TSS 0.891 566 95.775 93.333
ROC 0.985 568 95.775 93.333
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3.7 Figures

Fig A.1: Map of all sites from which branches were collected in the Pacific Northwest
and brought to the lab at Oregon State University in April 2019. If branches contained
observable A. tsugae, they were put into bug dorms to allow for possible emergence of

Leucopis spp.
37
Mt
Baker-Snoqualmie
. National Forest
Victoria
\/y
RC Eveorett
° Okanogan-Wenatchee
Nagcl)ynn;lplg:ark National Forest
Sesttle
b
Olympic - Wenatchee
National Forest SAAP & 9
Tapgngf \ WASHINGTON
s 50 w.c..'—; a
OI{ED"BAG El\ensburg‘_
a D
Yakima
o
L]
W Richland
Astaria G‘ 0
P o
® Kenne
e @
Hood Rive: =
. e DAl D 9
Pcetland @ e -~
o®~ GP
Beaverton Mt. Hood
(5 National Forest
) ES N
SaleEH
)

61



Fig. 3.2: Example maps of environmental variables used for BioMod2 modeling of
Leucopis spp. habitat in the Pacific Northwest. All rasters are at a 250m resolution,
plotted in Albers Conical Projection, and with an extent of -2300967, -1545467,
2301292, 3177542 (xmin, xmax, ymin, ymax). From top to bottom, left to right: (a)
aspect, (b) elevation (in meters), (c) T. heterophylla distribution, (d) Dewpoint
Maximum Temperature (degrees celcius).
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Fig. 3.3: Ensemble model of the species distribution models (MARS, GLM, CTA, and
RF) used in BioMod? for Leucopis spp. habitat modeling which resulted in ROC scores
greater than 0.7. The final ensemble model is projected in the figure using the 2018
environmental data variables used for the study. All data were at a 250m resolution,
plotted in Albers Conical Projection, with an extent of -2300967, -1545467, 2301292,
3177542 (xmin, xmax, ymin, ymax).
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CHAPTER 4: FOREST PESTS AND WOOD PELLETS: A LITERATURE
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1.0 Abstract

As forest pest numbers rise in an increasingly globalized economy, utilization of
impacted trees may become more attractive as feedstock material for renewable energy
in the form of wood pellets. In addition to increased energy density, value, and
transportability, the conversion of wood to pellets also effectively eliminates any risks
of spreading pests. However, the phytosanitary risks (or, risks posed by the movement
of pests) still exist during the pre-treatment phase of the wood pellet feedstock supply
chain. For this research, literature was reviewed that was published between 2000 and
2018 which addressed the use of pest-impacted trees by the wood pellet industry and
the phytosanitary risks to forests in the wood pellet supply chain. Focus was placed on
three species posing a threat to northeastern US forests: emerald ash borer (Agrilus
planipennis; EAB), hemlock woolly adelgid (4delges tsugae Annand; HWA), and
southern pine beetle (Dendroctonus frontalis Zimmermann; SPB). The results indicate
that although opportunities for the use of this wood are beginning to be recognized, the
phytosanitary risks in feedstock pre-treatment are not being directly addressed in US-
related literature. Phytosanitary risks can be mitigated through attention to individual
pest species behavior during harvesting, on-site comminution of feedstock material, and
processing locally at facilities within APHIS quarantine zones. Furthermore, it is
recommended that future life cycle analyses of the use of salvaged wood from pest
events consider phytosanitary measures specific to pest species behavior and dispersal

patterns in the pre-treatment supply chain.
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1.1 Graphical abstract
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2.0 Introduction

The use and sale of biofuels are gaining momentum in domestic and international
markets, driven largely by economics, policy, and a growing interest in renewable
energy. In fact, total biofuel contributions in solid (such as firewood), liquid (such as
ethanol), and gas (such as biogas from organic matter) forms, were anticipated by Guo
et al [1] to reach 30% of global energy demands by 2050. The northeastern United
States (US) is already seeing this trend in the solid biofuels sector where in 2014 the
US Energy Information Administration found that it had the most notable increase in
the use of wood as a residential heating source [2].

The use of wood pellets, a densified product which can be composed of several
types of organic matter including various forms of wood, is increasing globally. From
2005 to 2015, global wood pellet production is estimated to have increased four-fold,
from approximately 6 megatons to 26 megatons [3]. This increase can be contributed
to several advantages of wood pellets as compared to firewood or fuel chips (other

forms of solid biofuel that can be used to produce heat and/or electricity). Fuel pellets
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in general (which can be made from fiber materials other than wood) have an increased
energy output per unit volume in comparison to other solid biofuel materials [3]. This
both increases their profitability and improves ease of transport for domestic and
international trade [4]. Pellets may also be an attractive option for residential heating
systems that are transitioning from oil heat [5]. Although as of 2015, the majority of
US-made wood pellets (63%) were exported to international markets, almost all wood
pellet production consumed in the US is utilized for residential heating [3]. Wood
pellets can, however, also be co-fired with coal to produce electricity [3]. This is most
commonly found in Europe, though Canada has seen former coal plants, such as
Atikokan, transition to total use of wood pellets for electricity production [3].

The most relevant advantage of wood pellets in the context of this study is that,
in their final form, they are effectively void of phytosanitary risk (or, the risks of
spreading pests) [6]. However, phytosanitation is not guaranteed in the wood pellet
supply chain, especially when using degraded forest residues that may harbor pests.
This feedstock type, referred to as salvaged wood for the purposes of this review, can
be defined as wood “obtained from areas that are affected by natural disturbances (e.g.,
wind- throw, fire, insect infestation, drought)” [7]. The use of salvaged wood can
support forest management goals after an ecological disturbance. This can be a result of
silvicultural treatments, such as preventative management (or, treatment or removal
before an anticipated pest disturbance) or direct control (or, the removal after a pest
disturbance has begun), which can dually support forest health, manage pest population

numbers, and provide an economic incentive for forest management [8].
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However, diseased and salvaged wood typically supplies a relatively small
portion of most companies’ biomass feedstock. Drax, for example, a UK based energy
company with pellet production operations in Mississippi and Georgia, reported that
only 0.6% of their feedstock mix was procured specifically from diseased and damaged
wood in 2017 [9]. Similar to other pellet mills in the US [4], saw mill residues
accounted for the largest percentage of Drax’s feedstock mix at 40%, followed by low
grade roundwood at 24%, thinnings at 18%, and branches, tops and bark at 17% [9].

