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Preface

Nearly one-third of the United States is covebydforests, accounting for more than one million
square miles, an area exceeded only in Canada, BradiRussia. These forest ecosystems play vital roles
in carbon storage, nutrient cycling, and air and waiification, as well as in supplying habitat for wild-
life. Forests hold historical, cultural, and sod@anificance for Americans and are sources of both food
and fiber. Today, these valued resources arengrealead as never before. Global commerce has hastened
the introduction of nonnative, invasive tree pestsdiselses, and those native to the country are becoming
more virulent due to external drivers such as atemchange. The loss of a tree species can have cascading
adverse effects on the forest ecosystem and onnige Gf services it provides and the values it represents
to human populations.

Against this backdrop, a consortium of federadrages asked the National Academies of Science,
Engineering, and Medicine to consider the potembiathe use of biotechnology to mitigate these threats
to the health of the nation’s forests. Accordinglyr committee took up the tasks of assessing the ecolog-
ical, economic, and social implications of deploymefra genetically modified tree and of identifying the
knowledge needed to evaluate the ways such a tree affgbt the prospects for forest health. The circum-
stances of introduction of a long-lived biotech tree mforest ecosystem would be novel compared with
the use of the technology in industrial plantationsrateed, in annual agricultural crops. The release of a
tree developed to be resistant to a pest or disease b®uitended to promote its survival and proliferation
in a natural forest setting.

The committee’s members represent an unusually kgitlge of disciplines, from genetics to ecology
and from the law to social science and philosofte group embraced the holistic view set out in its
charge and probed the biophysical and the culturasacidl impacts that might arise from the introduction
of a biotech tree. Contemplating the rapidly evohsngnce and emerging public views relevant to the use
of biotechnology in forest trees, the committee fouselitsurveying a frontier of possibilities for different
kinds of trees and ecosystems. The release of a biotech tree has no direct precedent, and so the committee
listened to a range of voices in the scientific commuenity in civil society as they speculated on the likely
implications of an introduction. Unease about theisability of the use of biotechnology in the environ-
ment will continue to be a factor in public dialoga biotech trees are considered further. As might be
imagined, the committee’s discussidmesve been lively as we have ttieo accommodate a diversity of
perspectives, anticipate key information needs,cuadt the way forward for researchers, government sci-
entific and regulatory officials, and society at large.

None of the work the committee has done would Hseen possible without the stalwart support of
Kara Laney, study director, and Jenna Briscoe, rekesssistant, of the Board on Agriculture and Natural
Resources. Kara has been a gracious and steadyingqaesane have tried to meld our disparate thoughts
into a cohesive narrative. In our meetings, Jennaaweigard when it came to listening to our fragmented
discussion and transforming it instantly into text tlatcould see and use to move deliberations forward.
All of the members of our committee have investgaigicant time and energy in meeting the challenge of
our task, and | am grateful for their dedication. uéhbearned much from their expertise and their wisdom,
and | am the better for it. Finally, thanks go tosthavho reviewed our draft report and provided comments
and advice that have made it a bepieoduct for our sponsors and for hblic concerned with the future
of America’s forests.

Susan E. OffuttChair
Committee on the Potentitor Biotechnology
to Address Forest Health
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Summary

Between the 18th century and the first half af #0th century, forest espstems in eastern North
America lost an iconic tree speciéise American chestnut, to two introduced pathogens. The loss of the
chestnut (an estimated 4 billion trees) to chestnut bdigtitroot rot caused adverse effects on other species
and disrupted livelihoods dependent on chestnut prodDating the same time period, white pine blister
rust decimated white pines in the western United Sthteise early 21st century, most eastern North Amer-
ican species of ash began succumbing to an insedhprestuced from Asia, the emerald ash borer. Losses
in the form of timber value and removal of urban trees made the borer a costly forest pest. Some species of
native bark beetles have killed kiltis of trees since 1990 in the West. These are just a few of the North
American tree species that have been functionallydoste in jeopardy of extirpation due to insect pest
and pathogen outbreaks. The Forest Service of tBeepartment of Agriculture (USDA) estimates that
32.9 million hectares (81.3 million acres)—that is, almost 7 percent of all forestéed land in the
United States—are at risk of losing at leastp@tcent of tree vegetatidretween 2013 and 2027 due to
insects and diseases (see Figure S-1).

Outbreaks of native pests are common disturbanciesédsts and can be integral to renewing forest
ecosystems and maintaining biodiversity. Howewsrpsystems can be seriously disrupted when a
nonnative, invasive péesis introduced or when native pestgrease their geographic range or become
more virulent because of external drivers suchliasate change. Massive, synchronous die-offs threaten
the survival of tree species and negatively affect estemy services, such as water filtration, soil erosion
prevention, carbon sequestration, livelihoods, and social values.

Effects of pest outbreaks could be mitigated thrqugiventing arrival of invasive species, site man-
agement practices, biological control agents, the ugerddtic resistance naturally present in target species,
or biotechnological modifications to confer resistance in the target species. As of 2018, American chestnut
and hybrid poplars were the only two tree species on which biotechnology had been used for forest health
purposes in the United States, and these trees were §Bldnrials. Given the threats to North American
forests, USDA! the U.S. Environmental Protection Agency (EPA), and the U.S. Endowment for Forestry
and Communities asked the National Academies ofnSe&e Engineering, and Medicine to convene a
committee of experts to investigate a number of qoestielated to the potential for biotechnology to be
used in trees to address forest health (see Box Bhgé)committee was not asked to examine the potential
for biotechnology to reduce threats ftorest health by altering theests affecting North American tree
species.

!Forested land contains at le&6tpercent tree canopy cover.

°Treed land is an area with measurabde presence, including urban areasland in the Great Plains with trees
that does not meet the definition of forested land.

3The general termestincludes both insects and pathogens that cause damage to forests.

“The specific sponsoring agencies within USDA were theciitjural Research ServicAnimal and Plant Health
Inspection Service, U.S. Forest Service, Hational Institute of Food and Agriculture.
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BOX S-1 Statement of Task

An ad hoc committee will examine the potential use of biotechnology for mitigating threats to forest
tree health; identify the ecological, economic, and social implications of deploying biotechnology in for-
ests; and develop a research agenda to address knowledge gaps about its application. The study will
focus on trees and consider at least two cases that consider the use of biotechnology to protect a tree
species from an insect and/or disease where negative consequences for forest health are anticipated.
It will be guided by the following questions:

1. What is the current state of the science regarding the potential for using genetic engineering
(GE) and similar technologies in trees to improve forest health?

2. What are the potential ecological and economic impacts of deploying trees protected from pests
and pathogens using biotechnology?

3. What other unique challenges and opportunities are posed by the development of a GE product
for a noncommercial, public good such as forest health?

4. What research is needed to fill knowledge gaps about developing and using GE as a tool to
protect forest health?

5. In what ways does the current regulatory system include forest health in evaluating the ecolog-
ical and environmental risks of deploying trees developed with GE, and how does this compare
with regulatory evaluation of impacts for other methods used to address forest health threats
such as non-GE trees or other biological control or pesticide approaches?

6. What information or analysis is needed to inform a risk framework that provides assurances for
minimizing the risks of using GE while increasing benefits to forest health; for example, what
characteristics of forest health are central to a risk framework? How can adaptive management
be used to enable realistic testing and assessment of biotechnology approaches for mitigating
threats to forest health?

7. What does existing research reveal about public views on the use of biotechnology to improve
forest health?

The committee will prepare a report that addresses the questions above and explains the basis for its
conclusions and recommendations.

THE COMMITTEE’S PROCESS

Members of the Committee on the Potential footBchnology to Address Forest Health were ap-
pointed by the president of the National Academy ofr®ase for their expertise in a variety of disciplines
pertinent to the study’s task. To help it address #sk the committee held information-gathering meetings
between December 2017 and April 2018. It heard #8mpeakers during three in-person meetings and 10
webinars. The committee also reviewed the scienttéicature and welcomed comments by members of
the public. The committee used thisormation-gathering process to defifogest health and to shape its
report (see Box S-2). The conclusions and recomntiemdaincluded in the summary are based on the
main body of the committee’s report.

THREATS TO FOREST HEALTH FROM INSECT PESTS AND PATHOGENS

Since the 1600s, around 450 species of insects dedsitl6 species of pathogens have been intro-
duced and become established in continental U.S. fo@istisose, 62 insects and all of the pathogens have
been classified as high-impactesges, causing some combinationtmde mortality, canopy thinning,
growth loss, defoliation, and decreased reproductisageneration. Some ofahe introductions have had
devastating consequences in North American for@spgcts have ranged from temporary declines in pop-
ulation productivity to the funatinal extirpation of an entire species, as was the case with the American
chestnut.

2 Prepublication Copy
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Summary

BOX S-2 Forest Health and Ecosystem Services
The committee defined forest health as:

A condition that sustains the structure, composition, processes, function, productivity, and resili-
ence of forest ecosystems over time and space. An assessment of this condition is based on the cur-
rent state of knowledge and can be influenced by human needs, cultural values, and land management
objectives.

A healthy forest—that is, one that sustains the components of an ecosystem over time and space—
is more likely to sustain ecosystem services of value to individuals and society. Ecosystem services
are the goods and services that are of value to people, provided wholly or in part by ecosystems. They
include ecological processes such as soil formation and retention, water filtration, and climate regula-
tion as well as cultural services such as cultural heritage or identity and aesthetic values. Alongside
the services they provide to humans, forest ecosystems may also be thought to have intrinsic value:
value for their own sake.

With warmer climate, many native and nonnativeats are colonizing regions that previously had
been unsuitable. Forecasts of future climate inditigely changes in pathogen overwintering survival,
changes in host susceptibility to pathogdtack due to other stressors (e.g., drought or storm damage), or
changes of life cycles of insects that disperse patho@ges in climate are also predicted to increase
the frequency and magnitude of pest outbreaks in the future.

The effects of pests on individual trees haveadmsg impacts on populations, reducing reproduction
and survival. Local extirpation of the tree specied extinction of species dependent on it may result. For
example, five moth species went extinct with fibgs of the American chestni8uch species-specific ef-
fects can change community assemblage and structure, and thus, ecosystem function.

Conclusion: Healthy forests provide valiable ecosystem services to humans.
Conclusion: The health of North American forestds threatened by the introduction and spread of
nonnative insects and pathogens and the epidemio$ native pests exacerbated by environmental

stress due to climate change.

Conclusion: Tree species in forest ecosystemse# plantations, and urban landscapes across North
America are threatened by insect pests and pathogens.

Conclusion: Many forest tree species are threated by more than one insect pest or pathogen.

Conclusion: As the frequency of insect and pathamn outbreaks increasesmany forest tree species
are in jeopardy of being lost from the landscpe, resulting in changes to ecosystem services.

MITIGATING THREATS TO FOREST HEALTH

There are multiple options for dealing with forpssts, but feasibility and success vary widely. For
nonnative insects and pathogens, the first line of defenmeventing their intrduction. When introduced
pests have become established or native pests amdéxg#heir range or increasing in virulence, chemical
or biological control can suppress pest populatiorsome cases, but these approaches are often not ac-
ceptable to the public, effective, or timely. Othemnagement practices such as quarantines or thinning tree
stands may help minimize a pest outbreak but are most likely insufficient.
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FIGURE S-1 Risk assessment from insect pests anebdiss in U.S. forests by subwatershed, 2803% NOTE: Hectares at risk total 32.8lion (81.3 million
acres). SOURCE: Krist, F.J., J.R. EllenwodiE. Woods, A.J. McMahan, J.P. CowardinE. Ryerson, F.J. Sapio, M.O. Zweifland S.A. Romero. 2014.
2013-2027 National Insect and Disease Forest Réslegsment. Fort Collins, CO: U.S. Forest Service.

AdoD uoneolgndaid

SUOIIRIBPISUOD pue SaN|IgqIssod :ABojouyoalolg pue yijeaH 158104



Forest Health and Biotechnology: Possibilities and Considerations

Summary

Trees genetically resistant to egb have the ability to minimize or overcome the damaging effects of
a pest. Genetic resistance can be accomplished thselggttive breeding or biotechnology. The first step
in selective breeding is to determine whether gemetiistance exists withithe affected species popula-
tion. Finding suitable parent trees can be difficult, arehevith resistant parent trees, not all of the progeny
will be resistant. Evaluating the durability of reaiste will also be paramount because trees will be on the
landscape for decades. Resistant pnggeill need to be propagated in greenhouses or seed orchards to
create sufficient resistant genotypes for restoration and reforestation.

To use biotechnology to confer resistance, the $itesp is to identify genes for modification, intro-
duction, or silencing. If a gene is not already in hdheln a gene discovery process is required. This step
has been hindered due to trees’ large size, tmmgeration time, and (in the case of conifers) immense
genomes. Another problem is that forest trees haveldigts of heterozygosity due to their large popula-
tion sizes and outcrossing breeding systems, which complicates genome assembly and modification.

The second step is production of trees containingdés&ed gene sequence. Biotechnology tools such
as transgenesis and genome editing, used to intr@ddesired change to gene sequence, are followed by
tissue culture protocols, in which the desired genebeaintroduced into a single cell. Then whole plants
are generated from the transformelll log regeneration of roots and she@tom disorganized callus tissue.
However, many species of trees remain recalcitranéficculture and regeneration. Even when possible,
the regeneration of a plant from a single cell maypnotiuce an individual that has the desired genetic
change in every cell.

Thus, using biotechnology to introduce traits to addiforest health has ithallenges. Nonetheless,
biotechnological research to introduce or modify traitsees has been explored in a number of tree species
since the late 1980s. For a forest health thibat,most advanced research has been conducted on the
American chestnut. A wheat gene encoding the enzymakate oxidase (OxO) has been inserted into the
chestnut genome using transgenesis. Oxalic acid@eaeby the chestnut blight weakens cell walls, ena-
bling other fungal enzymes to degrade the wall arichoefinbranes, killing the cell. Widespread cell death
eventually girdles the tree. The Oxenzyme expressed in transgenic chestnut converts oxalic acid to carbon
dioxide and hydrogen peroxide, thereby conferringhantree genetic resistance to the blight.

Conclusion: Substantial literature supports the needor sustained investment in prevention and
eradication as the most cost-effective and loweshpact approaches for managing introduction of
nonnative insect pests and pathogens.

Recommendation: Investment in effective preventiomand eradication approaches should be the first
line of defense against nonnative species in efforts to maintain forest health.

Conclusion: Any single management practice alone it likely to be effectve at combatting major
pest outbreaks.

Recommendation: Management for forest health shdd make use of multiple practices in combina-
tion to combat threats to forest health.

Conclusion: A variety of biotech and nonbiotech pproaches have been and will be developed to ad-
dress insect pest and pathogen threats. The time lider use of these tools in management activities
for forest trees and forest health will depend on mumber of factors, but the biology of the species
involved (both tree and insect or pathogen) and the environments in which the tree species exist will
have a major influence on effective mitigation.

Conclusion: Many tree species have some degreerekistance to particular native and nonnative
pests that may be harnessed to combat infestations and epidemics.
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Recommendation: Entities concerned about foredtealth should devote resources to identifying re-
sistant trees within a population that have survied a pest outbreak. Research to understand the role
of resistance in coevolved systems from the p@ective of a global host—pest system, where the
nonnative pathogen or insect originate, would help guide efforts in North America.

Conclusion: Using biotechnology to introduce resisince to threats in forestirees has been hampered
by the complexity of tree genomes, the genetic divetgin tree populations, and the lack of knowledge
about genetic mechanisms that underlie importantraits. However, recent technological develop-
ments have improved functional genomic tools, fdlitating the potential for biotechnology to help
address forest health problems.

Recommendation: More research should be conductash the fundamental mechanisms involved in
trees’ resistance to pests and adaptation to ddvse environments, including a changing climate

Conclusion: The time it takes to identify resistancén an affected population, breed resistant seed-
lings, and plant resistant seedlings in the field can varffom a few years to multiple decades, depend-
ing on the species. Incorporating resistance via biotechnology into a tree species is also a lengthy
process, the duration of which varies by species.

Recommendation: Sufficient investment of time andesources should be made to successfully identify
or introduce resistance into tree spdes threatened by insects and pathogens.

CONSIDERATIONS RELATED TO THE USE OF BIOTECHNOLOGY IN FOREST TREES

Any intervention to address forest health inesi\consideration of associated ecological, economic,
social, and ethical issues. Some of these considesatire unique to biotechnology, but others are appli-
cable to any intervention.

Several ecological considerations arise in evaigatie use of biotechnology to maintain or improve
forest health. They include whether there will be ptiségene flow from the biotech tree to relatives and,
if so, whether there will be an effect on other speitighe environment. Additionally, interspecies gene
flow, via horizontal gene transfer or hybridizationultbalso occur. Genetic fitness of modified trees will
be critical because the intent of biotech trees i®tover species over large temporal and spatial scales.
Furthermore, even if a biotech tree is geneticallgrid able to convert its rasance to subsequent gener-
ations, it will not become established in agfglrif it is not competitive in the ecosystem.

Genetic variation in trees also needs to be considerezstoration efforts so that modified trees are
suited for the environment in which they are planfedimportant difference in forest trees versus agri-
cultural uses of biotechnology is that a focus onvedag forest species requires incorporating the specific
genetic change while retaining theshdth of genetic diversity in forgsbpulations. This diversity permits
the species to continue to evolve under changing aldatl biotic conditions. Iparticular, understanding
the patterns of radiation out of the glacial refugie.(igeographic regions wieefiora and fauna survived
during the ice ages and later recolonized postglacidtdia) and how that has shaped the standing genetic
variation in response to past climates is import@men choosing genetic backgrounds against which to
deploy biotechnological solutions to climate or pest mitigation.

Trees, once planted and maturing, can provide bothcpaihd private benefitsPublic benefits are
those that cannot be exclusively captured by an iddatior a firm but are shared across many people and
communities. The costs of development of a bioteeé will be incurred up front and the benefits will
follow years later. Such a differea in the timing makes investment with a long time horizon problematic.
Compared to the private sector, the public sector cam dpaeater patience when significant public benefits
are forthcoming. The economic argument for a publicesecie also arises out of the likelihood that the
private sector will not invest in the protection of fraealth because it cannot fully capture the benefits
that may accrue.
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Public opinion research suggests that people ginéase positive attitudes about the use of bio-
technology in forests, although they often prefer noelointerventions if given the choice. In addition,
some biotechnological interventions (e.g., cisgenwithrin-species interventions) are sometimes preferred
by the public over others (e.g., transgenic or betvspaties interventions). However, many people lack
detailed knowledge of these interventions, such eptbcesses used in any intervention. As various pub-
lics increase their familiarity with this topic, attiesl norms, and perceptions of risks and benefits may
change. Societal responses are highly dynamitextual, and varied in their intensity.

Developing biotechnology for use in trees and foresites a range of social and ethical considera-
tions. Some directly relate to the provisioning ofgabem services, including the perceived benefits to
people and the environment, but otheadude intrinsic value, wildness, broad social influences, and social
justice concerns.

Biotechnology intended to influence and alter theeso could be interpreted as a form of human
control of a forest ecosystem. Transgenic or genedited trees, planted and possibly managed and mon-
itored by humans, could be understood to reduce edisinThe use of biotechnology is also a human inter-
vention in the “natural” evolutionary trajectory of the forest. Although the use of biotechnology may pro-
mote forest health, it may be perceived as dishiinig the forest’s wildness. On the other hahckatsto
forests that biotechnology may counter are predominahttyiman origin (e.g., invasive pests transported
by people and native pests extendingir range because of human inflaes on climate). Given that these
changes are also signs of huniaffuence, forest wildness majreadybe seen as reduced. Doing nothing
to counter such threats may result in the loss otilabipns or entire species, with significant effects on
forest ecosystems that also medonss of wildness. Other practices that might address forest health, such
as selective breeding, pose similar threats to wildbnesause they involve the selection of genotypes, the
decision to plant trees, and continued monitoring of the trees.

Conclusion: Trees with resistance introduced via lutechnology will have to survive until maturity
and reproduce in order to pass resistantraits on to the next generation.

Recommendation: Research should address whetheesistance imparted to tree species through a
genetic change will be sufficient to persist in treethat are expected to live for decades to centuries as
progenitors of future generations.

Conclusion: The importance of managing and consemg standing genetic variation to sustain the
health of forests cannot be overstated.

Recommendation: The deployment of any biotechnological solution with the goal of preserving forest
health should be preceded by developing a reasable understanding in the target species of (a)
rangewide patterns of distribution of standing gengc variation including in the putative glacial re-
fugia, if known; (b) magnitude of local adaptation fenex environmentrelationships); and (c) identi-
fication of spatial regions thatare vulnerable to genetic offset.

Conclusion: The public sector will be best positionetb lead development of biotech trees because of
the public-good aspect of forest health and the intgion for the spread of a biotech tree through a
forest ecosystem.

Conclusion: The relatively long time required forthe development of a biotech tree may adversely
affect the incentive for both private- and public-sector investment.

Conclusion: Few studies of public attitudes towardbiotechnology to address forest health threats
have yet been carried out in the United States. Keever, there has been a small handful of studies on
the topic, especially in Canada and Europe. The liited data indicate that while some individuals
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and groups are very concerned about possible depiment of biotechnology in forests, attitudes to-
ward the uses of biotechnology examined in thesgudies are somewhat positive, especially where
threats to forests are severe.

Conclusion: Existing research indicates that pult knowledge and understanding about the use of
biotechnology in forests is low, suggesting that curre attitudes may be unstable and liable to change
with more information. The power of such information to influence dtitudes is mediated by the per-
ceived trust of the sources of information, deliberatn about the topic, as well as the alignment of
new information with deep value orientations.

Conclusion: Some important ethical questions rasd by deploying biotechnology in noncommercial
forests fall outside any evaluation othanges in ecosystem services.

Recommendation: More studies of societal responses tite use of biotechnology to address forest
health threats in the United States are neede&uch studies might investigate (1) the responses of
different social and cultural groups to the deployment of biotechnology in forests, (2) the stability
and consistency of attitudes toward different apfications of biotechnology in a range of circum-
stances, (3) differences in attitudeoward biotechnology strategies (@., cisgenesis, transgenesis, ge-
nome editing), (4) the relationship between deepealue orientations and attitudes toward biotech-
nology, and (5) how people consider trade-offs between values such as wildness and species
protection.

Conclusion: The use of biotechnology for forest tadth, especially in noncommercial forests, raises
broad questions about the social impacts of technmjical change on society, in particular how con-
servation is understood and practiced, and how far lotechnological interventions presage a change
to more interventionist management of forests.

Conclusion: The use of biotechnology for forest hetll raises social justice questions, both in terms
of the distribution of risks, harms, and benefitsacross individuals and groups through time and in
terms of the procedures used to make decisioadout whether, when, and where to deploy the tech-
nology. Indigenous communities may be particularhaffected by these decisions. Given the longevity
of trees, the use of biotechnology for forest health (¢he decision not to use it) will have significant
impacts on future generations.

Recommendation: Respectful, deliberative, transarent, and inclusive processes of engaging with
people should be developed and deployed, bothitecrease understanding of forest health threats and
to uncover complex public responses to any potentignterventions, including those involving bio-
technology. These processes, which may include says, focus groups, town hall meetings, science
cafés, and other methods, should contribute toetision making that respects diverse sources of
knowledge, values, and perspectives.

INTEGRATED IMPACT ASSESSMENT FRAMEWORK

When assessing the impact of a pest threat on fazaekhhevaluating the effect of that threat on forest
processes and cultural and spiritual values providebdkis for assessing how the provision of ecosystem
services may change. The risk of loss of ecosystencssraiver part, or all, of a species’ range is weighed
against the potential to recover ecosystem servicesawittwithout the biotech intervention. Such a frame-
work could be used to evaluate doyest health intervention, includj the use of selectively bred trees.

When considering impact assessment for the uséotfchnology in forests, links between specific
forest protections and their effects on important estesy services should be made explicit. Existing EPA
guidance on classification and measurement of ecosystem services provides a useful frame that can be
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modified to address the range of services providddtbyduction of pest-resistant trees. The advantage of
bringing ecosystem services into impact assessmehaist makes possible the inclusion of a broader
range of values and the connection between the pimteaf forests and human well-being clear for the

public, stakeholders, and policy makers.

At the time the committee was writing its report, fieiatech trees developed to address forest health
had been planted in field conditions; those that haw w#ll in field trials. Because of the length of time
until tree reproductive maturity and long life span ofsiribees, collecting data for an impact assessment
may take years to compile. To help address this issue, data from field trials can be combined with data
derived from other types of biotech plant releasgsatameterize simulation models to inform impact as-
sessment. Modeling approaches can include genedimclimatic tolerances. Surveys and stakeholder
engagement will help to identify human values amdcerns associated with specific products of biotech-
nology. Synthesis of all available information will aildmaking informed predictions of potential risks.
Modeling scenarios that include sources of uncertaiiliyallow quantification of the reliability of the
assessments, estimation of the predictive capacityeafnodel, and identification of data needs.

Coupling adaptive management with impact assesswmult allow adjustments to be made to deci-
sions about the development and deployment of bidteels for forest health as data are collected. How-
ever, the ability to make adjustments based on new lenlg® is complicated by the U.S. regulatory system,
which generally does not permit the flowering of bioteeles. Without flowering, it is difficult to gather
data on gene flow and othparameters to inform an impact assessment framework. A hierarchical regula-
tory system that assigns biotech trees to different ¢ierssk would be more amenable to adaptive man-
agement. If data on gene flow and impacts on ecosystem services were simultaneously collected, they could
be used to refine simulation mod&dobtain more precise predictiohpotential outcomes. These analyses
could then be used to propose increasingly laegeironmental releases until the trees are either discon-
tinued or deregulated by the relevant oversight agency. This stepwise approach may be the only practical
way to obtain data on gene flow and impacts aspaial and temporal scales that are needed for proper
impact assessment for biotech trees.

Conclusion: An integrated impact assessment #imework that combines ecological risk assessment
with consideration of ecosystem services would provideway to evaluate impacts of introduction of
a biotech tree both on the forest functions and othe ecosystem services provided. Societal and cul-
tural values need to be incorporated into this approach.

Recommendation: Federal agencies should contingforts to improve the incorporation of all com-
ponents of ecosystem services intbe integrated impact assessment.

Conclusion: Field trials are an important tool to gaher data on biotech trees in terms of gene flow,
the durability and effectiveness of resistance, seed geation and dispersal, genetic fithess, and some
impacts on the ecosystems intahich the trees are planted.

Conclusion: Modeling efforts will be essential taaddress the large spatial and temporal scales and
stochastic nature of biotech tree impact assessment.

Recommendation: Modeling and other approaches shuld be developed to address questions about
biotech tree gene flow, dispersal, establishmemgerformance, and impact that are precluded where
flowering of field trial material is restricted.

Recommendation: Models for tree biotech impact ssessments should identify, quantify, and account
for sources of uncertainty.

Conclusion: Iterative decision making is requiredsuch that impact assessments are continually mod-
ified with improvements in knowledge gained thragh on-the-ground experience with biotech tree
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development, testing, and deployment because ofetluncertainty associated with predictions of the
impacts of release of biotech trees into mimally managed or unmanaged environments.

Recommendation: An adaptive management approach tmrest health should be used to ensure con-
tinued learning and address impacts tdoth the environment and society.

Recommendation: Impact assessment shoulik a continuous and iterative process.
U.S. REGULATORY SYSTEM AND FOREST HEALTH

Biotech trees developed to address forest headthegiulated under the same statutes and regulations
as any biotech plant. The Coordinated FrameworthimRegulation of Biotechnology, established in 1986,
specified that oversight of biotechnology products wdé carried out using existing legislative statutes.
Under the framework, up to three federal agenciesBAIEPA, and the U.S. Food and Drug Administra-
tion—are most likely to have a role in the regulatovgrsight of a biotech tree developed to address forest
health.

The statutes utilized by these agencies do not cornsidstr aspects of forest health in analyzing the
safety of a biotech plant. The different statutes tgeaich agency authority to regulate specific products,
not the process by which the products are produtled.application of the Coordinated Framework to
specific products means that biotech trees and plantdmeegulated by zero, one, two, or three or more
agencies.

Forest health also is not considered in the reigmaf nonbiotech products designed to address forest
health problems. The assessments or reviews ctewlémr these management options do not do a better
job of incorporating forest health and ecosystemises into their analysis ém the assessments conducted
for biotech trees.

Conclusion: The current regulatory framework for biotech plants applies to biotech forest trees and
does not impose any additional or different requirements for trees than other plants.

Conclusion: The current regulatory framework that applies to biotech trees that are developed to
address forest health encapsulates very few elemertisthe committee’s comprehensive definition of
forest health.

Conclusion: If a regulatory agency is required to coply with the National Environmental Policy Act
(NEPA) when regulating a biotech tree, then some components of forest health will be analyzed.

Conclusion: USDA only carries out a NEPA analyis—environmental assessment and/or environ-
mental impact statement—for a small subset of biotech trees.

Conclusion: As is the case with other biotech phts, some biotech trees could become commercial
products without any oversight by the three regulatory agencies.

Conclusion: There are mechanisms in place to aleneighboring countries about biotech forest trees
that could enter their territory, but biotech trees could migrate across a national border without
notice if the biotech tree is not regulated in the country of origin.

Conclusion: Forest health also is not considered ithe regulation of nonbiotech products designed to
address forest health problems, such as biological minol agents, pesticides, and assisted migration.
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Conclusion: Some federal agencies have policies forethssisted migration of trees and/or the planting
of biotech trees on federal lands while private landowners can plant nonnative and biotech trees
without violating any federal laws or policies.

Recommendation: Regulatory agencies should expk ways to incorporate into their regulatory
oversight responsibilities the ability to assess the impaon ecosystem serges for both biotech and
nonbiotech products developed for improving forest health.

MOVING AHEAD

Biotechnology has the potential to help mitigate dtsdo North American fests from insect pests
and pathogens through the introduction of pest-resistitd. However, it also presents some challenges.
The necessary genetic changes to achieve resistamoétem not easy to identify and are challenging to
incorporate. Tree genomes are complex, and much renwalie learned about the genetic mechanisms that
underlie important traits. Additionally, unlike theodification of agricultural crops through biotechnol-
ogy—in which a genetic change is introduced td propagated in an individlizgariety—genetic changes
in trees for forest health purpose=ed to be introduced into diverlseeeding populations so that tree spe-
cies can respond to biotic and abiotic stress tree and across their spatial distributions.

Furthermore, the effectiveness of biotechnologgniigating forest threats needs to be assessed on
many fronts. In addition to evaluating the utility oftfesistance trait in protiéng a tree species, the mod-
ified tree needs to be tested for viability in the diitgrsf environments in which it will live. An assessment
of the effects of the tree on other species in therenwient is also important, as is a comparison of using
biotechnology to address the threat versus other mitigation tools.

Finally, research and investment efforts need tmade in areas besidestgchnology, including the
development of further strategies for preventimgitttroduction of nonnative insects and pathogens, human
capital development in professions related to tree brgednd social science research, including a con-
ceptual framework for captumy and accounting for the intrinsic valagforests. Such work will benefit
the health of forests, regardlesgtod pest mitigation tools put to use.

Therefore, the committee’s preceding recommendatimist toward researchnd investment on
three fronts that would (a) address knowledge géositathe application of biotechnology to mitigate
threats to forest health and (b) improve tlikityi of biotechnology as a forest health tool:

1. Knowledge about tree genetics related to resistapaifically investment in identifying resistant
trees in populations that have survived pedhraatk and research on the fundamental mechanisms
of resistance, existing genetic variation getpopulations, and the durability of resistance.

2. Data and tools for impact assessment, in particolestment in efforts to improve the incorpora-
tion of all ecosystem services into integrated iot@ssessments, to collect data to inform and
improve models, and to increase the use of adaptareagement to address forest health threats.

3. Management approaches that take into acctigoiplines beyond biotechnology, including more
studies on societal responses to using biotechndtbggdress forest health, more investment in
prevention and eradication efforts of introduced estd better efforts at respectful, deliberative,
transparent, and inclusive processes of engagitigpeople to increase understanding of forest
health threats and to uncover complex public responses to potential interventions.

Additionally, the committee inclubs the following recommendations to support a holistic effort to
improve forest health with the help of biotechnology.

Recommendation: Public funders should support ad expand breeding programs to encompass the
genetic diversity needed to preserve tree spies essential to ecosystem services.
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Recommendation: Investment in hunan capital should be made irmany professions, including tree
breeding, forest ecology, and rurakociology to guide the developant and deployment of pest-re-
sistant trees

Recommendation: Studies of societal responsesttte use of biotechnology to address forest health
threats should be used to help in developing@mplementary framework to ecosystem services that

takes into account intrinsic values, related spirituband ethical concerns, and social justice issues
raised by the deployment of biotechnology in forests.

Recommendation: Developers, regulators, and furets should experiment with analytical-delibera-
tive methods that engage stakeholders, communities, and publics.
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Introduction

Between the 18th century and the first half af #0th century, forest esgstems in eastern North
America lost an iconic tree speciés American chestnut, to two introduced pathogens. The lower eleva-
tion southern portions of the American chestnut rangeerienced high mortality from root rot beginning
in the 18th century, while ghchestnut blight arrived from Asia ihe late 1800s and devastated chestnut
throughout its range into the 20th century. As a foundatispecies in the ecosystems it inhabited, the loss
of the American chestnut (an estimated 4 billion tré@€hestnut blight and ob rot caused a cascade of
adverse effects on other species and disruptekhlbaels in communities that depended on chestnut prod-
ucts. During the same time period, white pine blistst decimated many populations of white pines in the
western United States; one of the affected specidgelvenk pine, has been proposed for listing under the
Endangered Species Act. In the early 21st century, ontis¢ eastern North American species of ash began
succumbing to an introduced insect pest, the emastidborer. Losses in the form of timber value and
removal of urban trees made the borer a costly faest (Poland and McCullough, 2006; Kovacs et al.,
2010; Hauer and Peterson, 2017). In some of the lairgeestt outbreaks ever recorded, a few species of
native bark beetles have killed billions of spruce dird pine trees since 1990 in the North American West.
The most common native tree in Hawai'i, thii*a, has been severely affected by a fungal disease first
detected in 2015. These massive, synchronous die-offatm the survival of these tree species on the
landscape and negatively affect the ecosystem serviceslgd by the living forests, such as water filtra-
tion, soil erosion prevention, carbon sequestration, livelihoods, and other social values.

These are just a few of the North American tree isgethat have been functionally lost or are in
jeopardy of being extirpated from teavironment due to insect pest grathogen outbreaks. Outbreaks of
native pests are common disturbances in forestsjraong across ecosystems and landscapes, and they
account for a large proportion of tree mortality in North American forests (Krist et al., 2014; Kautz et al.,
2017). These outbreaks can be integral to the funatjooi forests and often renew ecosystems and con-
tribute to the creation of temporal and spatial legfeneity, which are critical for the maintenance of high
levels of biodiversity (Perryl994; Barnes and Wagner, 2004).

However, ecosystems can be seriously disrupteein a nonnative, invasive pathogen or insect is
introduced or when native pathogens or insects iseréi@eir geographic range or become more virulent
because of external drivers such as climate ch&igee 1860, North American forests have experienced
an increase in the frequency and magnitude of outbrédyd et al., 2013) due to an increase in global
trade and travel (Early et al., 2016) and the acceterafi climate change (Dukes et al., 2009). Of the more
than 60 introduced insect species kndwibe established and to cause damage in continental U.S. forests,
only two were detected before 1860 (Aukema gt24110). Of the 16 pathogens known to be introduced,
all adversely affect North American forests (Aukema et al., 2010).

The impacts of introduced forest pésise being aggravated by che change, which is expanding
environmental conditions favorable for insect pestd pathogens, both natieed introduced. Warmer
winters, fewer days with extremely low temperasjrand longer warm seasarg simultaneously facili-
tating insect range expansion, local population groard,reduced time between generations (Bentz et al.,
2009, 2010; Sambaraju et al., 2012; Weed et al., 2088¢ct pests are moving higher in latitude and

The general termestincludes both insects and pathogens that cause damage to forests.
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elevation (Berg et al., 2006), and cold areas thatipusly did not experiendbe population explosions
associated with outbreaks have now become more fdeai@isuch dynamics (Raffa et al., 2013). Simi-
larly, some tree pathogens, suchP&ytophthora cinnamongivhich causes root rot and dieback of thou-
sands of species worldwide), are expected to exftaiidgeographic ranges in response to climate change
(Bergot et al., 2004).

In many cases, native trees may have little or riorabresistance to withstand insect or pathogen
attack and are at risk of being extirpated. Therease in abundance, or disappearance, of a tree species
affected by outbreaks can in tuaffect other species and trophic levels (Ford et al., 2012) and potentially
result in a cascade of changes with profound impactke entire ecosystem (Ellison et al., 2005a,b; Morin
and Liebhold, 2015) and the services it provides todns and other species (Lewis and Lindgren, 2000;
Fissore et al., 2012; Liebhold et al., 2017).

Many tools are available to mitigate the effectseéct and disease outbreaks. For introduced species,
the most cost-effective measures a@séhthat prevent the arrival of tivasive species in the first place
(Lovett et al., 2016). Eradication through chemicap$;, pesticide fumigations, and manual removal can
eliminate small populations that are accidentallyoihticed (Sharov et al., 2002). Insecticides and fungi-
cides may be used to some exterionests even if eradication is notgsible. Thinning tree stands or taking
actions to promote diversity of tree species andcclgses can reduce opportunities for native or introduced
pests to spread (Jactel et al., 2012; DeRose and,12014), and biocontrol measures—such as the intro-
duction of predators of a damaging insect or the release of sterile insects to breed with the damaging popu-
lation—may help regulate the insect pest populatidavedr levels (Bauer et al., 2014). Another approach
is to exploit the natural genetic resistance withim dfffected tree species by identifying genotypes of the
tree resistant to the insect or pagln, then selectively éeding resistant trees, and ultimately introducing
those bred trees into forests to tone the spread of the resistant pbigpe in the forest tree population
(Woodcock et al., 2017). When little or no resistandeusd within a native tree species, breeding a native
species with a related resistant specasbe used to impart resistance.

