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A B S T R A C T

As interest in alternatives to fossil fuels increases, low quality timber may become more attractive as feedstock
material for biomass energy. This low-quality timber, referred to here as salvage wood, can be used to manu-
facture wood pellets, a densified biomass energy product which can be used for electricity and heating. The
process of converting wood to pellets also results in total pest mortality in the final product, an important
consideration given wood pellet’s international market and global concerns about phytosanitation, or the risk of
pest spread. However, there is still potential to spread pests in the wood pellet supply chain. To better under-
stand the potential benefits for forest health and the phytosanitary risks of the use of salvaged wood in the wood
pellet supply chain, our study systematically reviews the literature published between 2000 and 2018, gleaning
applicable considerations for the northeastern United States (US), a region already affected by the highest
density of damaging forest pests in the country and an up-tick in wood pellet use. Our review focuses on three
pest species likely to incur considerable change in northeastern US forests: emerald ash borer (Agrilus planipennis
or EAB; an exotic, invasive species), hemlock woolly adelgid (Adelges tsugae Annand, or HWA; an exotic, invasive
species), and southern pine beetle (Dendroctonus frontalis Zimmermann, or SPB, a native species). Our review
finds that wood pellets are being recognized as phytosanitary in their final form and that the forest health
opportunities for the use of salvaged wood exist are beginning to be acknowledged in the region. However, our
results also indicate that the spread of pests is still possible in the feedstock pre-treatment supply chain, which
have yet to be directly addressed in US-related scientific literature. Our review concludes that further research
and action on the phytosanitary risks in the supply chain focus on individual pest species behavior during
harvesting, on-site comminution of feedstock material, and local processing at facilities within USDA APHIS
(United States Department of Agriculture Animal and Plant Health Inspection Service) quarantine zones for
maximum mitigation. The results of these considerations can accrue benefits for forest health, mitigate the
spread of forest pests, and support the use of an alternative energy to fossil fuels in a changing climate.

1. Introduction

Wood based biofuels offer potential for new opportunities and
challenges at the intersection of alternatives to fossil fuel energy
(Walker et al., 2013) and incentives for forest health management.
Overall biofuel contributions in solid (such as firewood), liquid (such as
ethanol), and gas (such as biogas from organic matter) forms are an-
ticipated by Guo et al. (2015) to reach 30% of global energy demands
by 2050. Degraded, low-value wood, which can be found after dis-
turbances such as storms, drought, and insect infestations (Lamers
et al., 2013) typically has a limited market in comparison to higher
quality wood but may become more attractive as a feedstock material

for biomass energy (Levesque and Kingsley, 2017). Referred to as sal-
vaged wood for the purposes of our review, it can be used for the
manufacture of wood pellets, a densified product which can be com-
posed of several types of organic matter (including various forms of
wood), which can be used for heating and electricity (Thrän et al.,
2017). One of a suite of biofuel products gaining interest in domestic
and international energy and heating markets, global wood pellet
production is estimated to have increased four-fold, from approxi-
mately six megatons to 26 megatons, between 2005 and 2015 (Thrän
et al., 2017). These trends are also apparent in the northeastern United
States (US), where in 2014 the US Energy Information Administration
found a notable increase in the use of wood as a residential heating
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source (EIA, 2018).
The increased interest in wood pellets globally can also be attrib-

uted to several advantages of wood pellets as an energy option, espe-
cially when compared to other forms of solid biofuel that can be used to
produce heat and/or electricity like firewood or fuel chips. Fuel pellets,
including those using fibrous materials other than wood, have an in-
creased energy output per unit volume in comparison to other solid
biofuel materials (Thrän et al., 2017). These benefits both increase the
potential profitability of pellets and an improvement on their trans-
portability for domestic and international trade (Spelter and Toth,
2009). Pellets may also be an attractive option for residential heating
systems that are transitioning from oil heat (Wood and Pellet, 2018).
Although almost all wood pellets consumed domestically in the US are
used for residential heating, the majority of US wood pellets (63% as of
2015) are exported to international markets (Thrän et al., 2017). In-
ternationally, wood pellets are more frequently used for electricity
production, in which the pellets are typically co-fired with coal. This is
most commonly practiced in Europe, although Canada has seen former
coal plants, such as Atikokan in Ontario, transition completely to wood
pellets for electricity production (Thrän et al., 2017).

In addition to wood pellets’ increased energy density, value per
volume, and transportability in their final form (Thrän et al., 2017),
their use is creating new markets for degraded, low-value wood and
timber (Levesque and Kingsley, 2017). In some scenarios, the use and
sale of salvaged wood can create co-benefits such as keeping energy
markets local (Buchholz et al., 2019) or supporting forest management
goals after an ecological disturbance (Dale et al., 2015). Forest man-
agement goals can be met by silvicultural treatments aimed at dually
supporting forest health, managing pest populations, and providing an
economic incentive for forest management (Dale et al., 2015). The
treatments can be preventive in nature (i.e. treatment or removal before
an anticipated pest disturbance, such as a bark beetle outbreak) or a
form of direct control (i.e. the removal after a pest disturbance has
begun) (Dale et al., 2015).