The use of salvage wood also presents several challenges for forest managers
and wood pellet facilities. The effects of extensive removal of forest residues, such as
wood infested by pests, can have deleterious effects upon forest ecosystems. Several
studies have considered the risks of soil compaction from large machinery, disrupted
geochemical cycles, and decreased biodiversity associated with the use of salvaged
wood for bioenergy [10,7], which will need to be considered in sustainable harvest
planning. Beyond environmental concerns, dependence on an inherently sporadic
feedstock suffused through vast, remote, and challenging landscapes can compromise
profitability. These economic challenges have also been considered in several studies,
especially in Canada [11, 12, 13]. Concerns have also been raised about potential
negative effects of low-grade, salvaged feedstock on wood pellet composition and
quality, standardized following regulations laid out by the Pellet Fuels Institute [3, 14].
This study focuses on an additional challenge posed by the use of wood pellets which,
despite their phytosanitary status as a final product, still face risks in the pre-treatment

supply chain. These risks are relevant in the northeastern US, a region already
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impacted by the highest density of damaging forest pests [15, 16], for which a
comprehensive analysis of phytosanitary risk in the transport of wood fuel feedstocks

has not been conducted.

3.0 Aim and Scope

This review examines the phytosanitary risks of the movement of wood pellet feedstock
that is at risk of pest contamination. In the context of this review, “pest” relates to both
insects and diseases, native and exotic, in forested landscapes that alter or degrade
ecosystem functions or services deemed valuable to humans. Local and regional scales
of movement in the northeastern U.S. are considered with an emphasis on three specific
pests—southern pine beetle (Dendroctonus frontalis Zimmermann; SPB), hemlock
woolly adelgid (Adelges Tsugae Annand; HWA) and emerald ash borer (Agrilus
planipennis; EAB)—in the context of a changing climate. Non-forest-based feedstock
(such as switchgrass), plantation-based feedstock (such as eucalyptus), and non-forest
pests fall outside the scope of this study. This is accomplished through a review of the
literature published between 2000 and 2018 which considers the potential for
incentivizing forest pest management through wood pellet production, the risk for pest
dispersal in the wood pellet supply chain, and the key challenges and gaps in the
literature. Strategies from the literature for the use of diseased wood culled from
silvicultural activities and mitigation of risks of spreading pests along the wood pellet

feedstock supply chain are also considered.

69



4.0 Background
4.1 Wood Pelletization
Pelletization creates a standardized product with an increased energy content per unit
volume in comparison to firewood and wood chips. Pellets are fabricated from a range
of woody materials, including round and salvaged wood as well as residual sawdust and
shavings [3, 14]. Differences in initial feedstock composition and quality can affect the
treatment of these materials in the wood pellet supply chain. In general, however,
feedstock is subject to debarkation, chipping, drying, and compaction to conform wood
to a uniform size, energy density, and moisture content [17]. Processing intensity is
dependent on the feedstock condition, with round wood being the most difficult to
process and residues being the least difficult [4]. Moisture content and ash levels figure
prominently in pellet processing and quality. Material in which bark is still present. is
first debarked to standardize the ash content in the final product [18] and chipped as
appropriate to 70 mm prior to entering dryers [17]. All particles must then be brought
to an appropriate moisture content of 12-17% of weight by volume as required by pellet
presses [17]. The heat generated by the pressure of extrusion heats the lignin in the
wood allowing it to act as binder for the product [1]. The particles may also be steam
conditioned to improve material binding (by softening lignin in the wood), then
pressed, extruded, cut to size, and hardened through cooling [4].

Torrefaction is an additional processing option in which the initial feedstock is
heat-treated to between 200-300°C for 120 minutes with no oxygen, further reducing

moisture content, decreasing the weight by volume and increasing the energy content of
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the product [19]. Torrified pellets can have an almost doubled increase in energy
density [3], increasing their value and ease of transport.
4.2 Forest Pests
Insects and disease contribute to many of vital ecosystem services such as
decomposition and nutrient cycling [20, 21], pollination services for up to 90% of plant
species [22], and indigenous biological control services [23]. The negative impacts of
forest pests, however, are felt across sectors worldwide, especially in temperate North
America where Dale et al. calculated that pest disturbance exceeds forest fire
disturbance by 50 to 1 in terms of acreage as of 2001 [24]. Northeastern forests,
especially those in New York, Pennsylvania, and Connecticut, are impacted by the
highest number of damaging forest pests in comparison to other parts of the US. In
these states, more than 45 pests were found in several counties in 2013 [16]. Humans
are facilitating the movement of pests, largely through trade and a globalized economy
[25, 26]. Some of these pests are indigenous to the ecosystems in which they are found
but spreading in a changing climate, such as the southern pine beetle (Dendroctonus
frontalis Zimmermann; SPB) [27], while others are exotic invasive species, often
lacking host resistance and natural enemies in their new habitats, such as the hemlock
woolly adelgid (Adelges Tsugae Annand; HWA) and emerald ash borer (Agrilus
planipennis; EAB) [28].