Resistant trees can alsodreated through the use of biotechnoldlyis process may consist of insert-
ing DNA from another tree species or an entirely unrelated species into the genome of the target tree to pro-
duce a genotype that will express resistance to theglagasect or pathogen. The genome of the tree can
also be molecularly manipulatedegpress resistance without the itieer of DNA from another organism.

For example, many classes of chemicals are prodogddrest trees that reduce herbivory and pathogen
infection. Terpenes have been studied extensivatgnifers and phenolics indmd-leaved trees as mecha-
nisms of defense. However, biotechnology has signifjpatential to increase secondary chemical production
for plant defense (Peter, 2018). Anatbmerging tool in the biotechnologgyolkit is the synthesis of DNA—
that is, DNA created in a laboratory—that can thennserted into the genome of the tree.

As of 2018, although research on incorporatingstasce to insects or pathogens via biotechnology
was being conducted in some forest tree species stlch American chestnut and poplar hybrids, no such
resistant genotypes—created with thiein to spread resistance intfbeest population—had been planted
in a North American forest. Givahe increase in the frequency and magnitude of pest outbreaks, and the
threats they pose to the survival of many North Aoaeriforest species, a number of federal agencies and
a forest organization wanted to explore whetiietechnology held potential for addressing these threats
to forest health. The U.S. Department of Agricultung’$. Forest Service, Animal and Plant Health In-
spection Service, National Institute of Food and &gture, and Agricultural Research Service as well as
the U.S. Environmental Protection Agency andwh®. Endowment for Forestry and Communities asked
the National Academies of Sciences, EngineeringMeuicine (hereafter referred to as the National Acad-
emies) to convene a committee of experts to investigate that question.

THE COMMITTEE AND ITS CHARGE
The committee’s chargeas to examine whether biotechnology has the potential to mitigate threats

to forest health, particularly threats posed Isetis and diseases. Its task included identifying the ecolog-
ical, economic, and social implications of using éabinology in forests and developing a research agenda

14 Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations

Introduction

to address areas where knowledge about such use Ineigaatking. The committe@as instructed to use

case studies to explore whether biotechnology coutdessfully protect forest tree species from insect
pests, pathogens, or both. It was not asked to iexatine potential for biotechnology to reduce threats to
forest health by altering the pests affecting Northefioan tree species. The full statement of task is in
Box 1-1.

The president of the National Academy of Scieraggsinted a committee with the diverse expertise
and experience needed to address this statem&#kofThe committee contained experts in forest popula-
tion genetics, tree gene flow and reproductive biolgggntitative genetics, and genomics. The disciplines
of forest ecology and entomology were also repredeadavere the fields of sociology, ethics, economics,
and U.S. environmental and regulatory law. Maaynmittee members had extensive knowledge about
selective breeding and genetic engineering of forest trees. The committee included researchers who studied
conifer and deciduous trees in eastern, midwestetgrniountain, western, and Hawaiian forest ecosys-

tems. As with all National Academies committees, mest@re appointed for their individual expertise,

not their affiliation to any institution, and they volaated their time to serve on this committee. The biog-

raphy of each committee memlzam be found in Appendix A.

1.

2.

BOX 1-1 Statement of Task

An ad hoc committee will examine the potential use of biotechnology for mitigating threats to forest
tree health; identify the ecological, economic, and social implications of deploying biotechnology in for-
ests, and develop a research agenda to address knowledge gaps about its application. The study will
focus on trees and consider at least two cases that consider the use of biotechnology to protect a tree
species from an insect and/or disease where negative consequences for forest health are anticipated.
It will be guided by the following questions:

What is the current state of the science regarding the potential for using genetic engineering
(GE) and similar technologies in trees to improve forest health?

What are the potential ecological and economic impacts of deploying trees protected from pests
and pathogens using biotechnology?

What other unique challenges and opportunities are posed by the development of a GE product
for a noncommercial, public good such as forest health?

What research is needed to fill knowledge gaps about developing and using GE as a tool to
protect forest health?

In what ways does the current regulatory system include forest health in evaluating the ecolog-
ical and environmental risks of deploying trees developed with GE, and how does this compare
with regulatory evaluation of impacts for other methods used to address forest health threats
such as non-GE trees or other biological control or pesticide approaches?

What information or analysis is needed to inform a risk framework that provides assurances for
minimizing the risks of using GE while increasing benefits to forest health; for example, what
characteristics of forest health are central to a risk framework? How can adaptive management
be used to enable realistic testing and assessment of biotechnology approaches for mitigating
threats to forest health?

What does existing research reveal about public views on the use of biotechnology to improve
forest health?

The committee will prepare a report that addresses the questions above and explains the basis for its
conclusions and recommendations.
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THE COMMITTEE’S PROCESS

The committee conducted itork between December 2017 and December 2018. Between December
and April, it heard from 43 invited speakers over thes®of 13 information-gathering sessions: three held
in-person in Washington, DC, and d@nhducted via webinar. All in-persomeetings and webinars were open
to the public, streamed over the Internet, and recorded and posted to the study’s’wWejesitkas for the
meetings, topics for the webinars, and nameseoinited speakers can be found in Appendix B.

The committee also reviewed the scientific literature and welcomed comments submitted by members
of the public. Opportunities to malblic statements to the committeere available aeach in-person
meeting, and the committeecepted written statemenitsoughout the study proceS€ommittee members
read all submitted written commentghich were subsequently archiviecthe study’s public access file.

Based on its expertise, experience, and the irdoom it gathered through presentations, scientific
literature, and written comments, the committee wrotea#t deport in response to the statement of task.
That draft was then reviewed by a number of peetts @ipertise complementary to that of the committee
members in a process overseen by the National AcageRéport Review Committee. The reviewers were
anonymous to the committee during the reviewcpss, and their comments remain anonymous after the
report has been published (see Acknowledgmentg) REport Review Committee approved the report for
publication after it determined that the committee hat@priately responded to the reviewers’ comments.

ORGANIZATION OF THE REPORT

The next chapter discusses the concept of fosadtH) including how the committee defined the term.
It also reviews the threats to &at health from insect pests and pathogens, reviews the ecosystem services
provided by forests, and introduces the case studyespeansidered by the committee: American chestnut
(Castanea dentajawhitebark pineRinus albicaulis) ash Eraxinusspp.), and poplaPopulusspp.).

Chapter 3 outlines the options available for mitiggitihreats to forest health, including the current
state of the science regarding the potential for usiotgchnology in trees to improve forest health. The
committee agreed thaéiotechnologyincluded the following approachesansgenesis, cisgenesis, RNA
interference, genome editing, and the insertion nftetic DNA. For simplicity’s sake, trees modified by
one or more of these approaches areegaly referred to in this report b®tech trees

Chapter 4 reviews the ecological, economic, social, ethical considerations related to the use of
biotechnology in trees. It includes a synopsis ofithtential ecological and economic impacts of deploying
trees protected from insect pests and pathogens b&itexzhnology and a summary of what existing re-
search reveals about public views on theafdsotechnology to improve forest health.

Chapter 5 emphasizes the importance of evaluatingsthef loss of ecosystem services over part, or
all, of a species’ range against the potential tovececosystem services across that range with and without
a biotechnological intervention and identifies mf@ation needs for a framework that would assess the
impacts of using biotechnology to address forestthetlalso explores how adaptive management could
be used to test, assess, and improve the use oftimiolegy as a tool to mitigate forest health threats.

Chapter 6 summarizes how foresglth is considered in the U.S. regulatory systems for biotechnol-
ogy and other forest health intentions. Chapter 7 describes reshaand investment needs to fill
knowledge gaps aboutwkdoping and using biotechnology as a toahitigate threats téorest health from
insect pests and pathogens.

2Recordings of the presentations made to the committeena¢éings and webinars can be found at http://nas.edu/
forestbiotech.

SFor more information about the Naial Academies study process, sp:Hwww.nationalacademies.org/study
process.

“The public access file of any National Academies studybeambtained by contactirije Public Access Records
Office at paro@nas.edu.

16 Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations

Introduction

REFERENCES

Aukema, J.E., D.G. McCullougi®. Von Holle, A.M.Liebhold, K. Britton,and S.J. Frankel. 2010. Historical accu-
mulation of nonindigenous forest pests in the continental United States. BioScience 60(11):886—897.

Barnes, B.V., and W.H. Wagner. 2004. Michigards. Ann Arbor: Universitpf Michigan Press.

Bauer, L.S., J.J. Duan, and J.R. Gould. 2014. Emerald ash Agriug planipennid-airmaire) (Coleoptera: Bupres-
tidae.) Pp. 189-209 in The Use of §d&cal Biological Control to Preserierests in North America, R. van
Driesche and R. Reardon, eds. Mamtpwn WV: U.S. Forest Service.

Bentz, B., J. Logan, J. MacMahon, C.D. Allen, M. Ayres, E. Berg, A, Carroll, M. Hansen, J. Hicke, L. Joyce, W.
Macfarlane, S. Munson, J. Negron, Haine, J. Powell, K. Raffa, Régniére, M. Reid, B. Romme, S.J.
Seybold, D. Six, D. Tomback, J. Vandygriff, T. Veblen, M. White, J. Witcosky, and D. Wood. 2009. Bark
Beetle Outbreaks in Western North Arita: Causes and Consequencelt.LS&e City: University of Utah
Press.

Bentz, B.J., J. Régniere, C.J. Fettig, EHMnsen, J.L. Hayes, J.A. Hicke, RK&lsey, J.F. Negrén, and S.J. Seybold.
2010. Climate change and bark beztié the western United States andh@#a: Direct and indirect effects.
BioScience 60(8):602-613.

Berg, E.E., J.D. Henry, C.L. Fastie, A.D. De Volder, and S.M. Matsuoka. 2006. Spruce beetle outbreaks on the Kenai
Peninsula, Alaska, and Kluane National Park and Reserve, Yukon Territory: Relationship to summer tem-
peratures and regional differences in disturbance regimes. Forest Ecology and Management 227(3):219-232.

Bergot, M., E. Cloppet, V. Pérarnaud, M. Déqué, B. Marcais, and M. Desprez-Loustau. 2004. Simulation of potential
range expansion of oak disease causeBhytophthora cinnamominder climate change. Global Change
Biology 10(9):1539-1552.

Boyd, I.L., P.H. Freer-Smith, C.A. Gillan, and H.C.J. Godfray. 2013. The consequence of tree pests and diseases
for ecosystem services. Science 342:1235773.

DeRose, R.J., and J.N. Long. 2014. Resistance and resilfenoaceptual framework for silviculture. Forest Science
60(6):1205-1212.

Dukes, J.S., J. Pontius, Drwig, J.R. Garnas, V.L. Rigers, N. Brazee, B. Cooke, K.Aheoharides, E.E. Stange,

R. Harrington, J. Ehrenfeld, J. Gurevitch, M. LerdduStinson, R. Wick, and M. Ayres. 2009. Responses
of insect pests, pathogens, and invasive plant spiec@isnate change in therests of northeastern North
America: What can we predict? Canadianrhal of Forest Research 39(2):231-248.

Early, R., B.A. Bradley, J.S. Dukes, J.J. Lawler, J.D. Olden, D.M. Blumenthal, P. Gonzalez, E.D. Grosholz, I. Ibafiez,
L.P. Miller, C.J.B. Sorte, and A.J. Teem. 2016. Global threats from invesialien species ithe twenty-first
century and national response capacities. Nature Communications 7:12485.

Ellison, A.M., M.S. Bank, B.D. Clinton, E.A. Colburn, Klli&tt, C.R. Ford, D.R. FosteB.D. Kloeppel, J.D. Knoepp,

G.M. Lovett, J. Mohan, D.AOrwig, N.L. Rodenhous&Y.V. Sobczak, K.A. Stinsod,K. Stone, C.M. Swan,
J. Thompson, B. Von Holle, and J.R. Webster. 2005a. Loss of foundation species: Consequences for the
structure and dynamics of forested ecosystems. Frontiers in Ecology and the Environment 3(9):479-486.

Ellison, A.M., J. Chen, D. Diaz, C. Kammerer-Burnhand, &h Lau. 2005b. Changes in ant community structure and
composition associated with hemlock decline in New England. Pp. 280-289 in Proceedings of the 3rd Sym-
posium on Hemlock Woolly Adelgid in the Eastern United States, B. Onken and R. Reardon, compilers.
Morgantown, WV: U.S. Forest Service.

Fissore, C., J.P. McFadden, K.C. NelsarB. Peters, S.E. Hobbie, J.Y. KingA. Baker, and I. Jakobsdottir. 2012.
Potential impacts of emerald ash borer invasion on biogeochemical and water cycling in residential land-
scapes across a metropolitan region. Urban Ecosystems 15(4):1015-1030.

Ford, C.R., K.J. ElliottB.D. Clinton, B.D. Kloeppel, and J.M. Vas2012. Forest dynamics following eastern hem-
lock mortality in the southern Appalachians. Oikos 121(4):523-536.

Hauer, R.J., and W.D. Peterson. 2017. Effects of emerald ash borer on municipal forestry budgets. Landscape and
Urban Planning 157:98-105.

Jactel, H., M. Branco, P. Duncker, B. Gardiner, W. GrqdBkiLangstrom, F. Moreira, S. Netherer, B. Nicoll, C.
Orazio, D. Piou, M.-J. Schelhaas, and K. Tojic. 2012nulticriteria risk analysis to evaluate impacts of
forest management alternatives on forest health in Europe. Ecology and Society 17(4):52.

Kautz, M., A.J.H. Meddens, R.J. Hall, and A. Arneth. 2@iétic disturbances in Northern Hemisphere forests—a
synthesis of recent data, uncertainties and implications for forest monitoring and modelling. Global Ecology
and Biogeography 26(5):533-552.

Prepublication Copy 17

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations

Forest Health and Biotechnology: Possibilities and Considerations

Kovacs, K.F., R.G. Haight, D.G. McCullough, R.J. Memad\.W. Siegert, and A.MLiebhold. 2010. Cost of
potential emerald ash borer dagean U.S. communities, 2009—2019. Ecological Econo68¢3):569-578.

Krist, F.J., J.R. Ellenwood, M.E. Wood&,J. McMahan, J.P. Cowardin, D.E. Ryerson, F.J. Sapio, M.O. Zweifler,
and S.A. Romero. 2014. 2013-2027 National Insect and Disease Forest Risk Assessment. Fort Collins, CO:
U.S. Forest Service.

Lewis, K.J., and B.S. Lindgren. 2000. A conceptual model of biotic disturbance ecology in the central interior of B.C.:
How forest management can turn Dr. Jekyll into Mr. Hyde. Forestry Chronicle 76(3):433-443.

Liebhold, A.M., E.G. Brockerhoff, S. Kalisz, M.A. Nufiez, D.A. Wardle, and M.J. Wingfield. 2017. Biological inva-
sions in forest ecosystems. Biological Invasions 19(11):3437-3458.

Lovett, G. M., M. Weiss, A. M. Liebhold, T. P. Holmes, B. Leung, K. F. Lambert, D. A. Orwig, F. T. Campbell, J.
Rosenthal, D. G. McCullough, R. Wildova, M. P. Ayr€s,D. Canham, D. R. Foster, S. L. LaDeau, and T.
Weldy. 2016. Nonnative forest insects and pathogens in the United States: Impacts and policy options. Eco-
logical Applications 26:1437-1455.

Morin, R.S., and A.M. Liebhold. 2015. Invasions by two non-native insects alter regional forest species composition
and successional trajectories. Forest Ecology and Management 341:67—74.

Perry, D.A. 1994. Forest Ecosystems. Baltimore: John Hopkins University Press.

Peter, G.F. 2018. Breeding and engimgg trees to accumulate high levelg@ipene metabolites for plant defense
and renewable chemicals. Fromgién Plant Science online.

Poland, T.M., and D.G. McCullough. 2006. Emerald ash bémeasion of the urban forest and the threat to North
America’s ash resource. Journal of Forestry 104(3):118-124.

Raffa, K.F., E.N. Powell, and P.A. Townsend. 2013. Temperature-driven range expansion of an irruptive insect height-
ened by weakly coevolved plant defenses. Procesdihthe National Academy of Sciences of the United
States of America 110(6):2193-2198.

Sambaraju, K.R., A.L. Carroll, J. Zhu, K. Stahl, R.D.dvi® and B.H. Aukema. 2012. Climate change could alter the
distribution of mountain pine beetle outbreaks in western Canada. Ecography 35(3):211-223.

Sharov, A.A., D. Leonard, A.M. Liebhold, E.A. Robergsid W. Dickerson. 2002. “Slow the spread”: A national
program to contain the gypsy moth. Journal of Forestry 100(5):30-36.

Weed, A.S., M.P. Ayres, and J.A. Hicke. 2013. Consequences of climate change for biotic disturbances in North
American forests. Ecological Monographs 83(4):441-470.

Woodcock, P., J.E. Cottrell, RA. Buggs, and C.P. Quine. 2017. Mitigating pest and pathogen impacts using resistant
trees: A framework and overview to inform development and deployment in Europe and North America.
Forestry 91(1):1-16.

18 Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations

2

Forest Health

This chapter contains the committee’s definitionfafest health, which includes ecological, eco-
nomic, and sociocultural factors. It summarizes tiesats facing North American forests from insect pests
and pathogens and introduces, as examples, the cases tEE species affected by one or more of these
pressures. These case study species are referencedhbut this report. This chapter concludes by de-
scribing the effects these threats havdovast health and ecosystem services.

DEFINING FOREST HEALTH

The committee spent much of its early deliberations discussing théoteshhealth It heard a num-
ber of presentations on the topic (see Meeting 2 ppeidix B) and consulted the scientific literature
(e.g., Kolb et al., 1994; Helms, 1998; Raffa et al., 2009; USDA-FS, 2009; Trumbore et al., 2015). On the
basis of its information-gathering efforthe committee agreed on the definitionfafest healthfor this
analysis as:

A condition that sustains the structure, compositmogcesses, function, productivity, and resilience
of forest ecosystems over time and space. An assesshtiistcondition is based on the current state
of knowledge and can be influenced by humaads, cultural values, and land management objec-
tives.

Forest structure is the horizontal and verticatrihution of plant material, including ground vegeta-
tion and dead or fallen woody material, shrubg] anderstory, midstory, and overstory trees (Bennett,
2010). Structure also concerns the age distributioneofrées in the forest. Forest stands are considered
even-aged if all of the trees are within the samechags. A forest with uneveaiged structure is a stand
with three or more age classes (Bennett, 2010). Irtipeacize is often used as a proxy for age. Forest
structure affects seedling growth, survival, and créavmation of trees as well as the formation of habitat
niches (von Gadow et al., 2012).

Forest composition refers to the identity and freqyeof plant species found in a stand or landscape,
including grass, forbs, shrubs, and trees. In othedsyat is the entire plancommunity of the forest
(Moore, 2004). Forest composition, directlyindirectly, affects all other biota present.

Trees play an important role in ecological processesighae cycling of water, nutrients, and energy
through the ecosystem, as well as in the natural suoo@ssiynamics, that is, ¢hchanges in plant species
composition and structure following a disturbance (Glitzenstein et al., 1986; Keeton and Franklin, 2005).
Trees’ influence on plant species composition and strei@ffects in turn thether species present in the
system.

Healthy forests support economic, ecological, andosodtiural functions. Economic functions relate
to the quality and quantity of timber other vegetation prodts and game extracted from a forest as well
as revenues generated through recreational uses oféisé tocological functions include habitat for wild-
life, maintenance of biodiversity, soil erosion cohtr@imate regulation, flood control, and effective
maintenance of water quality. Sociocultural functi@mesicern aesthetic, spiritual, and cultural values
(DeFries et al., 2005; Cooper et al., 2016).
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Forest productivity refers to the net primary produgtiwf plants in the forest system (reflected by
the difference between the carbon captured via photosys#mesithat lost via respiration) (Landsberg and
Waring, 1997).

Resilience in a forest ecosystem descritesapacity to absorb a disturbahegthout a significant
long-term change to the forest community functiang processes that existed before the disturbance (Hol-
ling, 1973; Millar andStephenson, 2015; Seidl et al., 2DFor this report, resilience is specifically defined
as a forest’s ability to maintain istructure, processes, and functions in the long term; however, the com-
mittee was mindful of other aspects of resilienceeisponse to disturbance (g.gesistance, absorption,
reorganization, and transformation; Fisichelli et 801&). In particular, transformative resilience, that is,
the capacity to change into a new system whemirdhahce makes the existing system untenable (Walker
et al., 2004), could be of great relevance in theeodrf using biotechnology in forest ecosystems.

Like forests themselves, the assessment of whetloeest is healthy is nattatic. The assessment of
the health of a forest will changet only with the evaluation of its structure, composition, processes,
function, productivity, and resilience, but also wille state of knowledge about these aspects of forest
health. Increasing numbers of studies are also demonstrating that climate change is also altering various
aspects of forest health (Boisvenue and Runr#g6; Reyer et al., 2017; Paquette et al., 2018).

THE VALUE OF HEALTHY FORESTS

A healthy forest can be valuedrfihe benefits it provides to humans and also for its own sake. An
instrumental view of forest healthkes it as a means to an end: the betterment of human welfare. In contrast,
the intrinsic value of a forest does not depend on its contribution to human society (NRC, 2005). While the
instrumental valuation of the forest ecosysterframed in terms of the services it provides to humans,
intrinsic value concerns the value a forest may haitseilf, independent of its usefulness to human beings.
Here, both perspectives on valuation are introduced.

Maintaining forest health is essential for the sEmvation and sustainable management of the many
ecosystem services provided to humans by forests. Ecosystem services are the goods and services that are
of value to people, provided wholly or in partdgosystems (Olander et al., 2015). In 2005, the Millennium
Ecosystem Assessment categorized these servicpsowsioning, regulating, supporting, and cultural
(Shvidenko et al., 2005; see Box 2-1).

Many ecosystem services that are provisioning, regulating, or supporting are biologically mediated
(Burkhard and Maes, 2017). Trees help form and rstlncycle nutrients, and store carbon (e.g., Seidl et
al., 2016). They filter and regulate the flow of waties} by intercepting rainfihin the canopy. The reduced
volume and speed of the rain allows more water talisorbed into # ground and, combined with the
roots’ soil retention properties, controls floodinglaeduces erosion (Ellison et al., 2017). Second, roots
take up nutrients and pollutants in the subsurfadernwpreventing these elements from filtering into the
groundwater supply. Trees improve air quality by neégting pollutant particles (Nowak et al., 2014).
Water vapor cools the surrounding environment wihemaporates from leaves. Trees buffer the landscape
from the heat of the sun and the force of winds, fanekts provide food and habitat for pollinators, fish,
wildlife, and other organisms, as well as food, fuel, and products for humans.

INatural disturbance is part of the normal functioning of a forest. Forested systems undergo successional and cy-
clical changes in structure and composition, which help tataia high levels of biodiversity (Perry, 1994; Barnes
and Wagner, 2004). Healthy forests may withstand natural disturbances either by being able to maintain similar prop-
erties (i.e., showing resistance) or by being able to reaqoemy of their original properties afterward (i.e., being
resilient). Land management practices can influencestfdoaction and productivity following disturbance (Millar
and Stephenson, 2015).
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Forest Health

BOX 2-1 Ecosystem Services

Ecosystem services are the benefits that society obtains from ecosystems. Forest ecosystem services
are classified into four groups.

X Provisioning services: Goods or products obtained from ecosystems such as food and medicinals, fresh
water, raw materials for building, clothing, energy, and ornamental and horticultural resources.

X Regulating services: Benefits obtained from an ecosystem’s control of natural processes such as soil
formation, stabilization and erosion, water seasonal-flow regulation and filtration/purification, flood
control, air quality regulation, carbon sequestration and storage, climate regulation, pollination, insect
pest and disease regulation, waste decomposition and detoxification, and natural hazard regulation.

X Supporting services: Natural processes necessary for the production of other ecosystem services.
They include maintaining biogeochemical and nutrient cycles, soil formation, soil fertility, and primary
production.

x Cultural services: Benefits humans obtain through spiritual enrichment, cognitive development, health
improvement, recreation, education, and aesthetic experiences.

SOURCE: DeFries et al. 2005.

Cultural ecosystem services are diverse (Milcu.ef8ll3). They vary according to the intended or
desired use of an ecosystem, such as recreatioreation of traditional forest products. Additionally,
forests provide substantial cultural heritage or iiferand spiritual, educational, and aesthetic values
(Cooper et al., 2016). The values at stake may vary by individual or group. For example, some people may
value mountain bike trails through a forest, wherehsrstmay value the same area for its wildlife viewing
opportunities or for a spiritual connection felt tdura when in that space. People may also @acstence
or nonuse value on forests simply because they wigheserve the ecosystem or species within it (NRC,
2005).

Alongside the services they provide to humans, ystems such as forests may also be thought to
haveintrinsic value, value for their own sake. Intrinsic valthowever, can be understood in different ways.
Subijectiveintrinsic value arises from human evaluative adi@ts. In the context of forests, for instance,
people might intrinsically value forest ecosystems itet animals or the perceived state of wildness itself.
Objectiveintrinsic value describes value that is believe@xist on the basis of certain properties or fea-
tures, independent of anyone’s evaluative attitySesmdler, 2012, 2018). If someone argues that human
lives are valuable on the basis of certaiopgrties humans have, whether or not anyastaally values
human lives, then they are defending the objectivensitr value of human life. If someone argues that a
forest ecosystem is objectively intrinally valuable, they are maintainittat it has intrinsic value whether
or not any human actually values it. Although the eristeof objective intrinsic value is disputed on the
ground that values must be created by valuers, tiséeesexe of objective intrinsivalue in species, ecosys-
tems, individual organisms, or all three has ofteen assumed or defendectonservation and environ-
mental ethics (e.g., Soulé, 1985; Taylor, 1986; Rolston, 1988).

The relationship between intrinsic value and eris¢evalue is complex. Because existence value is
based on human preference, it is clearly distinct fobactive intrinsic value. Existence value and subjec-
tive intrinsic value, however, are much closer in megnand some definitions take existence value to be
synonymous with subjective intrinsic value (e.g., Aliir1994). However, Davidson (2013:175) interprets
existence value “as the (willingness to pay for theefitsone derives from something's mere existence,
although one has no current or future plans for its actse.” Existence value, on this account, entails some
kind of benefit or satisfaction to the valuer. Intringalue, on the other hand, does not imply any benefit
to the valuer; rather, the existence of something initfinsic value “exerts a morauty on us to take it
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into account.” Therefore, Davidson suggests sometlonfgldave intrinsic value without existence value;
for example, a rat in a kitchen has intrinsic valuehat the human in the kitchen has a duty not to harm it,
but presumably that person would prefer for the ratmekist at all. Given this understanding of intrinsic
value, Davidson argues that intrinsic value, though nistence value, falls outside the scope of ecosystem
services because it is not in any segiseut nature’s services to humans.

In this report, the committee adopts ecosystem =3\d6 the basis for assessment of the instrumental
impacts of introducing a biotech tree to counter aahto forest health. Chapter 5 presents a specific
framework for defining ecosystem services in impasteasment that is compatible with regulatory decision
making (discussed in Chapter 6). The impact assessioasiders the potential benefits, risks, and trade-
offs of the introduction of a biotech tree by evaluagrgected changes in forestosystem services. How-
ever, the committee also believes that consideratioredfthinsic values of a healthy forest could usefully
broaden the scope of public deliberations about thefusietechnology (discussed in Chapter 7). Chapter
4 considers some of these values and the ways irhwh&y may be affected by the introduction of a
biotech tree to a forest ecosystem.

A healthy forest—that is, one in a condition thattains the components of an ecosystem over time
and space—is more likely to sustain ecosystem serefaedue to individuals and society. When assessing
the impact of a threat (such as an invasive insect) estfaealth, evaluating the effect of that threat on the
biologically mediated processes and the culturalasthetic values of the forest ecosystem provides the
basis for assessing how the provision of ecosystevicesrmay change. When adverse effects are experi-
enced or anticipated, alternative meanreturning the forest ecosystémrhealth are considered, including
the introduction of a biotech tree that can resist theath The remainder of this chapter reviews the scope
of the threat from insect pests and pathogens facimthManerican forests and the implications of that
threat for the forest ecosystem ahd ecosystem services it provides.

THREATS TO FOREST HEALTH FROM INSECT PESTS AND PATHOGENS

Despite being part of the forest natural distaderegime, outbreaks of insects and pathogens have
dramatically increased in numbeardaimpact since the mid-19th century (Aukema et al., 2010; Boyd et al.,
2013). The most recent national insect and disease risdlsassat, conducted in 2012 by the Forest Service
of the U.S. Department of Agriculture (USDA), estimated that 32.9 million hectares (81.3 million acres)—
that is, almost 7 percent of all foresten treed land in the United States—were at risk of losing at least
25 percent of tree vegetation betwef13 and 2027 due to insects angkdises (see Figure 2-1; Krist et
al., 2014). That assessment placed 9.4 million more lescf2B.3 million acres) at risk than was estimated
in 2006 (Krist et al., 2014).

Most of these outbreaks have been caused by utemtlinsects and pathogens or by native species
within their natural range as well as those expagdheir geographic ranges due to climate change
(Liebhold et al., 1995; Lovett et al., 2006; Sambarajal 2012; Weed et al., 2013). Climate change is
further compounding the impact of insects and pathedpy increasing abiotic stresses on trees, which may
result in reduced defenses and increassaeptibility (Breshears et al., 2005; Berg et al., 2006). As a result,
the impacts of insects and pathogens are among thegréaeats to forest ecosystems in North America
(Moser et al., 2009; Krist et al., 2014; Lovett et al., 2016).

As the frequency of insect and pathogen outbreaiksases, forest resilience and the ecosystem ser-
vices associated with forests are threatened (Millar&teghenson, 2015; Seidl et al., 2pTBhe next
section describes general threats posed by insects #udypas and their interaction with climate change.

2Forested land contains at lea8tpercent tree canopy cover.
STreed land is an area with measurabdée presence, including urban areasland in the Great Plains with trees
that does not meet the definition of forested land.
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FIGURE 2-1 Risk assessment from insect pests and diseases in U.S. forests by subwatershed, 2013-2027. NOTE: Hectares at riskitotal 32.9 m
SOURCE: Krist et al. 2014.
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Introduced Insect Pests and Pathogens

Since the 1600s, around 450 species of insects drdsttl6 species of pathogens have been intro-
duced and become established in continental U.8starOf those, 14 percent of the insects (62 species)
and all of the pathogens have been classified @sihipact species (Aukema et al., 2010); that is, they
cause some combination of tree mortality, canopy thmrgrowth loss, defoliation, and decreased repro-
duction or regeneration. At least 2.5 introduced, distadal insect species have been detected each year
since 1860 (Aukema et al., 2010). Given their cryptic nancedifficulties in early detection, there is little
information on the rate of pathogen introduction.

Increases in human mobility and trade are the magthways of introductions (PySek et al., 2010;
Brockerhoff et al., 2014; Early et al., 2016). Pathogensimsect defoliators have generally been introduced
with live plants (Liebholat al., 2012). The introduction of insdxdrers, the most damaging group (see Box
2-2), is usually associated with wood packaging rmatéAukema et al., 2010, 2011). The number of intro-
duced borer species (including bark and ambrosidels@¢dias dramatically increased since the 1990s, aver-
aging 1.6 new introductions per year, reflecting thesiased use of wood packagimgterials and the growth
in global trade (see Figure 2-2; Haack, 2006; Aukemnal., 2010). These introductions continue despite
proactive requirements for treagnt of wood pallets and shippingrtainers (Haack et al., 2014).

Some of these introductions have had devastatingequences in North Anmieain forests; impacts
have ranged from temporary declines in populati@mdpctivity to the functional extirpation of an entire
species (see case study of the American chestrotvhbdn many instances, the introduced insect pests
and pathogens lack natural competitors, predators,ifesas pathogens to regtdaheir populations (i.e.,
enemy release; Keane and Crawley, 2002), giving toegmporary fithess advantage that could contribute
to their virulence (Hajek et al., 2016). The damagséhspecies cause can be linted lack of resistance
in the host tree (Herms and McCullough, 2014). T@blesummarizes many of the nonnative pests threat-
ening North American tree species.

BOX 2-2 Effects of Insect Pests and Pathogens

Among insect pests, phloem and wood-boring species cause the most damage to forest trees,
followed by sap feeders and then by foliage feeders (Aukema et al., 2011). Borers are species of beetles,
wasps, and moths that can be extremely destructive in their larval stage. They damage the tree’'s
vascular system, which often results in the death of the tree, and they produce tunnels that reduce the struc-
tural soundness of the wood and allow rotting fungi to enter. The invasive emerald ash borer
(Agrilus planipennis) is an example of a wood borer and the native mountain pine beetle (Dendroctonus
ponderosae) is an example of a phloem-boring bark beetle.

Sap feeders (adelgids, scales, and aphids) pierce leaves and stems to suck out plant nutrients. Infesta-
tions by native sap feeders rarely lead to death, although they can reduce growth, reproduction, and produc-
tivity of plants (Zvereva et al., 2010). In contrast, introduced sap feeders such as the balsam woolly adelgid
(Adelges piceae) and the hemlock woolly adelgid (Adelges tsugae) kill native trees in high numbers. Insect
herbivory of leaf tissue by foliage feeders can reduce growth and productivity and during outbreaks can lead
to the mortality of thousands of trees such as what occurs periodically with spruce budworm (Lepidoptera:
Tortricidae) (Ludwig et al., 1978).

Among tree pathogens, fungi and oomycetes (which cause seedling blights, damping-off, root rots, and
foliar blights) have the most devastating effects on forest species, often resulting in tree mortality and, in
extreme cases, in the local extirpation of the host species. They can damage and reduce leaf area, harm
roots, and cause vascular wilts and cankers that reduce the flow of water (Latijnhouwers et al., 2003). Chest-
nut blight, for example, is caused by the fungus Cryphonectria parasitica; sudden oak death results from
infection by the oomycete Phytophthora ramorum.

Additionally, insects are often the vectors of pathogens that are the actual agent of mortality. For
example, the boring redbay ambrosia beetle (Xyleborus glabratus) introduces a fungus (Raffaelea
lauricola) that causes laurel wilt, a deadly disease of redbay (Persea borbonia) and other tree species in the
laurel family (Lauraceae) (Kendra et al., 2013). The sap-sucking beech scale (Cryptococcus fagisuga) trans-
mits the fungi that cause beech bark disease (Castlebury et al., 2006).
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FIGURE 2-2 Frequency of detection of introduced insects and diseases in continental United States through 2006.
(a) All introduced forest insects; (b)gh-impact insects and pathogens (ththet cause some combination of tree

mortality, canopy thinning, growth loss, defoliation, and decreased reproduction or regeneration); (c) sap-feeding
insects; (d) phloem and wood-boring insects; (e) foliage feeders; and (f) pathogens. SOURCE: Aukema et al., 2010.

The majority of introduced insect pests and pgéns are found in the northeastern United States
(Liebhold et al., 2013; see Figure 2-3). This geogm@phttern likely reflects the number of introductions,
the historically high propagule pressure, and the anphanthropogenic disturbance on the ability of the
pests to invade in this region (Liebhold et al., 2013)s Thistribution is also correlated with the diversity
of tree species, which is higher in the easterndfatie country (Liebhold et al., 2013). Once established,
the average radial rate of spread—5.2 km per ysaems to be similar for all groups of insect pests and
pathogens (Liebhold et al., 2013).
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FIGURE 2-3 Number of high-impact invasive insect pests and pathogens in forests (per county) in the continental
United States and Alaska. NOTE: High-impact species are thascause some combination of tree mortality, canopy
thinning, growth loss, defoliation, and decreased reproduction or regene&fbHRCE: Liebhold et al., 2013.