In spite of these advantages, the use of salvage wood presents sev-
eral challenges for forest managers and wood pellet facilities.
Environmentally, research has indicated that the effects of extensive
removal of forest residues, such as wood infested by pests, can have
deleterious effects upon forest ecosystems (Foster and Orwig, 2006).
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 (Dale et al., 2015; Spelter and
Toth, 2009). Beyond environmental concerns, dependence on an in-
herently sporadic feedstock spread across vast, remote, and challenging
landscapes can compromise profitability. These economic challenges
have been considered in several studies, especially in Canada where
mountain pine beetle is a regular cause of forest disturbance (Foster and
Orwig, 2006; Egnell et al., 2016; Barrette et al., 2015). Part of this
economic challenge stems from the difficulty and expense of utilizing
mobile or roadside chippers (Whalley et al., 2017). Concerns have also
been raised about the potentially deleterious effects of low-grade, sal-
vaged feedstock on wood pellet composition and quality (standardized
according to regulations laid out by the Pellet Fuels Institute) and in-
creased costs associated with processing lower-grade material with
variable density and moisture (Lamers et al., 2013; Barrette et al.,
2017).

These disadvantages, such as profitability and environmental im-
pact, likely account for the relatively small portion of most companies’
biomass feedstock composed of diseased and salvaged wood. Drax, for
example, a U.K.-based energy company with pellet production opera-
tions in Mississippi and Georgia, reported that only 0.6% of their
feedstock mix was procured specifically from diseased and damaged
wood in 2017 (Graphics, 2018). Similar to other pellet mills in the US
(Levesque and Kingsley, 2017), sawmill 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% (Graphics, 2018).
Salvaged or not, one important advantage of wood pellets over

other forms of solid biofuels is that the process of converting wood to
pellets results in total pest mortality in the final product (Kopinga et al.,
2010), an important consideration given wood pellet’s international
market and global concerns about phytosanitation, or the risk of pest
spread (Kopinga et al., 2010).

Our study focuses on the intersection of forest health, phytosanitary
risk mitigation, and wood pellets. To better understand the potential
benefits for forest health and the phytosanitary risks of the use of sal-
vaged wood in the wood pellet supply chain, we carried out a sys-
tematic review of the literature published between 2000 and 2018,
gleaning applicable considerations for the northeastern United States
(US), a region already affected by the highest density of damaging
forest pests in the country (Stennes et al., 2010; Whalley et al., 2017)
and an up-tick in wood pellet us (US Energy Information
Administration, 2014). Our review focuses on three pest species likely
to incur considerable change in northeastern US forests: emerald ash
borer (Agrilus planipennis or EAB; an exotic, invasive species), hemlock
woolly adelgid (Adelges tsugae Annand, or HWA; an exotic, invasive
species), and southern pine beetle (Dendroctonus frontalis Zimmermann,
or SPB, a native species). By extracting and analyzing themes from this
body of literature, we identify areas for further research to support the
integration of salvaged wood as a wood pellet feedstock with appro-
priate phytosanitary guidelines, to support forest health, fossil fuel al-
ternatives, and risk mitigation.

2. Aim and scope

Our study is focused on assessing the literature relevant to the po-
tential benefits and risks of using wood at risk of pest contamination
(i.e. phytosanitary risk) as wood pellet feedstock and extracting themes
from the resulting literature. We conducted a systematic review of the
literature published between 2000 and 2018 that addresses the poten-
tial for forest pest management through wood pellet production, the
risk for pest dispersal in the supply chain, and the key challenges and
gaps identified in the literature. We review strategies from the literature
for the use of salvaged wood resulting from silvicultural activities and
the mitigation of phytosanitary risk along the wood pellet feedstock
supply chain. By coding the resulting literature database based on
emergent themes (such as economics and climate change), we sum-
marize the current state of the literature on the subject, identify areas of
further research, and orient the findings towards the case of the
northeastern US.

In the context of this review, “pest” relates to insects, both 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 US (referring to the following
states for this review: Vermont, New Hampshire, Maine, New York,
New Jersey, Massachusetts, Rhode Island, Connecticut, and
Pennsylvania) are considered. An emphasis is placed on three specific
pests—emerald ash borer (Agrilus planipennis or EAB; an exotic, invasive
species), hemlock woolly adelgid (Adelges tsugae Annand, or HWA; an
exotic, invasive species), and southern pine beetle (Dendroctonus fron-
talis Zimmermann, or SPB, a native species)—anticipated to affect
forested land in the region 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 our
study.