These three pests, EAB, HWA, and SPB, present economic and ecological
threats to many forests in the northeastern U.S. (Table 3.1). EAB, first found in

Michigan in the 1990s, poses a serious threat to eastern forests due to the susceptibility
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of ash trees (Fraxinus spp.) to attack, difficulty of early detection, and the prevalence of
ash trees throughout the eastern U.S. [29, 30]. Hemlock trees similarly face a daunting
threat from HWA, introduced to the eastern U.S. from Japan [31]. HWA in the east
lack natural enemies, and thus far hemlock trees lack resistance from HWA feeding.
Occupying a critical role as a keystone species, the demise of the hemlock is expected
to cause significant changes in eastern ecosystems [32]. The SPB differs from EAB and
HWA, as it is native to the southeastern US, affecting several species of pine including
those of high commercial value such as the loblolly pine [33]. Although SPB is part of
regular disturbance regimes of southeastern forests, a changing climate has increased
the severity and duration outbreaks while also extending their range into northeastern

forests [34, 35].

4.3 Pests and Climate Change in the Northeastern US

Pests were predicted by Lovett et al. in 2006 to be the primary driver of changes in
species compositions in future decades in the northeastern U.S. [44]. In addition to the
risks of exotic invasive species spread inherent in an increasingly globalized economy
[15], a combination of warmer winters, increased precipitation, and habitat destruction
provide ample opportunity for pest dispersal and shifting or expanding ranges [44, 45,
46, 47, 48]. Insects are also likely to benefit under a warming climate scenario as
temperature is a crucial component of insect development [49, 45]. Extended growing
seasons for 4-6 weeks, as predicted by Hayhoe et al. [50], will affect emergence and
voltinism (or, number of generations per season) of many insect species as well as their

associated host species, predators, and pathogens [46, 49].
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5.0 Methods

For this study, a literature review was conducted on the phytosanitary risks and
opportunities in the wood pellet feedstock supply chain. Following methods similar to
those laid out by Pickering and Byrne for a systematic quantitative literature review
[51], the research topic was used to identify keywords as found in Table 4.2 and
conduct a search across five research databases (Science Direct, Web of Science,
EBSCO Host Environment Complete, ProQuest Agricultural and Environmental
Science Database, and Google Scholar). Searches within all databases included the title,
body, and works cited of papers. Each search consisted of a search phrase composed of
a term from each of the columns in Table 4.2 (organized broadly by the parameters of
ecosystem, material, action, and risk subject), until all possible permutations were
exhausted. A database of results was generated based on a protocol developed for the
inclusion and exclusion of papers to the study [52]. Papers were only included in the
database that were published between 2000 and 2018, in English. Papers were included
regardless of geographic focus.

Papers were excluded which focused on a non-forest-based feedstock (such as
switchgrass), a plantation-based feedstock (such as eucalyptus), or a non-forest pest in
order to focus on pest species specifically affecting natural forest ecosystems which
may be providing feedstock for the wood pellet industry. This resulted in a total of 183
papers that were saved in the reference management software, Zotero.

We conducted a qualitative analysis of these 183 papers using NVivo 12

software. To complete this analysis, the database was initially assessed and organized
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using a set of seven a priori codes [53] based on the literature described in the
introduction of this paper. The a priori codes, as seen in Fig. 3.1, were Material (M),
Action (A); Risk Subject (R); Action Material (AM); Action, Risk Subject (AR);
Material, Risk Subject (MR); and Action, Material, Risk Subject (AMR). The a priori
codes were then assigned to papers using a series of questions developed for the
overlapping AM, MR, AR, and AMR categories (see parent codes and operational
questions in Table 4.3). The questions were developed iteratively, adding new themes
as they arose in the review of the literature [54, 51]. Questions were not developed for
the singular A, M, and R codes as these categories provided background information
for individual subjects and did not contribute to the interactions among the parameters.
“Action, Risk Subject” papers (parent code AR), for example, considered interactions
between silvicultural techniques and management of forest pests (including but not
limited to EAB, HWA, and SPB). “Material, Risk Subject” papers (MR) considered the
effect of forest pests on wood pellet feedstock quality. Papers categorized as “Action,
Material” (AM), broadly considered the effectiveness of pelletization on
phytosanitation (i.e., the interaction of wood pellets and phytosanitation). The papers
most relevant to this analysis were those coded at the parent code, “AMR”, which
considered the various intersections of wood pellets, phytosanitation, and forest pests.
To explore relevant papers within the AMR category further, we developed emergent
themes [53] regarding policy and economic impact and assigned them to corresponding
sections of relevant papers. We then examined the resulting coded text, looking for

patterns and linkages between the themes outlined in Table 4.3.
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Papers were not coded exclusively within single categories (i.e., a paper could
address both an “Action, Material” code and an “Action, Material, Risk Subject” code).

Analysis of results produced in nVivo was carried out in Microsoft Excel v15.34

6.0 Results

6.1 Results Overview

To assess the scope of the papers reviewed, the following analysis considers papers
tagged with two or three category codes (AM, AR, & MR, and AMR-Table 3.3), which
totaled 142 papers from several journals (Fig. 3.2). The geographic scope of the papers
was varied, with 33 specifically internationally focused, mostly related to
phytosanitation practices in Europe. Papers from Canada were also prevalent,
addressing the economics, logistics, and potential of using wood salvaged from
mountain pine beetle events for the wood pellet industry. Twelve papers were found to
explicitly focus on the US, with most focusing in some capacity on the growing wood
pellet industry of the southeastern US. The remaining papers did not have a specific
geographic focused or were focused on global issues.

The largest percentage of papers in the database were published by the journal
Biomass and Bioenergy, followed by Forest Ecology and Management, and Biological
Invasions (Fig. 4.2). In terms of paper outcomes as coded using the themes outlined in
Table 4.3, the largest percentage of papers (40%) fell in the “Action, Material”
category, which broadly considered the effectiveness of pelletization on phytosanitation

(Fig. 4.3). “Action, Risk Subject” papers, focusing on silvic strategies for forest pest
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mitigation, comprised 28% of the data base while “Material, Risk Subject,” concerning
the effect of pests on feedstock quality, accounted for only 2% of papers. “Action,
Material, Risk Subject” papers, most relevant comprehensively to this literature review,
encompassed 28% of the literature. The results for each category are described

thematically in the sections below.