Insect Pests and Pathogens Under Climate Change

Climate change is opening new opportunitiesdolonization by both native and introduced insect
species (Harvell et al., 2002; Logan et al., 2003)e€asted temperatures for the mid-21st century indicate
decreases in the length of the cskhson and the incidence of exteeoold spells (IPCC, 2013). Cold
winter temperatures, cold snaps, and short growingesdmve kept many insect pest species in the United
States from moving into higher elevations and mor¢heon latitudes (Carroll et al., 2004; Esper et al.,
2007; Dukes et al., 2009). However, with warmenditions, many insects are colonizing regions that
previously had been unsuitable (Williams and Liebhd887; Battisti et al., 2005). In addition, changes in
climate are affecting the frequency and magnitudeutbreaks of both native and introduced pests. Out-
breaks are predicted to increase in frequency and magmittlefuture. In areas where cold has previously
limited establishment, warmer tesmatures will likely allev an increase in development and reproductive
rates and survival of many insects and pathogegyse§Aand Lombardero, 2000; Bale et al., 2002). An
example is the native mountain pine bediler{droctonus ponderospeutbreak in North America between
1990 and 2010, which killed millions of hectares of piaed has been estimated to be an order of magni-
tude larger than any previously recorded event (Mesléeal., 2012; Raffa et al., 2013). This outbreak was
associated with a reduction in cadaps (i.e., periods of four consecutive days with average temperature
below i20°C (Sambaraju et al., 2012) and overall warstenmer and winter temperatures. Warmer tem-
peratures have also allowed an expansion of the tgrdfdhe mountain pine beetle hundreds of kilometers
farther north in British Columbia and movement across Alberta into jack pine fdP@stis panksiang
where it threatens the boreal forest asraader. Likewise, southern pine beetle(droctonus frontaljs
is moving northward into new forests on the easter@st of the United States. In Alaska, Canada, and
Colorado, outbreaks of spruce beeDeifdroctonus rufipennjshave increased with warmer weather and
drier summers (Berg et al., 2006), and the beetletasiphas been predicteditacrease as warmer condi-
tions facilitate faster insect development (Bentz et al., 2010; see Figure 2-4).
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FIGURE 2-4 Estimated probability of spruce beetle developing in a single year in North American spruce forests: (a) 1961-1990, (Bp2&a6i+2) 2071—
2100. SOURCE: Bentz et al., 2010.
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Changes in temperature and precipitation assocrgthdlimate change may become the most influ-
ential driver of pathogen outlaks, because these changes couldlgimeously affect host susceptibility
and pathogen growth, reproduction, and infection (Stkred al., 2012). Forecasts of future climate indi-
cate likely changes in pathogen overwintering sualyichanges in host susceptibility to pathogen attack
due to other stressors (e.g., drouggnditions, ozone, or damage from storms), or changes in life cycles of
associated species such aseirts that disperse pathogens (Dukes et al., 2009; Weed et al., 2013). However,
the outcome of these changes—higher or lower viogenwill likely be site specific (Sturrock et al.,
2012). For exampleRhytophthora ramorugman introduced oomycete that causes sudden oak death, may
experience a decrease in favorable environmental comglitiothe eastern Unitestates, but an increase
in favorable sites in the western United States @itenand Cohen, 2006; Wette, 2009) and Europe in
response to climate change (Bergot et al., 2004).

Given that some pathogen species rely on insecthéir dispersal (Wingfield et al., 2016), effects
of climate change on the insect populations woulglyikause changes in pathogen dynamics. For example,
the two fungi that cause beech bark disedsoectria farinataandN. ditissima are spread by a scale
insect,Cryptococcus fagisugd he extent of the infestation had beestricted by cold winter temperatures,
but with the onset of mild winters and dry auturassociated with climate change, both the scale and the
fungi will likely move to northern litudes and affect beech trees thatl previously been shielded from
the pathogen (Houston and Valewrtjir1i988; Stephanson and Coe, 2017).

EFFECTS OF INSECT PESTS AND PATHOGENS
ON TREES AND ECOSYSTEM SERVICES

Adverse effects on forest health caused by increastee frequency and magnitude of insect and
pathogen outbreaks are already being observed and @setbkcontinue. This section reviews the effects
on some specific tree species and genera; the feasdfilitying biotechnology to address threats to these
species is discussed in subsequent chapters. Thignsalso examines more broadly the effects of insect
pests and pathogens on forest health and ecosystem services.

Case Study Trees

A variety of introduced insect pests and pathoderay included in Table 2-1) and the exacerbated
pressure of some native insects and diseases facilitateddriate change threaten the long-term survival
of many forest tree species native to North AmeriRather than elucidating all threats, the committee
decided to focus on four cases chosen bgensus and based on the following criteria:

X The severity of the threat.

The causative agent(s) (insect, pathogen, or oogystems involving insect vectors or obligate
pathogens with alternate hosts).

The origin of the insect or pathogen (native or nonnative).

The impact of climate instability and fire on theverity and extent of the disease or infestation.
The ecological, economic, and cultural values of the host tree species.

The use or potential use of the htvee species for plantation forestry.

The efficacy or feasibility of traditional strategiespimtect forest health (biological control, pes-
ticide use, containment strategies, and selective tree breeding).

The efficacy of gene insertion or gene-editing strategies if already in place.

The feasibility of gene insertion or gene-editing strategies if not yet attempted or tested.

x Geographical distribution and phylogenetic position of the host species.

X X X X X x

xX X
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TABLE 2-1 Eighteen Nonnative Forest Insects and Pathogens in Noréinica with Current or Potential Future High Impacts

Geographic
Common Name Scientific Name Pathway Hosts Impacts Region at Risk
Established Species with High Impact
Chestnut blight Cryphonectria parasiticgMurrill) Barr. Live plants American chewut, chinquapin  Virtually eliminated mature Eastern deciduous forest
chestnuts
White pine blister rust ~ Cronartium ribicolaJ. C. Fisch Live plants Five aeedle pines (section High mortality of susceptible trees Continentseide; greatest
Quinquefolia in genuRinug in several western pine species impacts in West
Phytophthora dieback  Phytophthora cinnamoniRands Unknown Many hosts including High mortality of susceptible trees Continentseide
American chestnut, white oak,
shortleaf pine, and Fraser fir,
fruit trees
Port@rford eedar Phytophthora lateraliSTucker & Milbrath Probably live plants Port&@rford-cedar High mortality of trees, especially ~Klamath Mountains,

root disease
Beech bark disease
(scale insect + fungus)

European gypsy moth

Hemlock woolly adelgid

Sudden oak death

Redbay ambrosia
beetle + fungus (laurel
wilt disease)

Emerald ash borer

Dutch elm disease

Cryptococcus fagisugaindinger+
Nectria coccineavar.faginata(Pers.) Fr.

Lymantria dispar dispalL.

Adelges tsugaénnand

Phytophthora ramorun$. Werres,

A.W.A.M. de Cock

Xyleborus glabratugichhoff +

Raffaelea lauricolaHarrington and Fraedrich

Agrilus planipennidrairmaire

Ophiostoma ulm{Buisman) Nannf. &

O. novoulmi Brasier; vectored by several

insects includingcolytus multistriatus
andS. schevyrewi

Live plants

Escaped from
deliberate
introduction

Live plants

Live plants

Wood packaging

Wood packaging

Wood products

American beech

Many hosts includes oaks,
aspen, willow, and birch

Eastern and Caroliramlock

>100 spp., especially tanoak

and several western oak

species; some eastern oaks

vulnerable

Numerous probable hosts
including redbay and

pondberry & pondspice shrubs

All North American ash
species

American elm; other native
elms, e.g., red or slippery elm,

are more resistant

in riparian parts of its range

Garely reduces mature beech;
often replaced by dense thickets

of root sprouts

Periodic outbreaks cause

California and Oregon

Deciduous forests of East
and Midwest

Deciduous forests of East

defoliations and can sometimes kill and Midwest

hosts

High mortality in most affected

stands

High mortality in some vulnerable
hosts (particularly tanoak); other

hosts show minor impacts

Predicted >90% reduction in
redbay basal area within 15 yr

(25 yr after first detected)

Most ash trees succumb; some
species of ash appear to have

limited resistance

Severe impacts in urban areas;
elms remain, although reduced
in number and size, in riparian

woodlands

Appalachians, Northeast,
and upper Midwest

Coastal California and
Oregon; could potentially
spread to eastern forests

Eastern deciduous forests;
greatest impacts in
southeastern coastal plain

Eastern deciduous forest;
riparian areas in Great
Plains and West,
landscape plantings
continentseide

Continentseide

(Continued)
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TABLE 2-1 Continued

Geographic
Common Name Scientific Name Pathway Hosts Impacts Region at Risk
Butternut canker Sirococcus clavigignenjuglandacearum Unknown Butternut (white walnut) Sere mortality of butternut; Deciduous forests of
N. B. Niar, Kostichka & Kuntz over 80% mortality of butternut Northeast and Midwés
in the South
Balsam woolly adelgid  Adelges piceaRatzeburg Live plants Most true fir speci@bieg in ~ Widespread impacts on firs; severe Northeast; southern

North America mortality of Fraser fir on southern Appalachians; Northwest
Appalachian mountaintops and
Christmas tree farms

Established, Potential for Sigitant Effects in the Future

Asian longhorned beetle  Anoplophora glabripenni®otschulsky

Winter moth Operophtera brumaté.

Polyphagous shot hole Euwallacea(sp. unknown) Fusarium
borer and fusarium fungus euwallacea

European woodwasp Sirex noctilio

Wood packaging

Unknown

Unknown

Probably wood
packaging

Woody vegetation in 15 Severe impacts possible in both  Continentseide

families, especially maples, urban and forest landscapes; deciduous forests

elms, and willows eradication being attempted

Many species including oaks, Severe impacts on hosts in Eastern deciduous forest

maples, cherries southeastern New England

>200 species attacked by High mortality levels in Southern California

insect; >100 support the vulnerable hosts hardwood forests,

fungus; hosts killed include riparian and urban;

box elder, bigleaf maple, potentially in Southeds

coast live oak

Many pine species Most impant killer of pines in All ecosystems with hard
Southern Hemisphere; modest pines: Southeast, Great
impacts so far in United States Lakes states, western

United States

Not Yet Established

Asian gypsy moth & Lymantria dispar asiatic&/inuskovkij
hybrids

Ship supemgructures

>600 species, including commogould have more severe impacts th@ontinentseide
deciduous and coniferous trees European gypsy moth since it has
wider host range and females fly

SOURCE: Adapted from Lovett et al., 2016.
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The four selected case studies—American chest@ast@nea dentaja whitebark pine Rinus
albicaulis), ash Fraxinusspp.), and poplaPppulusspp.)—represent a wide range of forest health prob-
lems with different combinations of characteristicéerms of the above criteria (Table 2-2). In two cases,
the committee chose specific host trees that face thaneone pest pressure (American chestnut and white-
bark pine). In the other two cases (ash and popla)committee examined the implications of a specific
pest for a genus of trees. The native ranges of thermast tree species vary considerably in extent but
together cover much of the United States (see Figtbke Forest ecosystems, rural and urban, have all
experienced negative ecological and economic imgemtstree mortality caused by the insects and path-
ogens examined in these studies. All of the species big@ar ecological and cultural value, and all but
whitebark pine have economic value. Critical for 8tigdy, the species vary in development and feasibility
of a biotech solution to reduce vulnerability to theect pest or pathogen involved. The case studies are
introduced here and referenced throughout the rest of the report.

TABLE 2-2 List of Variables Considered bydalfCommittee When Selecting Case Studies

Cottonwood
American Chestnut Whitebark Pine Ash (Populus trichocarpa,
Variable (Castanea dentaja (Pinus albicauliy (Fraxinusspp.) P. balsamifery
Geographic distribution Eastern North America Western North Americaril6 species widely Northern and western
mountains distributed across North North America
America
Causative agent (origin) Pathogen: chestnut bligitathogenCronartium Insect pest: emerald ash Pathogen:
(Cryphonectria ribicola (nonnative) borer @grilus Sphaerulina musiva
parasitica) (nonnative) Insect pest: mountain pine planipennig (nonnative) (native to eastern species
beetle Dendroctonus of poplar but not to
ponderosag (native) northern and western
species)
Other stressors Pathogéthytophthora  Climate change (drought), Land conversion Land conversion, flood
cinnamomi(nonnative) changes in control
Insect pestDryocosmus  fire regime
kuriphilus (nonnative)
Urgency High High High Low
Alternative insect/pathogen Yes Yes Yes Yes
hosts
Major ecological role Yes Yes Yes Yes
Economical values Timber, chestnuts None Landscaping, timber, Pulp production
woodworking products
Cultural/traditional valués  Yes Yes Yes Yes
Plantation forestry Maybe No No Yes
Potentially effective Hybridization (breeding) Reduced abundance of Biocontrol (parasitoids), Fungicide application
nonbiotech approaches Hypovirulence alternative hosts. pesticides. Biocontrol (bacteria)
to mitigate forest health Selective breeding for Selective breeding for
threat§ resistance resistance
Biotechnological approaches Transgenesis None None Transformable with
in use as of 20f8 Agrobacterium
Potential biotechnological =~ Well developed Recalcitrant In development Well developed
approaché€s
aSee discussion in section “Social anti€l Considerations” in Chapter 4.
bSee Boxes 3-1 and 3-2 in Chapter 3.
¢See Box 3-4 in Chapter 3.
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FIGURE 2-5 Geographical ranges of case study spe¢@sAmerican chestnut and relativdbegheny chinquapin
and Ozark chinquapijifb) whitebark pine, (¢) ash specid3) balsam poplaopulus balsamifefablack cottonwood
(P. trichocarpg, and eastern cottonwooB.(deltoides IMAGE CREDIT: V. Chhatre.

American Chestnut (Castanea dentaja

In the 19th century, the range of Americamrestmut extended from Maine to Mississippi along the
Appalachian Mountains (see Figure 2-5; Little, 19Adnerican chestnuts were fast growing, and trees
could reach 37 meters in height and 5 meters in elianon favorable sites (Buttrick, 1925; Wang et al.,
2013). The number of mature trees prior to the introdnof chestnut blight was estimated to be four
billion (Detwiler, 1915), representing a major fractiortlo# forest biomass in many eastern forests (Braun,
1950). At some locations in the Appalachian Mourgathe American chestnut was considered to be a
foundation species because of its strong influemtecosystem structure and function (Youngs, 2000;
Ellison et al., 2005a). In some regions, one in foees in the canopy was reported to be an American
chestnut (Johnson, 2013).

In 1904, American chestnuts at the Bronx Zoo in New York City died from infection by a fungal
pathogen initially identified aBiaporthe parasiticabut later rename@ryphonectria parasiticaThe path-
ogen was likely introduced on Japanese chestnuts intidortbe United States as early as 1876 (Anagnos-
takis, 1987; Anagnostakiand Hillman, 1992).
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The disease spread more or less eokhd, extending over the entiemge of the American chestnut
by the 1950s (see Figure 2-6). Traditional control messisuch as chemical treatments or clearing and
burning, were ineffective (Stoddard and Moss, 19T8g pathogen maintained virulence over time, and
almost all mature chestnuts weildd (Hepting, 1974; Russell, 1987).

The pathogen causing chestnut blight is necrotrophic, entering through small wounds in the outer bark,
killing the living vascular cambium, and then devetgpcankers on the deaddues. In susceptible trees,
the fungus eventually girdles the branches and mam,dbtlocking the transfer of nutrients and resulting
in tree death (Anagnostakis, 2000). In blight-tolérasian chestnut trees, lignified callus may surround
the wound and restrict the growth of cankers; in suddeprees, the fungus is labto overcome this re-
sistance, leading to mortality.

In 2018, surviving chestnut trees existed mainhghinubby growth forms that result from the for-
mation of sprouts from the root collar. The sprouts giemseveral years until they are again infected by
C. parasiticaand die back. Each cycle—resprout follal®y fungus infection and dieback—weakens the
tree until it eventually dies (Griffin, 2000). Sprousely reach reproductive maturity and seeds are seldom
produced (Paillet, 2002). Thus, the American chegietgists mainly as a multistemmed shrub with only
a few large chestnut trees remaining, often at the periphery of the tree’s range, presumably as “escapes”
(i.e., trees that have not yet beetposed to the pathogen).

The loss of the American chestnut was devastdtingural communities that depended on the tree
for food, livestock feed, and timber (Youngs, 2000; fikei, 2009). Equally devastating were the changes
to the forest ecosystem due to the losa fidundational species (Freinkel, 2009).

Other nonnativeCastaneaspecies have been planted in urban environments or as orchard trees for
commercial production of chestnuts, but they do natfdlsame ecological niche as the American chestnut.
Chinese chestnu€({ mollissima)and Japanese chestnGt Erenataq are typically small trees, lacking the
fast growth and tall form of American chestnut. The European che&insaffvd has a growth and form
somewhat similar to American chestnut as compardigeté\sian species, but the European chestnut trees
growing in North America are susceptible to the saiiseases as the American chestnut and are not as
frost tolerant. The Asian species usually do not liveoag as American chestnut. In a forest setting, the
other Castaneaspecies are not competitive; they do not grow tall enough or fast enough to compete for
light against the native American chestnut or otttive tree species (Wu and Raven, 1999; Fei et al.,
2012). The American chestnut has lost the role ¢edmad as a foundational species that influenced other
species and ecosystem processes.

FIGURE 2-6 Dead American chestnut trees in Chattahoochee National Forest, 1930. PHOTO CREDIT: U.S. Forest
Service.

Prepublication Copy 33

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations

Forest Health and Biotechnology: Possibilities and Considerations

As with many trees, the American chestnut faces rtia@e one threat. In southern Appalachia, the
introduced oomycetehytophthora cinnamongiauses black lesions on the roots, eventually killing the tree
by killing the root system (Crandall et al., 1945). Tri#isestoration plantings in this region reveal that
cinnamomipersists in the soil long after the mature amést die and kills the majority of planted chestnut
seedlings within a few months (Rhoades et al., 2003). Asian chestnut gallDvasposmus kuriphilgs
accidentally imported on Asian chestnut cuttings in {®&4ne et al., 1976), attacks both Asian and Amer-
ican chestnuts. The galls suppress shoot growth and nut development.

American chestnut is the committee’s only case\stida species that hassentially been lost
throughout its native range as of 20C&ks and maples have filled in for this species over much of the
range and maintained some of the forest funsti@eever, 1953; Woods and Shanks, 1959; McCormick
and Platt, 1980). Although acorns have replaced ehestas mast sources to some extent, oaks have epi-
sodic mast years, unlike the consistent, substaartiaual mast produced by the American chestnut and
chestnut’s relatives, the chinquapi@aétenea pumilandC. ozarkensis Population dynamics of species
dependent on the nuts were likely affected, with casgaftiod web impacts. At least five moth species
obligate on chestnuts have gone extinct (Opler, 1Wa&yner and Van Driesche, 2010). Economies and
cultures of human communities originally reliant on&inan chestnut products mealso altered (Davis,
2006); chestnut has been identified as a cultural keystone spamesbaribaldi and Turner, 2004).

Whitebark Pine (Pinus albicaulis)

Whitebark pine is a high-elevation tree of thestern United States and Canada (see Figure 2-7). It
spans over Tdatitude and 2%longitude, but within that area it eslishes only within a narrow elevational
distribution extending from the subalpine to treelineriback et al., 2016). The tree exhibits high pheno-
typic plasticity (i.e., an ability to g in different forms in response to its environment). In open stands, it
grows as a large wide-crowned tree gndas in dense stands it takes a lifi@an similar to lodgepole pine.

On harsh windswept ridges, it forms krummholz—dwed, gnarled trees that seldom reach more than 1-2
meters in height, even when hundreds of yearslolthe subalpine, it sometimes grows in mixed stands,
often with subalpine fir, Engelmann spruce, and |lpdigpine. In the upper extent of the subalpine and at
treeline, whitebark pine is typically the only tree prégdmmback et al., 2016). It is a long-lived tree,
sometimes reaching ages of 1,000 years or mor&i(lBemnd Swetnam, 1996). It grows slowly and typi-
cally does not begin to reproduce until at least 20-e&0rs/of age and not fully until 60 or more years
(McCaughey and Tomback, 2001).

Whitebark pine is considered to be both a kays and a foundational species. As a keystone, its
presence sustains the biodiversity and function efabmmunity of which it is part. As a foundational
species, it is responsible for creating the conditioasdlhow the community tassemble in the first place
(Tomback et al., 2016). At the upper limits of its elgonal range, whitebark pine establishes in areas too
harsh to support other tree species (Weaver and D@fd; Tomback and Linhart, 1990). In these places,
whitebark pines provide shelter and contribute todmiklopment, allowing other plant species to establish
(Arno and Hoff, 1990; Callaway, 1998] ife islands” of shrubby vegetian often develop at the base of
these trees, providing food and nesting habitabiiats and small mammals and stabilizing rocky slopes.
Cover provided by the trees regulates snowmelt, regiwater in the subalpine for longer into the spring
and supporting flows in mid and low elevationsdorextended period into the summer (Farnes, 1990).

The tree is threatened by several factors includingan-induced changes in fire regimes (suppres-
sion), an introduced fungal pathogérgnartium ribicolg the causal agent of a disease called white pine
blister rust), a native bark beetle (the mountain pine bé&atledroctonus ponderosgend climate change
(increased drought). Individually, each threat iscaesi These factors also interact, exacerbating the rate
and degree of decline. Together, these threats pasdrmely complex problem for the conservation and
restoration of this tree.
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FIGURE 2-7 Whitebark pine as predominant component of high-elevation forest in southern Oregon, Umpqua
National Forest (left) and Crater Lake NationalkR@enter and right). PHOTO CREDIT: R. Sniezko.

Over half of all whitebark pine in the northddmited States and Canada are already dead. In some
areas, only about 2 percent of mature (reproductigestremain (Kendall and Keane, 2001; Zeglen, 2002;
Smith et al., 2008). Seeds are dispersed by birdseijay family, specifically Clark’s nutcrackemu-
cifraga columbiang that open the cones and cache the seedatry use. Seeds in unretrieved caches
germinate to produce new whitebark pines. leaarwhere few mature trees remain, foraging becomes
inefficient and the nutcrackers reduce visitation &séhsites, thus lowering the potential for regeneration
(McKinney and Tomback, 2007; McKinney et al., 2009; Barringer et al., 2012).

Mortality has been most sevenethe central and northern Rocky Mountains, and in the coastal moun-
tain ranges, whereas southern populations remain faibyst due primarily to a lack of rust and beetle
activity as of 2018. Canada listed whitebark pirseendangered in 2010 (COSEWIC, 2010). The tree’s
status in the United States is “recommended fontistbut precluded” (USFWS, 2011). Preclusion, in this
case, is based on a lack of funding and its lower ipritor recovery relative to several other species. As
of 2018, the tree’s status under the Endangered Spetti@gas under re-review, with a decision slated for
2019.

North American Ash (Fraxinus spp.)

There are 16 ash species native tothédmerica, of which green askréxinus pennsylvanigaand
white ash F. americanaare the most widely distributed. Thdima range of green ash includes the Eastern
Temperate, Great Plains, and Northern Forests giom®in North America (see Figure 2-8; CEC, 1997;
Omernik, 1995, 2004; Omernik and Griffith, 2014)thugh green ash grows abundantly in riparian zones
in mesic temperate forests, it can persist in upfarebkts and seasonally dry urban environments through-
out the eastern and central United States. In the Gtasis ecoregion in the western part of the range,
green ash can be locally abundant in ripariaregaor along ephemeral streams (Rumble and Gobeille,
1998; Lesica, 2009). Although this species occupies o¢dlof the landscape in this region, green ash
woodlands support a disproportionately large compouofeniblogical diversity, including migratory song-
birds, gallinaceous birds, and native ungulatesdBet al., 1979; MacCracken and Uresk, 1984; Hodorff
and Sieg, 1986; Rumble and Gobeille, 1998). Additign43 native arthropod species are solely dependent
on green and white ash during some part of theirchicle, and 30 additional species have only 2—3 known
host plants, one of which is ash (Gandhi and Herms, 2010b) .

First detected in Detroit, Michigan, and WindgOntario, in 2002, the emerald ash borer (EA8ki-
lus planipennid-airmaire (Coleoptera: Buprestidae)) poses ateatueat to all of the native ash species
in North America (Herms and McCullough, 2014). Theernational Union for Conservation of Nature
Red List of Threatened Species lists five Northekitan ash species—green ash, white ash, blackash (
nigra), pumpkin asiiF. profundg, and blue as{F. quadrangulatgq—as critically endangered due to nearly
100-percent mortality following attack, limited abilitytegenerate under repeatdthck, and rapid spread
of the insect, largely through unintentional human agelB#y, native to Asia, had spread to 31 states and
3 Canadian provinces as of May 2018 (see Figure 2-8).
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FIGURE 2-8 Range of green asFraxinus pennsylvanigaand extent of emerald ash borer invasion as of May 17,
2018. NOTE: Planting and establishment of green ash otits&dwtive range results in emerald ash borer infestation
beyond the native range &f. pennsylvanicaSOURCES: Data from emerald ash borer information network
http://www.emeraldashborer.info/indl@hp. Figure by Devin Shirley.

The insect kills 99—-100 percent of green ash trees @éstfetands within 7 years of first detection (see
Figure 2-3) and kills urban green ash plantings as fasastef, due to the extensive use of grafted green
ash cultivars (Rebek et al., 2008; Smitley et al., 200&ret al., 2012). Females oviposit in bark cracks
and crevices, laying 60-80 eggs. Larvae hatch irwaweeks, feed voraciously on the phloem and other
living tissues under the bark and complete four isst@&fore overwintering as prepupae (Cappaert et al.,
2005). Pupation occurs in the spring and adults enstegng in mid-May and continuing throughout the
summer (Poland et al., 2011). EAB feeding destroyvdiseulature and the tisstieat forms new vessels
and bark, ultimatelgirdling the main stem and thkgling the host (see Figure 289

Green ash, as well as the other ash species listetlicalgrendangered, has some capacity to regen-
erate from root and stump sprouts even after EABstation (Kashian, 2016). However, EAB also kills
these resprouts, removing any mechanism for regéae via vegetative propagation. Ash seedlings may
be initially abundant after extensive mortality amadult trees (Kashian and Witter, 2011), giving the
impression that ash will recover. However, wheesthseedlings reach 2-3 cm in stem diameter, EAB
infestation again inflicts high mortality. Ash does hate a persistent seedbank, so once mature trees are
killed, it is nearly impossible for the species to reestablish itself.
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FIGURE 2-9 Ash tree mortality from emerald ash borer (EAB) damafjeAéh trees killed by EAB.R) Galleries
in ash tree’s phloem caused by Efarval feeding. PHOTO CREDITSA] R. Papps;H) https://www.istockphoto.
com/photo/dead-tree-trunk-showing-tracks-of-emerald-ash-borer-larvae-gm936680918-256245154.

The near synchronous loss of green ash has lcadcade of negative impacts, including the rapid
loss of naturally occurring riparian forests, which aomposed mainly of green or black ash (Gandhi and
Herms, 2010a,b; Hausman et al., 2010; Kovacs €2@lQ; Knight et al., 2013), billions of dollars in tree
removal cost to local governments, and the loss oftabe utility hardwood usefibr cabinets, furniture,
tool handles, restoration of antique cars, wooden dmo®gs guitars, and baseball bats. Five or more hawk
moth species that specializeBraxinusare hypothesized to be at risem the loss of ash to EAB (Wagner
and Van Driesche, 2010). Thus, without effective amely intervention, the EAB invasion threatens two
of the most widely distributed hardwood speciethm riparian forests of eastern North America and the
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most extensively used group of tree species foramikervation, rural water management, urban green
spaces, and utility woodworking as well as the species that depé&mnaximus It also threatens to continue
its spread west, where it will likely kill westernespes of ash that have so far been unaffected.

Poplar (Populusspp.)

This case study presents an example of an indipieasion of a pathogen native to forest ecosystems
in eastern North America that poses a threat to an ecologically important native tree group in western North
America as well as to a sector of the forest products industry. There are eight native sptmesusin
North America and multiple hybrids (Cooke and Ra2@)7), but the focus of the case study is on three
species: black cottonwoo® (trichocarpg, the closely related balsam poplB: palsamifery and wide-
spread eastern cottonwodd. (deltoide} (see Figure 2-5). These species are model organisms for basic
research, so in some ways this tree species may eapr@edest-case scenario for the potential of biotech-
nology to prevent or mitigate a forest health crisis.

In open environments, black cottonwood is a dontimative tree in lowland riparian ecosystems in
Oregon, Washington, and British Columbia (Franklivd Dyrness, 1973), where it plays essential roles in
stream ecology (Pastor et al., 2014) and as hdbitéirds and mammals (K&man and Krueger, 1984;
Isaacs et al., 1993, 1996; Bryce et al., 2002). Blatlowevood populations typally become established
following deposition of sand and gravel following episofiibods, resulting in bands of even-aged cohorts
that line river floodplains (Braatne et al., 199%he species produces abundant seeds with cotton-like
appendages that facilitate long-distance dispersal by wind and water (Slavov et al., 2010; DiFazio et al.,
2012) and enable deposition on newly created substoditesing recession of floodwaters. It also spreads
vegetatively by root sprouts or abscised branches, lgaanlihe development of large clonal stands in some
locations (Gom and Rood999; Slavov et al., 2010). As a result, tpecies is critical for floodplain soil
stabilization and provides habitat for other specieaciBtottonwood populations have shown evidence of
decline in recent decades, in phecause of a loss of establishment opportunities due to flood control
(Dykaar and Wigington, 2000; Braatne et al., 2007). Haneextensive gallery forests of this species are
still a prominent and valued component of the landscape in the Pacific Northwest.

In research, the gen&®pulusis widely recognized as a model for woody tree biology (Taylor, 2002;
Jansson and Douglas, 2007). The genus has severabtiesitperimental characteristics, including a small
genome (Tuskan et al., 2006), easy vegetative propagat stem cuttings and tissue culture, ability to
hybridize (Induri et al., 2012), arghort generation time (Stanton et &010). These features have made
Populusan attractive model for applied studies focuse@mimancing productivity in intensive plantation
settings for pulp, biofuel, and soldbod (Dickmann, and Kuzovkina, 2014opulusspp. have also been
a primary target of basic research in the aregshgéiology, ecology, and ewdlonary biology. Conse-
quently, abundant genetic and genomic resources allaldedor this genus (Tuskan et al., 2006; Evans
et al., 2014; Zinkgraf et al., 2016; Fahrenkrog et al., 2017).

The fungal pathoge®phaerulina musivdsynonym,Septoria musivais native to eastern North
America, with a historical distribution that largely mirrors that of its primary natural host, eastern cotton-
wood. The pathogen causes blotches and stem cankerdg@ttoidesP. balsamiferaP. trichocarpa and
hybrid Populuscultivars in North America (see Figure 2-1The disease initially occurred primarily in
natural populations dP. deltoidesn the east, where it was mostly manifested as leaf spots (Waterman,
1954). However, it has since spread from eastern fotesntensively cultivated eastern plantations of
native and hybrid poplars, where it commonly causa® stnd branch cankers, often leading to breakage
of the main stem and death of the tree (OstryModabb, 1985; Dunnell et al., 2016). In the most detailed
published survey of a large-scale outbrealpi8tand Fraser (1989) documented occurrenc®. oafiusiva
canker in intensively cultivated hybnmbplar in Ontario. Within 5 yeaiof the establishment of susceptible
hybrid clones in the region, over 150 hectares (370 aofgdantations were affected by the disease, and
79 percent of the area planted with susceptibleeddrad disease outbreaks (Strobl and Fraser, 1989). This
disease can clearly have rapid and devastating isymercintensive plantations of susceptible varieties
(Feau et al., 2010).

38 Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations

Forest Health

FIGURE 2-10 Sphaerulina musivaanker orPopulus PHOTO CREDIT: S. Simon.

Of even greater concern are reports of stem cankers caustdniysivan natural populations of
black cottonwood in Pacific Northwest forests, wheedisease is not native and was unknown until 2006
(Callan et al., 2007; Herath et al., 200)th P. trichocarpaandP. balsamiferashow high susceptibility
to this disease (LeBoldus et al., 2013; Herath e2@1.6), so the threat of a large-scale outbreak has caused
substantial concern among scientists, members of thstfmdustry, land managers, and the public (Feau
et al., 2010). Black cottonwood may be particularly vulniertdnan outbreak of this disease. In the core of
its range along rivers of northwestern North Ameridack cottonwood often occurs in dense, even-aged
stands in climates and microsites that are charactdsizabundant moisture (DiFazio et al., 2011), which
could facilitate spread of the disease. Furtherntdr&ijchocarpapopulations are already in decline due to
flood control and habitat loss (Roadd Mahoney, 1990; Dykaar and Wigington, 2000), so a disease out-
break could be particularly problematia tbe long-term viabilityof the species.

Effects on Forest Health and Ecosystem Services

The case studies are not isolated examples of spedesline. Rather, given the rate of introductions
of nonnative insect pests and pathogens and thesieclimate change on distribution and abundance of
native insects and pathogens, their trajectory is liteelyecome the norm in North American forests. The
frequency and magnitude of outbreaks and the rate of tree mortality are likely to increase. These impacts
will have significant effects on forest health and ecosystem services (Dukes et alMR@OHNd Ste-
phenson, 2013;ovett et al., 2016; Liebhold et al., 2017). As outlined above, ecosystem services are gen-
erally defined as the direct and indirect contribngiof ecosystems to human well-being (Braat and de
Groot, 2012; see also the discussion in Chapter 5).

The most immediate effects of increased insecpatitbgen activity (native and introduced) on forest
health are reductions in productiiand alterations of nutrient, carbon, and water cycles (Lovett et al.,
2006). In the case of extended or severe tree morta$tyn the American chestnut, substantial losses of
other forest species and some ecosystem services can be expected.
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The impact of increased insect pest and pathogeritaaiivecosystem services is strongly linked to
the proportion of the canopy affected. Increaseseéneffects of host-specific insects and pathogens that
target dominant and keystone tree species will likely result in the most severe and long-term impacts
(Ellison et al., 2005a). For example, eastern hemldskida canadengigiominates forest stands in its
northern range and moist coves in the south. lobske hemlock due to the nonnative hemlock wooly
adelgid Adelges tsuggehas caused the loss of several wildfifeecies associated with hemlock (Tingley
et al., 2002; Ellison et al., 2005b), affected soikpsses (Jenkins et al., 1999), and changed local hydraulic
flow (Ellison et al., 2005a). These impacts may occenenvhere other tree species rapidly colonize areas
once occupied by hemlock (Orwig et al., 2002)theesecosystem services provided by one species may
differ from those provided by others. For examplethe Southern Appalachians, the effects of hemlock
trees on stream flow and temperature sustain urdqgoemunities of salamanders, fish, and other stream
invertebrate species (Snyder et al., 2002} will be lost without hemlocks.

In areas of low tree diversity, outbreaks of ingeests and pathogens can have devastating conse-
guences for regulating and supporting services, as agasgertion of the canopy can be affected with no
replacement species naturally recolonizing afterwainis is the case with whitebark pine. The ecological
void created by the loss of whitebarke (see case study above) willd@st because this species supplies
numerous resources, including shelter and foodildlife species, water regulation through snowpack
retention, and soil development, which facilitates ¢istablishment of other plant species (Arno and Hoff,
1990; Farnes, 1990; Callaway, 1998).

Intrinsic properties of the ecosystem may mediéemagnitude of the loss of ecosystem services.
High-diversity forests are home to more introdutesgct pests and pathogens (Liebhold et al., 2013), but
the loss of one tree species in thassas may be compensated by p#pecies. For example, even though
white ash Fraxinus americanpis a conspicuous species in eastern North American forests, it does not
dominate these stands (Prasad et al., 2007-ongoin@f. Z&L8, EAB was causing the death of most adult
white ash trees across large areasvéir, the void left by the death a$h trees is rapidly being filled by
other tree species, such as majMargulies et al., 2017). Maples likely supply some of the ecosystem
services provided by ash but may not support the biaityaeflective of an uninvaded forest. The same
was true for the eastern forest when American doésteclined; the replacemiespecies produce neither
the mast, timber, stature, nor the cultural or spiriva#ies of the original forest (Davis, 2006). Addition-
ally, while replacement species offer at least a temponaigation of some impacts, the continual influx
of nonnative insects and pathogens could subjectefblacement species themard to impacts in the
future, a factor to consider when deciding whethenitao restore species in jeopardy of extirpation.

However, even if impacts can be mostly mitigabgdeplacement tree species, the costs can still be
substantial. Shortly after EAB was found in the Uniteaké&¥, the Forest Serviceopgcted the lost timber
value from ash trees in forested lands could be clo$280 billion (Nowak et al 2003). Additionally, the
anticipated cost of losing these species in urban gsttims estimated to tbetween $20 billion and $60
billion (USDA-APHIS, 2003) due to loss of property valand cost of removal. Using this subset of eco-
system values, the emerald ash borer is the mostoetically devastating invasive insect pest in North
American history (Herms and McCullough, 2014).

The effects of insect pests and pathogens onidwhl trees have cascading impacts on populations,
reducing reproduction and survival. In the mosterxi cases, local extirpation of the tree species and
extinction or extirpation of species dependent on e rmay result (e.g., the already mentioned extinction
of five moth species with the loss of the Americaestnut (Opler, 1978; Wagner and Van Driesche, 2010).
Such species-specific effects can tlh@mslate into changes in community assemblage and structure, and
thus, ecosystem functionality. The loss of whitebarlephay reduce the complexity and function of high-
elevation ecosystems in the west and contributedadécline of grizzlies and other wildlife as well as
ecosystem services related to water and sedimentiegu The loss of ash trees affects not only natural
communities; loss of city trees has had a large effeqtroperty values (Aukema et al., 2011). The decline
of black cottonwood in the West would adversely affect riparian habitats.
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CONCLUSIONS

Based on its evaluation of the scientific literatanel the information it gathered from invited speak-
ers, the committee definddrest healthas a condition that sustains the structure, composition, processes,
function, productivity, and resilience of forest ecoeyst over time and space. Aasessment of this con-
dition is based on the current stafeknowledge and can be influencbhg human needs, cultural values,
and land management objectives. North Americarsfisrare struggling to maintain healthy conditions
because of increasing stresses, on to which outbfaksroduced insects and pathogens and the geo-
graphic expansion of native pests due to climate charegiyered. While impossible to fully isolate, the
direct adverse effects of pests on forest healdle kagnificant impacts on the ecosystem services that for-
ests provide.

Conclusion: Healthy forests provide valiable ecosystem services to humans.

The ecological processes performed by forests anduttural and aesthetic values attached to forests
are important to individuals and to society. Forestsidee food and habitat for pollinators, fish, wildlife,
and other organisms, as well as food, fuel, and products for humans.

Conclusion: The health of North American forestss threatened by the introduction and spread of
nonnative insects and pathogens and the epidemio$ native pests exacerbated by environmental
stress due to climate change.

At least 62 insect species and 16 pathogens thaedaee mortality, canopy thinning, growth loss,
defoliation, or decreased reproductionregeneration have been introduced to North America. Some of
these introductions have had devastgaconsequences in North Ameridamests. Increases in human mo-
bility and trade are likely to lead to more sucttoductions. Climate chandgg opening new opportunities
for colonization by both native and introduced insgeicies and affecting the frequency and magnitude of
outbreaks of both native and introduced pests. @aks are predicted to increase in frequency and mag-
nitude in the future.