3. Background

3.1. Wood pelletization

The pelletization process creates a standardized product with an
increased energy content per unit volume in comparison to firewood
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and wood chips. Pellets are fabricated from a range of woody materials,
including round and salvaged wood as well as residual sawdust and
shavings (Lamers et al., 2013; Barrette et al., 2017). Differences in in-
itial feedstock composition and quality can affect the treatment of these
materials in the wood pellet supply chain. In general, however, feed-
stock is subject to debarkation, chipping, drying, and compaction to
conform wood to a uniform size, energy density, and moisture content
(Maciejewska et al., 2006). Processing intensity is dependent on the
feedstock condition, with round wood being the most difficult to pro-
cess and residues being the least difficult (Spelter and Toth, 2009).
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 (Brashaw et al., 2012)
and chipped as appropriate to 70 mm prior to entering dryers
(Maciejewska et al., 2006). All particles must then be brought to an
appropriate moisture content of 12–17% of weight by volume as re-
quired by pellet presses (Maciejewska et al., 2006). The heat generated
by the pressure of extrusion heats the lignin in the wood allowing it to
act as binder for the product (Guo et al., 2015). The particles may also
be steam conditioned to improve material binding, then pressed, ex-
truded, cut to size, and hardened through cooling (Spelter and Toth,
2009).

Torrefaction is an additional processing option in which the initial
feedstock is heat-treated to between 200 and 300 °C for 120 min with
no oxygen, further reducing moisture content, decreasing the weight by
volume, and increasing the energy content of the product (van der Stelt
et al., 2011). Torrified pellets can have an almost doubled increase in
energy density (Thrän et al., 2017), increasing their value and ease of
transport.

3.2. Forest pests

Insects contribute to many vital ecosystem services such as de-
composition 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). 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 (Dale et al., 2001). Northeastern
forests, especially those in New York, Pennsylvania, and Connecticut,
have the highest number of species of damaging forest pests in com-
parison to other parts of the US. In these states, more than 45 pest
species were found in several counties in 2013 (Liebhold et al., 2013).
Humans are facilitating the movement of pests, largely through trade
and a globalized economy (Everett, 2000; Levine and D’Antonio, 2003).
Some of these pest species are indigenous to the ecosystems in which
they are found but experiencing a shift in their native range in a
changing climate, such as the southern pine beetle (Dendroctonus fron-
talis Zimmermann; SPB) (Clarke and Nowak, 2009). Others are exotic
invasive species, such as the hemlock woolly adelgid (Adelges tsugae
Annand; HWA) and emerald ash borer (Agrilus planipennis; EAB), which
benefit from a lack of host resistance and natural enemies in their new
habitats (Waring and O’Hara, 2005).

These three pests, EAB, HWA, and SPB, present significant economic
and ecological changes to many forests in the northeastern US
(Table 1). EAB, first found in Michigan in the 1990s, poses a serious
threat to eastern forests due to the susceptibility of ash trees (Fraxinus
spp.) to attack, the difficulty of early detection, and the prevalence of
ash trees throughout the eastern US (Flower et al., 2013; Haack et al.,
2015). Hemlock trees (Tsuga canadensis) similarly face a daunting fu-
ture due to HWA, introduced to the eastern US from Japan (Havill and
Montgomery, 2008). HWA in the east lacks natural enemies with
eastern hemlock trees demonstrating a seeming lack of resistance to
HWA feeding. Occupying a critical role as a keystone species, the de-
mise of the hemlock is expected to incur changes in eastern ecosystems

(Havill et al., 2014).
The SPB differs from EAB and HWA as a species that is native to the

southeastern US. SPB is currently part of regular disturbance regimes of
southeastern forests where it affects several species of pine, including
some of high commercial value such as the loblolly pine. By changing
environmental conditions such as temperature and precipitation that
impact tree health, a changing climate will impact the severity and
duration of outbreaks while also changing pest ranges into more
northeastern forests (Dodds et al., 2018; Gan, 2004).

3.3. Future outlooks for pests 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 US (Lovett et al., 2006). In addition to the risks of exotic
invasive species spread inherent in an increasingly globalized economy
(Lovett et al., 2016; Everett, 2000), a combination of warmer winters,
changes in precipitation, and habitat destruction provide ample op-
portunity for human-assisted pest dispersal as well as shifting and ex-
panding ranges (Dukes et al., 2009; Fitzpatrick et al., 2012; Hlásny and
Turčáni, 2009; Logan et al., 2003; Lovett et al., 2006). Insects are also
likely to benefit under a warming climate scenario as temperature is a
crucial component of insect development (Hlásny and Turčáni, 2009;
Weed et al., 2013). Extension of growing seasons by 4–6 weeks, as
predicted by 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).

4. Methods

For our study, we conducted a systematic literature review 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 (Moher et al.,
2009; Pickering and Byrne, 2014), the research topic was used to
identify keywords as found in Table 2. We then used these keywords to
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), which re-
sulted in a total of 261 papers once duplicates were removed, as can be
seen in Fig. 1. 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 2 (organized
broadly by the parameters of ecosystem, material, action, and risk
subject), until all possible permutations were exhausted. This included
plurals and alternative word endings (i.e. phytosanitary and phytosa-
nitation) as relevant. We generated a database of results based on a
protocol developed for the inclusion and exclusion of papers to the
study (Pickering and Byrne, 2014; Pullin and Stewart, 2006) which
totaled 196 papers. Papers were only included in the database that were
published between 2000 and 2018, in English. Papers were included
regardless of geographic focus. We excluded papers that 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.