6.2 Action, Risk Subject (AR) Category: Silviculture and Pest Management
Twenty-eight percent of the analyzed papers were coded in the “Action, Risk Subject”
category. These papers placed value on specific types of direct pest control (such as
thinning, pre-salvage, etc.) and indirect control (such as prescribed fired, biological
control, and the use of pest-attracting pheromones), but did not necessarily link these
subjects to bioenergy or wood fuels. Papers discussing specific tactics for managing
pests also generally fell in this category, with 13 papers considering EAB management
strategies, ten considering HWA, and two considering SPB.

Collectively, papers in this category indicated that management decisions about
forests pests are based on the long-term goals for the area, the characteristics and
biology of the pest, and the level or intensity of invasion or spread [28, 55].
Silvicultural practices can change the successional dynamics of a forest impacted by
pests through the removal or preservation of affected tree species [56, 57]. There is
limited research about the efficacy of prescribed silviculture methods for long-term
forest health to manage specific pests [58]. Short-term studies have examined

preventative pest management (the removal of wood that is expected to become
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infected) and direct control (the removal of trees already dead or suspected to be
infested) that have been shown to be effective techniques against outbreaks such as that
of the mountain pine beetle in Canada [59]. Other methods, such as thinning and
prescribed fire, share the goal of improving the health of a stand and thus increasing
overall resiliency to pests [28]. These tactics may be used in combination with
pheromone-based attractants (i.e., mountain pine beetle) [60] or biological control (i.e.
HWA) [61]. The level of infestation can dictate the management strategy [55].
Knowledge of the life cycles of pests is key in determining the best strategy for
management (Table 3.4). Removal of trees infested with SPB in the summer, for
example, may limit an on-going infestation. However, winter removal may be more
effective by exposing immature SPB’s to decreased temperatures, increasing mortality
[35, 34].

The efficacy of managing EAB, HWA, and SPB for forest health was found to
vary across studies. Early silvicultural treatments to eradicate EAB failed and chemical
treatments were not uniformly effective [63, 64]. Pre-salvage and salvage operations
were generally recommended for forest managers attempting to redeem value from
dead or dying trees [62]. More options existed for the management of HWA, including
leaving the stand untreated, thinning treatments, and harvesting and extracting most or
all hemlocks in an area [65]. Selective cutting of overstory trees to expose lower
branches to more sunlight was shown to aid in the mitigation of HWA populations [66].
Silvicultural techniques, including salvage harvests, were found to be effective in

managing SPB [67, 34]. Thinning was found to improve the ability of trees to resist
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SPB infestations and is thus considered an effective strategy to limit SPB population
growth. A study from Clark and Nowak in 2009 noted that in response to an SPB
outbreak, the pattern of invasion, viewed aerially, could be used to fell newly infested
trees towards trees that had already been vacated by SPB to more effectively manage

their populations [27].

6.3 Material, Risk Subject Category: Effects of pests on feedstock quality

Only 2% of papers fell into the “Material, Risk Subject” category, which focused on the
effect of pests on feedstock quality. Ash content was documented as an important
component of ensuring standard quality of wood pellets that can be affected by the
condition of the incoming feedstock [4, 18, 68]. The findings indicate that although
feedstock quality can be negatively impacted by disease and pests, it is possible to use
such wood to create wood pellets. For example, Qin et al. found that feedstock could
be varied and improved to an acceptable level for pellet production by adding higher
quality parent material to the mix [68]. Similarly, Barrett et al. found in 2017 that trees
affected by spruce budworm in Canada would still be eligible for use as a wood pellet

feedstock [12].

6.4 Action, Material Category: Effectiveness of Pelletization on Phytosanitation
The largest share, 40%, of the 142 papers fell into the “Action, Material” category (Fig.
3.3). These papers considered, for example, best practices for biomass extraction

(AM2), the potential for overlap between the wood pellet industry and forest
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management goals (AM3), and the phytosanitation of wood products (AMS5). It was
found that phytosanitation standards varied between regions and countries and did not
always meet treatment recommendations given in the emergent scientific literature (see
Table 4.5). The relative effectiveness on pest death of chipping, grinding and heat
treatments were generally dependent on the degree and length of treatment as well as
life cycle and mortality factors of specific pests. No EAB, for example, remained at
particle sizes of less than 2.5cm. EAB was also eradicated after being heat-treated for
120 minutes at 60°C [63, 62]. Thirteen papers were found in the literature that indicated
that chipping alone may not be sufficient for phytosanitation. However, given the
combination of chipping, grinding, compression, and heating described for the
pelletization process, phytosanitation risks of wood pellets as a final product were
found to be effectively eliminated [6, 59, 69, 70], Furthermore, in some literature
focused on phytosanitary standards for international trade, wood pellets are placed in
the same category as fiber board and pressed timber which are denoted to pose no risk
for pest transmission [71, 69]. Table 4.5 compares several phytosanitary standards
(domestic and international) to common wood fuel processing steps based on the
review results, illustrating the ability of pelletization to effectively eliminate

phytosanitary risks.

6.5 Action, Material, Risk Subject Category: Wood pellets, pests, and phytosanitation
6.5.1 Overview

Finally, 32% of the papers analyzed were coded for questions falling in the
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“Action, Material, Risk Subject” category (summarized in Fig. 3.4; full codes in Table
4.3). Codes AMR1 and AMR2 considered the economic benefits and risks of using
wood salvaged from pest events for bioenergy, with 35 papers citing positive economic
benefits and 11 identifying challenges (with some papers also citing both), representing
40% of the combined AMR category literature. Codes AMR3, AMR4, AMRS5
considered phytosanitary risks in bioenergy feedstocks and wood fuel supply chains,
either by identifying tactics to manage specific risks or by analyzing policy to tackle
those risks and represented 35% of the AMR literature. Thirteen papers found that
chipping wood salvaged from pest and disease events may not be sufficient for pest
mortality, especially for insects such as the EAB (AMRG6 comprising 11% of AMR
literature). Three papers specifically recommended on-site comminution (processing
that could include debarking, chipping, or other reductive action) to mitigate
phytosanitary risks. Codes AMR8 and AMR9 (10% of the AMR category) identified
papers that considered pellets a phytosanitary product resulting from the management
of forests for pests or, at a minimum, placed value on the pelletization process for
phytosanitation. Only one paper considered wood pellets as a phytosanitary product in
the context of forest management for pests and a changing climate for the northeastern
US, indicating that the specific phytosanitary risks of diseased and infested wood in the

pellet industry in this region have not been holistically evaluated.