Conclusion: Tree species in forest ecosystemseé#r plantations, and urban landscapes across North
America are threatened by insect pests and pathogens.

The four case study species selectedth®yy committee—American chestnufgstanea dentaja
whitebark pine Pinus albicauli¥, ash Fraxinusspp.), and poplaPopulusspp.)—serve as examples of
diverse ecosystems and habitats that are experieadirggse impacts from tree mortality caused by insect
pests and pathogens. The American chestnut viasnalation species because of its strong influence on
ecosystem structure and function and an econorsauree for communities before its extirpation. White-
bark pine creates and sustains community biodivessitygh elevations. Asivoodlands support biodiver-
sity and provide benefits to humans as a populzarutandscape tree. Black cottonwood stabilizes stream-
banks and provides habitat for birds and mammals; poplars are also model trees for research and an
important resource for production of pulp, biofuel, and solid wood.

Conclusion: Many forest tree species are threatedeby more than one insect pest or pathogen.

American chestnut, whitebark pine, ash, and pogarjust four examples of North American tree
species that have been or are in danger of being d@etitpéhey are subject to one or more pest threats,
and whitebark pine, in particulas losing habitat to climate change. The number of (see Table 2-1) and
trend in (Figure 2-2) introduced threats and the gaugc expanse of all pest threats represented by the
four case study species (Figure 2-5) suggest that rtegiee throughout North America are in danger of or
may become subject to pest outbreaks that adversely affect forest health.
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Conclusion: As the frequency of insect and patbgen outbreaks increases, many forest tree species
are in jeopardy of being lost from the landscpe, resulting in changes to ecosystem services.

The growth in global trade, the increase in humaobility, and the warming of the climate are all
contributing to the increased pest pressure thasfernow face. The magnitude of pest outbreaks may
permanently change the structure, composition, proselsaction, productivityand resilience of forest
ecosystems. As tree species are lost from the landsttegpspecies obligate to those trees will be lost as
well.
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3

Mitigating Threats to Forest Health

There are multiple options for dealing with foresect pests and pathogens, but feasibility and suc-
cess vary widely. To assess the unique challenggspportunities that a biotech tree may present as a
tool for addressing forest health, it is important tdenstand the other optionsadable. Given the spatial
and temporal nature of forest health threats fromcingests and pathogens, it is also likely that a combi-
nation of approaches might be needed to ensure progreagement of an infestation. The most cost-effec-
tive approach for protecting forest health from nonnative insect pests and pathogens (Finnoff et al., 2007)
is to prevent introduction, followed by early eradication after arrival (Liebhold et al., 2016). Once estab-
lished, the impact and cost of dealing with theeatétion rapidly increase (Roy et al., 2014). Given that
human mobility and trade volumes—major drivers e$tantroductions—are likely to continue to rise, the
enforcement and enhancement @ventive measures will become evaare critical (Lovett et al., 2016).
Even where prevention or eradicatinas been successful, forests withaén vulnerable to repeated intro-
ductions of the same nonnative insect pests and pathogens over time.

Once established and spreading in forests, whekss are native or nonnative, multiple manage-
ment options may exist. Management can focus yingrto minimize the damage and mortality to the
forests (including the large, old-growth trees), on adtiyeeparing to regenerate or restore a species, or
on both strategies. If the impacts are not severe enowdtetdhe species’ ecological footprint or manage-
ment actions appear unrealistic odagirable, managers may decide thlitng no action is the best alter-
native. However, if the decision is to take actiomr, fincus turns to early detection and response, contain-
ment, and long-term management to restricthfartexpansion and impact (Liebhold et al., 2017).
Management options include biological control andgraged pest management, and various forms of site
management (e.g., pesticide usentainment, fire, thinning) (Liebhold et al., 2017). When outbreaks of
insect pests and diseases affect only one or a few treespé@ larger impact of such pests is directly
related to the dominance of the host species. Thustamairg high levels of diwsity may be an effective
management approach to minimize impact. In lowediity forests, other approaches may be more im-
portant.

In many of the most extreme cases, becauskeofiigh susceptibility of native tree species to some
nonnative insects and pathogens with substantial @gappotential, it will not be possible to prevent ex-
tremely high mortality in the affected tree speciescéan insect or pathogen is established, there are a
number of key management tools that might be coreiderretain the presencetbé tree species in North
American forests into the futur€hese include (1) the enhancemengeetic resistance, (2) the develop-
ment and use of biocontrol agents, (3) the developarahuse of chemical control methods, and (4) man-
agement practices to prevent or decrease the infastatie enhancement and use of genetic resistance can
proceed through the development and deploymeselettive-resistance breeding within either the native
species or from closely related nonnative species or the development and deployment of resistance using
biotechnology.

The effectiveness of these varied approaches teptewmd manage insect pests and pathogens varies
across systems and infestations (Lovett et al., 201 tifike line for use of these tools in management
activities for forest trees and forest health will depend oomber of factors, but the biology of the species
involved (both tree and insect or pathogen) and the@mwients in which the tree species exist will have
a major influence. Insecticides and fungicides are oftexl in attempts to preserve existing forest stands
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or to protect large individual tre@s urban settings. They are usuadypensive, may have negative envi-
ronmental impacts, and in some cases provide oslg@Eyap measure to give time to consider or develop
other alternatives or the hope that future enviremtal conditions become less conducive for the damaging
insect or pathogen. The same can often be said of bialogical control agents. This chapter provides an
overview of the different approaches and the approxitiraterequired for implementation. The case study
species are featured to illustrate diféerences between species and constasrs.of the merits of different
approaches.

PREVENTING INTRODUCTIONS

Preventing the introduction of insect pests andqaghs yields the largest ecological and economic
benefits (see Figure 3-1; e.g., Mack et al., 2000; GAQ5). International trade seements include clauses
aimed at reducing these introductions (Burgiel et al., 2006). These are being implemented by the Animal
and Plant Health Inspection Service (APHIS) of th8.UDepartment of Agriculture (USDA) and include
guarantine, interception (e.g., inspection, decontatian), and pre-border treatments (e.g., fumigation,
immersion, spraying, irradiation, extreme temperajuseghe point of origirand during shipment (Haack
et al., 2014; Leung et al., 2014).

The International Standards for Phytosanitary MessBrotocol 15 (ISPM-15) were developed under
the International Plant Protection Convention to oedine movement of wood-boring insects in pallets and
other wooden shipping materials (Haack et al., 2014). Wood borers are among the most serious of insect
pest invaders: 58 species of wood borers becarablissted in the United States between 1909 and 2008
(Leung et al., 2014). The approved methods for woodntrexattin the United States include heat treatment
(conventional and dielectric) and fumigation with nygthromide. An economic analysis by Leung et al.
(2014) concluded that implementation of ISPM-Imugh expensive and not fully effective, would save
the United States more than $11 bifliby 2050 in avoided impact¥hese pre-border efforts are often
coupled with the post-border protection efforts afpiaction, quarantine, and treatment of imported mate-
rials that facilitate interception of insect peand pathogens prior to their potential escape.

FIGURE 3-1 Stages through time of the typicabpess, extent of infestation, acadntrol costs associated with the
introduction of insect pests and pathogens. SOURCE: Adapted from GAO, 2015.
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EARLY DETECTION AND RAPID RESPONSE

Early detection and response programs are essenpakvent the spread of introduced insect pests
and pathogens, although these practices may notdixiedf against microscopic species (i.e., most patho-
gens) (Liebhold et al., 2016). In addition, publicaagness through educational programs may be instru-
mental in minimizing the entry of harmful organisms and their early detection.

Surveillance methods to facilitate early detectiam include deployment of pheromone and other
traps, monitoring of sentinel trees or vulnerable s#ad, solicitation of reported sightings (Kalaris et al.,
2014). Spatial modeling of locations of highest risknghsion (Venette et al., 2010) can guide deployment
of early detection efforts. Liebhold et al. (2016Yiesved both the uses of and methods for surveillance,
ranging from baseline early detectitminfestation delimitation, to vify the success of an eradication
effort.

Eradication

Eradication (see Figure 3-1) is dependent on tWe@arly detection efforts because eradication is
more successful when introduced populations ceweaall areas (Liebhold et al., 2016). Success is also
dependent on the detectability of the insect pestlved and whether species-specific control tools are
available (Tobin et al., 2014). Chemical traps, mating disruption (e.g., releasing sterile insects), and insec-
ticide fumigations can be used to eradicate small popokof insect pests. For example, pheromone traps
have been deployed at the advancing front of the introduced gypsy lyothr{tria dispay for early de-
tection of spreading populations that can then émteéd (Sharov et al., 200Eor pathogens, mechanical
removal of the infected host may be the only viab&efice, given that detection of the pathogen may not
be feasible before infestation. Overall, eradication darteremove or contain the threat or delay the spread
of the insect pest or pathogen while more effectianagement methods are developed (Liebhold et al.,
2017).

Although the ability to eradicate pests has impraweet time (Liebhold et al., 2016), many attempts
have been unsuccessful. For example, eradication of white pine blist&Znarsartium ribicolg to protect
species of five-needle pine was a multimillion-dollar effottending over more than 50 years in the 20th
century. The principal approach was through removRliloésspecies (e.g., currants and gooseberries), the
alternative host for the pathogen to complete its life cydtmvever, this effort is regarded as a failure in
the western United States (Maloy, 1997). As of 218, generally acknowledged that white pine blister
rust will have a permanent presence in North Amegeraerald ash borer, first detected in Michigan in
2002, was found in Ohio and Maryland in 2005, indigathat eradication efforts were not effective. At-
tempts at eradicating the emerald ash borer werecoessful in part because of unintentional long-distance
dispersal in nursery stock, movement via infestesWidbod and vehicles, the long-distance dispersal ability
of the insect, the difficulty in detecting the early sm@f infestation, the absence of a long-range sex or
aggregation pheromone, and the lack of a suitabiectéant for mating disruption (Mercader et al., 2011,
2016; McCullough and Mercader, 2012). In other instareeslication efforts have been constrained by
negative public reactions to the methods used, sudnasval of potential host trees, release of irradiated
insects, or broad spraying of a pesticide (Liebholdl.et2016). Further review of this literature can be
found in Liebhold et al. (2016).

CONTAINMENT AND LONG-TERM MANAGEMENT

When eradication of a nonnative is not possiblterspread of a native or established nonnative pest
is inevitable, a variety of management options fmayursued. One option is to take no action. Although
the option to take no action often is the de famitcome because the discovery of a new introduction
or recognition of increasing impacts of a species already present lags the infestation of hosts (Liebhold et
al., 2017), the committee defines “no action” as a delieemanagement decision that is weighed against
other options. Options to minimize the effects of ingasts and pathogens include (1) biological control,
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(2) site management practices (including applyingtypes of chemical, host removal, and sterile insect
technigues also used for eradicatiand (3) enhancement of genetisistance through selective breeding,
hybridization, or biotechnology. Ese options may be implemented independently or in combination.

No Action

The decision to take no action may result from gmeination that the insect pest or pathogen is
unlikely to have significant (further) impacts on indivitlepecies or forest health, a lack of resources, or
an inability to identify an effectivaction to take. This last reason wablikely inspire further research if
significant impacts are anticipateéthe decision to take no action recognizes that vulnerable tree species
may decline or be lost entirely, with potentialscading impacts on other species and ecosystem services.
The ecological effects will depend on the role @& tree species in the environment, whether replacement
species fill similar niches, and whether replacemeetisg are themselves later subject to pest outbreaks.
The no-action decision may be made at the time tleahdist tree is threatened or when restoration (e.qg.,
via breeding or breeding in combination with a biotechnology approach) is considered.

Biological Control and Integrated Pest Management

Biological control is the intentional introduction application of populations of natural enemies or
competitors to control insect pest species (Kena.eR017). Two types of biological control have been
effective against introduced insect$e insect pest itself can be manipulated to reduce population growth
(e.g., release of sterile males to suppress population ghyvatbmpeting with fertile males). Alternatively,
if the lack of natural enemies (i.e., enemy releasehénnew range is the major driver of the outbreak,
specialist natural enemies can sometimes be ideniifige: indigenous range of the introduced insect pest
species and released into the area of invasion (Liebhold et al., 2017).

Biological control can be non-self-sustaining, sashwhen large numbers of sterile males of the
insect pests are released, inundating the populatificisntly to dominate breeding, thus reducing the
growth of a pest population. In this case, the releaggahisms are not self-sustaining in the environment,
so this approach requires releaseemndver population control is necessary.

Self-sustaining biological control methods includioduction or augmentation of natural enemies
that reproduce and are maintained in that locatiithout successive applications. For North American
trees, these include control ofegjies such as the winter mothpgerophtera brumadaand the larch case
bearer Coleophora laricelld with parasitoid insects introduced from overseas or from another region of
the North American continent (Wainhouse, 2005niKeet al., 2017). Management practices that favor
native predators of the insect pests (conservationgimdl control), such as priming shelter and alterna-
tive food sources for those specieg also common strategies to minimize the likelihood of damage from
insect pests (Tscharntke et al., 2007). Overall, a resfdmological control in the United States concluded
that establishment of biological control agents tangeitisect pests of trees Hasen more successful than
those targeting pests of herbaceous species (Keais 2017); still, the success of these programs can be
quite variable (see Box 3-1). Both Liebhold et ab1(?2) and Kenis et al. (2017) provide reviews of biolog-
ical control efforts to reduce the impacts of insect pests on trees.

Hypovirulence is a biological control strategy foitigating or suppressing the effects of some fungal
pathogens. Some viruses can infect pathogenic fuedicing their ability to infect, colonize, kill, and
reproduce on susceptible hosts (Boland, 2004). If thegses are spread in the area infested with a prob-
lematic pathogen, in some instances they may redaecértiience of the pathogen of interest. Success with
this strategy has been demonstrated in Europeansbf Dutch elm disease (Boland, 2004) and chestnut
blight (see Box 3-1; Grente and Saulé€169; Grente and Berthelay-Sauret, 1978).
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BOX 3-1 Biological Control Efforts and Site Management Practices in Case Study Species
American Chestnut

As mentioned in Chapter 2, site management practices such as chemical treatments and clearing
and burning were ineffective in controlling chestnut blight in the early 20th century (Stoddard and Moss,
1913). Biological control via hypovirulence, however, shows some potential because the European
chestnut (Castanea sativa) also suffered severe damage from the chestnut blight fungus in the early
20th century but recovered substantially due to the emergence and deployment of hypovirulent strains
of the fungus (Grente and Sauret, 1969; Grente and Berthelay-Sauret, 1978). Trees infected with
Cryphonectria parasitica, which in turn are infected with the hypovirus, show restricted canker develop-
ment and are able to continue growing and reach maturity (Jacobs et al., 2012).

In contrast to the results in Europe, however, the hypovirulent fungal strains in North America have
limited ability to spread from tree to tree and spread much more slowly than the uninfected fungus;
therefore, American chestnut populations are not protected (Anagnostakis and Hillman, 1992; Milgroom
and Cortesi, 2004). The spread of the hypovirus depends on fusion (anastomosis) of the hyphal filaments
(mycelia) that constitute the vegetative growth of the fungus. The vegetative structure formed by the
hyphae is known as the mycelium. The failure of the hypovirus has been attributed to multiple genetic
variants of the “wild type” fungi that express different vegetative incompatibility (vic) genes. If the vic
genes match, fusion of hyphae may occur. If the vic genes do not match, fusion of hyphae is blocked
and the hypovirus is not transferred. Therefore, the spread of hypovirulence from tree to tree is blocked
by mycelial incompatibility (Liu and Milgroom, 1996; Milgroom and Cortesi, 2004). It is assumed that
there are a larger number of mycelial incompatibility groups in North American fungal populations than
in Europe (Liu et al., 2002).

Genetic analysis has identified six diallelic vic loci (loci with two alternative vic alleles) regulating
vegetative incompatibility (Cortesi and Milgroom, 1998). These genes have been identified at the mo-
lecular level (Choi et al., 2012) and have been disrupted using an adapted Cre-loxP recombination sys-
tem resulting in the loss of the incompatibility barriers. The results demonstrate the feasibility of a “super”
hypovirus that could overcome the genetic incompatibilities and transmit a virulence-attenuating
hypovirus for biocontrol of the chestnut blight fungus (Zhang et al., 2014; Zhang and Nuss, 2016).
Hypovirulence may yet become useful in combination with host resistance for biocontrol of blight (Griffin,
2000).

Whitebark Pine

A limited number of studies have used fire or fire-surrogate treatments (thinning, fuels enhancement,
or small selective cuts to encourage nutcracker caching) to investigate efficacy at increasing regenera-
tion of whitebark pine. High- and moderate-intensity prescribed fire treatments along with selective cut-
ting combination treatments were successful in creating nutcracker caching habitat; however, few to no
whitebark pine seedlings had established after 5 years (Keane and Parson, 2010). This lack of regener-
ation, even when nutcracker caching was high, may be due to many factors, and the assessment time
frame may have been too short to detect effects because whitebark pine may take decades to reestab-
lish (Arno and Hoff, 1990; Tomback et al., 2001). It may also be possible that, in areas where high
mortality of cone-bearing trees has occurred, nutcrackers recover most seed caches for food, leaving
few to no seeds to germinate (McKinney and Tomback, 2007).

Furthermore, studies have revealed that prescribed fire often kills many mature whitebark pines
while the numbers of competing subalpine fir targeted for removal remain higher than desired (Keane
and Parsons, 2010). Some fire treatments also increase ground fuel loads by causing blister rust—killed
snags to fall, although such downed wood may be beneficial to whitebark pine regeneration by providing
shelter supporting the establishment of seedlings (Keane and Parsons, 2010). In any case, returning fire
to fire-suppressed whitebark pine forests is not simple, and its efficacy in restoration remains unknown.

(Continued)
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BOX 3-1 Continued
Ash

Containment and management strategies related to emerald ash borer (EAB) have focused on
prevention of further dispersal and diminishing insect pressure through insecticides and biological con-
trol (Poland and McCullough, 2006). Evaluation of the effectiveness of EAB containment strategies
(selective removals, quarantine, and insecticide treatments) has shown that they fail to prevent the
dispersal of EAB (Mercader et al., 2011, 2016; McCullough and Mercader, 2012). Selective removal
does not prevent dispersal once infestation is detected in a given tree because EAB has already dis-
persed to uninfested hosts. Quarantines have also proven quite disappointing for preventing dispersal,
partially for the same reason that selective removals are ineffective because of human agency. While
guarantines slowed the movement of infested nursery stock and dispersal, the movement of infested
saw logs and firewood continued. EAB hitchhiking on vehicles and trains has been documented in the
United States and in Russia where green ash is widely planted as a street tree. Hitchhiking, rather than
transport of infested wood, may be a major dispersal method between widely separated cities along
the interstate highways in the United States (Prasad et al., 2010); this may explain the appearance of
EAB in Boulder, Colorado, in 2016, more than 880 km distant from the nearest infestation in Omaha,
Nebraska. With regard to insecticide treatments, no naturally occurring microbial insecticide (e.g., Ba-
cillus thuringiensis) has proven effective in killing adult beetles via aerial application or in a forest setting
(McCullough et al., 2015).

Biocontrol efforts targeting EAB started in 2007 in Michigan. Researchers released three EAB par-
asitoid species from China, the egg parasitoid Oobius agrili, the larval endoparasitoid Tetrastichus
planipennisi, and the larval ectoparasitoid Spathius agrili (Federal Register, 2007; Bauer et al., 2015).
T. planipennisi can effectively control EAB attacking ash saplings and young stump sprouts (Duan et
al., 2017). Once the tree develops thick bark, the ovipositor is too short to reach the EAB larvae (Abell
et al., 2012; Duan et al., 2017). Although studies show successful establishment of these parasitoids
in some areas, the range of S. agrili (Hymenoptera:Braconidae) is limited by its lack of cold tolerance
(Duan et al., 2012). Other parasitoids (e.g., S. galinae) had been approved for release as of 2018; they
were expected to perform well in colder climates and have ovipositors that can penetrate the thicker
bark of older trees (Belokobylskij et al., 2012; Duan et al., 2014). Long-term monitoring years after the
release and establishment of one or more of the introduced parasitoids reveals that EAB still persists
after ash population collapse, maintaining very low population levels on ash saplings as small as 2 cm
in stem diameter (Aubin et al., 2015).

Poplar

Several chemical control methods have been developed that are effective against S. musiva, in-
cluding repeated application of the fungicide benomyl to control the spread of cankers in the field (Ostry,
1987; Liang et al., 2014). Various biological control mechanisms using bacteria (Gyenis et al., 2003)
and fungi (Yang et al., 1994) have also shown some success in controlling S. musiva. These practices
may help inhibit the spread of S. musiva in nursery operations, but the extent and frequency of treat-
ment required makes them impractical in operational plantations (Ostry, 1987) or in wild populations.

Site Management Practices

Whether to contain a pest from spreading or afrategy for long-term management, there are a
number of site management practitiegst create conditions unconducive to a pest outbreak. Use of chemi-
cals, such as pesticides and fungicides, are conpramtices in managed forests. However, reliance on
chemical controls is generally not a long-tesolution because of the long-recognized potential conse-
guences of widespread pesticide uBeese consequences may include euahuof resistance in the pest,
nontarget impacts, substantial expense associatedepigated treatments, apablic opposition to wide-
spread use of potential toxins (Mack et al., 2000; Gould et al., 2018).
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As in eradication efforts, quarantines may beiputlace to prevent the movement of contaminated
wood, and infested or infected trees may be rewhoer example, when the Asian longhorned beetle
(Anoplophora glabripenn)swas discovered infesting multiple trepecies in urban parks and suburban
neighborhoods (Haack et al., 2010) in New York @98 and in Chicago in 1998, survey, chipping and
burning of infested trees, and quarantined moveroé potential host species (including nursery stock)
were all rapidly implemented. Uninfested hostes within specific distancdsom infested trees were
treated with insecticide. Howevershite successful eradication in severtads, repeated introductions of
the beetle means that it remains geét to U.S. forests (Haack et al., 2010). With regard to emerald ash
borer (EAB), tree removal, quarantine, and itisetes have not been effective (see Box 3-1).

Another site management practice to minimizedbteditions that favor the onset of an outbreak is
thinning. Silvicultural thinning of managed standsfi®n conducted to improve growth; this practice also
promotes individual vigor, increasing tree defenses agimissct pests and pathogens (Gottschalk, 1993;
Maher et al., 2018). For example, mountain pine beBadroctonus ponderospes one of the native
insect pest species predicted to expand its distrimaitimnge under climate change (Raffa et al., 2013).
Outbreaks of this specieseadriven by drought and even-aged standmafure trees. In this situation,
thinning stands and removing infested trees may retthedeeetle population below the outbreak threshold.
Thinning of the understory also removes fuel fddfire, reducing the probability of tree mortality.

Pruning, rather than thinning, can also be an option in silvicultural stands. For example, branch prun-
ing of white pines can reduce the impact of white plisddy rust (Ostry et al., 2010; Schwandt et al., 2010).
This approach is feasible only where white pinecggs are in silvicultural management. Pruning focuses
on protecting existing trees and their genetic diversitydbat not increase the genetic resistance of future
progeny.

Maintaining diverse forests and planting mixednsts where the site naturally supported multiple
species is another management tool to promote ecosystem resistance to insect pests and pathogens. More
diverse forests are subject to lower levels of hvenlyi by insects than are more homogeneous forests, and
this effect increases with the taxonomic distancesngnrees and with the proportion of unaffected species
(Jactel and Brockerhoff, 2007). Thenomenon is due to the dilution effect of the host species, which
reduces both population growth and spread of the ingeenh the host tree is not abundant (Keesing et al.,
2006, 2010). However, the dilution effect may not be as strong when generalist species (those that make
use of multiple tree species) are involved (JacteBapkerhoff, 2007). A similadynamic is hypothesized
for disease transmission, which can be diluted witbaahse in abundance of tiest species. Even in the
case of generalist pathogens, suclrlagtophthora ramoruga decrease in virulence has been observed
under diverse host conditions (Haaslket2011). Furthermore, diverkeests will likely experience lower
stress from climate change—related drought becausesdi stands have high@oductivity and resilience
to drought than monospecific and low-diversity stafiRissche et al., 2013). Inishcase, reduced intraspe-
cies competition and niche partitioning for resources asatutrients, light, and water are likely the causes.
Where forests are naturally less diverse, with orieompredominant species, options other than managing
for overstory diversity will likely benore effective and appropriate.

Breeding to Enhance Resistance

Plants that are tolerant of insect pests and pati®maintain productivitglespite the presence of the
damaging species. Plants that are genetically resistaintain productivity by reducing the ability of the
insects and pathogens to establish and cause stress @mdrKoricheva, 2006). Both tolerant and resistant
plants have characteristics that allow persistamtegrowth despite the presence of damaging insects and
pathogens and may be used in breeding progdesigned to reduce vulnerability of tree populations
(Sniezko and Koch, 2017; Woodcockakt 2017). In this report, the conittee uses the term resistance to
include tolerance, as the two responses cannot alaegssily distinguished in the field without further
research.
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Genetic resistance confers lack of or reduced stibdép to an array of threats, including insects
and diseases (Telford et al., 2015; Sniezko and K&ith7; Woodcock et al., 2018howalter et al., 2018).
The nonnative insect pest or pathogen may cause highlityariahe affected species in the forest, but
genetic variation often allows sonmdividuals to survive. Many fest tree species have at least some
genetic resistance, even if at low frequencies, to pattogens or insects (see Box 3-2; Lattanzio et al.,
2006; Sniezko and Koch, 2017; Woodcock et al., 2017).

The first priority in selective resistance breeding is to answer the following questions:

1. Is there genetic resistance in the host tree, asml iivhat type and degree of resistance exists
within a tree and its progenies?

2. What is the geographical distribution of trees having resistant phenotypes?

3. What is the frequency of the resistant phenotypes within host tree populations?

Finding suitable parent trees can be difficult. Aiddally, finding resistant parent trees does not mean all
of the progeny from the parent trees will be resistant (Sniezko et al., 2014; Sniezko and Koch, 2017) and
restoration plantings need to account for this. R&st& is a phenotype that usually results from a complex
interaction of multiple genes across a multiplicityeaf/ironments. The simplene-gene, Mendelian, dom-
inant pest resistance casmupy much of the literature becausetsgystems are tractable and can be
studied within the time and funding limits imposad academic research. However, as in crop species, in
many cases this form of resistance may not be dumalideest trees (McDonald and Linde, 2002; Kinloch
et al., 2004; Palloix et al., 2009); rather, durablestasce may only be possible with polygenic genetic
mechanisms (see American chestnut case in Box Bva)uating the durability of resistance within indi-
viduals and across generations (Mundt, 2014; Spiexld Koch, 2017) will also be paramount because
trees will be on the landscape for decades to centitféectively applying selective-breeding programs
requires that these rare cases of resistance hifigikand propagated in greenhouses or seed orchards and
intercrossed to generate progeny with polygenic gasist for deployment in restoration and reforestation
programs (Sniezko and Koch, 2017; Woodcock et al., 2017).

In the case of nonnative pathogens or insects, aggreatierstanding of controls on pest population
dynamics in the home range of the pathogen or ingeatd provide a valuablperspective on what type
of resistance might have a high likelihood of successekample, in Asia, what resistance is present in
the native white pine species, where presumably thesm@nd the white pine blister rust fungus have co-
evolved? It would be helpful to know if similar reince exists (at even low frequency) in North American
white pines. In addition, in some areas of Asia, wpitee blister rust has become problematic (La, 2009;
Zhang et al., 2010). Knowing the cause of that charggrhaps due to new land management practices,
evolution of greater virulence in the rust, or changiligate—would also be useful information. Further
study from a global perspective to understand coevaystéms and how they can be disrupted will help
design strategies to restore species (including hous¢oany biotech option) and help refine models to
increase understanding of the potential long-term efficacy of resistance and its impacts over the landscape.

Another way to introduce getieresistance into a susceptible tree species is to hybridize the susceptible
species with a related resistant tree species. Afterdmgdition, the offspring arbackcrossed with different
trees of the susceptible tree species to maintain genetisidy. In theory, repeated backcrossing will result
in resistant trees with genomes that almost entirely consistent with those of the susceptible parent species,
with the exception of the regions containing allelesdbater resistance to thesiect pest or pathogen (Wood-
cock et al., 2017). In practice, this result is rasatitieved without intensive monitoring with DNA markers
and large backcross population siZzBackcross breeding is most effeetifor introgression of resistance
when resistance is due to one or two dominant fadiwen in the simple case of only one or two factors, if
one or both of these factors are recessive, the breeditgpst must include selfimgy intercrossing alternat-
ing with backcrossing. Backcross hie®y strategies may be greatly accated using marker-aided selection
or genomic selection, partiarly when the goal is to capture ripile resistance factors from the nonnative
species. A good example of a backerbeeeding program is the one undertakentroduce blight resistance
into the American chestnut from the Chinese chestnut (see Box 3-2).
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BOX 3-2 Progress in Resistance Breeding in Case Study Species
American Chestnut

Initial attempts to breed chestnut with resistance to chestnut blight began in the 1920s but ended unsuc-
cessfully in the 1960s (Steiner et al., 2017). A renewed effort began in earnest in the 1980s with the formation
of The American Chestnut Foundation (TACF) and the American Chestnut Cooperators’ Foundation (ACCF)
(Griffin et al., 2006). The ACCF has used breeding within the C. dentata species to complement use of hypovir-
ulence (Jacobs et al., 2012). TACF pursued a hybrid and backcross method to incorporate resistance from
the Chinese chestnut (Castanea mollissima) into the American chestnut (see Figure 3-2). This approach was
initiated after it became clear that relatively little genetic resistance exists in native populations of American
chestnut. The Chinese chestnut has, on average, moderate to good resistance to the blight fungus, but indi-
vidual trees may have some susceptibility (Huang et al., 1996). Early crosses of the Chinese chestnut to the
American chestnut showed that some Fi1 hybrids were resistant (Burnham, 1988; Anagnostakis, 2012). Based
on this observation, it was assumed that the resistant hybrid phenotype was due to a small number of domi-
nant genes. If that were true, then repeatedly backcrossing the hybrids to American chestnuts and selecting
for resistance would ultimately result in a resistant chestnut with a high-percent of American chestnut ancestry.
After several cycles of backcrossing, the resistant progeny populations could be intercrossed and selection
continued for resistance as well as other American chestnut traits such as tree form and rapid growth. In this
way, genotypes that were essentially American chestnut in phenotype but carried resistance to blight could
be created.

As of 2018, this program was still ongoing, with an objective of imparting the resistance from the Chinese
chestnut while trying to capture the growth, adaptability, and other characteristics of the American chestnut.
However, the degree of resistance from selection has been disappointing after over 30 years of backcrossing
and intercrossing for a number of reasons, including the difficulty of phenotype evaluation and the resulting
lack of information on the underlying genetic architecture of resistance.

The first releases from TACF intercrossed populations in 2007 had American chestnut growth rate and
form for the most part, but the degree of blight resistance needed for sustainable survival in natural forest
areas had not yet been achieved as of the time the committee was writing its report (Steiner et al., 2017). The
most advanced backcross hybrids are descendants of a small number of hybrids of American and Chinese
chestnuts, particularly the Clapper hybrid (Clapper, 1963), the Graves hybrid (Graves, 1942) and a third hy-
brid, “Nanking” (Diller et al., 1964). More than 17,000 descendants of these hybrids have been tested for
resistance, site adaptation, growth, and form (Sisco, 2004; Hebard, 2006). Seed orchards have been estab-
lished in Virginia and Pennsylvania to increase numbers of nuts needed to implement large-scale forest trials.
A continuing strategy includes retaining only those trees with sufficient blight resistance and a timber-type
growth form. Genomic selection, a strategy based on the association of phenotypic performance with genome-
wide patterns of DNA polymorphisms, is also in progress.

Blight-resistant chestnuts reintroduced in southern Appalachian regions will also need to have resistance
to Phytophthora cinnamomi, the agent of ink disease. Recent work has demonstrated resistance in TACF
populations descended from Chinese and American chestnuts and in some of the hybrid progeny of the
European chestnut (C. sativa) by the Japanese chestnut (C. crenata) (Santos et al., 2015; Westbrook et al.,
2018). At the time the committee wrote its report, resistance screening of young seedlings was under way
and showed promise (Jeffers et al., 2012; Steiner et al., 2017) and could be combined in the future with blight
resistance through breeding (Steiner et al., 2017).

Whitebark Pine

A selective breeding program for whitebark pine with resistance to white pine blister rust has been ongo-
ing since the 1990s in the Oregon and Washington portions of the species’ range. Cones are collected from
candidate parents identified in the field, and seedlings grown from those cones are infected with the disease
at about age 2 or 3 using an inoculation system previously developed to identify resistance in other white pine
species (see Figure 3-3). Seedling families are assessed for up to 5 years for the type and degree of re-
sistance, and this information is used to rate the parent's resistance (Sniezko et al., 2011, 2018).

(Continued)

Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.

59



Forest Health and Biotechnology: Possibilities and Considerations

Forest Health and Biotechnology: Possibilities and Considerations

BOX 3-2 Continued

FIGURE 3-2 Overview of the theoretical expectations upon which the American Chestnut Foundation backcross
breeding program was initially based. NOTE: The illustrated “recovery” of the native American chestnut with each
round of backcrossing is based on theoretical expectations that are rarely achieved in practice unless DNA marker-
assisted selection is used in every generation. SOURCE: Westbrook, 2017.

The first seedling inoculation trials started in 2002; additional trials have been undertaken when seed
from new parent tree selections becomes available. Through 2018, the progeny of 1,225 parent trees had
been tested for rust resistance for the nine seed zones in Oregon and Washington. Of these 1,225 parent
trees, preliminary resistance ratings were available for 1,002 trees. The data from the seedling trials suggest
that 394 of these trees have levels of resistance that may be useful in restoration efforts. However, the fre-
quency of resistance varies geographically (e.g., by breeding zone or management unit, see Figure 3-4),
which adds logistical complications to the resistance discovery and deployment process. In one of these
zones, only 2 of 28 tested parent trees have even marginally useable degrees of resistance, while in another
seed zone, 93 of 106 trees have useable degrees of resistance. The degree of resistance in some populations
of whitebark pine in the Oregon and Washington portions of the species range is high enough that land man-
agers can collect seed from the highly rated parent trees to use immediately in restoration, without waiting the
decade or more to establish orchards, then produce and distribute seed.

(Continued)
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BOX 3-2 Continued

FIGURE 3-3 Testing whitebark pine for resistance to white pine blister rust at USDA Forest Service’s Dorena
Genetic Resource Center. NOTES: Two-year old seedling progeny of different parent trees are inoculated with the
pathogen and evaluated for up to 5 years. Note the large difference in survival among seedling families (each in a
separate 10-tree row plot); for example, in the far left row all seedlings from one parent tree are dead or dying (red)
whereas the next row to the right has seedlings from another parent tree that are alive (green). SOURCE: R.
Sniezko.

Resistance breeding programs for white pine blister rust are also under way in the interior western part
of the species range and in western Canada (Sniezko et al., 2011, 2018). This concerted effort will provide a
good genetic base of resistant trees, permitting a restoration effort for each seed zone that initially contains a
minimum number of resistant parent trees. The mechanism of resistance is still not well understood, but prog-
eny tests suggest that the trait is polygenic, as is the case in other species of white pine (Kinloch and Dupper,
2002). Field trials (under way at the time the committee wrote its report) will more fully define the level of
expected survival in resistant progeny in areas of varying rust hazard and environmental conditions. So, at
least for whitebark pine (in at least some seed zones), selective breeding offers an efficient method to develop
resistant seedlings for restoration. The restoration plantings will need to be followed to examine durability of
the genetic resistance in whitebark pine as well as stability of resistance in different environments.

One of the challenges of using native resistance is the need to protect the resistant parent trees from
other sources of mortality while the next generation of seed trees is maturing. A number of the blister rust—
resistant parents have already been lost to fires or to attack by mountain pine beetle (Dendroctonus ponder-
osae). The semiochemical verbenone (an antiaggregation pheromone) has been used to protect individual
trees from mountain pine beetle attacks (Perkins et al., 2015) and can be particularly useful to protect the
resistant parent trees used for seed collections for the future restoration efforts. Verbenone is not 100 percent
effective, and it needs to be applied each year as conditions warrant. Other chemicals, carbaryl and pyrethroid
insecticides have also been registered to help protect trees from mountain pine beetle (Hastings et al., 2001;
Fettig et al., 2013).

As with white pine blister rust, genetic resistance to mountain pine beetle has been found (Six et al., 2018).
Resistance of pine species to outbreaks of mountain pine bark beetle depends upon several factors including
resin responses and secondary chemistry (Huber et al., 2004; Franceschi et al., 2005; Raffa et al., 2008). These
resistance factors are generalized against many insects and pathogens, but natural selection has likely shaped
their form and strength in forests that have experienced strong bark beetle pressure over millennia. However,
Raffa et al. (2013) have indicated that the “typical” mechanisms of resistance to mountain pine beetle found in
lodgepole and ponderosa pine (high resin production and induced defenses) are poorly developed in whitebark
pine. This circumstance might be expected for a naive host tree that has not had strong evolutionary pressure
to develop costly defenses (Cudmore et al., 2010). Indeed, the lower overall resistance of naive hosts that have
had little to no exposure to bark beetle—including lodgepole and jack pine in areas where the beetle is expanding
its populations (northern British Columbia and Alberta) and high-elevation whitebark pine—has been well docu-
mented (Cudmore et al., 2010; Raffa et al., 2013; Bentz et al., 2015).