We excluded papers that focused on a non-forest-based feedstock
(such as switchgrass), a plantation-based feedstock (such as eu-
calyptus), or a non-forest pest in order to focus on pest species speci-
fically affecting natural forest ecosystems which may be providing
feedstock for the wood pellet industry. This resulted in a total of 142
papers that were saved in the reference management software, Zotero.

We conducted a qualitative analysis of the papers in our database
using NVivo 12 software, a research software commonly used by social
scientists to conduct qualitative and mixed methods work. NVivo allows
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researchers to identify themes, as well as linkages and patterns between
themes, in qualitative data, such as text, video, audio, and imagery. It is
well suited to analyzing text and was thus appropriate to use for our
review. To complete this analysis, we carried out an initial assessment
of the database and organized it using a set of four a priori codes (Glesne
and Peshkin, 1992) based on the literature described in the introduction
of this paper. The a priori codes were based on the Action, Material, and
Risk Subject categories used in the search term organization in Table 2.
As seen in the Venn diagram in Fig. 2, the a priori codes were created at
the overlap of these categories, namely: Action, Material (AM); Action,
Risk Subject (AR); Material, Risk Subject (MR); and Action, Material,
Risk Subject (AMR). At this point, literature that only pertained to one
component, i.e. a paper that discussed only a search term in the “Ma-
terial” category in Table 2 but not an “Action” or “Risk subject” term,
were deemed ineligible and removed, resulting in a final database count
of 142 papers. Using these 142 papers and four a priori codes, we

conducted a qualitative analysis on the papers using nVivo 12, a soft-
ware program that facilitates qualitative analysis of text and other
media.

We developed operational questions to apply to the papers as seen
in Table 3 for each of the four aforementioned a priori codes. These
were developed iteratively around themes that arose while reviewing
the literature (Moher et al., 2009; Pickering and Byrne, 2014). “Action,
Risk Subject” papers (AR), for example, considered interactions be-
tween silvicultural techniques and management of forest pests (in-
cluding but not limited to EAB, HWA, and SPB). “Material, Risk Sub-
ject” 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 “AMR” node,
which considered the various intersections of wood pellets, phytosani-
tation, and forest pests.

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) as different section of papers sometimes
offered information on more than one of the questions associated with the
a priori codes. For example, a section of a paper’s text could be relevant to
impacts of feedstock quality on pellets (“Material, Risk Subject”—MR)
while another section in the same paper discussed the effects of pelleti-
zation on phytosanitation (“Action, Material”—AM). Analysis of results
produced in nVivo was carried out in Microsoft Excel v15.34.

Table 1
Overview of the three forest pest species covered in this review posing risks to northeastern US forests.

Pest name & risk maps for the Eastern US Relevant Pest Characteristics

Emerald Ash Borer (Forest, 2019)
Agrilus planipennis

Pest description: Exotic invasive insect (Haack et al., 2015)
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 (Wei et al., 2007)
Damage: Galleries created in the tree cambial region resulting in crown dieback and eventual tree death (Haack et al., 2015)
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 US (Haack, et al., 2002)
Dispersal characteristics: Natural dispersal of several kilometers per season through adult flight. Likely imported to the US 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 (Haack et al., 2015).

Hemlock Woolly Adelgid1

Adelges tsugae Annand
Pest description: Exotic invasive insect (Parker et al., 1998, 1999; Skinner et al., 2003)
Tree species at Risk: Eastern and Carolina Hemlock (Tsuga 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 Beetle9

Dendroctonus frontalis Zimmermann
Pest description: Native to southeastern US
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
(Dodds et al., 2018).
Breeding Material: Inner and outer tree bark.
Damage: Tree girdling and water blockage by associated fungi resulting in tree death (Clarke and Nowak, 2009).
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 (Clarke and Nowak, 2009). Beetles may continue
development during winter months (although consistent freezing temperatures may impact population sizes). Adults are capable of
flying up to two miles (Turchin and Thoeny, 1993).

Table 2
Search terms for literature analyses.

Ecosystem Material Action Risk subject

Forest Forest fuel(s) Phytosanita* Invasive species
Wood pellet(s) Life cycle analysis Invasive insect(s)
Salvage(d) wood
Bioenergy
Biomass

Supply chain risk assessment Forest pest(s)
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5. Results

5.1. Results overview

Based on the coding analysis of the 142 papers in the database, we
were able to understand themes within the literature. These papers
came from several journals (Fig. 3) the majority of which were pub-
lished by the journal Biomass and Bioenergy, followed by Forest
Ecology and Management, and Biological Invasions. They also ranged
in geographic coverage with 33 of the papers being specifically inter-
nationally focused, mostly related to phytosanitation practices in
Europe. Papers from Canada were also prevalent, addressing the eco-
nomics, logistics, and potential of using wood salvaged from mountain
pine beetle events for the wood pellet industry. Twelve papers focused
explicitly on the US, with most focusing in some capacity on the
growing wood pellet industry in the Southeast. The remaining papers
did not have a specific geographic focus or were focused on global is-
sues.