6.5.2 Pest Risks in Pellet Feedstock Pre-Treatment
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Several themes arose from papers in AMR category in relation to phytosanitary risks in
the wood fuel supply chain, including for the collection of wood pellet feedstock.
Papers indicated that although pelletization is an effective means of addressing
phytosanitary risks, the local transportation of feedstock materials from harvest to
production site can still facilitate the spread of pests. Consideration of the sourcing,
harvest procedures, on-site storage, on-site comminution, extraction, and local
transportation of feedstock should be considered when handling potentially unsanitary
wood. Notably, no papers were found which specifically examined the phytosanitary
risks in the wood pellet supply chain in the US. Furthermore, papers were not found
which addressed the potential role of human error and compliance with sanitation rules

and guidance.

6.5.2.1 Sourcing

Results indicated that the distance of processing facilities to feedstock sources will
affect a wood pellet enterprise’s profitability as costs increase with transportation
expenditures [73]. Given that pest-salvaged wood may be reclaimed from a single
disturbance event, a feedstock source may be limited to a few years of opportunistic
harvesting [59]. The proximity of feedstock to the perimeters of areas not known to be
affected by pests should be factored into procurement and transportation logistics to

decrease phytosanitation risks [6, 74].

6.5.2.2 Harvest
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The literature indicated that the timing of silvicultural interventions is critical in
managing phytosanitation risks in the feedstock supply chain. The Gantt diagram in
Table 4.4 details estimated risk periods for three pest species. During months indicated
in red, pests are at a higher risk for transmission to other local trees. For example,
harvest of trees impacted by EAB was recommended outside of the months of May to
August [37]. As ash trees also frequently sprout from the stumps, prevention of future
colonization by EAB would require that stumps be cut to less than 2.5cm or treated
with an herbicide [75]. Similarly, for SPB, harvest ideally takes place after the flight
period to effectively manage populations [28]. Harvesting guidelines were also found to
exist to manage outbreaks based on specific invasion characteristics of SPB [27]. For
HWA, in spring and early summer, literature indicated that attention should be given to
the accidental transportation of ovisacs [61] (Table 3.1) which may cling to equipment

or handlers.

6.5.2.3 On-Site storage

As demonstrated in studies for several species of pest in Europe, stockpiling of forest
fuels before treatment or transport may pose a phytosanitary risk [76, 77]. Studies from
this region found that stockpiles harboring pests can act as an attractant for additional
invasions [78], especially for pests such as the SPB which release pheromones [27].

The risks associated with specific pests should be considered when designing a fuel
wood terminal layout for the collection of feedstocks across regions [74]. Avoidance of

flight periods of certain pests can mitigate their potential for spread to other parts of the
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forest [28]. Care should be taken to avoid stockpiling at susceptible times and to avoid
placing piles near the boundaries of known pest areas to decrease the risk of

dissemination and establishment of pests into new regions.

6.5.2.4 On-site comminution

The processes of grinding, heating, chipping, and compression (variously responsible
for managing phytosanitary risks) are typically not applied until the biomass arrives at
the pelletization facility. This is largely due to costs and logistical challenges in the
movement of machinery in forested and remote areas. However, on-site comminution
can be an extremely effective method in lowering the risk of pest spread. This is
especially relevant in scenarios where the feedstock will be left at a holding site before
transportation to a wood pellet mill [6]. The efficacy of the comminution method on

pest mitigation is species-dependent.

6.5.2.5 Extraction and local transportation

Care must be taken to ensure that “hitchhikers” are not accidently spread by equipment.
This is especially true of strong fliers such as EAB which were found to travel on
vehicles long distances, evidenced by their dispersal along main transportation routes
[29]. In transporting biomass as whole logs, residues, or chips from a terminal to a

processing facility, there is also a risk of losing infested wood in uncovered vehicles

[6].
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6.5.2.6 Wood pellet transportation
Once materials have been converted to wood pellets, there is effectively no risk of the

spread of forest pests [59, 69, 70].

7.0 Discussion

Although wood pellets are a phytosanitary product, risks still exist during the harvest
and transportation of infested and low-grade wood. A number of articles in this review
found that these risks are dependent on factors such as the timing of the harvest, the
level of infestation, and the silvicultural method used, all of which are in turn
dependent on a pest’s life cycle and behavior [27, 28, 35]. These studies indicated that
local comminution (such as chipping, grinding, etc.) can mitigate some of the
phytosanitary risks associated with infected feedstocks. The review also found
evidence that although nematodes, fungi, and other pathogens may survive such on-site
comminution, wood pelletization eliminates even these risks [6]. Recommendations
also emerged from the literature on the proximity of storage terminals to healthy trees if
infested biomass is going to be accumulated at the forest level [6, 74]. Studies
indicated that on-site storage (in or near the harvest location) of infested materials may
pose the largest risk in the feedstock supply chain, as infested debris piles could act as
an attractant and pose a risk to nearby healthy trees [78, 27, 77]. The review, however,
indicated that the ability of specific insects relevant to the northeastern U.S. to establish
in local storage and transportation scenarios is an area for further research which should

prioritize insects posing the largest risk. Indeed, this review focused on 3 macro
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species of forest pests, but further investigation of micro forest pests such as rusts and
fungi to circulate in the pre-treatment supply chain should also be further evaluated.
The results of such research could be instrumental in designing and locating pre-
processing terminals and procedures for fuel wood to minimize phytosanitary risks
[74].