(Continued)
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BOX 3-2 Continued

FIGURE 3-4 Variation in genetic resistance (percent of seedlings with stem symptoms ~15 months after inoculation)
to white pine blister rust in whitebark pine among different geographic populations from throughout the range of the
species from a seedling inoculation trial initiated in 2007 at Dorena Genetic Resource Center. NOTES: The number
of parents tested using half-sib families in each seed source mean is indicated above the bar. The 18 Oregon and
Washington sources (first 18 bars from the left) represent individual National Forest, National Park, and Confeder-
ated Tribes of Warm Springs boundaries from which the seedlots were collected. The right-most three bars refer to
seedlots from California, ldaho, Montana, and British Columbia. Populations range from highly susceptible (blue,
>60% of the progeny showing early stem symptoms) to moderately resistant (red, families showing <60% of the
progeny with early stem symptoms). SOURCE: Sniezko et al., 2018.

Likewise, the conventional wisdom that asserts that faster growing pines are more resistant to bark beetle
may not hold with whitebark pine. In past outbreaks, whitebark pines that survived were slower growing than
those that were killed (Margoles, 2011). This slow growth, along with evidence that whitebark pine may not
have the capacity to produce strong defensive responses even when healthy (Raffa et al., 2013), indicates
that prescriptive thinning to release the host from competition may fail to reduce mortality.

However, resistance may still prove to be a powerful tool, although it may take a different form. Strong
resistance to bark beetle has been described wherein trees escape attack, not through the production of
strong resin or chemical defenses, but rather the opposite: by producing greatly reduced chemical profiles
that interfere with beetle recognition or attraction to hosts. Mature whitebark pine surviving a recent outbreak
have been found to be genetically distinct from beetle-susceptible trees (Six et al., 2018). Whether the putative
genetic resistance to mountain pine beetle proves to be durable is uncertain (as is resistance to blister rust)
and will need further study and confirmation from the field over time. Natural selection may be acting quickly
to enhance adaptation to changing conditions. High selection pressure that results in strong natural selection
for beetle resistance and drought tolerance would be particularly valuable in the vast inaccessible areas of
whitebark pine’s range that not are amenable to active restoration.

The same challenges exist in breeding and outplanting trees resistant to bark beetle as exist for resistance
to blister rust, given whitebark pine’s long maturation period. Also, whitebark pine with resistance to blister
rust remains susceptible to beetles, and whitebark pines with beetle resistance are typically susceptible to
blister rust. An integrated approach will be needed to look for correlates of resistance to the two threats to
include in breeding programs for the restoration of this tree.

(Continued)
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BOX 3-2 Continued
Ash

All of the ash species native to North America have some susceptibility to the EAB, with the widely dis-
tributed green ash and white ash being very susceptible. Monitoring forests for individual trees with intact
canopies after most of the ash in the monitored plot have died from EAB was initiated a few years after EAB
was detected in Michigan in 2002 (Knight et al., 2012). A small number of green and white ash trees (<1
percent) survive EAB attack many years longer than conspecifics in the same stand. These “lingering ash”
show evidence of less severe EAB infestation, often accompanied by vigorous wound healing, and maintain
a healthy crown for years after local conspecifics have died (Knight et al., 2012, 2013; Koch et al., 2015).
Replicated studies reveal reproducible quantitative differences in defensive responses to EAB larvae between
lingering ash and susceptible ash genotypes (Koch et al., 2015). Crosses between two lingering ash parents
produce progeny with greater larval-killing response than either parent (see Figure 3-5). This result suggests
that the parents have different partial resistance responses that have a genetic basis. These progeny can
form the basis of a breeding program for “stacking” or pyramiding the allelic variants at multiple loci that may
be responsible for the variety of partial-resistance phenotypes.

Alternatively, the best progeny can be grafted and planted in seed orchards to enable natural intercrossing
for the production of seed for restoration efforts. This approach requires a monitoring, breeding, and pheno-
typing program. Monitoring is needed to identify more lingering ash from different areas of adaptation, to
maintain genetic diversity. Breeding is needed to stack up the genetic factors that contribute to the resistance
phenotypes. Finally, continued phenotypic screening of grafted clones and progeny of newly identified linger-
ing ash verifies that the resistance phenotypes have a genetic basis. The advantage of the selective breeding
approach, in this case, is that the basis of the resistance is polygenic. Plant pests and pathogens do not
overcome polygenic resistance, as quickly as monogenic resistance (Parlevliet and Zadoks, 1977; Carson
and Carson, 1989; Simmonds, 1991; Tuzun, 2001; Mundt, 2014). The work on finding additional resistant ash
selections continues, as does the breeding. Field tests will be needed to determine the efficacy and durability
of the resistance from the selective-breeding programs. The time line for restoration with genetically resistant
ash will depend on the search for additional selections and the results in the field trials.

FIGURE 3-5 Larval-killing response in the F1 progeny of two lingering ash parents. NOTES: Pies indicate responses
of the parents (PE-L38 and PE-L41) and of individual progeny. Colors indicate, by tree, the proportion of host-killed
larvae (brown), early instar larvae (L1-L2, green), and late instar larvae (L3-L4, blue) 8 weeks after egg application.
Parent evaluation was done in replicated tests in previous years. SOURCE: Jennifer Koch, unpublished data.

Backcross breeding to closely related resistant species is not an option for most of the North American
Fraxinus, because these species are genetically incompatible with the Asian Fraxinus species that exhibit
resistance to EAB. Black ash, a very susceptible North American riparian species, is compatible with the more
resistant Asian Fraxinus, but a selective-breeding program, while possible, had not been undertaken as of
2018. If such a program did exist, then the use of transcriptome-based markers to identify quantitative trait
loci regions would be feasible, because the whole genome sequence and deep transcriptome sequencing
resources exist for Fraxinus species (Lane et al., 2016; Sollars et al., 2017).

(Continued)
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BOX 3-2 Continued
Poplar

There have been numerous studies on the genetics of susceptibility and resistance of Populus species
and hybrids to Sphaerulina musiva infection. An early study with a controlled cross suggested that eastern
cottonwood (P. deltoides) carries a recessive allele that confers resistance and that interspecific hybrids be-
tween eastern cottonwood and black cottonwood (P. trichocarpa) show intermediate resistance (Newcombe
and Ostry, 2001). Similarly, a survey using a greenhouse assay of wild accessions collected in a hybrid zone
in Alberta showed that susceptibility to stem cankers was highest in balsam poplar (P. balsamifera), lowest in
eastern cottonwood, and intermediate in hybrids (LeBoldus et al., 2013). Furthermore, there was minimal
interact ion between host genotype and fungal strain in susceptibility of hybrid cultivars, suggesting that re-
sistance mechanisms could be enhanced by breeding (LeBoldus et al., 2009). Based on microscopic obser-
vations of stem infections, it appears that one of the main mechanisms of canker resistance is the formation
of necrophylactic periderm around the point of entry, inhibiting spread of the fungus (Qin and LeBoldus, 2014).
Interestingly, because the fungus has necrotrophic characteristics, resistance mechanisms do not involve a
typical hypersensitive response, whereby the host limits fungal spread through coordinated cell death around
the point of infection. On the contrary, if the hypersensitive response is activated by the infection, this can
actually enhance susceptibility to the fungus (Liang et al., 2014; Qin and LeBoldus, 2014). There is also some
evidence that the chemical composition of the leaf cuticle can inhibit infection by S. musiva (Gonzales-Vigil et
al., 2017). Furthermore, leaf and stem infection can be enhanced by stressful conditions such as ozone ex-
posure (Woodbury et al., 1994) or drought (Maxwell et al., 1997).

Using Biotechnology to Enhance Resistance

Another way to generate resistant trees is throlgluse of biotechnology. Biotechnological research
to introduce or modify traits in trees has been exgulan a wide range of economically and ecologically
important tree species throughout the world. Appendicofitains reports on biotech tree species at all
stages of research and development from 1987 thi20 Often the reports cover establishment of initial
proof-of-concept transformation and regeneration systevhich demonstrate bacterial resistance genes
from donor species. In species where this systeobisst, the appendix includes reports demonstrating the
incorporation of genes conferring various traits ia thrget species. These traits include insect and fungal
resistance, early flowering, phytoremediation, toleeaio metal toxicity, herbicide tolerance, improvement
of wood quality, changes to lignin content, and taleeato drought, frost, and salt. The primary approach
used has beamnansgenesis viAgrobacterium tumefaciensowever, the table includes reports describing
biotechnological approaches suchRISA interference (RNAI) and clugted regularly interspaced short
palindromic repeat (CRISPR) (see Box 3-3). For a nsoraprehensive treatment of the developments in
the field of tree biotechnology, see Chang et al. (2018).

The first application for a field test of a biotech tree in the United States was submitted to USDA in
1989 for a poplar modified for glyphosate tolerafiEdatti et al., 1987). As 02018, about 700 permits
have been issued by USDA-APHIS. However, amyp tree species modified using biotechnology had
been grown outside of field trials in the United States in thattifine first tree species to reach this stage
was papayalarica papaya Varieties with resistance to papayag spot virus incorporated via transgen-
esis have been grown in Hawaiian amds since 1998. The second was applalfs x domestica in
which RNAI has been used to suegs the expression of polyphenoldase genes, resulting in fruit flesh
that does not brown when peeled or cut. Nonbrowappes became available to U.S. consumers in 2017.

IA variety of plum has been modified viegrobacteriumamediated transgenesis to have resistance to plum pox
virus, and this variety has met U.S. government regylamuirements. However, it is not grown commercially as
of 2018.
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BOX 3-3 Biotechnological Approaches

Humans have been directly modifying DNA since 1973 (Cohen et al., 1973), and continuous technological
advances have improved the efficiency and precision of biotechnology. More than four decades later, there
are many biotechnology tools available to manipulate the DNA of almost any organism, including trees. The
following is a brief description of the most commonly used approaches.

Mutagenesis

Although the frequency of naturally occurring gene sequence polymorphisms is high in most forest trees,
methods have been developed for increasing variation by inducing mutations in the DNA sequence (direct
mutagenesis). Many kinds of specific gene mutations have been induced in genes of forest trees. Mutations
have been produced to knock out gene activity (loss-of-function mutations). Gain-of-function mutations can
be produced through enhanced expression of specific genes. Partial reduction of specific gene function can
also be induced by reducing the expression of the target gene (knock-down mutations).

The technology for inducing mutations is diverse. Chemical mutagenesis? (Riyal, 2011) uses compounds
such as ethyl methane sulfonate (EMS) to induce small mutations in DNA sequences. For example, Zayed et
al. (2014) used EMS to induce mutations in the tropical tree species kelampayan (Neolamarckia cadamba)
and petai belalang (Leucaena leucocephala) because they determined that these species have a relatively
low genetic diversity. Chemical mutagenesis (EMS) of pollen from willow (Salix spp.) was shown to create
new sequence variants, detected by high-throughput sequencing (Riyal, 2011).

Plants frequently undergo somatic mutations, and these can generate novel genetic variation within a
single individual. This kind of mutation is particularly important for trees with long lifespans such as oaks
(Plomion et al., 2018) and clonal organisms such as aspen trees (Ally et al., 2010). These mutations can
sometimes be adaptive and potentially useful for breeding, as in the case of a mutation in Eucalyptus
melliodora that enhances resistance to herbivory in branches harboring the mutation (Padovan et al., 2013).
Such mutations can be captured in breeding programs (if they enter the germ line) or propagated through
rooted cuttings or by stem grafting to rapidly deploy resistance genes.

Transgenesis

Transgenesis involves inserting foreign genes or DNA fragments into cells of a target species to create a
new gene sequence. The DNA sequence may be inserted into a target cell through a variety of techniques:

1. Biolistics is a technique that inserts DNA into plant cells by physical bombardment. Tiny metal beads
coated with DNA are propelled at high velocity through the plant cell wall into the cells (Klein et al.,
1987; Sanford et al., 1987).

2. Electric shock (electroporation) opens plant cell membranes, allowing DNA to enter cells (Fromm et
al., 1985).

3. Microinjection (Neuhaus and Spangenberger, 1990) of needle-like silicon carbide fibers (whiskers)
penetrate the cell wall to permit injection or uptake of DNA into cells (Kaeppler et al., 1990).

4. Agrobacterium-mediated transformation takes advantage of a genus of bacteria that infects plant cells
and transfers long segments of DNA, which become integrated into the host plant genome.

Scientists can splice genes of interest into the transferred DNA (Gohlke and Deeken, 2014). Regardless of
the mechanism of delivery, once inside the cells, DNA may integrate into the genome and be expressed, thereby
potentially introducing new traits into the recipient plant (Zupan and Zambryski, 1995).

Transgenesis can also be used to induce mutations or alter the function of native genes. Loss-of-function
mutations may occur when a sequence is inserted into a gene, and the gene function is thereby inactivated.
Alternatively, gain-of-function mutations are created when an active sequence element, such as a promoter
or enhancer, is inserted near a functional gene, causing an increase in the transcription of the target gene,
which can lead to a novel or enhanced phenotype. Large numbers of transformation events are needed to
screen for specific kinds of mutations in specific genes. Fortunately, large numbers of trees can be
outplanted and maintained as a field archive, so that mutations can be expressed for mature traits in
addition to juvenile ones (Busov et al., 2005a).

(Continued)
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BOX 3-3 Continued
Cisgenesis

Cisgenesis is similar to transgenesis, but the inserted genes or DNA fragments are from an organism that
is sexually compatible with the recipient organism. That is, the incorporation of the DNA into the target cell
could possibly be accomplished with selective breeding, but biotechnology tools allow for the direct introduc-
tion of the related DNA into the cell to achieve expression of the desired genetic trait.

RNA Interference

RNA interference is a molecular strategy common to all higher organisms for defense against parasites
and pathogens, and regulation of native gene expression. Aspects of this natural process can be engineered
to shut off (“silence”) specific genes in the parasite, insect, pathogen, or host plant by incorporating a small
piece of the gene sequence in a configuration that results in the production of double-stranded RNA,; this in
turn activates the “dicer” complex, which degrades transcripts that match the gene fragment (Tang et al.,
2003).

Genome Editing

Genome editing is a genetic modification process that makes specific and targeted changes to an organ-
ism’'s DNA. The four main classes of this approach are meganucleases, zinc finger nucleases, transcription
activator-like effector nucleases (TALENS), and the clustered regularly interspaced short palindromic repeat
(CRISPR) nuclease system. The CRISPR system generates fewer “off-target” changes and thus has become
the favored approach among researchers (lyer et al., 2018). The CRISPR toolbox is rapidly expanding as re-
searchers develop innovative methods to manipulate this system (Wang et al., 2016), which has opened the
door to using genome editing to introduce robust disease resistance genes into plants (Langner et al., 2018).

Genome editing by CRISPR has significant potential for introducing specific changes in the genes of
forest trees (Tsai and Xue, 2015; Elorriaga et al., 2018). For example, CRISPR editing in Chinese white poplar
(Populus tomentosa) has been reported for a phytoene desaturase (PDS) gene, giving rise to albino pheno-
types (Fan et al., 2015). CRISPR technology may make it possible to create homozygous biallelic DNA se-
quence changes (Gantz and Bier, 2015), which would eliminate the need to intercross modified trees to ensure
that the edited gene was in a homozygous state. This is a significant advantage for trees, which typically have
long generation times and poor tolerance for inbreeding.

Synthetic DNA

Synthetic DNA refers to genes produced in the laboratory that are not based on any naturally occurring
DNA sequences but that may have functional properties or utility for genetic engineering. They are different
from naturally occurring genes in that they may be made or found to have unique metabolic functions. Syn-
thetic genes are different from genes that are artificially synthesized but are based on known genes from any
living microbe, plant, or animal. At the time the committee wrote its report, no truly synthetic genes had been
introduced into a forest tree. In the future, novel synthetic genes could be of value for forest health, particularly
for generating highly specific resistance to attacks by insect pests and pathogens if and when natural re-
sistance genes are overcome by newly evolved variants of pests or pathogens. The committee is aware of
the possibility of the eventual creation of such novel synthetic genes; however, the relevance to this report is
purely hypothetical.

aln the U.S. regulatory system, chemical mutagenesis is not a regulated process.

To use biotechnology to confer resistance to a forest health threat, the first step would be to identify
the gene that would be targeted for modification, thiation, or silencing. If a gene target is not already
in hand, then a gene discovery process would be reqiinézistep has traditionallyeen hindered in trees
due to the characteristics that make them difficukxggerimental organisms: large size, long generation
time, potentially weak correlations between seedtind adult phenotypes, and (in the case of conifers)
immense genomes. Purificationtogh-quality genomic DNA from forestees requires modest modifica-
tions of standard procedures used for extracting DA fplants due to high phenolic content, large fragile
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cells, or highly lignified tissue, such as stems or iifda@k. The sheer size of many tree genomes presents

a less tractable problem. Conifers have some datlgest genomes ever seqoed. The pine genomes can
exceed 20,000 megabase pair (Mbp) per haglertbme (Zimin et al., 2014); sugar pifenus lamberti-

ana has a genome size of 31,000 Mbp (Stevens et al., 2016). In comparison, Arabidopsis has only 135
Mbp and rice has 420 Mbp per haploid genomegédgenome sizes and high content of repetitive DNA
present difficulties in DNA sequencing andg@nome assembly after sequencing.

Another problem results from the sequence diverditfiorest tree genomes. Forest trees have high
levels of heterozygosity due their large population sizes and outcrossing breeding systems (Williams et
al., 1999; Remington and O’Malley, 2000). There are ncethbnes of forest trees and few, if any, haploid
individuals. Consequently, sequencing a tree genomede mare difficult because, even for an individual
tree, there are two diverse haploid genomes that arg bequenced at the same time, creating a challenge
for sequence assembly. In sequena@nd assembling the loblolly pin®ifus taeda genome, direct se-
qguencing of DNA from haploid megagametophyte seedg®tissue avoided this difficulty (Zimin et al.,
2014). Unfortunately, the seed storage tissues of gogyiws(broad-leaved) forestes (such as ash) are
diploid or even polyploid, and so this strategy is not available.

Genome sequences can provide substantial insightsrijanismal evolution, but their applicability in
biotechnological approaches requiresdiional characterization of the components of the genome, including
transcribed sequences (genes) agdledory elements. One of the megnificant methods for learning about
the function of tree genomes is comparative sequamalysis, which reveals homologous sequences in dif-
ferent genomes that, in turn, implies similar functidtreof of function of homologsequires further testing,
such as evidence of transcriptiardaranslation, purification of a futienal product, or genetic complemen-
tation. Here again, forest trees are at a severe distad)e. Many advances imfttional genomics have come
from work on the genetic model plaftabidopsis thalianand herbaceous crops such as maize. Many tree
species have structural and develeptal differences that either required adaptation of methodology or pre-
cluded application altogether. Furthermore, mararatteristics common to treée.g., dormancy, wood for-
mation, and obligate outcrossing) have fawo analogs in annual crop species.

Recent technological developments have mitigatede of these shortcomings such that dramatic
progress has been made in understanding the organizdtigeture, and function of tree genomes, thereby
facilitating potential biotech modifications aimed atgBing problems in forest health. These developments
include large-scale quantitative trait locus (QTL) or geeamde association studies coupled with in-depth
analyses of transcriptional and metabolic responsiséat or pathogen attack. Additionally, genome ed-
iting can produce a “meiotic drive” (a kind of gene djifunction that converts a heterozygous individual
to a homozygous one at one or more loci of ggereliminating a generation of selfing to produce homo-
Zygous trees in one generation (see Box 3-4).

The second phase of deployment in using biotecigyaio modify phenotypes is production of trees
containing the desired gene sequence. Transgaresigenome editing require a transformation and tissue
culture protocol in which the desired modification ¢enintroduced into a siteycell (usually in callus
culture), and whole plants are generated from #estormed cell by regeneration of roots and shoots from
disorganized callus tissue (organogenesis) (Birch, 199y species of trees remain recalcitrant to the
process of cell culture and regeneyatiEven when regeneration is possible, the regeneration of a plant
from a single cell may not produce an individual thatthasdesired genetic change in every cell. In well-
studied plant species that are amenable to thisepsy embryos can be produced through somatic embryo-
genesis, a process where the manipulated cell orargisate from a totipotergmbryo and then are in-
duced to make more embryos (Hakman and Von A;riid85; Suprasanna et al., 2005). Regeneration can
be stepwise and sequential, where shoots are indirsednd rooting is induced subsequently through
organogenesis. This process is complex and musistemized not only at the species level but often for
individual cultivars within a species (Busov et al.028). The third phase is field testing. The case study
species demonstrate varying degrees of progress wittdriegtne application of biotechnology to mitigat-
ing forest health threats (see Box 3-5).
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BOX 3-4 Status of Gene-Drive Feasibility in Trees

A gene drive is a system of biased inheritance in which the ability of a genetic element to pass from a
parent to its offspring through sexual reproduction is enhanced, resulting in a preferential increase of a specific
genotype that determines a specific phenotype in a population (NASEM, 2016). It can occur in nature (e.g.,
in mosquitoes and mice), and as of 2018, scientists were studying this process and others to develop engi-
neered gene drives in various organisms. Introducing gene drives into an organism’s population may be of
interest to reduce disease (e.g., to reduce the ability of mosquitoes to carry or transmit infectious diseases)
or to control nonnative species. In trees, gene drives might be of interest to ensure the passage of resistance
to a disease or insect from a modified tree on to the next generation.

However, as of 2018, research into gene drives was still nascent, and much remained to be learned about
the processes and possible impacts before employing their use outside the laboratory. Trees are not good can-
didates for gene drive research because of their long generation times (NASEM, 2016). The insect pests that
affect trees would be better subjects for research because of their short generation times; however, the potential
effects on forest health from the modification of insects was outside the committee’s statement of task.

BOX 3-5 Progress in Using Biotechnology to Confer Resistance to Case Study Species
American Chestnut

Building on work begun in the 1990s, the genes, transfer vectors, and technology for using biotechnology
in the American chestnut has been developed (Merkle et al., 1991; Polin et al., 2006; Andrade et al., 2009;
Barakat et al., 2009, 2012; Jabr, 2014; Newhouse et al., 2014a,b; Powell, 2014). The most promising candi-
date gene for genetic resistance to chestnut blight was a wheat gene encoding the enzyme oxalate oxidase
(Ox0) (Polin et al., 2006; Welch et al., 2007). Oxalic acid (C2H204) is generated by the blight fungus during
infection. The acid environment weakens plant cell walls, enabling other fungal enzymes to degrade the wall
and the cell membranes, killing the cell (Dutton and Evans, 1996; Welch et al. 2007). In plants naturally pos-
sessing an OxO gene, oxalate oxidase catalyzes the degradation of oxalic acid by converting it to carbon
dioxide and hydrogen peroxide. The protein encoded by the OxO gene from wheat is effective against oxalic
acid in tissues of the American chestnut and shows no evidence of toxicity to the host plant.

Transgenesis using Agrobacterium-based vectors have successfully transferred OxO genes into the
American chestnut (Andrade et al., 2009; Zhang et al., 2011). A fast and accurate in vitro leaf assay was
developed to detect OxO activity in the leaves of transformed and regenerated plants early in plant develop-
ment (Newhouse et al., 2014a). Investigators have now shown that transfer and expression of a wheat OxO
gene in the American chestnut confers a degree of resistance equivalent to or greater than that found in the
Chinese chestnut (Zhang et al., 2013; Newhouse et al. 2014a). The OxO-transformed plants derived from the
original transformant are named “Darling” American chestnut trees after Herbert Darling, former president of
the New York Chapter of TACF. The Darling 58 genotype has been characterized for blight resistance, growth
and form, nutritional composition, lack of toxicity to the host plant, stability of blight tolerance, nontarget inter-
actions, and lack of effects on target organisms (see Figure 3-6; Newhouse, 2018).

Whitebark Pine

No effort to date has focused on utilizing biotechnology to impart genetic resistance in whitebark pine.
The large genome size of conifers, limited information on the genome of whitebark pine and candidate re-
sistant genes, and biotechnology tools available suggest using biotechnology would take perhaps a decade
or much longer to produce a resistant tree. With resistance breeding in whitebark pine imparting a more im-
mediate and cost-effective solution, there may be little need to explore this option for whitebark pine, unless
(a) the resistance(s) identified in the selective breeding method prove to be not durable (e.g., evolution of
virulence in the pathogen), (b) some populations (seed zones) of whitebark pine have little or no inherent
resistance and using seedlots from other seed zones is deemed not suitable for the environmental conditions
to which they would be moved, or (c) additional unique types of resistance were identified (not found in current
whitebark pine) and deemed necessary to complement the current resistance from breeding to help ensure
that the trees stay resistant into the future. Even if biotechnology is used, the seed production would likely be
through the development of seed orchards, which would add at least two decades to the production of resistant
seed.

(Continued)
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BOX 3-5 Continued

FIGURE 3-6 Wild-type American chestnut seedlings (left), Darling transgenic American chestnut seedlings (middle),
and Chinese chestnut seedlings (right). SOURCE: Bill Powell, SUNY-ESF. Available at http://parrottlab.uga.edu/SIV
B/HTML/Darling%2054%20American%20chestnut%20small%20stem%20assay%209-11-15%20SUNY-ESF%20D
SC_0160.html.

A potential advantage of biotechnology for whitebark pine is that it may be possible to develop seedlots
with a higher frequency of resistant seedlings than in the initial generation of parent trees now being used.
However, it may be simpler and more efficient to plan to plant extra seedlings from the selective-breeding
resistance program (perhaps only 20 to 40 percent of seedlings from any current resistant parent tree will be
rust resistant). Perhaps the real potential (future) utility of biotechnology for developing resistant whitebark pine
would be if new types of genetic resistance (of a durable nature), not found in whitebark pine were identified
and transferred into whitebark pine. Although researchers are cautiously optimistic about the durability of ge-
netic resistant to the rust that is developed through the selective breeding program, knowledge of a backup
option, provided through biotechnology, would be useful to have. Significant research and trials of this material
would likely take one to several decades for any future deployment.

Ash

Protocols for applying biotechnology to North American ash have not been established. Micropropagation
techniques are reported for European common ash (F. excelsior), narrow leafed ash (F. angustifolia, native to
southern Europe, northwest Africa, and southwest Asia), and green, white, and black ash (Hammatt, 1994;
Schoenweiss and Meier-Dinkel, 2005; Capuana, 2012; Beasley and Pijut, 2013; Li et al., 2014; Lee and Pijut,
2017). Successful Agrobacterium-mediated transformation is reported for green, white, and pumpkin ash (F.
profunda) (Du and Pijut, 2009; Stevens and Pijut, 2014; Palla and Pijut, 2015). The lack of reports on the
successful insertion and stable expression of a gene or genes effective against the emerald ash borer (EAB)
are due, in part, to a lack of vetted genes. As of 2018, there was not an active program in the United States to
develop reproducible and stable transformation systems for Fraxinus, although a stable micropropagation pro-
tocol suitable for gene transfer applications had recently been developed for both F. pennsylvanica (Li et al.,
2014) and F. Americana (Merkle et al., 2017).

Pijut and her colleagues mention studies under way for insertion of the Cry8Da protein of the bacterium B.
thuringiensis into F. pennsylvanica and other Fraxinus, but there are no reports in the literature or in the patent
databases of success, as defined by integration of the gene into the genome, expression of the gene, and
efficacy of the gene product against EAB. Toxicity studies have shown some efficacy of Cry8Da formulations
against EAB adults when the preparation is sprayed on leaves (Bauer and Londofio, 2010). Toxicity tests on
larvae await the development of an artificial diet that results in normal growth. The only alternative is to trans-
form a susceptible ash, prove that the gene is expressed, grow the transformant to a suitable size, bud

(Continued)
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graft to save the genotype and enable replicated studies, tape EAB eggs on the saplings, and track the fate
of each hatched egg when the stem is dissected 8 weeks after taping (Koch et al., 2015). This testing process
requires 8—10 years, assuming that the transformation system requires 4-5 years to develop and deploy. This
transformation system estimate is less than the time actually required for development of a reliable micro-
propagation and successful transformation system for American chestnut (Merkle et al., 1991; Carraway and
Merkle, 1997; Andrade et al., 2009; Kong et al., 2014).

There are no reports on efforts to use genome-editing techniques in Fraxinus due to insufficient
knowledge of the gene expression networks involved in defensive responses. Recent studies have featured
deep sequencing transcriptome analyses, proteomes, and metabolomes in phloem or leaf tissues in other
tree species (Hamanishi et al., 2015; Fu et al., 2016; Wu et al., 2016; Nguyen et al., 2017), but there are few
studies in angiosperm trees that capture the transcriptome, proteome, and metabolome associated with re-
sponse to stem-boring insects. Comparison of the defensive enzymes and metabolites in the phloem tissues
of Manchurian ash (F. mandshurica) and black ash reveal few qualitative differences in either constitutive or
induced phenolics, despite the resistance of Manchurian ash and the susceptibility of black ash (Whitehill et
al., 2012). Studies of EAB larvae fed on Manchurian, green, and white ash reveal similar levels of detoxifica-
tion enzymes in the insect regardless of the species food source, even though the phloem phenolic profiles
of Manchurian ash differ considerably from the green ash and white ash (Cipollini et al., 2011). The most
informative study, focused on a more detailed investigation of uninfested Manchurian ash and black ash,
showed higher levels of peroxidases, lignin polymerization, and quinone generation in Manchurian ash
(Rigshy et al., 2016). Based on these studies, peroxidases, lipoxygenases, chitinases, polyphenol oxidases,
and other defense-related enzymes are expected in the proteome profiles of uninfested Manchurian ash. The
defensive enzyme and metabolite profiles of infested and uninfested Manchurian ash and black ash subjected
to water stress indicated nonqualitative changes in metabolites in both species, including a higher accumula-
tion of pinoresinol A in infested Manchurian ash only when both species were not subjected to water stress
(Chakraborty et al., 2014). The transcriptomes, proteomes, and metabolomes of the North American Fraxinus
remain uninvestigated in controlled experiments, wherein genotypes of the same species grafted and grown
at the same time are compared, infested versus uninfested. Once phenotyping strategies and statistical de-
signs have sufficient power to identify differences in defensive responses directly attributable to EAB attack,
genome-editing approaches could be possible provided that micropropagation and transformation techniques
for North American Fraxinus are improved at the same time.

Poplar

There have been several notable developments in the genomics of the Sphaerulina-Populus pathosys-
tem. The genomes of both the main host (P. deltoides) and the fungus have been sequenced by the U.S.
Department of Energy’s Joint Genome Institute (Dhillon et al., 2015). The fungal genome sequencing project
also included the closely related Sphaerulina populicola, which does not cause cankers and has a broader
host range within Populus. Both genomes are approximately 30 Mbp and contain about 10,000 genes in highly
collinear and syntenic order. Genes that are specific to S. musiva are enriched for wood-degrading enzymes.
Furthermore, S. musiva contains a co-regulated gene cluster that was apparently horizontally transferred from
Penicillium fungus. This cluster is induced upon exposure to Populus wood and encodes genes with phyto-
toxic, antifungal, and antibacterial activities (Dhillon et al., 2015).

There have also been a number of functional genomics studies of S. musiva in recent years that have
provided additional insights into the infection process. For example, an RNAseq study revealed a potential
fungal elicitor (SMEcp2) that is expressed during the infection process. Treatment of stems of susceptible
individuals with the isolated protein caused lesions, suggesting that this elicitor induces necrosis in the host
(Dunnell, 2016). Bioinformatic analysis of the genome sequences revealed another secreted peptide
(RALF27) that is present in both S. populicola and S. musiva, but absent in other closely related fungi. In fact,
the closest match in public databases is to the RALF27 gene of P. deltoides, suggesting another case of
horizontal transfer, but this time from host to fungus, potentially enhancing virulence (Thynne et al., 2017).

(Continued)
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BOX 3-5 Continued

On the host side, an RNAseq analysis in hybrid Populus demonstrated up-regulation of genes involved
in oxidation-reduction, protein fate, secondary metabolism, and defense-related gene products, all of which is
consistent with expectations. However, genes related to the hypersensitive response were also up-regulated
in susceptible host genotypes, supporting the hypothesis that susceptibility to this necrotrophic pathogen may
be enhanced by triggering programmed cell death in the host (Liang et al., 2014). Similar results were ob-
served in P. deltoides, for which the jasmonate and ethylene signaling pathways were induced in response to
infection with S. musiva, along with genes involved in lignin biosynthesis and cell wall modification (Foster et
al., 2015).

One of the reasons that Populus has become a favored model organism is the ease with which it is
maintained and propagated in tissue culture and from vegetative cuttings. This facilitates the development
and large-scale implementation of biotechnology-based methods of tree improvement (Busov et al., 2005a).
Early efforts focused on developing spontaneous mutants in tissue culture with enhanced resistance to S.
musiva, but these results translated poorly from the greenhouse to the field (Ostry and Ward, 2003). Targeted
attempts to enhance host resistance with Agrobacterium-mediated transformation have been more success-
ful. Overexpression of the antimicrobial peptides AMP1.2 and ESF12 enhanced resistance of a hybrid Populus
clone to S. musiva based on a leaf disk assay (Liang et al., 2002). Similarly, overexpression of the OxO gene
from wheat in hybrid Populus increased resistance to leaf infection by S. musiva (Liang et al., 2001). This
recapitulates the success with this gene against the chestnut blight, Cryphonectria parasitica. However, unlike
the chestnut results, the Populus transgenics have not yet been tested in the field, and efficacy against can-
kers has not yet been demonstrated.

A method developed to transform S. musiva using Agrobacterium (Foster et al., 2014) holds great promise
to enhance understanding of the infection process and possibly to provide control measures aimed at the
fungus using gene drives (Gantz et al., 2015). For example, following the sequencing of the black cottonwood
(Populus trichocarpa) genome (Tuskan et al., 2006), it became possible to tag genes by insertional mutagen-
esis to identify the sites of insertion and to isolate the genes that activated to produce a phenotype (Busov et
al., 2005b). Three types of insertional mutagenesis have been carried out for poplars. Mutagenesis by inser-
tion of T-DNA from Agrobacterium (Fladung et al., 2004; Busov et al., 2005b), insertion of a maize Ac trans-
posable element (Howe et al., 1991), and insertion of reporter genes that are activated when inserted near a
promoter or an expression enhancer (enhancer traps) (Groover et al., 2004). Enhancer traps are sequences
containing a low-expression reporter gene that is activated if inserted near the promoter of an active gene,
giving rise to a reporter gene phenotype (Springer, 2000).

TIME LINES AND COSTS OF DIFFERENT
MANAGEMENT OPTIONS FOR FOREST HEALTH

The speed and cost of approachesitiate threats to forest heatthn vary widely. They are variable
not only by approach (e.g., biological control, breeding, or biotechnology) but also by the state of
knowledge about the target tree and the target pest (and its potential predator).

Speed and Cost of Biological Control

The speed and cost of biological control efforts vary depending on the biology of the target pest
and the availability of biocontrol agents. A bestecasenario might be represented by the ash whitefly
(Siphoninus phillyreaglaliday), an exotic insect from Eurasiad Africa that caused extensive defoliation
of urban ornamental trees in Calificel between 1988 and 1991 (Picketakt 1996). A wasp parasitoid,
Encarsia inaronWalker, was imported from Italy and Israedared and tested under confined conditions,
and then released into 43 counties in California by 1988 resulted in nearly total control of the ash
whitefly within the first year, with populations in Riveds, California, being reduced by a factor of 10,000
(Bellows et al. 1992). The total investment for thiegram was estimated at $1.2 million, and the cost
savings were estimated to be between $220 milliors806 million, based primarily on the retail cost of
removing and replacing urban trees (Pickett et al., 1996% case was simplerah average for several
reasons. First, the insect was restricted to Califoamd,so federal regulatioabout interstate movement
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were not a factor, and only one state regulatory @gand USDA were involved. Second, the parasitoid
was readily available and highly specific, so the risk assessment was simplified. A more typical biological
control effort could be expected to cost betwg@2million and $5 million and take 5-10 years to complete
(Dr. Mark Hoddle, University of California, Riveide, personal communication, August 20, 2018). Other
biocontrol efforts may not be successful, as has tieerase for EAB (see Box 3-1). Additionally, the
introduction of nonnative predators to control nonnagests can often take years, first to identify the
appropriate predators and second to obtajnledory approval for their use (Rose, 2018).

Speed of Selective Resistance Breeding

The time line for selective resistance breeding in fdress is dependent on several factors. In the best-
case scenario for selective breeding, the infrastructure for a breeding program already exists, tree breeding
expertise exists, and the biology of the tree speciédte insect or pathogen is known. As discussed above
(see section “Breeding to Enhance Resistance”), the first steps in selective breeding are to determine whether
there is genetic resistance within the affected spebie$requency of resistance over its range, and type and
degree of resistance available (i.e., is it irdrately useable or will leding be required?).

Determining the frequency and distribution of remise, where it exists, may take several years or
decades. Seed collection and testing of seedlings lindreds or thousands of parent trees may be nec-
essary. Those steps must then bdldeed with the development of éeding or orchard populations that
have useful types and degrees of genetic resistarttsudficient genetic diversity to use for restoration
(e.g., Sniezko et al., 2012; Dudley et al., 2017).