To compare paper outcomes as coded using the themes outlined in
Table 3, the number of papers for each category (AM, AR, & MR, and

AMR) was first extracted (i.e. 4 total papers in the MR category). The
sum total (including duplicates between categories) was then divided
by each individual category’s number of papers to calculate the cate-
gories’ percentages Fig. 4. Following this method, the largest percen-
tage of papers (39%) fell in the “Action, Material” category, which
broadly considered the effectiveness of pelletization on phytosanita-
tion. “Action, Risk Subject” papers, focusing on silviculture strategies
for forest pest mitigation, comprised 28% of the database while “Ma-
terial, Risk Subject,” concerning the effect of pests on feedstock quality,
accounted for only 2% of papers. “Action, Material, Risk Subject” pa-
pers, most relevant comprehensively to this literature review, en-
compassed 28% of the literature. The results for each category are
described thematically in the sections below.

5.2. 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 sub-
jects 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 (Dale et al., 2017b; Dale et al., 2017a), the characteristics and
biology of the pest, and the level or intensity of invasion or spread
(Muzika, 2017; Waring and O’Hara, 2005). Silvicultural practices can
change the successional dynamics of a forest affected by pests through
the removal or preservation of affected tree species (Dale et al., 2017b;
Dale et al., 2017a). We found limited research about the efficacy of
prescribed silviculture methods for long-term forest health to manage
specific pests (Dale et al., 2015; Muzika and Liebhold, 2000). Short-
term studies have examined preventive pest management (the removal
of wood that is expected to become infected) and direct control (the

Fig. 1. PRISMA diagram outlining the order of operations for completing the literature review systematically.

Fig. 2. Venn diagram of a priori coding categories (from Table 3) used for lit-
erature analysis. “AM” refers to the “Action, Material” category, “MR” to
“Material, Risk Subject,” “AR” to “Action, Risk Subject,” and “AMR” to “Action,
Material, Risk Subject”.
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Table 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 becoming invasive Does the paper examine a bioenergy crop becoming invasive? 9
AM2 Action material\Biomass extraction best practices Does the paper consider best practices for biomass extraction? 7
AM3 Action material\Forest management + economics Does the paper link the wood pellet industry to forest management? 16
AM4 Action material\Pest management + climate change Does the paper consider pest management as a method to manage forests

as a climate change adaptation strategy?
15

AM5 Action material\Phytosanitation of wood Does the paper examine phytosanitation for products unrelated
bioenergy?

25

AM6 Action material\Wood pellets + forest management Does the paper link the wood pellet industry to forest management? 23

AR Action Risk Subject 61
AR1 Action Risk Subject\Direct control Does the paper place value on direct control (including preventive

removal, pre-salvage, and thinning) to reduce pests?
24

AR2 Action Risk Subject\EAB human movement Does the paper consider the mechanisms by which humans could facilitate
the movement of EAB?

5

AR3 Action Risk Subject\EAB management Does the paper consider forest management techniques for EAB? 13
AR4 Action Risk Subject\HWA human movement Does the paper consider the mechanisms by which humans could facilitate

the movement of HWA?
1

AR5 Action Risk Subject\HWA Mgmt. Does the paper discuss the management of HWA? 6
AR6 Action Risk Subject\Indirect control Does the paper place value on indirect control (including prescribed fire,

semiochemical (pheromone) attractors, and biological control) to reduce
pests?

10

AR7 Action Risk Subject\Pest management, nonspecific Does the paper evaluate management for pest risk generally, not related to
specific pests?

8

AR8 Action Risk Subject\Silvicultural best practices + pests Does the paper consider silvicultural best practices for forest pests without
specific reference to EAB/ HWA/ SPB?

27

AR9 Action Risk Subject\SPB management Does the paper consider forest management techniques for SPB? 2
AR10 Action Risk Subject\SPB human movement Does the paper consider the mechanisms by which humans could facilitate

the movement of SPB?
0

MR Material Risk Subject 4
MR1 Material Risk Subject\Insects as a source of biofuel Does the paper consider insects as a source of biofuel? 1
MR2 Material Risk Subject\Pest + Feedstock Quality Does the paper consider the effect of pests on feedstock quality? 3
MR3 Material Risk Subject\Pest + Feedstock Quality\Salvage negative effect

on pellet quality
Does the paper suggest a negative effect on pellet quality when pellets are
made from salvage wood?

1

AMR Action Material Risk Subject 69
AMR1 Material Risk Subject Action\positive economic, fuel from infected wood Does the paper suggest economic benefits from using infected wood as a

fuel source?
35

AMR2 Material Risk Subject Action\negative economic, fuel from infected
wood

Does the paper suggest that infected wood is an economically unviable
source for fuel?

11

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

13

AMR4 Material Risk Subject Action\Wood fuel, supply chain, & phytosanitation Does the paper consider the phytosanitary risks in the wood fuel supply
chain?