The literature review indicated that research is needed to support the use of
infested wood for the wood pellet industry while ensuring that phytosanitary standards
are adequately supported, especially for the northeastern US. This will necessitate
further research into the efficacy of silvicultural methods for specific pests (Tables 3.1,
3.4, and 3.5) and regional resources for management [59, 58] which acknowledge the
risk of human error the supply chain. The contribution of this feedstock to the wood
pellet supply chain has also not been assessed thoroughly in the U.S. and is an area for
further research. The economics and logistics of connecting markets to accessible areas
with pest-damaged wood to produce pellets was a challenge identified in the literature
[79]. Studies of this nature were from places such as Canada, Russia, and Europe, for
example [80, 81], but none were found which looked directly at the U.S. The literature
suggests that economic incentives to utilize salvaged wood from pest events may be
needed to offset the increased costs of transportation from harvest to facility [12, 81].
This could be partially supplemented by value-add processes such as torrefaction,
which may increase profitability among other advantages [70]. However, the research
suggests that better connecting companies, energy facilities, and relevant community

groups to help all parties be “nimble” as opportunities arise after an outbreak event may
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be beneficial. For example, a partnership was formed in Canada between the Pacific
BioEnergy Corporation (a pellet mill), a local First Nations timber harvesting group,
and Tolko Industries (a sawmill) to produce wood pellets from mountain pine beetle
salvage, providing multiple benefits [82]. The research suggests that in order to support
such associations in managing phytosanitary risks associated with the pre-treatment
supply chain, clear guidelines and policy should be developed on treatment of specific
pests, especially in relation to quarantine zones (Table 3.4) [83, 72], with the wood
pellet market providing a possible incentive [35, 56]. Additionally, to ensure
sustainable use of forest resources, replication of policies such as those found in
Belgium and other EU countries requiring biomass feedstock to be sourced from
sustainable forest management activities [3] should be developed for U.S. use of wood
pellets.

In the future, northeastern forests are likely to face an increase in pest-damaged
forest biomass as pest ranges shift in a changing climate [49, 46, 48] and the risk of
introduction of new exotic invasive species rises [15]. This was seen in this review in
the case of SPB, for example, which is being found in more northerly locations,
including New Jersey, New York and Connecticut [35, 34], and is forecasted to expand
as far as southeastern Canada in the coming decades [84]. Similarly, HWA, which is
currently limited by colder winter temperatures in the north, is predicted to expand
across the Northeast by the end of the century [85, 48]. Within the context of climate
change, a need for alternative energy resources, and an uptick in the use of biomass for

energy in the US, we urge more investigation and action into the utilization of salvage
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wood from pest events for energy while maintaining cradle to grave phytosanitary
standards. These phytosanitary calculations will also need to include the role of human
error and compliance in even a robust system. Effective measures will need to
overcome perceptions of minimal risk and aversions to committing effort and funding
to truly minimize risks, especially in light of the high cost of potential error.
Connecting these factors can bring the northeast better managed forests, local economic

incentives, and a greater number of options for alternative energies.

8.0 Conclusion

The use of low-grade wood salvaged from pest events and silvicultural treatments to
manage pest populations presents an opportunity as a bioenergy feedstock source. The
use of wood pellets has increased globally, likely due to their increased value (as
compared to wood chips for example), energy per volume, transportability, and
elimination of phytosanitary risk. However, even though wood pellets represent a
phytosanitary product in their final form, there are still risks associated with the
dissemination of pests through the movement of unsanitary feedstock, even at the local
scale. Several countries in Europe have analyzed the specific phytosanitary risks of
diseased and infested wood in the pellet industry. The results of the literature review
indicate, however, that these risks have not been holistically evaluated for the
northeastern US. It was found that research is needed which matches phytosanitary
standards for individual pest species, silvicultural techniques, and methods of
operationalizing the use of this feedstock in an economically feasible way. Potential

phytosanitary risk mitigation strategies include modifying harvesting activities based on
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pest dynamics, on-site comminution, and local processing of feedstock within pest
quarantine zones. Policies will need to maintain phytosanitary standards and support
economic incentives to continue expanding the use of pest-impacted salvage wood
while also taking into account the high potential costs of human error. Given the
expected increase in forest pests in a changing climate in the northeastern US, the drive
for alternative energy sources, and the increase in the use of biomass for energy, this
study recommends that the risks and opportunities of salvaged wood from pest events

be further investigated.
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9.0 Tables

Table 4.1: Overview of the three forest pest species covered in this review posing
risks to northeastern U.S. forests

Pest name & risk maps
for the Eastern US

Relevant Pest Characteristics

Emerald Ash Borer [36]
Agrilus
planipennis

Pest description: Exotic invasive insect [37]

Tree species at Risk: Ash trees (Fraxinus spp.)

Breeding Material: Adults feed on foliage. Larval instars feed on
outer and inner bark (phloem), outer sapwood [38]

Damage: Galleries created in the tree cambial region resulting in
crown dieback and eventual tree death [29]

Relevant breeding characteristics: Locates trees through visual
(purple and green) and olfactory indicators from bark and foliage.
Flight period at peak in June and July in northern U.S. [39]

Dispersal characteristics: Natural dispersal of several kilometers per
season through adult flight. Likely imported to the U.S. through wood
packaging materials such as pallets. Firewood also a likely pathway
for regional dispersal. Adults can be transported by humans and
vehicles long-distances [29].

Hemlock Woolly
Adelgid!
Adelges tsugae Annand

Pest description: Exotic invasive insect [40, 41, 42]

Tree species at Risk: Eastern and Carolina Hemlock (7suga
canadensis and Tsuga caroliniana)

Breeding Material: Areas of new growth on branches

Damage: Needle drop, restricted nutrients to tree. Tree mortality can
occur within 5-10 years.

Relevant breeding characteristics: Two generations per year. HWA
reproduction is parthenogenetic (asexual) in North America. Eggs are
laid in web-like, viscid ovisacs secreted by adult HWA.