Two of the fastest evolving selective-breeding progran forest trees have been development
of resistance to the soilborne pathodgenytophthora lateralisin Port-Orford-cedar Ghamaecyparis
lawsoniand on the West Coast (Sniezko et al., 2012) and development of resistance to the fungal disease
Fusarium oxysporurn the Hawaiian koa treé\¢acia koa Dudley et al., 2017). However, these two op-
erational resistance programs only progressed rapidlg tive basic data about resistance had been col-
lected. In Port-Orford-cedar, thatial assessment erroneously concluttet there was no resistance (Han-
sen et al., 1989). In the koa, there was initial uad®ly as to the causative agent of mortality. The
operational program for resistance in Port-Orford-cetiated in 1996 (after a significant research period),
and the first orchard seed was released by 2008.oplkrational koa wilt resistance program started in
2003; the first orchard seed was not available untit exdecade later. Even though programs for these two
species were producing resistant seed as of 2018, ttkewas not complete. Seed was available for only
some breeding zones, and the number of resistant gegeatin some orchards is too low to ensure that
genetic diversity is preserved.

By contrast, the program to develop white pinetbtisust resistance in sugar pine has taken longer
to develop because of lower degrees of resistandahenlonger time to reproductive maturity in sugar
pine. The sugar pine resistance breeding program has continued for 50 years, with slow but steady progress
(Sniezko et al., 2000; Kegley and Sniezko, 2004Dbfttald et al., 2004; Kinloch et al., 2008, 2012).

The case of whitebark pine with resistance to wpibe blister rust demonsties the variation in the
time it takes from resistant parent identification tpldgment of resistant seedlings based on geography
and parent genetics (Sniezko et al., 2007, 2011).eSoration plantings were established in Crater Lake
National Park from 2009 to 2016 (see Figure 3-7), usindisgedrom some of the most resistant parents
from the park. Seedling testing of progeny of Cratée parent trees was started in 2004, making the time
from first testing to the first restoration planting oblyears. However, seed orchards are also planned for
Oregon and Washington seed zones, and in this casg tak®afrom 10 to 20 years before resistant seed
from these orchards is available. Thus, the overall tirbegin restoration efforts using selective resistance
breeding with whitebark pine can vary from as liile 5 years to several decades or more. The highly
sporadic nature of good cone crops can also slow@sedn resistance testing of candidate trees. Even in
the case of Crater Lake, additional parent trees are being evaluated to increase the genetic base of seedlots
used for restoration. With enough funding, a goagecorop, and a good seed collection effort, hundreds
or even thousands of whitebark pine patez#s could be evaluated in a short time.

72 Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations

Mitigating Threats to Forest Health

FIGURE 3-7 Restoration planting of whitebark pine (established 2009) at Crater Lake National Park. PHOTO
CREDIT: R. Sniezko.

The backcross breeding program for the Ameridastnut which occurred over six generations took
35 years, a relatively short amount of time for several generations of tree breeding (see Figure 3-2). How-
ever, the program did not include the establishmergsi$tant seed orchards, the incorporation of genetic
diversity in resistant seeds, or the developmengsittant populations of chast for different geographic
areas.

Relative Speed and Cost of Biotechnological Approaches in Trees

One of the commonly cited advantages of biotetdgioal approaches to create resistant genotypes
of trees is the speed with which they can be degalogelective breeding and backcrossing are slow pro-
cesses in some tree species (sucbugar pine) because the low initial degree of resistance and the long
juvenile periods of most trees translate to long geian times and therefore very slow breeding cycles
(Harfouche et al., 2012; Isik et al., 2015). Furthemen there is often a poor correlation between traits
measured in juvenile trees compared to those itum@drees, which necessitates expensive field testing
over multiple years for each breeding cohort (Whital €22007). Consequently, most forest breeding pro-
grams have only progressed througfew of generations, leading to modest genetic gains compared to
annual commaodity crops such as maize and wheat (Isik, &@015). Biotechnology has been promoted as
a means to accelerate the domestication of foresthiyesisortening the breeding cycle (e.qg., through early
flowering; Martin-Trillo and Martinez-Zapater, 2Q@2achowsky et al., 2009), using marker-aided selec-
tion (Harfouche et al., 2012; Isik et al., 2015)hgpassing breeding entirely by manipulating DNA (Merkle
and Dean, 2000; Harfouche et al., 2011).

The actual speed of biotechnological approaches depends on a number of practical factors that can
potentially limit implementation. In the area of rkar-aided selection, it is becoming increasingly clear
that the efficacy of this approachlimited by the complex geneticchiitecture of quantitative traits. Ge-
nome-wide association studies have clearly demonstths#domplex traits are polygenic, that is, con-
trolled by hundreds or even thousands of loci, eagbhath has small genetic effects, and complex epistatic
interactions (Boyle et al., 2017). This complexity meetrat alleles that control traits in one population are
often not effective at predicting phenotypes in an ateel population, thus requiring expensive and time-
consuming marker discovery and mbttaining in each subpopulatiqiResende et al., 2012). Although
this problem should be diminished for some disegasestance traits with mipler genomic architecture
(e.g., for cases of major gene resistance), these typesisfance are expected to be less durable than
guantitative resistance based on migtipnlinked loci (McDonald antlinde, 2002), so applications are
limited.
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The situation could be different when using bibteaogy to make individual genetic modifications
to produce dramatic phenotypic changes. For exanipiroduction of the crystalline endotoxins derived
from Bacillus thuringiensigBt) can confer complete resistancddeding by Lepidoptera (moths and but-
terflies), even in host species that are normally fighkceptible to such damage (Shelton et al., 2002). A
wide variety ofBt toxins are already available (de Maagd et al., 2003), and existing toxins can be modified
using mutagenesis to enhance efficacy against aylartinsect once introducedantthe plant via transgen-
esis (de Maagd et al., 1999). Similar examples exigidthogen resistance as well, such as the introduction
of the oxalate oxidase gene (see Box 3-5), whidws broad efficacy against fungal pathogens such as
the Cryphonectriablight in American chestnut (Zhang et al., 2013) and Septoria leaf spBtgpinus
(Liang et al., 2001). Nevertheless, the relative speitld which biotechnology solutions can be imple-
mented depends on a number of factors, and signifiocgpediments at each stage of development could
substantially slow the process.

As reviewed above (see section “Using Biotechnologgnhance Resistance”), the first step to make
use of biotechnology to introduce genetic resistanageige identification. Although the gene discovery
process has become remarkably meffigient with advances in genomsequencing technology, this step
could take a number of years. For example, in the case of the emerald ash borer, there was no genome or
transcriptome sequence available for the insect orihdbe early stages of the epidemic, and it is time-
consuming and difficult to measure ash tree resistavitieh requires infestation of trees that are 2—3 years
old (Koch et al., 2015).

The second step is producing trees with the diglene sequence. Under the best-case scenario,
represented by the model transformation cloneBadpulus it takes 4-8 months to produce transformed
plants that could be transplanted to pots (Bus@l.eR010). At least another several months would then
be required to vegetatively propagateugh material for a field trial. In other species for which transfor-
mation systems are not readily available, the process of regenerating a plant from somatic embryos to a
seedling growing under ordinary conditions in a greesbaian take more than 1 year. If the introduced
gene is present in the germ line, progeny of the toamsfd plant will also have the inserted gene. In many
tree species it can take 5—-10 years or more until floaes produced and the gene can be passed on to the
next generation.

The third step is field testing. The length of tpisase would depend on the growth rates of the trees
and the life history of the insect pest or pathogen. tmescases, resistance is best evaluated in adult trees,
which requires many years. For example, f#iptoriaandCryphonectriacankers take years to develop,
though effective in vitro assays have been dgped for both diseases (LeBoldus et al., 2010; Newhouse
et al., 2014b). Furthermore, multiple field trials ovda@e geographic area aresirable, especially in
cases where significant genotype x eonment interactions occur fbiost susceptibility. Given the ex-
pense and difficulty of performing field trials, tesjiwould typically begin on a limited basis to demon-
strate efficacy before scaling up to larger and modespread trials. This slow rollout would add years to
the process. As a result, the fofbcess would take over a decade.

Estimating costs of the application of biotechngldgr forest health is difficult because it requires
estimation of processes and products that have noteget teeveloped or information that is proprietary
and not available. The cost of gene identificatordeveloping a new DNA transfer system is undefined
because in some cases the effortsatda unsuccessful; therefore, the project could have high costs with
no results. Producing trees with the desired gegeesee through clonal propagation can be expensive.

However, when it comes to a comparison of cbeta/een breeding and biotechnology, the costs may
be similar or at least similarly variable. With regardrte identification of a trait of interest, for the biotech
tree the expense is in gene discovery and integratendesired change intoghree’s DNA; for breeding,
the costs are related to screening and testing torésidtance. For both apaches, the costs can vary
widely depending on the biology of the tree andphbst, the state of knowledge about the tree and pest
biology, and the robustness of the biotech or breqaliogram associated with tepecies of interest. When
it comes to the next step of clonal propagation, thes@stlikely to be similar between the two approaches.
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The major difference in costs between the two woulthbse associated with any regulatory approval that
a biotech tree may need to obtain; a selectively bréybrid tree does not have to go through a regulatory
process in the United States.

CONCLUSIONS AND RECOMMENDATIONS

Management to mitigate damage to forests frogedts or pathogens takes significant time and re-
sources. With regard to nonnative insects and pathotienfirst line of defense is preventing their intro-
duction. When introduced pests have become estathlimheative pests are expanding their range or in-
creasing in virulence, there are a number of manageoptions that may be employed, including taking
no action. Chemical or biological control can cohpests in some cases, but these approaches are often
not acceptable to the public, effective, or timelyeTevelopment and actual deployment of genetic re-
sistance, whether via breeding or biotechnology, uglially take decades from the initial research phase
to even the beginning of the restoration plantings. However, given the repeated introduction of nonnative
pests and the likelihood of continued abiotic stfess climate change, incorporating genetic resistance
may be the effective strategy for the long term.

Conclusion: Substantial literature supports the needfor sustained investment in prevention and
eradication as the most cost-effective and loweshpact approaches for managing introduction of
nonnative insect pests and pathogens.

Economic analysis has found that the United States could save billions of dollars in avoided impacts
from nonnative pests by increasing its efforts to pretrenéntry of nonnative pests. Inspection, quarantine,
and treatment of imported materials can facilitateitierception of insect pests and pathogens prior to
their potential escape and establishment.

Recommendation: Investment in effective preventiomand eradication approaches should be the first
line of defense against nonnative species in efforts to maintain forest health.

Conclusion: Any single management practice alone it likely to be effectve at combatting major
pest outbreaks.

Site management practices—such as pesticidethisging, reintroduction of fire, and removal of
infested trees—can minimize conditions that favpest outbreak. Biological control agents can suppress
insect pest populations or mitigate the effects ohgél pathogen. However, exjgnce with the American
chestnut, whitebark pine, ash, and poplar indicates tes¢ thractices will be insuffient to curtail the loss
of affected tree species.

Recommendation: Management for forest health shdd make use of multiple practices in combina-
tion to combat threats to forest health.

Conclusion: A variety of biotech and nonbiotech pproaches have been and will be developed to ad-
dress insect pest and pathogen threats. The time lider use of these tools in management activities
for forest trees and forest health will depend on mumber of factors, but the biology of the species
involved (both tree and insect or pathogen) and the environments in which the tree species exist will
have a major influence on effective mitigation.

The time line for using approaches to mitigate fohestlth such as biological control, breeding, or
biotechnology vary by the state of knowledge aboutdhget tree and the target pest. The availability of

natural enemies, the size of the tree genome, arghtlisonment will also affect the deployment of miti-
gation tools.
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Conclusion: Many tree species have some degreerekistance to particular native and nonnative
pests that may be harnessed to combat infestations and epidemics.

It is often possible to find resistance to damagjisgcts and diseases in the field and use it to develop
resistant trees for restoration planting. Howeves, ttutcome depends on the resources to find resistant
trees and established breeding programs to developardsisiedlings. This strafg has been successfully
deployed for blister rust resistance in whitebark gind, at the time of the committee’s report, were also
in use for ash against EAB. For itdbark pine, there are still no pragns for drought tolerance or re-
sistance to mountain pine beetle.

Recommendation: Entities concerned about foredtealth should devote resources to identifying re-
sistant trees within a population that have survied a pest outbreak. Research to understand the role
of resistance in coevolved systems from the p@exctive of a global host—pest system, where the
nonnative pathogen or insect originate, would help guide efforts in North America.

Conclusion: Using biotechnology to introduce resisince to threats in forestirees has been hampered
by the complexity of tree genomes, the genetic divetgin tree populations, and the lack of knowledge
about genetic mechanisms that underlie importantraits. However, recent technological develop-
ments have improved functional genomic tools, falitating the potential for biotechnology to help
address forest health problems.

At the time the committee was writing its repdhiere was insufficient knowledge about the funda-
mental mechanisms involved in resistance to pesifitmently identify genomic means to mitigate pest
damage. Most tree genomes had not been sequemzkthere were still many unknowns about the under-
lying nature of resistance, including its heritability amdwhether it will be durable. Investigations in trees
species are needed to uncover all forms of resistantgyst those due to easily discernible single major
genes. Likewise, in using biotechnology, greater effare needed to understand what types of resistance
or combinations of resistance are likely to be durable.

Recommendation: More research should be conductesh the fundamental mechanisms involved in
trees’ resistance to pests and adaptation to ddvse environments, including a changing climate.

Conclusion: The time it takes to identify resistancen an affected population, breed resistant seed-
lings, and plant resistant seedlings in the field can varfyom a few years to multiple decades, depend-
ing on the species. Incorporating resistance via biotechnology into a tree species is also a lengthy
process, the duration of which varies by species.

The amount of natural genetic resistance in a population can vary by species or by the geographic
distribution of a species, and the reproductive cyclineftree will affect how quickly resistant offspring
can be generated. When introducing resistance viadbinblogy, the number of the genes involved in the
expression of resistance will affect how long it takeigi¢émtify and incorporate regance in biotech trees.

Recommendation: Sufficient investment of time andesources should be made to successfully identify
or introduce resistance into tree spdes threatened by insects and pathogens.
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4

Ecological, Economic, Socialand Ethical Considerations
in the Use of Biotechntogy in Forest Trees

Any intervention to address forest health ines\consideration of associated ecological, economic,
social, and ethical issues. This chapter discussaeg ttmnsiderations relatéd using biotechnology to
mitigate forest health threats. Some of these coraides are unique to biotechnology, but others are
applicable to any intervention.

ECOLOGICAL CONSIDERATIONS

From an ecological standpoint, the use of biotedmpoto improve forest health is fundamentally
different from a decision to employ biotechnologygbarmaceutical or other existing human uses, includ-
ing (to some degree) crops. A general principle fes¢hother biotechnological products is that the intent
is for them to remain confined to the productide.sSPharmaceutical products can generally be produced
in a laboratory or industrial setting and thus kept sefrom the broader environment. Most crops (biotech
and nonbiotech) have been bred to grow in mono@sittirat are planted and harvested on an annual basis,
and many of the plantings involve a single genotygtough gene flow from crops is possible, escapes
and hybridization with wild retaves are generally low (NASEM, 2016b). Conversely, in cases where bio-
technological approaches are implemented to address fa@gh, the intention is to maximize spread of
the modified genome into forests to confer incregsetktic resistance to insect pests or pathogens through-
out the range of the tree species. Furthermore, foeest aire perennials that grow and interact with many
other species throughout their long life span.

The 2016 National Academies report on gene diidsSEM, 2016a) identified several interacting
factors that influence the success of a gene drive gadipg in the environment, which has parallels to the
spread of biotech trees for forest health (NASEM, 2018a:3)

X The evolutionary “fitness” of individuals carryirige [genetic modification]—that is, their ability
to produce fertile offspring—as compared to \ndiials not carrying the [genetic modification].

X The “conversion rate,” which describes how thengtic modification] igpassed to subsequent
generations when one parent carries thedtiemodification] and the other does not.

x “Gene flow,” which describes how the [genetiodification] moves between different populations
of the target species.

x “Horizontal gene transfer,” or the potential fgenetic modifications] to move from the target
species into entirely different species.

For trees, the committee considers it impdrtaradd additional items to this list:
x Establishment, which describes the ability of uidisals carrying the getie modification to com-

pete with other individuals, allowing estishment and growth to reproductive maturity.
x Standing genetic variation, which is the presencatefnative forms of gene in a population.

The committee has replaced “gene driwéth “genetic modification.”
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Furthermore, the report on gene drives noteddhatogical factors at the community level are im-
portant to consider. These include a species’ role coitsmunity. Another factor to consider is the ability
of a change to the species to create a tipping point from one ecological community configuration to another
configuration. Genetic changes introduced into treemdtiress forest health #ats have the potential to
take on characteristics of invasive species that tip the balance of ecosystems.

Fitness and Conversion Rate

Attention to fitness and conversioreavill be critical because the intent of biotech trees would be to
recover species over both large temporal and sai@dds ((Newhouse et al., 2014). Even substantial out-
planting efforts will provide only founding individualatended to result in populations with increased
resistance to the insect pest or pathogen involveelsd@ trees will have to réta‘fitness” to survive and
“convert” that fitness, that is, produce viable propagui#is the resistance in future generations. To ensure
genetic fitness over the long term, the possibility ofdraffs between genetic traits needs to be examined,
that is, whether modifying plantsrfeesistance results inaile-offs in growth, drought resistance, or seed
production (Lovett, 2018). Given that forest trees Ww#l on the landscape foechdes to centuries, the
conversation rate of any genetic resistance will hayaovide durable and heritable resistance under un-
managed or minimally managed cdiahs over time (Sniezko and Koch, 2017). Certain types of resistance
may have limited or no utility if they cannot be suséa in the population (Kinloch et al., 2004; Sniezko
and Koch, 2017).

Gene Flow and Horizontal Gene Transfer

Many of the tree species under considerationname-pollinated, suggesting the potential for long-
distance gene flow within the target species (Liepelt et al., 2002; Van Deynze et al., 2016; Semizer-Cuming
et al., 2017). Furthermore, the possibility of long-atise pollen dispersal has been considered a potential
evolutionary mechanism for tree populations to wihdtthe negative effects of climate change (Kremer
et al., 2012). Thus, the confinement of gene flow (&sed on jurisdictional @ultural boundaries) would
not be possible or even desired because presurttabliyees with resistance will be the progenitors of
future generations of the species. Additionally, ingecses gene flow, via horizontal gene transfer or hy-
bridization, could also occur. Although the extent afzantal gene transfer in plants is not well understood
(Richardson and Palmer, 2007), several mechanisgena transfer between plant species have been de-
scribed. Direct transfers can occur via parasitism, 8ysig) pathogens, epipled, entophyte, and grafting,
and indirect mechanisms of horizontal gene transfdude pollen, fungi, bacteria, viruses, viroids, plas-
mids, transposons, and insects (see Gao et al., 201a réview). Even if the extent of horizontal gene
transfer in plants is not well defined, hybridipatbetween related plant species is common (Arnold, 1992).

In the case of an introduced biotech tree, if hykeatlon with other species occurs, constraining such hy-
bridization would be impossible unless hybrids had significantly reduced fitness (e.g., Ellstrand, 1992;
Feurtey et al., 2017). Given that the tree species wmhsideration for this examination of biotechnology

use on forest health are native species and thanhttteeluced gene will likely spread within the native
community, potential impacts both to the speciamlved and to the associated ecological and human
communities need careful analysis (see section dbhpssessment Framework” in Chapter 5; NASEM,
2016a).

Tree Establishment
For biotech trees to address foresalth threats, they have to bempetitive with their conspecifics
and with other plant species in the ecosystem. Evehidftach tree is genetically fit and able to convert its
resistance to subsequent generations, it will not beestablished in a forest if it is not competitive in the

ecosystem. This competitiveness needs to be balavidedny potential for the biotech tree to become a
nuisance species, analogous to a nonnative invasaggespthat alters an ecosystem. Some characteristics
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to consider when it comes to establishment are groatéh maturation age, fecundity, root suckering, un-
derstory establishment, and allelopathy (Clark, 2018).

Role of Trees in Ecological Communities

By virtue of their woody growth, trees are ablel&velop perennial tissue that provides the structure
for developing height and access to sunlight above glaats in the forest, making flowers more visible
and accessible for pollination, generally via pollinator wind, and dispersing seeds over long distances
via wind, water, or animals. Woody stems support both dead and living tissues, providing important re-
sources for multiple species across seasmd decades to centuries. Assaulte forests harbor substantial
biodiversity (Brockerhoff et al., 2017). Additionally, tree longevity means that biogeochemical cycles are
locally influenced by trees, whicttabilize soils and can alter loaahd regional climate (Bonan, 1999).
Modeled impact of tree loss on carbon and nitrogen cycling suggests that some impacts may last for centu-
ries (Crowley et al., 2016).

Disturbances of multiple scales in forests maintincessional gradients and biodiversity, recycle
nutrients, and control population dynamics. Regiomal lacal environmental variation have similar im-
pacts. While pests have always had a natural rateimidual, stand, and talscape dynamics of trees, the
scale of that role has been substantially expandedcliitlate change, forest management, and pest intro-
ductions (see Chapter 2).

Exposure of trees to pest species over many gemesdias resulted in development of resistance to
impacts of both specific and generalized pests. Thilalition of this resistance may not be consistent
across the range of a tree species (see section betandi®g Genetic Variation in the Context of Range
Position”), and resistance may involve trade-offs witter traits such as growth, drought resistance, seed
production, tissue palatability, and nutrient dynantiheg have implications for ecosystem function (Reid
et al., 2016; Lovett, 2018). Additionally, the longewvitfytrees relative to their pests means that the latter
have the potential to evolve more rapidly than their hosts.

The Importance of Maintaining Standing Genetic Variation for Forest Health

An important difference in the forest tree sitoatfrom agricultural uses of biotechnology is that a
focus on recovering forest species requires incotipgrahe specific genetic change while retaining the
breadth of genetic diversity in forest populations. Thiersity permits the species to continue to evolve
under changing abiotic and biotic conditions (see “Bismagement Practices” in Chapter 3). Provenance
studies in many tree species have revealed substantaioamin response to environmental factors; vari-
ability that will be critical for potential adaptation gfpecies to environmental changes (e.g., Aitken and
Bemmels, 2016; Montwé et al., 2018). Adaptation to lecaironmental conditions often require different
breeding populations for different portions of the spg€ajeographic range. As a result, to maximize forest
health, the genetic changes need to be incorpoiatizd diverse breeding population rather than into an
individual cultivar or variety.

Standing Genetic Variation

Long-lived forest tree species often have widegyaphical distribution and exhibit predominantly
outcrossing mating systems. As a consequence, muhk genetic variation in populations of forest trees
is partitioned within populationsnd very little among them (Hamrick, 2004) with some exceptions (see
Kinloch et al., 2003). Standing genetic variation isaheunt of allelic variation at a genetic locus that is
segregating within a population (Orr, 2005). This aton, shaped by evolutionary and demographic
forces, provides raw material for rapidly adaptinghi® changing environment a®ll as to novel habitats
during range expansion (Barrett aB8dhluter, 2008). When an allet®nfers a functional benefit (e.g.,
resistance to an insect pest or disease), natuegitieel may act upon it and drive it to fixation in the
population. The genetic locus then no longer constituteé®ptne standing genetic variation. Additionally,
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mutations arising de novia populations may also provide a secaydsource of genetic variation for
adaptation through the action of natural selection, lunthtation rate is very low in forest tree species
(Savolainen and Pyhajarvi, 2007). Thatnding genetic variation is themary vehicle for evolutionary
change and is highly consequential for forest hetilthforest's adaptability to environmental change, and
the resilience of the forest iosect pests and pathogens.

Standing Genetic Variation in the Context of Range Position

The distribution of a species’ standing genetic vaneacross its range has historically been studied
in terms of population position at range center verange margin vis-a-vis the classical central marginal
hypothesis (Eckert et al., 2008). Theoretical predictadribe hypothesis suggest diminished levels of ge-
netic variation at range margins where environmesaaditions are usually at the limits of physiological
tolerance, in contrast witthe abundant center where conditions esnducive to maintenance of optimal
levels of genetic variation. While there is sorapport in literature for this prediction, the debate around
this issue is not fully resolved. gynthesis of the evolutionary andndegraphic dynamics at various parts
of a species’ distribution range (Hpmand Petit, 2005) may suggest thatwarmer rear-edge populations
may contain genetic variants preadapted to the e@mviental conditions that aferecasted for the northern
latitudes under climate change. Experimental evidentimited but is continuing to accumulate for this
prediction (e.g., Rice et al., 1993). In particular, ust@nding the patterns of radiation out of the glacial
refugia (i.e., geographic regions where flora and fauraived during the ice ages and later recolonized
postglacial habitats) and how that has shaped thdiatagenetic variation in response to past climates is
important when choosing genetic kgoounds against which to deploy biotechnological solutions to cli-
mate or pest mitigation. Assisted migration by humariereft trees to mitigate the effect of climate change
on tree species is being considered. In these casegreactapted variants may provide the key to healthy
forests in geographically distant but environmentalgilsir (as a result of climate change) habitats. This
knowledge base of population-level adaptive standingtgeveriation together with data from ecological
factors and climate modeling could provide clues to tdmly of forest tree populations to climate change
through either migration or adaptation (Neale and Kramer, 2011).

Range expansion and cattion have been part of the evolutionary history of most tree species.
During repeated climatic oscillations, advancing glammforced forest tree populations into refugia at
both southerly latitudes in North America as well as in the Pacific Northwest (Shafer et al., 2010). Receding
glaciers allowed species to expand to higher latitudesfdahese refugia. Thus, the standing genetic vari-
ation in the refugia is a product ebns of demographiad evolutionary forces arttius likely to contain
variants that are preadapted to a variety of enviesriat conditions. The current distribution of loblolly
pine Pinus taedais, for example, hypothesized to have radiated from two southern refugia, one in Florida
and another in Mexico (Schmidtling, 2003). Similarly the glacial refugi®émulusare predicted to have
existed in the Rocky Mountain region (Levserakt 2012), which constitutes the present-day southern-
range edge of balsam popl&ofpulus balsamifefia a boreal tree with one of the widest distributions in
northern North America. Red mapkaoger rubrun) has been shown to have taken refuge in the unglaciated
Appalachian Mountains, south of the Laurentide iceskDelcourt and Delcourt, 1984). A similar pattern
was observed in American beedfaus grandifolia (McLachlan et al., 2005), whose refugium was lo-
cated immediately south of the gla@a, whereas the western redcedérja plicatg is hypothesized to
have expanded in the previously glaciated northegiomeout of a coastal refugium off Washington and
south of the glaciation (Barnosky et al., 1987). Thus, historical distributions of tree species have contributed
to their standing genetic variation, a factor that néetie considered when assessing forest health and tree
resistance to pests.

Local Adaptation and Its Genetic Basis

A genotype or a population is locally adapted witefitness is higher under the local environment,
but exhibits lower fithess elsewhere (Savolainen e2@07). In forest trees, mg of these locally adaptive
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traits are complex in that their underlying architecisreontrolled by multiple genes (Savolainen et al.,
2007). Understanding the genetic basis of such compés remains a foremost goal in all of biology
because of its implications for human health, adptice, forestry, and ecosystem conservation and man-
agement. Given the postglacial phylogeographic hisbbriprest tree species, local adaptation is likely
widespread among their populations. Recent studiesanfy temperate forest tree populations have re-
vealed strong latitudinal adaptation to the envirentr{e.g., temperature and photoperiod) for quantitative
traits such as flowering phenology, growth, cold dnolught tolerance, and ecophysiology (Howe et al.,
2003; Savolainen et al., 2007; Aitken et al., 2008; Alberto et al., 2013; Olson et al., 2013; Guy, 2014).
Landscape genetics/genomics is a relatively new bélresearch that aims to understand the landscape-
level processes leading to local adaptation in widbksgributed taxa (Manel et al., 2003; Manel and
Holderegger, 2013). This field has leveraged thmdradvances and exponehtigowth in sequencing
technology coupled with theoretical and methodaabdevelopments (Sork et al., 2013; Lotterhos and
Whitlock, 2015) to facilitate genome scans to understand local adaptation.

Given their substantial diversity and compleylpkyeography, the knowledge base of adaptive stand-
ing variation and local adaptation in forest treebnisted, but the availability of novel analytical tools
(ecological, climatic, genomic, androputational) is paving the wegr a better understanding of their
adaptive potential. Considering the multitude of ttedating forests and projected climate change over
the next century, some researchereharoposed assisted gene flow bedw populations to facilitate forest
survival in the 21st century and beyond (Aitken &vkiitlock, 2013; Dumroese et al., 2015; Aitken and
Bemmels, 2016). Any biotechnological approach, when aoeabwith this assisted migration, would need
to be fully informed by a thorough understanding ofakient of standing geneti@riation and patterns of
local adaptation within the speci€ne species where such studies Haen conducted is whitebark pine,
whose populations have sustained heavy losses duaudiitude of factors (see section “Case Study Trees”
in Chapter 2). Rangewide as well as local-scale ptipnlgenetic analyses and common garden experi-
ments have revealed adaptation for growth and sairarwell, 2015), cold (Bower and Aitken, 2008),
drought (Warwell and Shaw, 2017), soil water availgb{liind et al., 2017), and growth rhythm (Warwell
and Shaw, 2018) along climatic gianlts in whitebark pine. This finding has led to the development of
seed transfer (assisted migration) guidelines fooratbn purposes (Bower additken, 2008), which have
subsequently been employed to test the potentitleospecies to grow successfully beyond its northern
range-margin (McLane and Aitken, 2012). The reduttm that research suggests that assisted migration
could be a promising first step in the restoratiothoéatened speci@ghen information on standing varia-
tion and local adaptation is coupled with climatel species distribution modeling. A series of common
garden field trials of whitebark pine have recentgi established to help mdudly understand the adap-
tive genetic variation in whitebark piraad provide field validation of refance to white pine blister rust
(Cartwright et al., 2016; Cartwright, 2018; USDA-R818). Monitoring these trials over the next several
decades will improve understanding of how to bestare whitebark pine forests in the future.

Disruption of Local Adaptation Under Climate Change

When considering assisted migration as a potential restorative tool, it would be important to keep in
mind that impending climate change may disrupt exigggige x environmerdssociations (i.e., local ad-
aptation), resulting in maladaptation. For widely disited tree taxa, some parts of the range may be more
vulnerable to such disruption than others. For example, strong adaptation to climate and photoperiod in
phenological traits is known to occur in the cas®opulus balsamifergSoolanayakahally et al., 2009;
Keller et al., 2012). Fitzpatrick and Keller (2015) demiate through modeling of various future climate
scenarios where along the spatial landscape locaptation will be disrupted. Using variation in
GIGANTEA 5a circadian-clock gene with strong local adaptato temperature, they show that northern-
most populations oP. balsamiferawill likely experience the largesgenetic offset” from the adaptive
optima. Genetic offset due to future patterns @fngling rainfall have also been predicted in populations
of Hawaiian koa treesACacia kod and may inform reforestation and seed transfer guidelines (Gugger et
al., 2018).
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Thus, a biotechnological approach would needdoount for the standing genetic variation and the
extent of local adaptation and avoid swamping ladalptation or introducing maladapted genotypes while
also supporting natural gene flow. It would alsgbedent to identify populations which may likely expe-
rience genetic offset due to the disruptadriocal adaptation through climate change.

ECONOMIC CONSIDERATIONS

The committee identified the economic consideratmfideploying a biotech tree resistant to insect
pests or pathogens through the resulting impactscosystem services. First, the significant economic
value of forests to humans is one important motivationnfiervening to maintain or restore forest health
through the introduction of a biotech tree. Second, thenitive for the public and ipate sectors to invest
in the development of such a biotech tree is conditibyatie types of benefits its introduction is expected
to provide, largely dependent on whether the antiegbgtins in goods and services are traded and priced
in markets. Third, the eventual introduction of b&tech tree will raise issuasound consumer acceptance
of the goods and services obtained, preferences thabengeflected in third-party certification schemes.

Economic Value of Forests

The natural resources of the U.S. forests suppdh piavate and public usel the United States,
one-third of all land area is forested, more thanr&dlion hectares out of 980 million total (Oswalt et al.,
2018). Timberland accounts for two-thirds of forestlamith about 13 percent of that land being planted
and the rest in forest of natural origin. With regar@wnership of forestlangljst over 40 percent nation-
ally belongs to federal, stateip@l, local, and municipal governments, with the other 60 percent in private
hands. Changes in nondisclosure laws pertainingata-reporting mean that it is no longer possible to
distinguish corporate from noncorporate private ownership. However, to the extent that corporate owner-
ship is associated with tree plantations, the lowentaf corporate control cadibe around 9 percent of
forestland, which would be about 13 percent of tindret. These percentages vary regionally. For exam-
ple, public entities own three-quarters of timberlanth@intermountain West, but only about one-fifth in
the Southeast. Overall, U.S. forests vary with resfpestvnership and geograptdistribution (see Oswalt
et al., 2018, for more detail).

There are three main components of the peivatest industry (U.S. Census Bureau, 2017):

1. Forestry and logging (growing and harvesting on a long production cycle, more than 10 years);
2. Wood product manufacturing (lumber, plywoweneer, containers, flooring, etc.); and
3. Paper manufacturing (pulpaper, paper products).

As components of Gross Domestic Product (GDP), altogether these sectors accounted for about 0.5 percent
in 2017 (BEA, 2018). Wood-products and paper-sedahre added was about 5 percent of manufacturing
GDP, which itself accounts for 12 percent of GDP. Employment in all three sectors has been just under 1
million people in recent years, out of a total workforce of 125 million (BLS, 2018).

The value added by activities on public landbasder to quantify because of the nonmarket, non-
commercial nature of ecosystem services. Natiomalnte accounts do not recognize the contributions of
forests in providing fish and wildlife habitat pestion, watershed protection, carbon sequestration, and
many other ecosystem services (FAO, 1998). Intedratonomic and environmental accounting would
provide a more complete picture of U.S. wealth sredme from forests, but this approach has not been
pursued by statistical agencies at the national levet¢cent years. The U.S. Bureau of Economic and
Business Affairs produces satellite accounts for outdecneation (about 2 percent of GDP in 2016) and
for travel and tourism (about 3 percent in 2016). Feredtcourse, support only some part of these activi-
ties.

Outside the official national accounts, researchevs kanployed various techniques to value forests
in monetary terms. Based on the concept of ecesyservices, one estimate pegged the value of boreal
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and temperate forests at $3,137 per hectare per(3@@r U.S. dollars) (Costanza et al., 2014). Of the
global total, the United States is about 8 perce®16;095,000 hectares (FAO, 2016). Based on that esti-
mate of area and per-unit value, the total valilt).S. forest ecosystems would be roughly $975 billion
(for comparison, U.S. GDP in 2007 was about $14ami). With a narrower focus, the recreational value
of the U.S. National Forest System has been esttnat about $14 billion averaged over the period of
fiscal years 2011 to 2015 (Rosenberger et al., 2017)atioitr of airborne particulates by U.S. forests in
2010 had an estimated value in human health beéf#§.8 billion (Nowak et al., 2014). These estimates
are made with varying assumptions and can only bedenesl very approximate; valuation of ecosystem
services is a fraught task, and some important senpeescularly associated with nonuse value, are not
easily expressed in monetary terms at all. Howesgert) estimates do suggest robust value for the nation’s
forests, even without taking forests’ noninstrumewgdues into account. In some cases, it may be possible
to avoid diminution of that value due to damagéansects and diseases, and possibly even reverse losses,
by the introduction of biotech trees. Still, assessmetiieof/alue to be restored or protected by the intro-
duction of any one tree can only be made with refardn the particular uses and characteristics of the
forest ecosystem in question.

Incentives to Invest in the Development of a Biotech Tree

When a forest ecosystem is thre&igthe motivation to restore it to health is conditioned by concerns
about the ecosystem services that are adversely affactieahinished when a tree species is lost or declin-
ing. The introduction of a biotech tree may thus kgeeted to affect the services provided by the forest
ecosystem of which it is a part. Changes in thesecgergian imply changes in the human uses and benefits
derived from these services. To be able to assessdhasges in terms of their economic significance, it
is useful to review the classification of ecosystsrvices in a use/nonuse framework of total economic
value (Pearce et al., 2006). Use value arises fronad¢hel, planned, or possible use of a service. For
example:

X An extractive use might be the harvest of timber for use as a biofuel.

X An in-situ use might be hiking or bird ¥ehing or contemplating the aesthetic beauty.

X Option value might arise because of a desire toepreshe possibility of future use of the forest
and its services.

Nonuse value stems from the benefit that arises extbené is no actual or planned use of the service.

x Existence value might derive from the knowledgat tid-growth forests exist, even if no human
visit were ever to occur (see section “The \éahf a Healthy Forest” ilChapter 2 for further
discussion).

X Bequest value would reflect a concern for thiitstof succeeding generations to use the services,
as with the 1892 creation of “forever wild” Adirondack Park.

Uses and nonuses affected by the introductioa biotech tree may be embodied in market goods
(such as the extractive use of timber for biofuel) oy beconsidered as public goods or benefits not traded
or priced in markets (such as the existence of alsihnld-growth trees). These distinctions matter when
evaluating incentives to develop biotech trees.

Trees, once planted and maturing, can provide ls#land nonuse values as reflected in either public
or private benefits. Publicenefits are those that cannot be excklgicaptured by an individual or a firm
but are shared across many people and communitiamites include clean air and water, flood control,
support for biodiversity, and scenic landscapes (UF3A2007). In contrast, private benefits flow from
extractive uses, such as logging, products that caxdlasively held and sold in markets by firms and
individuals. As would be expected, then, investnierhe development of trees to provide mainly public
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goods—such as resistance to insect pests and pathegensually pursued by governments and by non-
profit entities. Commercial forestry is the purview of firms with a profit motive.