22

AMR5 Material Risk Subject Action\Policy + phytosanitation + wood fuel
supply chain

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

5

AMR6 Material Risk Subject Action\Chipping insufficient Does the paper find chipping alone to be insufficient for pest mortality? 13
AMR7 Material Risk Subject Action\On-site comminution recommended Does the paper recommend that comminution take place on-site to avoid

phytosanitary issues in the wood fuel supply chain?
3

AMR8 Material Risk Subject Action\Pellets, management, phytosanitation Does the paper consider wood pellets a phytosanitary product resulting
from the management of forests?

4

AMR9 Material Risk Subject Action\Pellets + phytosanitation Does the paper place value on pelletization for phytosanitation? 8
AMR10 Material Risk Subject Action\Climate, NE, pellets, management,

phytosanitation
Does the paper consider wood pellets or forest fuels more generally, forest
management, and phytosanitation in the context of a changing climate in
the northeast?

1

29%

17%
11%

9%

10%

8%

8%
8%

Biomass and Bioenergy
Forest Ecology and Management
Biological Invasions
Renewable and Sustainable Energy Reviews
Forest Policy and Economics
Forests
Canadian Journal of Forest Research
PLOS One

Fig. 3. Percentage of papers in final database by publishing journal. Only journals contributing at least three papers are included in this figure.
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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 (Safranyik and Wilson, 2006).
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 (Waring and O’Hara, 2005). These tactics may be used in com-
bination with pheromone-based attractants (i.e., mountain pine beetle)
(Evenden and Silk, 2016) or biological control (i.e. HWA) (Vose et al.,
2013). The level of infestation can dictate the management strategy
(Muzika, 2017).

The literature indicated that knowledge of the life cycles of pests is
key in determining the best strategy for management (Table 4). Re-
moval of trees infested with SPB in the summer, for example, may limit
an on-going infestation. However, winter removal may be more effec-
tive by exposing immature SPB’s to decreased temperatures, increasing
mortality (Dodds et al., 2018; Gan, 2004).

Our results indicate that the efficacy of managing EAB, HWA, and
SPB for forest health varied across studies. Studies indicated that early
silvicultural treatments to eradicate EAB failed and chemical treatments
were not uniformly effective (Looney et al., 2015; McCullough et al.,
2007). Pre-salvage and salvage operations were generally re-
commended for forest managers attempting to redeem value from dead
or dying trees (McCullough and Poland, 2015). More options existed for
the management of HWA, including leaving the stand untreated, thin-
ning treatments, and harvesting and extracting most or all hemlocks in
an area (Orwig and Kittredge, 2005). Selective cutting of overstory trees
to expose lower branches to more sunlight was shown to aid in the
mitigation of HWA populations (Brantley et al., 2017). Silvicultural
techniques, including salvage harvests, were found to be effective in
managing SPB (Belanger et al., 1993; Gan, 2004). Thinning was found
to improve the ability of trees to resist SPB infestations and was thus
considered an effective strategy to limit SPB population growth. A study
from Clark and Nowak in 2009 noted that aerial views to define an SPB
outbreak pattern. The invasion pattern could then be used to target
felling of newly infested trees towards trees that had already been va-
cated by SPB to more effectively manage their populations (Clarke and
Nowak, 2009).

5.3. 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 (Looney et al., 2015; Levesque and Kingsley, 2017;
Graphics, 2018). The findings indicate that although feedstock quality
can be negatively affected by disease and pests, it is possible to use such
wood to create wood pellets. For example, Qin et al. found that feed-
stock could be varied and improved to an acceptable level for pellet
production by adding higher quality parent material to the mix (Qin
et al., 2018). 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 (Barrette et al., 2017).

5.4. Action, Material category: Effectiveness of pelletization on
phytosanitation

The largest share, 39%, of the 142 papers fell into the “Action,
Material” category (Fig. 4). These papers considered, for example, best
practices for biomass extraction (AM2), the potential for overlap be-
tween the wood pellet industry and forest management goals (AM3),
and the phytosanitation of wood products (AM5). The literature in-
dicated that phytosanitation standards varied between regions and
countries and did not always meet treatment recommendations given in
the emergent scientific literature (see Table 5). The relative effective-
ness 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 2.5 cm. EAB was also eradicated
after being heat-treated for 120 min at 60 °C (McCullough et al., 2007;
McCullough and Poland, 2015). Thirteen papers were found in the lit-
erature 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, phy-
tosanitation risks of wood pellets as a final product were found to be
effectively eliminated (Batidzirai et al., 2014; Belanger et al., 1993;
Kopinga et al., 2010; Safranyik and Wilson, 2006). 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 assumed to pose no risk for pest transmission
(USDA, 2014; EPPO, 2015). Table 5 compares several phytosanitary
standards (domestic and international) to common wood fuel proces-
sing steps based on the review results, illustrating the ability of pelle-
tization to effectively eliminate phytosanitary risks.

5.5. Action, Material, Risk Subject Category: Wood pellets, pests, and
phytosanitation

5.5.1. Overview
Finally, 32% of the papers analyzed were coded for questions falling

in the “Action, Material, Risk Subject” category (summarized in Fig. 5;

39%

32%

28%

2%

Action, Material
Action, Material, Risk Subject
Action, Risk Subject
Material, Risk Subject

Fig. 4. Percentage of papers that fell into the four coding categories (from codes
in Table 3).