Dispersal characteristics: HWA’s northern range is limited by cold
temperatures. It has been dispersed by wildlife, imported trees,
humans, and hurricanes. It is especially susceptible to spread during
period of ovisac presence (white, clinging sacks) on trees.

Southern Pine Beetle’
Dendroctonus frontalis
Zimmermann

Pest description: Native insect

Tree species at Risk: All pine species including pitch pine (Pinus
rigida.), loblolly (Pinus taeda), red pine (Pinus resinosa Ait.), Scots
pine (Pinus sylvestris L.), eastern white pine (Pinus strobus L.).
Adjacent trees such as hemlock may also be susceptible to attack [35].
Breeding Material: Inner and outer tree bark.

Damage: Tree girdling and water blockage by associated fungi
resulting in tree death [27].

Relevant breeding characteristics: Multiple generations per season
possible (up to nine in the southern states) in favorable conditions.
Aggregation pheromones initially released by females, then by
attracted males after arrival.

Dispersal characteristics: Infestations have spread as quickly as 120
ft/day [27]. Beetles may continue development during winter months
(although consistent freezing temperatures may impact population
sizes). Adults are capable of flying up to two miles [43].
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Table 4.2: Search terms for literature analyses

Ecosystem  Material Action Risk subject
Forest -Forest fuels -Phytosanitation -Invasive species
-Wood pellets -Life cycle analysis -Invasive insects
-Salvage wood -Supply chain risk -Forest pests
-Bioenergy assessment
-Biomass

Table 4.3: Coding structure used for literature analysis with the number of paper
results by category of code.

Code Coding hierarchy Coding description (operational questions) Number
of Papers
AM Action material 85
AM1 Action material\ Biofuel Does the paper examine a bioenergy crop 9
becoming invasive becoming invasive?
AM2 Action material\ Biomass Does the paper consider best practices for 7
extraction best practices biomass extraction?
AM3 Action material\ Forest Does the paper link the wood pellet industry to 16
management + economics forest management?
AMA4 Action material\ Pest Does the paper consider pest management as a 15
management + climate change ~ method to manage forests as a climate change
adaptation strategy?
AMS Action material\ Does the paper examine phytosanitation for 25
Phytosanitation of wood products unrelated bioenergy?
AM6 Action material\ Wood pellets Does the paper link the wood pellet industry to 23
+ forest management forest management?
AR Action Risk Subject 61
AR1 Action Risk Subject\ Direct Does the paper place value on direct control 24
control (including preventative removal, pre-salvage,
and thinning) to reduce pests?
AR2 Action Risk Subject\ EAB Does the paper consider the mechanisms by 5
human movement which humans could facilitate the movement of
EAB?
AR3 Action Risk Subject\ EAB Does the paper consider forest management 13
management techniques for EAB?
AR4 Action Risk Subject\ HWA Does the paper consider the mechanisms by 1
human movement which humans could facilitate the movement of
HWA?
AR5 Action Risk Subject\ HWA Does the paper discuss the management of 6
Mgmt HWA?
ARG Action Risk Subject\ Indirect Does the paper place value on indirect control 10

control

(including prescribed fire, semiochemical
(pheromone) attractors, and biological control)
to reduce pests?
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AR7 Action Risk Subject\ Pest Does the paper evaluate management for pest 8
management, nonspecific risk generally, not related to specific pests?

ARS8 Action Risk Subject\ Does the paper consider silvicultural best 27
Silvicultural best practices + practices for forest pests without specific
pests reference to EAB/ HWA/ SPB?

AR9 Action Risk Subject\ SPB Does the paper consider forest management 2
management techniques for SPB?

ARI10 Action Risk Subject\ SPB Does the paper consider the mechanisms by 0
human movement which humans could facilitate the movement of

SPB?

MR Material Risk Subject 4

MR1 Material Risk Subject\ Insects Does the paper consider insects as a source of 1
as a source of biofuel biofuel?

MR2 Material Risk Subject\ Pest + Does the paper consider the effect of pests on 3
Feedstock Quality feedstock quality?

MR3 Material Risk Subject\ Pest + Does the paper suggest a negative effect on 1
Feedstock Quality\ Salvage pellet quality when pellets are made from
negative effect on pellet quality  salvage wood?

AMR Action Material Risk Subject 69

AMRI Material Risk Subject Action\ Does the paper suggest economic benefits from 35
positive economic, fuel from using infected wood as a fuel source?
infected wood

AMR?2 Material Risk Subject Action\ Does the paper suggest that infected wood is an 11
negative economic, fuel from economically unviable source for fuel?
infected wood

AMR3 Material Risk Subject Action\ Does the paper evaluate phytosanitation risks in 13
Phytosanitation + bioenergy non-wood bioenergy feedstocks?
feedstock

AMRA4 Material Risk Subject Action\ Does the paper consider the phytosanitary risks 22
Wood fuel, supply chain, & in the wood fuel supply chain?
phytosanitation

AMRS Material Risk Subject Action\ Does the paper reference policy that considers 5
Policy + phytosanitation + phytosanitation in the wood fuel supply chain?
wood fuel supply chain

AMRG6 Material Risk Subject Action\ Does the paper find chipping alone to be 13
Chipping insufficient insufficient for pest mortality?

AMR7 Material Risk Subject Action\ Does the paper recommend that comminution 3
On-site comminution take place on-site to avoid phytosanitary issues
recommended in the wood fuel supply chain?

AMRS Material Risk Subject Action\ Does the paper consider wood pellets a 4
Pellets, management, phytosanitary product resulting from the
phytosanitation management of forests?

AMRO Material Risk Subject Action\ Does the paper place value on pelletization for 8
Pellets + phytosanitation phytosanitation?