The significance of the mix of public and private éeef a biotech tree to the incentives to develop
it can be illustrated with two examples. One is theAectolerant eucalyptus for private planted forests and
the other is the blight-resistant chestnut tree for less managed public and private forests.

x The freeze-tolerant eucalyptus is to extend nortdviaward the range of its use as a plantation
tree in the southeastern United States. These tivenhiotechnological trees are fast-growing
and could provide timber and pulpwood, as weliasurce of lignocellulose for the production of
energy and advanced biofuels (Hinchealet2011). Although these trees can provide public ben-
efits as well (such as effects on air quality), the nraentive for their development is the potential
for the sale of their products in markets. Acdoglly, the private firm Arborgen has been the de-
veloper of the freeze-tolerant tree.

X The blight-resistant chestnut tree similarly can fewbenefits in the form of marketable com-
modities (e.g., wood and chestnuts), but its devesoge organized as a university and a nonprofit
foundation. The release of the tree into less mahagenmanaged forests may result in its resto-
ration as a key ecosystem species and also in the aesthetic and cultural appreciation it enjoyed
when it dominated regions of the northeastern U.S. forests (see section “Case Study Trees” in
Chapter 2). These aims have strong public-good aspects.

Private firms have the incentive to introduce a treephatides appreciable returns to sale of its products

in markets, whereas public entities are more likelyatlue its ability to provid public goods that are
unlikely to generate market revenitas the case that federal and state governments may earn some revenue
from timber sales on public land and may support rese¢arehhance productivity of commercial forestry.

In the current context, however, public interest wouldnbi@novations that protect forest health, broadly
defined and with many public good aspects.

The potential for a biotech tree yeeld market and/or public gosdand services depends on the par-
ticulars of the changes in uses and nonuses that ed@rr it is introduced into a forest ecosystem. De-
pending on the mix and the size of the market or pllgiefits to be had, the private or the public sector
may take the lead in development. Moreover, tleertive to apply biotechnology in trees is strongly con-
ditioned by the relatively long time between a treeaphg and its reaching maturity. Compared to agri-
cultural field crops, which are typically harvestethaally, tree crops’ life cycle covers multiple growing
seasons, measured in years. As a result, the beoiefite development and planting may not accrue until
far into the future, whereas muchtbk cost of planting may occur rigéavay. In such ccumstances, the
economics depend on the time value of money, thitdsypportunity cost of using funds to plant trees and
wait for returns versus investing the monewimactivity that yields returns much sooA@his element of
delay between planting and maturity has significance for decision making in both the public and private
sectors.

The aims of introduction of a biotech tree may beenariented to generai of revenue from market
or more aligned with outcomes associated with puibods. Whether it is a private or a public interest,
resources are required to support the research antbpeent (R&D) necessary to bring forth a biotech
tree. The potential for forest biotechnology dependsudslic and private investment in its R&D. The 2002
National Research Council repdtational Capacity in Forestry Researfbund that, despite apparently
large returns to forestry R&D, tteewere significant gaps in basic biological knowledge and deficiencies
in understanding of forest health, systems, andageament and wood science (NRC, 2002). More recently,

a blue ribbon panel report from the U.S. Endowment for Forestry and Communities asserted that innovation
in the sector has slowed over the &steral decades (Jolley et al., 20THis panel estimated U.S. forestry
R&D at $700 million annually, with the federal govermmhaccounting for $500 million, state governments

2See Sedjo (2006) and, for a detailed exposition of the u$e afiscount rate in decision making (especially for
regulatory purposes), see EPA (2014).
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for $150 million to $175 million, md nongovernment entities for $10 nati to $15 million. The panel did
not address biotechnology specifically, but it did reggportunities to enhance both traditional forest prod-
ucts (e.g., engineered solid woodgucts and midrise buildings) and m@ditional forest products (e.g.,
carbon sequestration, renewable energy production).

The willingness of private firms to invest in reseaisch function of costs and expected returns. The
panel from the U.S. Endowment for Forestry and Conitiesireported that corportesearch in the forest
sector, at 0.5 percent of annual revenues, is fambtiat of other sectors, such as biomedical science
(including molecular biology) and health care (albnti® percent of revenues) and automobiles (3.5 per-
cent). The portion devoted to biotechnology was notnegéd. Despite this relatively low level of invest-
ment, there are incentives to invasinsect pest and pathogen cohfaod in product innovation. For ex-
ample, losses to timber producers duede ttamage by the southern pine be&kng@roctonus frontalis
have been estimated at $43 millmmually and $1.2 billion over abou8@-year period (Pye et al., 2011).
Even if conventional tree breeding and biotech traeldpment had comparable costs for R&D, use of
biotechnology comes with the added exgassociated with regulatory approv@ompliance costs asso-
ciated with the development of herbicide-resistanize have been estimatatd$6—$14.5 million and for
insect-resistant maize at $7-$15 million (Kalaitzandonakes et al., 2007). If forest biotechnology compliance
costs were comparable, two or three passes throegledfulatory system would represent about 5 percent
of all forestry R&D spending. Whether those coststmajustified will depend, atourse, on the particulars
of the tree under consideration, but they are a urfagter in assessing investment in biotechnology R&D
prospects. Given the relatively long time to béasedccruing with tree maturity, increasing the upfront
costs of development may adversely affbetincentive to invest in forest trees.

Public investment in forestry research may lierided to support private-sector economic develop-
ment, or be aimed at enhancing the societal beriefésts that provide, or both. The federal government
has been responsible for the largasestment in tree breeding in concerth states (Jolley et al., 2017).
Nonprofit entities, such as foundations, may alsestvas has been the case wlil American chestnut.
Underinvestment in public goods is a market failina can be addressed by public intervention. Motivat-
ing and justifying spending on forest R&D dependshmnidentification of the scope and magnitude of the
public benefits arising from improvements in foresalth and in ecosystem services. (This proposition is
true for any kind of effort, whether it be targetedhe use of biotechnology or not.) Consequently, multi-
disciplinary efforts to characterize these benefits plagle in creating arguments for public expenditures
(Boyd et al., 2016). It is also the case that these harstimates have value in the context of regulatory
decision making when weighed against the costs and risks of introducing a biotech tree. Although the chal-
lenges to assessing nonmarket values of these public gaodensiderable, there are nonetheless methods
(such as contingent valuation) currently beémgployed in the regulatory process (EPA, 2014).

Proposals for forestry R&D compete with other demadpublic resources. Given that the benefits
of tree development may occur far into the futirean be challenging to acquire public funding given
competition from activities with a more immediate piilybloreover, because the beneficiaries of the in-
vestment may be numerous and geographically dispeadedcacy by a distinct constituency may not be
present. Public concern about the use of biotechnafogyforest setting (discussed in the section below,
“Current Research on Public Views”) may alsceatfthe willingness of public officials to commit re-
sources. In fact, public spending on forestry R&D matsincreased in recent years. There is recognition of
this situation in calls for public—ptie partnerships to pursue projectst thad in the past been funded by
federal and state sources (Jolley et al., 2017).

Whether R&D is done in the public or private sector, the assignment of intellectual property rights
associated with an innovation can affect its adoptimhuse. A private firm may seek to recoup the upfront
costs of development and regulatory approval bynpiaig that protects its revenue stream and possibly
enhances it through licensing. However, to the extentliegiublic sector would wish to enable the spread

3Costs associated with the regulatoppaoval process in the United States for biotech plants is discussed in detail
in Chapter 6 ofGenetically Engineered Crops: Experiences and ProsgBASEM, 2016b).
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of an insect- or disease-resistant biotech tree, thiemoay would not seem to mnsistent with wide-
spread adoption. Graff and Zilberman (2016) discusgdtmamic of the public intest in “orphan” crops
not attractive for commercial purposes and suggest thairdsence of significant social benefits motivates
development by the public sector. In addition, ethidgéctions to patenting may arise, for example, over
the propriety of patenting living organisms.

The emergence of CRISPR and other genome-edéititniques raises questions about their use by
the public sector in development of a resistant bidieeh At the time the committee was writing its report,
there were a number of competing patents and papgtications (Cohen, 201&Jowever, one key patent
holder, the Broad Institute, will not require licensofdts CRISPR innovations for academic and nonprofit
use. Specifically, it states, “Nonprofit institutionsdegovernment agencies do not need to receive a written
license from Broad to conduct internal research, inodiponsored research, to the extent that such re-
search does not include the production or manufacture for sale or offer for sale or performance of commer-
cial services for a fe€!’'So it would seem that CRISPR-enablesistance in a biotech tree would preclude
the tree’'s commercial sale, which might well be constistégth the public interest in protecting forest
health.

Consumer Preferences

Another consideration specific to the developmentiofech trees is the nature of the markets into
which private goods such as timber and pulpwood dde Btotivated by concerns about the sustainability
of the use of forests globally, consumers have sasshirance that the tree products they buy are produced
with practices compatible with that aim. Usualtyis not obvious from inspection of the product how the
tree was grown. Consequently, third-party organiretinow provide certification to consumers that the
trees used for making the product are cultivated aneeled in accordance wiipecified methods that
are supposed to promote sustainable use of forest reséuktdise time the committee was writing its
report, some forest certification programs appliethenUnited States prohibited the use of biotechnology.
For example, based on its embrace of the precautionary prifth@eSustainable Forestry Initiative (SFI)
has restrictions on the use of biotech trees untilnideo&2022. However, SFI poy statements recognize
the evolving nature of the underlying science and thenpial benefits of biotech trees and state that it will
“proactively review and update ... this policy as neeeg’ (SFI, 2015). Depending on the extent of adop-
tion of such certification in the market, the imtuztion of biotech trees may be discouraged. At the time
the committee wrote its report, it was difficult to jedgshether such prohibitions against the use of bio-
technology will endure as knowledge about the sciencéhenspecific properties and expected impacts of
biotech trees become better known.

SOCIAL AND ETHICAL CONSIDERATIONS

Alongside ecological and economic considerationg paiaposed use of biotech trees involves taking
a variety of social and ethical issues into account. Social science studies provide some information about
public views, and how the use of biotaeckogy in forests is likely to be derstood by the public in relation
to risk and to alternative tools for addressing threateforest diseases. Other concerns relate to the ways
people value forests, including forests’ wildness aatiralness, how people interpret the use of biotech-
nology as a conservation tool, and how the use of biotechnology in forests is likely to affect social justice.

“Broad Institute. Information about licensing CRISPR genome editing systems. Available at https://www.broad
institute.org/partnerships/office-strategic-alliances-padnering/information-about-licensing-crispr-genome-edi.
Accessed November 21, 2018.

SFAOQ. Sustainable Forest Management (SFM) Toolboxilable at http://www.fao ig/sustainable-forest-man-
agement/toolbox/en. Accessed November 21, 2018.

6According to the European Parliament, “The precautionary principle enables decisionmakers to adopt precaution-
ary measures when scientific evidence about an environhogitaman health hazard is uncertain and the stakes are
high” (www.europarl.europa.eu).

Prepublication Copy 97

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations

Forest Health and Biotechnology: Possibilities and Considerations

Current Research on Public Views

A number of studies have examined societal view$ooest health threats such as insect pests and
pathogens (e.g., Flint, 2006; McFarke and Watson, 2008; Chang et al., 2009; Flint et al., 2009; Mduller
and Job, 2009; Mackenzie and Larson, 2010; KoosstchHall, 2014; Poudyal et al., 2016). However, in
comparison to the many studies examining societals/avout the use of biotechnology in agriculture and
food (e.g., Finucane and Holup, 2005; Costa-Font et al., 2008; Frewer et al., 2013; Lucht, 2015), there have
been substantially fewer on views toward using blotetogy in trees to address forest health threats (for
a table of these studies, see Appendix D). Mosteddlstudies have been conddateEurope and Canada,
with only a few in the United States. The primargus of most of these studies has been on biotechnology
use aimed at increasing timber in forest plantations (e.g., faster tree growth, better wood structure) or re-
sponding to climate change, with only a few recamdists on using biotechnology for restoring tree species
or reducing insect pests and pathogens in forests.

Understanding societal responses is importaninfigitiple reasons. First, democratic governance of
emerging technologies in forests and elsewhere recpiiestion to societal views and concerns. Second,
given the variety of approaches available when amiing a threat to forest health, scientists and land
managers may wish to align their actions with thefgrences and values of citizens and other groups to
build confidence and trust, avoid controversy, or botiird, since the advent of the environmental move-
ment in the United States in the 1960s, a broadtspm of people demand and expect involvement in
natural resource management issues with someseaiing co-management with agencies. Complicating
these objectives, however, is the existence of mulfjlblics” with interests in trees and forests (e.qg.,
citizens or residents, government agencies, compan@sas growers and processors, direct and indirect
consumers of forest products, ard/ironmental groups; Davison et,dl997; Sedjo, 2010). Discontented
groups can resort to administrative appeals, court cps@ests and demonstrations, ballot initiatives, and
direct action if they perceive that their concesins not being addressed. These societal responses, which
can be influenced by the attitudes, norms, perdeiigis and benefits, knowdge, trust, and values among
citizens and other publics (e.g., agencies, compamneg) affect the adoption and management of biotech-
nology tools in trees and forests (Sedjo, 2006; Gupta et al., 2012; Strauss et al., 2017).

Attitudes and Norms

Although the potential use of biotechnology iees and forests has raised concerns among some
people, as illustrated by monikers and catchphrasgsasi“Frankenstein Forests,” “Frankentrees,” “De-
signer Trees,” “Silent Forests,” and “Terminator Genes” (Hall, 2007; Gamborg and Sandge, 2010; Lom-
bardo, 2014; Porth and El Kassaby, 2014), a majority of the relatively limited number of published studies
have shown somewhat positive attitudes and normatiegeptance among the majority of citizens and sev-
eral other publics (e.g., agencies, compani&ifudesinvolve evaluating something, such as biotechnol-
ogy, with some degree of favor or digta (i.e., like, dislike; good, bad), whereaasrmsare standards that
individuals use for evaluating their acceptance of sbimg and whether they think it should be allowed
(Eagly and Chaiken, 1993; Vaske andiwé#ker, 2004; Fishbein and Ajzen, 2010).

Most studies have reported that although peoplenast supportive of natural regeneration, selective
breeding and planting of native tree species, and sitagesnent practices suchthsning and felling to
address forest health threats, the majority alggpsrt some biotechnological approaches, and many of
these methods are viewed as more acceptable thag dothing in the face of severe threats to forests
(Hajjar et al., 2014; Hajjar and Kozak, 2015; Ngei al., 2015; Fuller et al., 2016; Needham et al., 2016;
Jepson and Arakelyan, 2017a,b). Both Hajjar e28l14) and Hajjar and Kozak (2015), for example, re-
ported that approximately 85-90 percent of theirsadpnts living in Western Canada accepted the breed-
ing of native species to address forest health thifeat climate change, and approximately 50 percent
also accepted the planting of trees with traitsouhticed via biotechnology, but only 35 percent accepted
no interventions. A more recent study also in Westeanada, however, found that only 25 percent of
residents were supportive of using biotechnology forestation efforts in ponse to climate change
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(Peterson St-Laurent et al., 2018). Needham et @L.62found that U.S. residents considered native tree
breeding and other conventional forms of forest rgan@nt to be most acceptable for addressing chestnut
blight in American chestnut trees (68—88 percent),abntajority also suppordeusing various types of
biotechnologies for mitigating this issue (53—64 percent). Nenal. (2015) found that 56-59 percent of
students in universities in Serbia agreed with ubiotechnology in trees, and Fuller et al. (2016) reported
that 66 percent of UK residents accepted biologioatrol methods (including biotechnology approaches)
for managing tree pests and diseases. Adding additioiaace, Jepson and Arakelyan (2017a) found that
cisgenic approaches (i.e., genetic modification withegdargely from the same species) were in the top
three preferred options (fé&4 percent of residents surveyed)oam eight courses of action for addressing
ash dieback in the United Kingdom, but transgenichiodd (i.e., genes from unrelated species) were the
least or second-least preferred choice for 85 percahist residents, suggesting that there is sensitivity
to differences among various biotechnological solutions.

Many studies have also reported that biotechnological tools tend to be either just as acceptable or even
more acceptable than hybridization with nonnaspecies (a nonbiotechnological tool). Needham et al.
(2016), for example, reported that changing gendsgrierican chestnut trees (57-58 percent of U.S. resi-
dents supported this approach in general), suetddisig genes from bread wheat (the OxO gene; 54-55
percent supported this approach in particular)s were acceptable for addressing chestnut blight than
breeding with nonnative Asian chestnut species (43-46 percent supported). Jepson and Arakelyan (2017b)
found that only 17—-18 percent of their respondentiernUnited Kingdom preferred breeding and planting
nonnative ash to mitigate ash dieback, whereas 27 pg@medatred “using genetic modification techniques,
including cisgenics and transgesii (unlike Jepson and Arakelyan,12@, cisgenic and transgenic ap-
proaches were combined in this later study bystvee authors). Both Hajjar et al. (2014) and Hajjar and
Kozak (2015) found similar levels of acceptanggpfaximately 50—60 percent) among Western Canadians
for breeding and planting different tree species and planting species altered using a biotechnology approach
for addressing threats to forest health from climatngk. A more recent study in Western Canada found
that 26 percent of residents supported reforestatiinnennative species and, similarly, 25 percent sup-
ported using trees containing genetic material altérealigh biotechnology (Pesan St-Laurent et al.,
2018).

Surveys have found that the use of biotechnologyeies and forests is slightly less acceptable than
the use of biotechnology in some other industrieh sas medicine, but more acceptable than using bio-
technology in agriculture and food (Connor and Sgg#010). Studies have also shown that people tend
to be more supportive of usingobéchnology to address immediately pressing and tangible forest health
threats, such as insect pests and pathogens, compath@tessues such as climate change or improving
tree growth and productivity foncreased timber harvesting (Namit al., 2015; Fuller et al., 2016; Need-
ham et al., 2016). In a study of university students in Serbia, Iddral. (2015) found that, on average,
enhancing resistance to diseases wastbst acceptable use of biotecluyyl in trees. Similarly, Needham
et al. (2016) reported that biotechnological appreachere slightly more aeptable among American
residents for addressing chestnut blight (53—-64 perttesm)for mitigating effects of climate change (45—
58 percent) or for increasing forest growth and pobigtity (43-55 percent). &spite these findings, the
use of biotechnology is much more acceptable intateom forests than in noncommercial forests. Jepson
and Arakelyan (2017a), for example, found thatyd8 percent of UK residents approved of planting
cisgenic or transgenic ash trees in woodlands, bpe6éfent supported planting these trees in forest plan-
tations. Likewise, Kazana et al. (2015, 2016) reported that the majority (56—93 percent) of university stu-
dents in 15 European and non-European (e.g., Airgerisrael) countries approved of growing transgenic
trees in plantations.

Attitudes and norms toward the use of biotechnolodyees and forests also vary among citizens and
other interest groups (e.g., agencies, nongovernnmagiahizations [NGOs], scientists; Friedman and Fos-
ter, 1997; Strauss et al., 2009; Needham et al., 2016; Nilausen et al., 2016). Nilausen et al. (2016), for
example, found that government (78 percent suppod)industry (100 percengpresentatives had highly
positive attitudes toward using tool$ated to biotechnology in trees asugpported their continued research
and use in Canada, whereas environmental NGOs (88rigand indigenous gups (17 percent) had far
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less positive attitudes. Needham et al. (2016) reptintdcompared to American citizens (53—64 percent
support), other groups involved in forest issues. (asgjentists, agencies, companies) had more positive
attitudes (81 percent) toward using biotechnologyddress chestnut blight. Conversely, Hajjar et al.
(2014) found that although approximately 50 peradgriwestern Canadian residents supported planting
genetically engineered trees to help forests resfwuoliimate change, only 30 percent of community lead-
ers (e.g., elected officials such as mayors, counaiipees, and town managers) supported this approach.
Friedman and Foster (1997) reported that governmamagers and scientists in the United States were
concerned about potential impacts of using bioteayyoin trees and forests (e.g., possibility of reducing
genetic diversity). However, in a study of governmantversity, and private-sector scientists in both Can-
ada and the United States, Strauss et al. (2009) thahchore than 70 percent believed regulatory require-
ments are significant impediments to research on forest biotechnology, and that the use of biotechnology
in trees should be encouraged.

Perceived Risks and Benefits

These attitudes and norms associated with the usetethnology in trees and forests are influenced
by cognitive factors such aisk perceptiongConnor and Siegrist, 2010), which are subjective and negative
evaluations of threats posed by potential hazartts/i€S 2000, 2010). Objective risk is defined as the
calculated probability and consequences of poteméizhrds, whereas perceived risks are subjective judg-
ments that draw upon intuitions and other heurtacesses (Slovic, 2000, 2010). For example, people
often express more concerns aboev, unknown, and unnatural hadsithat are not well understood or
are outside of their control (Slovic, 2000, 2010; Sjéberg, 2004; Finucane and Holup, 2005), and this means
that these risks are often perceived as more signifiban other hazards that are more common and well
known, but have higher objective risk.

Given their novelty, biotechnological approachesrmdifying forest trees are expected to be per-
ceived as riskier than familiar methods such as seéebreeding (Strauss et al., 2017). As mentioned
above, research examining societal responses towalsdsefor mitigating forest health threats showed
that biotechnological approaches were often perdeageless acceptable than more familiar approaches
such as tree breeding, planting, thinning, andigl(Hajjar et al., 2014; Hajjar and Kozak, 2015; Needham
et al., 2016; Jepson and Arakelyan, 2017a,b; Pet&tshaurent et al., 2018). Yet, such responses are not
entirely consistent, because breeding with related spdeig., American chestnut with nonnative Asian
chestnut, native ash in the United Kingdom with nonnadst®) was considered by citizens to be riskier
compared to some cisgenic (ealtering genes in native ash in theited Kingdom; Jepson and Arakelyan,
2017a,b) and transgenic approaches (e.g., insertmesdeom unrelated speciggch as from bread wheat
[i.e., the OxO gene] into the American chestnut; dieen et al., 2016), suggesting that perceptions of
naturalness or familiarity may elicit different concemmsome cases. For expla, Asian chestnut species
are more closely related to the American chestraut thheat is, but are not as familiar to Americans as
wheat (i.e., as a source of bread; Strauss et al., 28fpugh speculative, it may also be that concerns
about naturalness and purity of species are driving gmeferences, as the traesic tree maintains a
higher percentage of American chestnut DNA thémaekcrossed tree with DNA from both the American
and Asian chestnut species (Nelson et al., 2014; Pa@dl4). In fact, recent research in Western Canada
showed that perceived transgressions of naturalnessrdsident perceptions of risk and levels of support
more than the biotechnological intervention itself (Peterson St-Laurent et al., 2018).

Sjoberg (2004) identified interfering with nature aederity of consequences as two other important
dimensions of risk perceptions rdd to biotechnology in general (nutcessarily related to forestry or in
any specific location). The same societal concerpsitatisks associated with humans manipulating, tam-
pering, and interfering with natuhave been found in studies of biotechnology in trees and forests in West-
ern Canada (Hajjar and Kozak, 2015) and the Unitedg#&m (Jepson and Arakelyan, 2017b). People have
also perceived that severe changes in ecosystampaents and functions are among the largest risks of
forest biotechnology. For example, respondents iersg¢studies in Canada and Europe were concerned
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that altering genes or adding transgenes in plantates could change genes or reduce the genetic diver-
sity of wild or native trees (through gene flow), cagdong-term impacts on biodiversity that are currently
unknown (Kazana et al., 2015, 2016; Ndet al., 2015; Tsourgiannis et al., 2015, 2016; Nilausen et al.,
2016) and potentially increasing legaid liability concerns (Strauss a&lt, 2009). Additional concerns
included vulnerability to other tree diseases and ingpiom more pesticide inputs (i.e., from using dis-
ease-, herbicide-, and insect-resistant traits; Kazana et al., 2015, 2016etNani2015). Taken together,
these findings are consistent with those of Loramid Minogue (2015), who examed perceived risks of
eucalyptus plantations in the southeastern UnitateStand found that invasion potential and associated
negative ecological impacts on nonplantation forestevpegimary concerns. Similarly, Friedman and
Foster (1997) surveyed U.S. forest agency empldyaes found that loss of adaptation, reduced genetic
diversity, and changes in ecosystem components tiveriargest perceived risks from the use of biotech-
nology in trees and forests.

In addition to these risks, attitudes toward usingdaiohology in trees and forests may also be related
to the extent that people view these approaches afidiein&kesearch mostly in Canada and Europe has
found that respondents in several stugieceivedoenefitsof forest biotechnology, including:

1. Increased tree growth and productivity (Kazana et al., 2015, 2016 istoali, 2015);

2. Economic and community benefits such as greatgployment and income, more economic di-
versification and competition, and redugawduction costs and losses (Neumann et al., 2007,
Tsourgiannis et al., 2013, 2015, 2016; Hajjar et al., 2014; Hajjar and Kozak, 2015);

Greater consumer choice and purchasing op{idssurgiannis et al., 2013, 2015, 2016);
Restoration of contaminated soils (Kazana et al., 2015, 2016);

Reduced pressure on harvesting trees from foresistchnology is constrained to plantations
focused on increasing growthi{&@usen et al., 2016); and

6. Reductions in insecticide, pesticide, andoi@de inputs (Kazana et al., 2015, 2016).

arw

These benefits, however, may differ depending onyje and scale of production (e.g., plantation owners
or smaller community forests) as well as the intetttiofechnology use (e.g., to increase timber, protect or
restore forests, reduce insects and diseases; Strauss et al., 2017).

Knowledge, Trust, Values, and Communication

Knowledgecan also influence attitudes toward biotecbggl(Connor and Siegrist, 2010). Some stud-
ies in Europe and the United States have showrthibanajority of citizensrad other publics (e.g., agen-
cies, companies) who have been surveyed are awpegtmlular forest health threats and have heard about
the potential for using biotechnology in tressd forests (Kazana et al., 2015, 2016; Nmtial., 2015;
Needham et al., 2016). Both Kazana et al. (2015, 2016) andiibal. (2015), for example, found that
60—70 percent of their respondents in mostly Europeantries knew what a transgenic tree was and were
aware of the meaning of transgetrees. However, given the complexity and novelty of biotechnology in
trees and forests, many people lack detailed knowlatgat specific aspects of this topic (Strauss et al.,
2017). Kazana et al. (2015, 2016), for example, founddsppite high general awareness about this issue,
fewer than half of their respondents in 15 Ewap and a few non-European countries (Argentina, Aus-
tralia, Israel) could specify berisf or risks and knew whether theseets could be deployed in plantation
forestry (e.g., grown commercially, sold on the matKehis finding led these authors to believe there was
“a serious perceived lack of knowledge about potebgalefits and risks of the cultivation of transgenic
forest trees” (Kazana et al., 2015:344). Although this does not invalidate the findings of other social science
research that can be valuable even when knowledge apecific aspects of a topic is relatively low, it

"Friedman and Foster (1993)rveyed employees of the U.S. Foreswige, the Fish and Wildlife Service, and
the Bureau of Land Management as vaslthose at state and local agencies.
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serves as a reminder that as various publics learn aimret biotechnology in trees and increase their
familiarity with this topic, their attitudes, norms, gmerceptions of risks and benefits may change. In other
words, these societal responses are highly dynammintextual, and varied in their intensity.

Respondents in a few mostly European studiesvli¢hat labeling and loér forms of marketing
and promotion could serve as one way of increaawareness about forest biotechnology (Tsourgiannis
et al., 2013, 2015, 2016; Kazaet al., 2015, 2016; Noiiet al., 2015). These studies showed that the
majority of their respondents believed that labéisutd be required on any forest products involving the
use of biotechnology, such as final products that caitgith from cisgenic or tragenic trees. Other Euro-
pean studies have discussed additional methods fagaisiolg information about threats to forests (e.qg.,
insect pests, pathogens, climate change) and inogelsowledge about potentiiotechnological inter-
ventions for addressing these threats, including newsrage and social media attention (Tsourgiannis et
al., 2013, 2015, 2016; Kazana et al., 2015, 2016; Netral., 2015; Jepson and Arakelyan, 2017b). How-
ever, a couple of studies have shown that attitudesdotlve use of biotechnology in trees and forests are
extremely sensitive to informational messages and raliheto persuasion campaigns. For example, in an
experiment involving samples of adults in the easteritedrstates and also students in Canadian and U.S.
universities, Needham et al. (2016) found that acceptance of biotechnological interventions in trees and
forests dropped dramatically (from 75—-83 percent dow#0—-44 percent) as soon as messages included
any negative arguments (e.g., pejomtianguage) about this topic. Sinila Hajjar et al. (2014) reported
that acceptance changed for many of their Westerndi@aneespondents after being told that each potential
intervention (including planting cisgenic or transgemnges) would create either positive benefits or nega-
tive risks and other outcomes.

Given the lack of detailed knowledge about speeai§igects of this topic and the potential malleability
and instability of attitudes in response to informadioor persuasive messages, trust in knowledgeable
experts (e.g., forest agencies, scientists) is an tapoconsideration fornderstanding perceptions and
other responses (Brossard and Nisbet, 208&ial trustis the willingness to relpn those responsible for
making decisions or taking actions affecting lpukvell-being (Connor and Siegrist, 2010). People may
rely on trusted sources to assess complex or unknown issues. A number of studies in Europe and North
America have shown that greater trust in forest managers (i.e., agencies) and scientists is associated with
lower perceived risks, higher perceived benefiitsre positive attitudes, and greater normative acceptance
regarding the use of biotechnology in trees and forests (Neumann et al., 2007; Connor and Siegrist, 2010;
Hajjar and Kozak, 2015; Needham et al., 2016; Jepsorheakelyan, 2017a; Peterson St-Laurent et al.,
2018). These trusted sources can use informational éginsp@ increase knowledge that people can use
for informing their support or opposition toward foregitechnology in various contexts (e.g., private vs.
public land, plantations versus noncormona forests; Strauss et al., 2017).

However, people may trust forest managers and scientists but may not always listen to them when the
information provided conflicta/ith their own worldviewsbeliefs, or values (Kain et al., 2011; NRC, 2015).
Valuesare abstract, enduring, and concerned with desimatnd-states (e.g., safety, success) and modes of
conduct (e.g., honesty, politeness). Valaesbasic modes of thinking thaeahaped early in life by family
or peers, are few in number andatiely stable, change slowly, @rtranscend situations and objects
(Rokeach, 1973; Manfredo et al., 2004). There has ltderresearch examining grpotential direct rela-
tionships between these genemues and more specific attitudes tosvhiotechnology in trees and forests.
However, research has shown thatlateel, but different, concept calledwa orientations can be associated
with these attitudes (Hajjar and Kak, 2015; Needham et al., 2016tdPgon St-Laurent et al., 2018).

Value orientations reflect an expression of momegal values and are revealed through the direction
and strength of basic beliefs that an individual hatggmrding more specific situations or issues (Manfredo
et al., 2004). To measure value orientations towaests, for example, Vaske and Donnelly (1999) asked
individuals in the United States how strongly they agimedisagreed with belief statements such as “the
primary value of forests is to generate moneg aconomic self-reliance for communities” and “forests
have as much right to exist as people.” Patterns artiesg types of beliefs can be combined into value
orientation continuums such as anthropocentrigéritric, domination—mutualism (i.e., utilitarianism—af-
filiation or caring), and use—protection (Manfredakt 2004; Vaske and Manfredo, 2012). In the context

102 Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations

Ecological, Economic, Social, and Ethical Considera$ in the Use of Biotechnology in Forest Trees

of biotechnological interventions in trees and fordseedham et al. (2016) reported that a representative
sample of Americans with biocentric or environit@mvalue orientations had slightly more positive atti-
tudes toward using biotechnology to help trees resist chestnut blight and restore American chestnut forests
than did those with anthropocentric or utilitariadueaorientations. Hajjar and Kozak (2015) found that
among a representative sample of Western Canadfeose with mixed or neutral environmental value
orientations were slightly more accepting of batnology as a solution for addressing impacts of climate
change on forests compared to those with more biocesrientations. A more recent study in Western
Canada showed that residents with anthropocevatige orientations were most supportive of using bio-
technology in reforestation efforts in responselimate change (Peterson St-Laurent et al., 2018). Alt-
hough these findings are mixed, they suggest thatriration campaigns, even from trusted sources, may
have limited success in changing the attitudes ofespeople because these cognitions may be rooted in
base values and value orientations that can be difficult to change.

In addition, the discreditedeficit modelsuggests that if people agi&ven accurate information from
sources that are considered to be objectively trustyarild reliable (e.g., agems, scientists), they would
be more likely to overcome their limited knowledgwl a&hange their opinions to align with these sources
(Davison et al., 1997). However, that is not how npesiple make decisions. In fact, more information
about an issue does not always lead to greater knowledge or support, and it may even produce the opposite
effect (Scheufele, 2006; NRC, 2015). For examiplereased scientific information and communication
from trusted sources may actually heighten rislc@gtions, leading to more opposition toward the tech-
nology (Kellstedt et al., 2008). In addition, mamgople with limited knowledge about a complex issue
(e.g., biotechnology) do not always base theirgiens on new knowledge amtformation from trusted
sources (i.egognitive reasoning Instead, they often base their decisions on values, emotions, heuristics,
schemas, and mental shortcuts, such as informatiom dthers who are like theand important to them
(i.e., motivated reasoningBrossard and Nisbet, 2006). In the context of biotechnology in forests, for ex-
ample, critics may rely on intuitions and mental iea¢Blanke et al., 2015) such as “playing God,” “op-
posite of natural,” and “forest contamination,” wi&s proponents may rely on notions of “technological
progress,” “benevolent scientists,” or “wildernessa managed garden.” This can lead ¢ordirmation
bias, which is the tendency for people to seek infororathat reinforces their own values, supports what
they already believe, and rejects disconfirming rimiation even from objectively trustworthy sources
(Kunda, 1990; Scheufele, 2006; Bsard and Nisbet, 2006; NRC, 2015).

Social and Ethical Values

As the research on public views outlined absuggests, developing biotechnology for use in trees
and forests, especially in noncommercial and leengively managed public forests, poses not only eco-
logical and economic challenges, but also raises a @rggeeial and ethical considerations. Some of these
considerations directly relate to the provisioningodsystem services, including the perceived benefits to
people and the environment (see Chapter 5 for asigmu of the complexity of ecosystem services), but
some social and ethical considerations—especiallyethielating to intrinsic values of forests and social
justice concerns—are not captured in ecosystendices. Although acknowledging that cultural compo-
nents of ecosystem services provide a fairly broadimeiusive umbrella, this section explores social and
ethical considerations as a complement to the ecsystrvices framework. These considerations include
intrinsic values, including the value of wildness, ldrsacial influences, and social justice concerns.

Biotechnology and Forests’ Intrinsic Value

Because the idea of intrinsic value in nature ipanant for many conservationists (Justus et al.,
2009), one consideration is what impact the use ofbiiwtology in forests might have on forests’ intrinsic
value. The term “intrinsic value” can be used in diffénays; the most relevant meaning here is intrinsic

value understood asoninstrumentalalue, interpreted as the “value tbhings as ends in themselves, re-
gardless of whether they are also useful as meaothéw ends” (Brennan and Lo, 2016). If a forest has
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intrinsic value in this sense, it haalue in itself, above and beyondyamse or service that it may provide
human beings (as discussed in Chapter 2). Nonantteafric values are not easily captured in terms of
traditional definitions and applications of ecosystemises (see, e.g., spiritual values in Box 4-1; see also
Chapter 5), although the framework could recognizéémefit that some people experience in recognizing
the intrinsic value of a species or ecosystem.

The use of biotechnology in forests has the poteeiilaér to reduce or protect their intrinsic value.
If biotechnology had the effect of making forests measily available for human use and benefit, then it
could undermine forests’ intrinsic value. Howewghether it actually has this effect depends both on the
purpose of the forests and the purpose of the patitibtechnology being used. Commercial forests are
established primarily for consumptive use; they are likely to have significantly less intrinsic (noninstru-
mental) value than less intensively managed or ormngercial forests (see section “Biotechnology and
Forests’ Naturalness or Wildness Value” below). Myidg the genome of a foundation or keystone tree
species in a less intensively managed forest to increastance to an invasivethagen or insect pest is
not a way ofusingthe forest for human benefit. Whitebark@j for instance, though foundational in its
ecosystem, has little commercial use; biotechnological @satagncrease resistancerteasive blister rust
would not make them more easily available for human benefit.

Biotechnology and Forests’ Naturalness or Wildness Value

The use of biotechnology, though, may still havelicapions for intrinsic value, depending on what
is actually being intrinsically valued about the for&dmhe important way in which forests may be valued
intrinsically is in terms of thewildnessor naturalnesslt should be noted that the meaning, existence, and
value of “wild,” “wilderness,” and “natural” in emanments such as forests have been widely contested.
A number of scholars have argued that the ideava#la@able “wildness” when located in environments
perceived as wilderness or otherwise “set apart” fp@wple is historically and culturally specific, based
on a problematic dualism between humans and natutean lead to devastating impacts on indigenous
peoples who occupy such “wild” placés.g., Denevan, B2; Cronon, 1995; Callait and Nelson, 1998;
DelLuca and Demo, 2001; Nelson and Callicott, 2008wéier, the value of “naturalness” has already
played a significant role in debates about bioteabmgl and it can be expected that “wildness” will be
important in thinking about the use of biotechnolagyess managed or unmanaged forests. Where wild-
ness or naturalness are intrinsically valued, theng beasignificant concerns that biotechnology could
reduce this intrinsic value. One widely expressedceomabout the use of biotechnology, as some of the
research on public opinions discussed above suggests, itsshainsidered to be “tampering with nature”
or “unnatural” (Sjéberg, 2004; Hajjar and Kozak, 201&pson and Arakelyan, 2017b; Lull and Scheufele,
2017). If biotechnology is seen as extending new, aernrdense, human “tampering” into forests previ-
ously valued for their naturalness, then biotechnotamyd be seen as undermining a forests’ value in this
sense. On the other hand, if intrinsic value is (in gakkast) based on the continued natural or wild exist-
ence of a particular threated tree species or population, biological diversity, or the continued health of
the entire forest ecosystem, then the use o&biwiology for forest héth may be regarded gsotecting
intrinsic value.