Table 4
Gantt chart of months posing highest risk (in red) of EAB, HWA, and SPB transmission in the northeastern US, subject to alterations in a
changing climate.

J F M A M J J A S O N D
Emerald Ash Borer (McCullough 
and Poland, 2015)
Hemlock Woolly Adelgid (Parker 
et al., 1998; Skinner et al., 2003)
Southern Pine Beetle (Clarke and 
Nowak, 2009)
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full codes in Table 3). For papers with codes AMR1 and AMR2, in ad-
dition to addressing wood pellets, pests, and phytosanitation, economic
benefits and risks of using wood salvaged from pest events for bioe-
nergy were also considered, with 35 papers citing positive economic
benefits and 11 identifying challenges (with some papers also citing
both). These represented 39% of the combined AMR category literature.
Codes AMR3, AMR4, AMR5 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 suf-
ficient for pest mortality, especially for insects such as the EAB which
are strong fliers and difficult to detect (Haack et al., 2015) (AMR6
comprising 11% of AMR literature). Three papers specifically re-
commended on-site comminution (processing that could include de-
barking, chipping, or other reductive action) to mitigate phytosanitary
risks. Codes AMR8 and AMR9 (10% of the AMR category) identified
papers that considered pellets as a phytosanitary final product resulting
from the management of forests for pests or, at a minimum, placed
value on the pelletization process for phytosanitation. Only one paper,
which focused on just one pest species (SPB), considered wood pellets
themselves as a phytosanitary final product in the context of forest pest
management and a changing climate for the northeastern US (Dodds
et al., 2018), indicating that the specific phytosanitary risks of diseased
and infested wood in the pellet industry in this region have not been
holistically evaluated.

5.5.2. Pest risks in pellet feedstock pre-treatment
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 for
the end product, 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, local transportation of feedstock, in ad-
dition to the potential for human error in even the most robust of
systems, 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 in our
review. Furthermore, papers were not found which addressed the po-
tential role of human error and compliance with sanitation rules and
guidance.

5.5.2.1. Sourcing. The literature indicated that the distance of
processing facilities to feedstock sources was an important
consideration for a wood pellet enterprise’s profitability as costs
increase with transportation expenditures (Yemshanov et al., 2014).
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 (Safranyik and Wilson, 2006). 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 phytosanitary risks (Kühmaier
et al., 2016; Kopinga et al., 2010).

5.5.2.2. Harvest. We found literature indicating that the timing of
silvicultural interventions is critical to managing phytosanitary risks
in the feedstock supply chain. The Gantt diagram in Table 4 details
estimated risk periods for the three pest species of focus for our study,
HWA, SPB, and EAB, as an example. During the months indicated in
red, pests are at a higher risk for transmission to other local trees. For
example, harvest of trees affected by EAB was recommended outside of
the months of May to August (Haack et al., 2015). As ash trees also
frequently sprout from the stumps, prevention of future colonization by
EAB would require that stumps be cut to less than 2.5 cm or treatedTa
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with an herbicide (Petrice and Haack, 2011). Similarly, for SPB, harvest
ideally takes place after the flight period to effectively manage
populations (Waring and O’Hara, 2005). Harvesting guidelines were
also found to exist for the management of outbreaks based on specific
invasion characteristics of SPB (Clarke and Nowak, 2009). For HWA, in
spring and early summer, literature indicated that attention should be
given to the accidental transportation of ovisacs (Vose et al., 2013)
(Table 1), which may cling to equipment or handlers.

5.5.2.3. 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 (Lattimore et al., 2009;
Schroeder, 2008). Studies from this region found that stockpiles
harboring pests can act as an attractant for additional invasions
(Victorsson and Jonsell, 2013), especially for pests such as the SPB,
which release attractant pheromones (Clarke and Nowak, 2009). The
risks associated with specific pests should be considered when
designing a fuel wood terminal layout for the collection of feedstocks
across regions (Kühmaier et al., 2016). Avoidance of flight periods of
certain pests can mitigate their potential for spread to other parts of the
forest (Waring and O’Hara, 2005). 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.

5.5.2.4. On-site comminution. The processes of grinding, heating,
chipping, and compression contribute to the management of
phytosanitary risk. However, these actions are typically not applied
until the biomass arrives at the processing facility. This is largely due to
cost and limited availability of mobile chippers (Whalley et al., 2017),
and logistical challenges in the movement of machinery within forested
and remote areas. However, on-site comminution can be an extremely
effective method for 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 (Kopinga et al., 2010). The
efficacy of the comminution method on pest mitigation is species-
dependent.

5.5.2.5. Extraction and local transportation. Care must be taken to
ensure that “hitchhikers” are not accidently spread by equipment.
This caution is especially necessary for strong fliers such as EAB, which

were found to travel on vehicles long distances, further evidenced by
EAB’s dispersal along main transportation routes (Haack et al., 2015).
For transportation of 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 (Kopinga et al., 2010).