AMRI10 Material Risk Subject Action\ Does the paper consider wood pellets or forest 1

Climate, NE, pellets,
management, phytosanitation

fuels more generally, forest management, and
phytosanitation in the context of a changing
climate in the northeast?
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Table 4.4: Gantt chart of months posing highest risk (in red) of EAB, HWA, and
SPB spread in the northeastern US, subject to alterations in a changing climate

J

F M A M

Emerald Ash Borer [62]

Hemlock Woolly Adelgid [40,
42]

Southern Pine Beetle [27]

J J A

S O N D

Table 4.5: Comparison of wood fuel phytosanitary standards to phytosanitation

by pelletization

Phytosanitation standards/ recommendations

Biomass treatment
contributing to pest

International APHIS Literature mortality (risk
abatement)
Product size ¢ European e Products must e For Insects: o Final pellet size
Pellets be less than Product size < between 6.35-
Standard: 2.5 2.54cm [69] 2.5cm [63] 7.25cm [17]
cm in any e For Bacteria,
dimension and fungi, and
e Less than 3% viruses:
of chips > 16 Additional
mm (not to treatment
exceed 30 mm) needed [6]
[71]
Heat e Defined by e Products must e Dependent on o Torrified products
treatment NPPO be heated to a particle size and are treated to 120
(National Plant minimum of pest minutes at 200-
Protection 71.1°C for 75 e Most pests: 300°C [4,19]
Organization) minutes [69] 70°C for 1 hour |e Non-torrified
of importing e Virus: pellets heated as
country [71] 74-80°C for 1-4 necessary to
hours [6] achieve requisite
moisture [17]
Moisture e Defined by e Chips must not o At least less e Driedto 12-17%
requirements NPPO of contain any free than 20%, but humidity [17]
importing water [69] dependent on
country [71] other factors [6]
Other e Defined by e Products must e Aerobic o Bark removal [18]
treatments/ NPPO of have composting of | e Pressed into
restrictions importing documentation materials at extrudable form [4]
country [71] of pressure temperatures of | e Final pellet
treatment if >70 °C for product-no
needed [69] several can

100



e <15% with

eliminate pests

regulation needed

fungal including by FAO [72]
fructification nematodes,
[69] bacteria, and
e Restrictions on fungi [6]
chips from 60°E
& tropic of
Cancer [69]
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10.0 Figures

Fig. 4.1: Venn diagram of a priori coding categories (from Table 4.3) used for
literature analysis

Fig. 4.2: Percentage of papers in final database by publishing journal. Only
journals contributing at least three papers were included in this figure.

m Biomass and Bioenergy
m Forest Ecology and Management
= Biological Invasions
Renewable and Sustainable Energy Reviews

v m Forest Policy and Economics
= Forests

m Canadian Journal of Forest Research
m PLOS One
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Fig. 4.3 Percentage of papers that fell into four major coding categories (from
codes in Table 4.3)

2%

m Action Material
= Action, Material, Risk Subject
= Action, Risk Subject

Material, Risk Subject

Fig. 4.4: Breakdown of literature falling in the "Action, Material, Risk Subject"
category by the percentage of papers covered.
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infected timber as a fuel source?

30%

Does the paper suggest that infected timber is an 10%

economically unviable source for fuel?

Does the paper evaluate phytosanitation risks in other 11%

bioenergy feedstocks?

Does the paper consider the phytosanitary risks in the 19%

wood fuel supply chain?

4%

Does the paper reference policy that considers
phytosanitation in the wood fuel supply chain?

Does the paper find chipping alone to be insufficient for
pest mortality?

11%

Does the paper recommend on-site comminution to avoid . 3%
phytosanitary issues in the wood fuel supply chain?

Does the paper consider wood pellets a phytosanitary . 3%
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Does the paper place value on pelletization for
phytosanitation?

Does the paper consider wood pellets, forest
management, and phytosanitation in a changing climate
in the NE US?

7%

1%
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CHAPTER 5: CONCLUSION
The primary objective of this research was to investigate the intersections of forest pest
ecology, forest management, and a forest commodity. We first explored the
interactions of forest pest ecology and management through research on two species of
silver fly, Leucopis argenticollis and Leucopis piniperda, predators of A. tsugae in the
Pacific Northwest. The emergences of Leucopis spp. were examined for patterns that
may be indicative of resource partitioning behavior with important consequences for
the management of A. tsugae in eastern North America. We also examined climatic and
landscape factors that may contribute to Leucopis spp. niche and their future success in
eastern North America by developing a species distribution model. Finally, we
conducted a literature review on the potential opportunities and risks of using wood that
has been impacted by invasive species and pests as feedstock for the wood pellet
industry, with a focus on phytosanitary implications for the United States.

Our findings included observations of sinusoidal patterns of daily emergence by
Leucopis argenticollis and Leucopis piniperda over a 29-day period which may be
indicative of a resource partitioning strategy in their native range. These results indicate
that both species may be important components of an effective biological control
program of A. tsugae in eastern North America. This highlights the importance of fully
understanding a species’ niche in its native range for its effective use as a biological
control. Our exploration of the spatial components of Leucopis spp. niche highlighted
temperature, dewpoint temperature, and elevation as potentially important environmental

elements of Leucopis spp. presence in the Pacific Northwest. This provides important
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baseline information for future studies of the habitat and niche of Leucopis spp.,
especially in relation to their release as biological control agents of A. tsugae in eastern
North America. Finally, we found that although wood pellets represent a phytosanitary
product in their final form, there are still risks associated with the movement of
unsanitary feedstock by the dissemination of pests, even at the local scale. These
phytosanitary risks in wood pellet feedstock pre-treatment were found to not be directly
addressed in US-related literature, with important implications for harvesting and
processing logistics within the wood pellet supply chain.

Further research on the interspecific interactions, predator-prey relationships, and
environmental envelopes of Leucopis spp. will support the efficiency and efficacy of the
biological control program of 4. tsugae in eastern North America. Our study on the use
of pest-impacted wood as a wood pellet feedstock recommended that the risks and
opportunities of salvaged wood from pest events be further investigated. Furthermore,
research is needed which matches phytosanitary standards for individual pest species,
silvicultural techniques, and methods of operationalizing the use of this feedstock in an
economically feasible way. These studies cumulatively provide important evidence for

adaptive solutions to forest pests that consider both forest health and forest economics.
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