5.5.2.6. Wood pellet transportation. Once materials have been converted
to wood pellets, there is effectively no risk of the spread of forest pests
(Batidzirai et al., 2014; Safranyik and Wilson, 2006; USDA, 2014).

5.6. Discussion

Although wood pellets are themselves phytosanitary as a final
product, risks still exist during the harvest and transportation of in-
fested 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 (Klein
et al., 2007; Haack et al., 2015). These studies indicated that local
comminution (such as chipping, grinding, etc.) can mitigate much of
the phytosanitary risks associated with infected feedstocks. Our review
also found evidence that although nematodes, fungi, and other patho-
gens may survive such on-site comminution, wood pelletization elim-
inates even these risks (Kopinga et al., 2010). 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 (Kühmaier et al., 2016; Kopinga et al., 2010). Studies indicated
that on-site storage (in or near the harvest location) of infested mate-
rials 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 (Kühmaier et al., 2016; Yemshanov et al., 2014). Our review,
however, indicated that the ability of specific insects relevant to the
northeastern US to establish in local storage and transportation sce-
narios is an area for further research which should prioritize insects
posing the largest risk. Indeed, we focused on three macro 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 to
minimize phytosanitary risks (Kühmaier et al., 2016).

Our findings indicated that research is needed to support the use of

Fig. 5. Breakdown of literature falling in the “Action, Material, Risk Subject” category by the percentage of papers covered.
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infested wood for the wood pellet industry while ensuring that phyto-
sanitary standards are adequately supported, especially for the north-
eastern US. Efficient phytosanitary compliance will require further re-
search into the efficacy of silvicultural methods for specific pests
(Tables 1, 4 and 5) and regional resources for management (Muzika,
2017; Safranyik and Wilson, 2006). Further research will also need to
account for human error in the supply chain and other potentially de-
leterious effects on ecosystem (Foster and Orwig, 2006). The con-
tribution of this feedstock to the wood pellet supply chain has not been
assessed thoroughly in the US and is an area for further research. The
economic and logistical challenges of connecting markets to accessible
areas with pest-damaged wood to produce pellets was a theme identi-
fied in the literature (Nicholls et al., 2018). Studies of this nature were
from places such as Canada, Russia, and Europe, for example (Goltsev
et al., 2012; Stupak et al., 2007; Schroeder, 2008), but none were found
which looked directly at the US. 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
(Barrette et al., 2017; Stupak et al., 2007). This could be partially
supplemented by value-add processes such as torrefaction, which may
increase profitability among other advantages (Batidzirai et al., 2014).
However, the literature indicates that better connecting companies,
energy facilities, and relevant community groups to help all parties be
“nimble” as opportunities arise after an outbreak event may be bene-
ficial. 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 (Tolko, 2014). Application of our results 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 4) (Allen et al., 2017; FAO, 2011), with the
wood pellet market providing a possible incentive (Dodds et al., 2018;
Dale et al., 2017a). Additionally, to ensure sustainable use of forest
resources, policies, such as those found in Belgium and other EU
countries requiring biomass feedstock to be sourced from sustainable
forest management activities (Thrän et al., 2017), which also consider
the ecological effects of biomass removal (Lamers et al., 2013; Egnell
et al., 2016), should be developed for US use of wood pellets. Certain
programs and credentials such as the Sustainable Forestry Initiative and
the Forest Stewardship Council likely address these concerns but are, as
yet, not federal policy.

In the future, northeastern forests are likely to face an increase in
pest-damaged forest biomass as pest ranges shift in a changing climate
(Dukes et al., 2009; Fitzpatrick et al., 2012; Weed et al., 2013) and the
risk of introduction of new exotic invasive species rises (Lovett et al.,
2016). This concern was evident in our review in the case of SPB, for
example, which is being found in more northerly locations, 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 (Fitzpatrick et al., 2012;
Paradis et al., 2008). In the context of an increasing globalized
economy, a changing climate, new incentives for alternative energies,
and an uptick in the use of biomass for energy in the US, we urge more
investigation and action into the use of salvage 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, even in robust systems. Effective mea-
sures 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 more options for alternative energies.

6. Conclusion

The use of low-grade wood salvaged from pest events and silvi-
cultural 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, beyond wood pellet’s phytosanitary status
as a final product, 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 our literature review indicate, however, that these risks
have not been holistically evaluated for the northeastern US. We found
that research is needed that matches phytosanitary standards for in-
dividual pest species, silvicultural techniques, and methods of oper-
ationalizing the use of this feedstock in an economically feasible way.
Potential phytosanitary risk mitigation strategies include modifying
harvesting activities based on pest dynamics, on-site comminution, and
local processing of feedstock within pest quarantine zones. Policies will
need to maintain phytosanitary standards and support economic in-
centives to continue expanding the use of pest-affected 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 and
globalizing economy in the northeastern US, the drive for alternative
energy sources, and the increase in the use of biomass for energy, our
study recommends that the risks and opportunities of salvaged wood
from pest events be further investigated.
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