When considering biotechnology use in lessrsteely managed forests (e.g., public, noncommer-
cial), there may be differerkinds of concerns about unnaturalne€ge is a broader concern about the
“unnaturalness” of biotechnological processes, the kintbotern that has also been expressed about the
use of biotechnology in agricultural crops. Herenriaturalness” denotes “whether it could have taken
place without human beings” (Siipi, 2015:810). This ustémding of “naturalness” may partly explain the
findings of Jepson and Arakelyan (2017a), noted alibagéjn the case of astieback in the United King-
dom, cisgenic approaches were pregd over transgenic methods bg tlesidents surveyed. Cisgenesis
might be regarded as more “natural” in the senséttisamore likely to occur without human intervention
than genetic modification through transgenesis.
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BOX 4-1 Forests and Spiritual Values

Spiritual values are frequently included within cultural ecosystem services, most prominently in the Mil-
lennium Ecosystem Assessment in 2005 (MEA, 2005). Walking within a forest, for instance, can provide
meaningful and satisfying spiritual experiences that may contribute to human self-understanding and sense
of place in the world (Rolston, 1998). However, spiritual values related to forests may also include valuing
forests intrinsically (Moore, 2007). In particular, some spiritual traditions understand entire forests, or individ-
ual trees within forests, as being sacred, inspirited, or of moral significance, and therefore as requiring respect
or imposing duties, aside from any experiential benefits that the forests might bring (Clark, 2011; Cooper et
al., 2016). For instance, many indigenous cultures in North America regard trees as being kin—as brothers
and sisters, or relatives, and as part of living communities of which human beings are just another member
(Brown, 1985; Booth and Jacobs, 1990; Dockry, 2018). Recent research with Anishnaabe communities in
Michigan found that Anishnaabe teachings understand all plants and animals as “persons” who assemble in
“nations” and that these beings are kin, part of Anishnaabe extended family (Reo and Ogden, 2018, see also
Harwood and Ruuska, 2013, on the personhood of trees among Ojibway communities). It is not clear how the
use of biotechnology for forest health would affect, for example, the sacredness of forests or how biotech
trees would be regarded in terms of being intrinsically valuable beings or kin. Depending on how biotechnology
is understood by these indigenous communities, its use could be interpreted as violating “the right to manifest,
practise, develop and teach their spiritual and religious traditions, customs and ceremonies; the right to main-
tain, protect, and have access in privacy to their religious and cultural sites” (UN, 2006). Further research on
the use of biotechnology and spiritual values in forests is therefore needed (see Chapter 7).

However, “unnaturalness” in forests may alsterd¢o wildness understood somewhat differently.
Hettinger and Throop (199%2) defined wildness in a place orribias “something is wild in a certain
respect to the extent that itisthumanizedn that respect. An entity is humanized in the degree to which
it is influenced, altered or controlled by humansthe case of forests, wildness might refer to many
characteristics such as witdigins (humans have not chosen which trees are plamtedle, but a process
of “natural” seed distribution has created the forest); widchposition(humans have not decided which
species are found where); and wilchcessegspontaneous evolutionary and ecological processes are con-
tinuing without human intervention; humans are not thinning or felling trees, removing dead wood or mak-
ing other management decisions that control fqrestesses). The use of biotechnology may be thought to
undermine wildness in forests in any or all of theseses by disrupting the perception of wild origins,
composition, and processes. Given that biotechnolagythe effect of extending human management, in-
fluence, and intention, those forests would lose sofrtaeir perceived wildness by becoming more en-
twined with human action.

Any decision to use biotechnology in forests is guided by human preference for a particular future for
a forest (e.g., forests should continue to containispexpecies), even if thatreference is directed at
protecting or promoting forest health. To use Hettiryed Throop’s (1999) tms, biotechnology is in-
tended toinfluenceandalter the forest and could be impgeted as a form of humamontrol of a forest
ecosystem that previously, in some sense, wakdsgelting” or “autonomous.” The use of biotechnology
may also affect wildness in the more specific sensa®ioned above. For instance, transgenic or genome-
edited trees of species chosen by humans are likbly pdanted in places selected by humans and for some
period at least managed and monitored by humarishwlbuld be understood to reduce wildness in terms
of origin, composition, and process value. The uskiaechnology is also a human intervention in the
“natural” evolutionary trajectory of the forestlthough the use of biotechnology may promote forest
health, it may nonetheless be perceived as diminishingitdeess value of forests. In this sense, debate
about forest biotechnology is likely to resemble thia¢cological restoration, where concerns have been
expressed that the human origin of an ecologicabratsbn makes it less valuable than the original eco-
system, even if the restored system istighing and healthy (Elliot, 1982; Katz, 1992).

On the other handhreatsto forests that biotechnology may counter are predominantly of human
origin (e.g., invasive insect pests and pathogens tatespby people and native insect pests and pathogens
extending their range because of human influences omtel)nGiven that these changes are also signs of
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human influence, forest wildness malyeadybe seen as reduced, if not undermined significantly. Doing
nothing to counter such anthropogenic threats may result in the loss of particular populations or entire
species, with significant effects on forest ecosysteatsatieast in some senses (e.g., species composition)
also mean a loss of wildness. In addition, othertjmas that might protect fest health, such as selective
breeding, seem to pose rather similar threatsilaness as biotechnology because they also involve the
selection of particular genotypes, the decision to glaefs in particular places, continued monitoring of
the trees, and so on. So, although the use of biotechnology in forests may diminish their perceived wildness
value, alternative options (including, perhaps, nooactit all) also reduce wiess, albeit to varying de-
grees and in different ways.

This can be seen particularly clearly in the cakéhe whitebark pine’s status as “symbols of the
primeval forest, the wildernesmd the forces of nature” (Tomback and Achuff, 2010:201). If humans were
to intervene in the genome of tivitebark pine, wildness would bedigced in one sense; the genome of
all future members of the species would now be imiteel by decisions made by humans, which seems to
make them less “primeval” and less symbolic of threec¢és of nature.” On the other hand, whitebark pines
are already being threatened by invasive blistst; mtroduced by humans planting American white pines
that had been grown in Europe and then broughtlmdJnited States; without intervention, the whitebark
pine may be extirpated in many places, or driveextonction. The difficulty lies in deciding how to eval-
uate whether forests devoid or greatly reduced dfelvhrk pines due to human-driven invasive species
and climate change would have more wildness viflae forests populated by biotech whitebark pines.

Biotechnology and the Intrinsic Value ofForest Species, Ecosystems, and Biodiversity

Many environmental philosophers, conservationistg] conservation biologists claim that species
(e.g., Soulé, 1985; Rolston, 198Bmith, 2016), ecosystems (e.ggopold, 1949; Callicott, 1989), and
biological diversity (Soulé, 1985; UN992) have intrinsic value. These claims may have different justifi-
cations. For instance, it may be argued that speciesididvalue rests on their long evolutionary history
and potential (Soulé, 1985), or alternatively rests ergtiounds that species have interests and a good of
their own that are of moral significance and shoulddspected (Johnson, 1991). Although such claims are
contested and controversial (Sandler, 2012), they asdy ltk feature in future debates about the use of
biotechnology in forests, alongsidesdissions of ecosystem services.

These value positions suggest that at least someofiddéstechnology to protect or promote forest
health are likely to be viewed by some constituastpositively impacting or enhancing intrinsic value.
The use of biotechnology to restore the Americantolgsfor example, could be understood as protecting
both the intrinsic value of this species and foressgst@ms by improving their health, and also as promot-
ing intrinsically valuable forest biodiversity byimgoducing a species on which a wide variety of other
organisms depend (Powell, 2016). Similar argumenghtiie made for the other tree species on which the
committee has focused in this repdrbsitive interpretations of thigsnd are supported by Needham and
colleagues’ (2016) finding that having a strongerceitric or environmental value orientation tended to
underpin a more positive attitude toward the use of tiotelogy to help restore American chestnut forests.

However, this should not be tak&o imply general acceptance of the use of biotechnology to promote
forest health. In some cases, an application o&bkatology could present risks to certain intrinsic values,
even as it protects other values. Fatance, the use of biotechnology in a tree species to protect it against
an invasive insect might threaten the survival bkeomative or endemic insect species. In addition, those
who defend the intrinsic value of spegj ecosystems, or biodiversity mego accept the intrinsic value
of naturalness or wildness (Leopold, 1949; Soulé, 1988aning that the use of biotechnology for forest
health could entail choosirgetweerenvironmental values such as species preservation and wildness pro-
tection. Given that the use of biotechnology ire&is may undermine some values while enhancing others,
each possible use of biotechnology in forests is\likelneed its own individual ethical case analysis
(Sandler, 2018).
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This potential choice brings into focus a set of broader social and ethical debates about the use of new
technologies in environmental conservation. The g&meness of ecological irapts from forces such as
climate change and invasive species means thatidraal conservation strategies, including setting aside
nature reserves and restoring species to habitats whikiirhistoric ranges dzome significantly less likely
to achieve goals such as species protection (Minteer and Collins, 2012; Sandler, 2013, 2018). To protect
species and reduce biodiversity loss may then reaq@ve interventionist and managerial conservation
strategies, such as the use of biotechnology. In addition to potentially negatively impacting perceptions of
wildness, the use of such newhaologies changes the nature of itiadal conservation practices, thus
raising a variety of challenges about breader social influences of technology.

Challenges Raised by Broader Social Influences of Biotechnology

Biotechnologies developed to protect and promotestohealth target particular genes in specific
species for particular purposes. Although these targaysbe specific and narrow, many social scientists
have argued that the uses of new technologies almwayshave much wider social and cultural impacts
than their immediate target (Johnson and Wetn2089; Slovic, 2010). Winner (2010:6) maintains that
“technologies are not merely aids to human activity dteo powerful forces acting to reshape that activity
and its meaning.” Technologies suchtlas automobile or the celluléelephone transformed societies as
they were adopted, changing people’s sense of identgyature of human relatiships and interactions,
the nature of and access to employment, and peoplefgday habits. Likewise, the use of biotechnology
for conservation purposes could have much broadeetsbeiffects, including the potential for reshaping
some conservation purposes and practices, effextdilely to follow from the use of more traditional
technigues such as tree breeding. For instanceisth@f biotechnology for conservation purposes could
promote a shift in the focus of conservation from ntoaditional calls to change human behaviors in the
environment, or attempts to separate places andespieocin undue human impacts (e.g., by creating nature
reserves), to much more managerial and intervestistrategies involving altering species and ecosystems
to better fit into a human adapted world (Gambamdg Sandge, 2010; Sandler, 2018). One particular con-
cern here is that the use of biotechnology for foreatth could have the effect of making the adoption of
biotechnology seem more routine, thus serving ageejpped portal or “Trojan horse” for future biotech
modifications in forests or other environments¥ery different—and less altruistic—purposes (Smolker,
2018).

Scholars in the social studies of science astiriology have focused on processes and potential in-
stitutions to understand such potential anthplex impacts through innovations in:

X Anticipatory governance (e.g., Sarewitz, 2011; Guston, 2014),
X Responsible research and innovation (e.g., O&teal., 2012; Stilgoe et al., 2013),
x Future studies (e.g., Selin et al., 2017), and

x Deliberative public engagement (e.g., Delborred.eR013; Rask and Worthington, 2015; Tomblin
et al., 2017).

Such processes may include attention to risks anditendie primary focus of U.S. regulatory oversight
of biotech plants—but also expand to consider a nimobhder and diverse set of values in the context of
uncertainty.
Social Justice Considerations in théJse of Biotechnology for Forest Health

The use of biotechnology for forest health also piidy raises social justice challenges, which may
be overshadowed by analyses focusing on the serviceotbstt ecosystems provide, rather than how the

benefits, costs, and risks derived from those servicedigtributed These social justice challenges relate
to (1) distributive justice defined as “the political processes and structures that affect the distribution of
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benefits and burdens in societigkamont and Favor, 2017); and (@oceduraljustice defined as “the
justice of the procedures that might be used toraéte how benefits and burdens of various kinds are
allocated to people” (Miller, 2017). Given that the w$eiotechnology in forests affects the future of
forests—and therefore of humans—over the long teatial justice challenges also extend beyond present
generations to include tiure generations, raisingtergenerational justicehallenges as well.

Distributive JusticeThe use of biotechnology in forests esgossible issues of distributive justice.
The most obvious justice concerns are likely to lmethwhere some individuals or groups bear a dispro-
portionate share of the risks or harms from the usgodéchnology in forests, but receive few or no bene-
fits. “Risks” and “harms” here do nptimarily refer to risks to humarehlth; relevant risks, for example,
could be to the livelihood or cultural practices affst-dependent communities. If the use of biotechnology
in noncommercial forests reduced tourism, therghtribe a negative impact on those who depend on tour-
ism for their livelihood (though possibly no worse thathé forest were severely affected by an insect or
pathogen). Alternatively, stakeholders seeking tmrest tree species such asAlmeerican chestnut might
benefit from the introductioof blight-resistant transgenic Americahestnut trees, whereas stakeholders
who view any genetic modification of a forest speegseducing its wildness will bear the harm. In this
particular example, perceptions and values drive thigilolition of harm and befiemore so than geogra-
phy, race, or class.

Indigenous populations who have #pial relationships with, and valder, particular forests and tree
species are likely to be significantly affected by the use of biotechnology in noncommercial forests
(Nilausen et al., 2016; see also Box 4-1). For example, blaclkeestir(us nigrg has special significance
for indigenous peoples in the Great Lakes region, especially for basket making (Poland et al., 2017).
Although black ash is seriously threatened by theraid ash borer, the use of biotechnology to increase
resistance in black ash trees might significantly geatie relationship indigens peoples have to this
species. Relatedly, recent research on the potentiataeh of the American chestnut tree draws on in-
terviews with Haudenosaunee community memberd participant observation of tribal meetings.
Barnhill-Dilling (2018) acknowledgedreat diversity in perspectives among the indigenous people with
whom she interacted, but reports several themegamti¢o this discussion; the committee heard similar
information in one of its webinak®ockry, 2018; McManama, 2018; tRason, 2018). First, traditions of
nonintervention in natural processes (Nelson, 2008%tipn the wisdom of attempting to counteract the
effects of the chestnut blight altogether. Seconduralland medicinal practices that used to involve the
American chestnut tree are viewed as unlikely to be egtoith a transgenic or hybrid tree. Third, disre-
spect and abuse of native peoples by Western scigi@ikes, 2006; Smith, 2013) has created a culture of
mistrust that fosters skepticism of scientific innovadiemen when they are presented as beneficial. Fourth,
in a period of increased attention to indigenous cultestoration, a narrow focus on the restoration of a
single tree species is experienced by some tribal members as marginal, if not irrelevant (also see Higgs,
2005; Kimmerer, 2011). Fifth, and most broadlysame indigenous communities, genetic engineering has
come to be viewed as violating tribal sovereigsgif-determination, and the natural order (also see Harry,
2001; Roberts, 2005; Antoine, 2014; Francis, 2015; IEN, 2016) and, as noted in Box 4-1, might be inter-
preted as violating indigenous peoples’ rights. Howeklds important not to overgeneralize. Barnhill-
Dilling (2018) also reported that some indigencgjsresentatives see chestnugbtias a destructive force
and welcome the potential for a transgenic tree t@medioth ecological integrity and cultural practices
related to woodworking and eatingedtnuts. Thus, the distribution of risks and benefits across cultural,
social, and sovereign boundaries introduces great corplaxionsidering the social justice dimensions
of forest biotechnology.

Distributive justice presents the dlemge not only otonsidering potential risks, harms, and benefits
from the use of biotechnology in forests, but alsaneixes the ways in whicthose risks, harms, and
benefits are distributed across populations and indilgdtowever, it is also important to note that the
existing threat—such as from new insect pests tirggens—to which any proposed biotechnology is re-
sponding also generates risks, harms, and berjefds employment from thinning diseased forests or a
new desired species composition after the pesgbae through the forest) distributed unevenly across
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populations and individuals. There is not a no-gsknario for the cases in igh biotechnology use is
being considered.

Procedural JusticeThe challenge of procedural justice isetasure that those who are likely to be
affected meaningfully participate in decision making alloetse of biotechnology in forests; this requires
inclusiveness in consultation and decision-making mhoes. Including all those who are likely to be af-
fected generates particular challenges in the casenoid#ication that is designed to spread in the envi-
ronment and across social and political boundaries. Bintdogy used in one forest is eventually likely to
reach forests (and those living in, dependent on,siting those forests) at a considerable distance from
where trees were initially planted. Therefore, consglonly those people local to a particular proposed
biotechnological use appears to be too limited.

Procedural justice also requires recognition of thadihg of particular cultural groups who will be
affected. For example, indigenous groups should be mgfatly and fairly included in consultations about
uses of biotechnology that may affect their forests, in ways that allow for the sharing of indigenous
knowledge (McGregor, 2002), recognize #éisovereignty, cultural practices and values, even where those
values diverge from the values of other communities iadividuals who may also be affected (Barnhill-
Dilling, 2018). Consultation is aady required if federal policies affect indigenous communities (see the
example in Box 6-15.

Attending to procedural justice is not a recipedeooiding controversy. Ifact, expanding the number
of individuals and groups meanindfulconsulted is unlikely to makeonsensus any easier to achieve.
There will likely be objections to any decisions ublitely taken. However, ensuring procedural justice
allows those with authority to explain how and whytisalar values were prioritized, how the steps toward
decision making in each case were made, and whoaspemsible for them, therefore displaying transpar-
ency in the decision-making procedure. Put simplgcedural justice helps emsufairness even if out-
comes are unlikely to satisfy all members of various publics.

Intergenerational Justic&Concerns about social justice extend beyond those currently alive to include
future generations of human beings. Many trexcigs are long-lived, with life spans exceeding many hu-
man generations. Whitebark pines, for instance, daesith reproductive age until they are at least 20
years old, may not reach maximum cone productidit they are 100, and can live for more than 1,000
years. The use of biotechnology in trees that areyliteeloutlive those who planted them, and that will
affect the species composition of forests for centudlesirly has implications for future generations. In
terms of distributive justice, if present generations @t expected to benefit from the use of biotechnol-
ogy in forests, whereas future generations bore aapspiionate share of the risks and costs, this would
present an issue of intergenerational injustice. Howélvehenefits, risks, and costs may not split this way
at all; it is plausible that presegénerations would bear the costsdefveloping, breeding, and planting
trees generated using biotechnology, whereas futureajemres would benefit from the resulting mature
trees and healthy forests.

This issue is particularly challenging given the utaiaties of the effects of biotechnology over long
timescales, limited knowledge about the future trajéesoof current and new forest pests and climate
change, and the fact that future generations canrettiyi be consulted about their values and preferences
with respect to the use of biotechnology. In the lagguaf procedural justice, it is difficult to imagine a
procedure that integrates the perspectives and concerns of publics of the future, although a number of ways
of integrating such concerns into democraticesyst have been proposed (e.g. Thompson, 2010; Gonzélez-
Ricoy and Gosseries, 2016).

Many other human impacts on the environment viiéa things over the long term, not just the use
of biotechnology in forests. Tree species have appeshektinction in the past due to new pests and have
recovered (Booth et al., 2012). It is possible that, inespespects, the use of biotechnology for forest health

8Examples of consultation models and practices with indigenous communities include Whyte et al. (2014), Farley
et al. (2015), and Norton-Smith (2016).
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would make less of a long-term impact than the pation of populations or even species extinction that
could have been averted by the use of such technolégwever, the long-term nature of this form of
biotechnology is highlighted by the transformatiorso€h long-lived organisms as trees (in comparison
with the planting of annual crops, for instance). Feaorks that focus on “sustainability,” or the preser-
vation of options for future generations may offestructive insight (e.g., Hauser et al., 2014).

CONCLUSIONS AND RECOMMENDATIONS

Because trees are long-lived species that oftést Bxminimally managed or unmanaged environ-
ments, there are a number of ecological, economic, sanilethical considerations that pertain to the use
of biotechnology in forest trees that are not as apiplécto other biotech products, such as agricultural
crops. To be an effective tool in the mitigation okfsirhealth threats, these various considerations need to
be taken into account when making decisions aboutlépoyment of a tree with biotech resistance to
insect pests or pathogens.

Conclusion: Trees with resistance introduced via litechnology will have to survive until maturity
and reproduce in order to pass resistant @its on to the next generation.

Because forest trees are in minimally managednonanaged environments, biotech trees with re-
sistance to pests will have to be genetically fitheir respective environments and capable of competing
with other plant species to become established. Thewlsdlhave to be able to convert the resistance trait
into future generations without gpessing additional traits, such as hfgbhundity and rapid growth rate,
which could lead to invasiveness.

Recommendation: Research should address whetheesistance imparted to tree species through a
genetic change will be sufficient to persist in treethat are expected to live for decades to centuries as
progenitors of future generations.

Conclusion: The importance of managing and consemg standing genetic variation to sustain the
health of forests cannot be overstated.

The postglacial expansion of tree species out efgilacial refugia has shaped genetic variation in
forest populations and enabled local adaptation thaeaapo be pervasive in widely distributed species.
In this context, it is worth considering the adapifyband vulnerability of populations under future cli-
mates. Fitzpatrick and Keller (2015) demonstrated the vulnerability could be measured in terms of
genetic offseta metric that identifies populations withime species’ distributiowhere local adaptation
genex environmentrelationship) is most likely to be disrupted. For example, their modeling has shown
that for the widely distributed boreal trd&gpulus balsamiferahe genetic offset is the greatest along the
northern range edge (Fitzpatrick and Keller, 2015).tifléng spatial regions most vulnerable to genetic
offset under future environmentebnditions can therefore lead better conservation and management
practices.

Recommendation: The deployment of any biotechnological solution with the goal of preserving forest
health should be preceded by developing a reasable understanding in the target species of (a)
rangewide patterns of distribution of standing gen#ic variation including in the putative glacial re-
fugia, if known; (b) magnitude of local adaptation jenex environmentrelationships); and (c) identi-
fication of spatial regions thatare vulnerable to genetic offset.

Conclusion: The public sector will be best positionetb lead development of biotech trees because of
the public-good aspect of forest health and the intgion for the spread of a biotech tree through a
forest ecosystem.
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The role of the public sector (including governmamd nonprofit entities such as private foundations)
arises out of the likelihood that the private sector willingest in the protection of forest health because
it cannot fully capture the benefits that may accrue aaduose it will not be able to restrict access to a tree
that is released with the intention that it propa@ately. Without the expectation of market revenue suffi-
cient to justify the costs of development, the privagetor will not have sufficient incentive to invest its
resources. Beyond this market failure, the justiftcafor use of public funds arises from the nonmarket
benefits of healthy forests.

Conclusion: The relatively long time required forthe development of a biotech tree may adversely
affect the incentive for both private- and public-sector investment.

The costs of development of a biotech tree (oreéad any tree bred or designed for pest resistance)
will be incurred up front and the benefits will folloyears later. Such a difference in the timing makes
investment with a long time horizon problematic. Comp#oetie private sector, the public sector can have
greater patience when significant public benefits are forthcoming.

Conclusion: Few studies of public attitudes towardiotechnology to address forest health threats
have yet been carried out in the United States. Heever, there has been a small handful of studies on
the topic, especially in Canada and Europe. The liited data indicate that while some individuals
and groups are very concerned about possible depiment of biotechnology in forests, attitudes to-
ward the uses of biotechnology examined in thestudies are somewhat positive, especially where
threats to forests are severe.

Compared to the number of studies examining societal views about the use of biotechnology in agri-
culture and food, there have been few studies abauplkople think and feel about the use of biotechnol-
ogy in trees to address forest health threats. Modtest have reported that the majority of study partici-
pants supported some biotechnological approaches, whighoften viewed as more acceptable than doing
nothing to address severe threats to forest health.

Conclusion: Existing research indicates that pubt knowledge and understanding about the use of
biotechnology in forests is low, suggesting that curre attitudes may be unstable and liable to change
with more information. The power of such information to influence dtitudes is mediated by the per-
ceived trust of the sources of information, deliberatn about the topic, as well as the alignment of
new information with deep value orientations.

The lack of detailed knowledge by most memberghefpublic about biotechnology, forest health,
and the biotech and nonbiotech tools that could be tosaddress forest health means that attitudes toward
the use of biotechnology in forest trees are extrgrsehsitive to informational messages and vulnerable
to persuasion campaigns. Information delivered bgtéd knowledgeable experts (e.g., forest agencies,
scientists) may influence attitudes mfbrmation campaigns, even from trusted sources, may have limited
success in changing attitudes depending apless values and value orientations.

Conclusion: Some important ethical questions raesd by deploying biotechnology in noncommercial
forests fall outside any evaluation othanges in ecosystem services.

The use of biotechnology may negatively affecicpptions of noncommercial forests’ wildness or
naturalness. Conversely, the use of biotechnology magdgirforests, in terms of preventing the loss of
valuable species, ecosystems, and biodiversity. It nsayadifect the spiritual interactions some individuals
and cultural groups have with forests. In some sa$e use of biotechnology may mean that protecting
one value, such as a threateneec#gs, means sacrificing another value, such as wildness. These potential
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trade-offs indicate the need for case-specific ethitmhagement assessments that take into account the
different values at stake both in any proposed use of biotechnology, or in not intervening at all.

Recommendation: More studies of societal responses tite use of biotechnology to address forest
health threats in the United States are neede&uch studies might investigate (1) the responses of
different social and cultural groups to the deployment of biotechnology in forests, (2) the stability
and consistency of attitudes toward different apfications of biotechnology in a range of circum-
stances, (3) differences in attitudeward biotechnology strategies (@., cisgenesis, transgenesis, ge-
nome editing), (4) the relationship between deepealue orientations and attitudes toward biotech-
nology, and (5) how people consider trade-offs between values such as wildness and species
protection.

Conclusion: The use of biotechnology for forest tadth, especially in noncommercial forests, raises
broad questions about the social impacts of techrmagical change on society, in particular, how con-
servation is understood and practiced, and how far lotechnological interventions presage a change
to more interventionist management of forests.

The automobile and the cellular telephone transfdrguieties, and the use of biotechnology for
conservation purposes could also have broad sociétats It has the potential to reshape conservation
purposes and practices; for example, it could promotédtdrsim calls to change human behaviors in order
to save the environment, to more managerial atehiantionist strategies involving altering species and
ecosystems to better fit into a human-adapted waiidlerstanding the complex impacts on society of
using biotechnology in trees in minimally managed anmanaged environments will require more study
in areas of governance and public engagement.

Conclusion: The use of biotechnology for forest hetll raises social justice questions, both in terms
of the distribution of risks, harms, and benefitsacross individuals and groups through time, and in
terms of the procedures used to make decisioabout whether, when, and where to deploy the tech-
nology. Indigenous communities may be particularhaffected by these decisions. Given the longevity
of trees, the use of biotechnology for forest health (¢he decision not to use it) will have significant
impacts on future generations.

Distributive justice is concerned with potential riskarms, and benefits attte ways in which those
risks, harms, and benefits are distributed across ppus and individuals. These concerns apply to the
use of biotechnology in forests as well as to the thpested by insect pests and pathogens to forest health.
Procedural justice seeks toseme that those who are likely to béeated meaningfully participate in deci-
sion making about the use of biotechnology in fordbts;requires inclusiveness in consultation and deci-
sion-making procedures. However, it does not guarans@lirparties will be satisfied with the outcome.
Intergenerational justice recognizes that concerns ammial justice extend to subsequent generations,
which is particularly pertinent tthe use of biotechnology in tregisce many trees will outlive those who
create and plant parent trees with resistance to forest ftastdifficult to predict how risks, benefits, and
costs will be distributed among generations becausgeafncertainties of the effects of biotechnology over
long timescales, limited knowledge about the future trajexs of current and new forest pests and climate
change, and the fact that future generations cannditéely consulted about their values and preferences
with respect to the use of biotechnology. This unaastas similar for many human impacts on the envi-
ronment.

Recommendation: Respectful, deliberative, transarent, and inclusive processes of engaging with
people should be developed and deployed, bothitcrease understanding of forest health threats and

to uncover complex public responses to any potentiinterventions, including those involving bio-
technology. These processes, which may include says, focus groups, town hall meetings, science
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cafés, and other methods, should contribute toetision making that respects diverse sources of
knowledge, values, and perspectives.
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5

An Integrated Impact Assessment Framework

Having defined forest health andstribed the threats facing North Aritan forests (see Chapter 2),
examined the options available for mitigating thesedts (see Chapter 3), and elucidated the ecological,
economic, social, and ethical considerations that acanyntine use of biotechnajg in forests (see Chap-
ter 4), this chapter turns to the process of evaluatmgdsks and benefits of interventions to address forest
health. The committee has been tasketth identifying the information and analysis needed to inform a
decision framework for using biotechnology in trees.

Any decision framework for assesgithe potential impacts of introducing a biotech tree on forest
health will need to enable evaluation of trade-bH#$ween positive, negative, and neutral impacts and in-
corporate sources of uncertainty associated with theakiations. This impact assessment approach inte-
grates assessment of potential benefits within @itvael risk assessment framework, which includes eval-
uation of the potential degree and probability of hamd how to manage that harm (i.e., minimize or
control adverse impacts) (NRC, 1996; EPA, 1998). In¢histext, the risk of loss of ecosystem services
over part, or all, of a species’ range is weighedreggdhe potential to recover ecosystem services across
that range with and without the biotech interventidherefore, both the benefits and tradeoffs of those
benefits with any risk should bedluded in the impact assessment of@dsh tree in this context (versus,
for example, assessment of biotech trees enginesrgdfor commercial products). Such a framework
could be used to evaluate any intervention aim@d@toving forest health, including the use of selectively
bred trees, pesticide use, or biological control.

IMPACT ASSESSMENT FRAMEWORK

The characteristics of forest healltat are central to an impaxisessment framework are contained
within the term’s definition in Chapter 2: struayurcomposition, processes, function, productivity, and
resilience. However, given that the definition estélgltsa linkage between changes in ecosystems and in
services that affect humans, an impact assesdnaem¢work should seek to establish causal linkages be-
tween them. The Millennium Ecosystem Assessment rtedk of information on the details of these
connections, except perhaps when considering food atef.vi@aps exist, in particular, with respect to
regulating, cultural, and supportisgrvices, many of which are not traded in markets (MEA, 2005). The
committee notes especially the challes@f incorporating nonmarket cuitll ecosystem services, such as
aesthetic experiences (Cooper et al., 2016). The coeadtto recognizes thaethssessment of impacts
to ecosystem services does not take into account namirestital, intrinsic values (see Chapters 2 and 4).
Although assessing the impact of biotech trees on thesesintvimues is not incorporated into this decision
framework, the committee recognizes the importandhedge values and the likelihood that they will be
prioritized by some stakeholders. In Chapter & dobmmittee recommends further research into a frame-
work that takes these values into account.

Fully informed assessment of the impacts of daplpypiotech trees would include consideration of
other options to protect forest healimcluding that of taking no actiaat all (see Chapter 3). For example,
without intervention to control emerald ash borer (thbeit be by selective breeding, pesticides, biocon-
trol, or biotechnology), many species of ash are cettailecline and, potentially, to face extinction. How
will forest health be affected inithcase? The roles that ash playthim ecosystem may not be completely
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lost with no intervention, as maples and other treeispetay have functional overlap in some ecosystems.
However, other impacts of the loss of the tree maybeatemedied. For example, as noted in Chapter 4,
black ashFraxinus nigrg has cultural value for some Native Antan communities (Poland et al., 2017),
and its disappearance from the forest would hansequences for cultural ecosystem services. Organisms
dependent on ash or on its effects on soils and othectasyf ecosystem structure and function may decline
regardless of its replacement by other trees. If thenpiad impacts of a biotech tree on forest health are
considered only in isolation, thi&kely consequences of taking no actimay be not be fully appreciated.
Historically, tree species have recovered from forestsykat drove them close to extinction, as in the case
of eastern hemlockréuga canadensisluring the mid-Holocene (Booth et al., 2012). However, at the time
the committee was writing its report, forests were eégpeing an increase in pest introductions (Lovett et
al., 2016) and being affected by other stressors, asicfimate change, pollution, and landscape fragmen-
tation (Hansen et al., 2001; Dukes et al., 2009; Rogjeas, 2017). Thus, recovery dynamics possible in
the past should not necessarily lpected to occur in the future.

Further, any restoration process regsiconsideration of silvicultural practices to restore trees to the
landscape across their impacted range. Whethaotobiotech seeds or seedlings are the propagules in-
volved, access to appropriate sites and site preparaigrnave impacts on other areas of forest health. If
planting into a closed canopy forest will require@gay openings, impacts of that disturbance and any
maintenance of openings until saplings are sufficietallyneed to be assessed. For example, growth of
American chestnut seedlings was enhanced ungdérlight conditions and where competition was con-
trolled with herbicides (Clark et al., 2012). Sadacanopy disturbance can increase susceptibility of other
species to insect pests and pathogens, allow establisbfriemasive plants, and increase soil erosion and
carbon and water loss (e.g., Covington, 1981; Densl@k,e1998; Mack et al., 2000; Gandhi and Herms,
2010). These unintended consequences can have impadssystem services that need inclusion in both
the impact assessment and in any site management plan.

Ecosystem Services

As discussed in Chapter 2, ecosystservices are the goods and services that are of value to people,
provided wholly, or in part, by ecosystems (Olandealgt2015). They have been characterized by the
Millennium Ecosystem Assessment as falling into thegates of provisioningsegulating, supporting,
and cultural (Shvidenko et al., 200%) 2015, EPA considered how ecosystem services could be classified
to be useful in assessing how changes in ecosysifets human welfare (EPA, 2015). Specifically, the
interest was in understanding the sequences of human interventiongedaosystems. In the context of the
committee’s report, that intervention would be thieaduction of a biotech tree into a forest ecosystem
with the intent of gene flow through minimally mandgesilvicultural, and urban forest systems. In other
words, the intent of the intervention is for traithterring resistance to insect pests and pathogens to be-
come widespread.

There are a number of approaches to classifgougystem services, but for the purpose of assessing
the potential for biotechnology to protdotest health, perhaps the best aagh is to consider them in the
context of human-induced change. The EPA (2015) cleasdn is meant to enable characterization of the
impacts ofchangein forest structure and functions on the psio of ecosystem services. To be effective,
any changes that occur to ecosystem services musiisalered holistically, not individually; all need to
be accounted for since all are important and interlinked.

The National Ecosystem Services Classification System (NESCS; EPA, 2015) tracks elements of the
environment through the products those elements protlutiee different ways those products are used or
appreciated by humans, to the direct user or appreciator of the products. The classification system identifies
the “hand-off” from ecosystems to human beingsgcifying “environmental classes” and the “end-prod-
uct classes” they provide (see Figure 5-1). The coramittcognizes that the concept of ecosystem services
has an anthropocentric focus ostiumental value and does not incorporate intrinsic value (NRC, 2005).
As discussed above and in Chapter 2, the committeédensshat further researchineeded to develop a
complementary conceptual framework ttedtes intrinsic values into account.
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FIGURE 5-1 Four-group classification structure of the National Ecosystem Services Classification System, depicting
the flow of ecosystem services from the environment to the user. NOTE: Households as Direct Users include individ-
uals, tribes, and communities for whom cultural/spiritual @i aesthetic appreciation, and nonuse values may be
significant. SOURCE: EPA, 2015.

The NESCS (EPA, 2015) does capture the fact that not all ecosystem services are consumed by hu-
mans. Uses (consumptive and nonconsumptive) arisitg in which a person actually uses a good (e.qg.,
visits a forest), plans to use @t entertains the possibility of using it (Pearce et al., 2006). In contrast,
nonuse values are not derived from direct use or contact with ecosystems, but rather from appreciation of
the existence of, say, tropical rain forests, or feoitesire to preserve ecosystems for future generations
(bequest value). A person could value the existefi@good (e.g., an endangered species) even though
she or he may never see the good (Fisher and T@0@8; Cooper et al., 2016). Figure 5-1 shows the flow
of services from the environment to the direct user luevimr a wide range of ecosystems, including forest
ecosystems.

The analysis of the impacts on human welfare basechange in ecosystem services involves iden-
tifying, quantifying, and valuing the services (EPA130 The NESCS sets the stage for quantification and
valuation of use and nonuse values by promotingctrestruction of an inclusive inventory of change.
Particularly in the case of public goods associated flgths of ecosystem services, quantification may be
challenging (e.g., what are the units in which scenic beayilant diversity is to be measured?). Valuation,
as by assigning monetary values, is also complichyethe lack of markeprices for services such as
recharge of aquifers and clean air. At this stageabse of the challenges inagification, cultural, aes-
thetic, and nonuse values may not be captured; henyvéwe committee stresses the importance of their
inclusion (see Box 5-1). There are a number of passdahniques for quantification and valuation, all of
which can be problematic from a methodological standfdlijnik and Miller, 2017). Ultimately, resolu-
tion of these difficulties would be needed to support impaatysis of the use of biotech trees in forests or
other forest health interventions, but that analysis lies beyond the scope of this study.
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BOX 5-1 Incorporating Social and Cultural Impacts

When considering interventions for forest health, the task of ensuring that impact assessment addresses
social and cultural concerns is as important as the ecological impact assessment. Indeed, the social and
human dimensions of the committee’s definition of forest health imply the need to attend to the breadth of
ecosystem services identified in this report, which include cultural and aesthetic services and nonuse values,
as well as consideration of the distributional effects of changes in forest health. Engagement with affected
people is key to ensuring that these impacts are identified and characterized appropriately.

Conceptually, ecosystem services are inclusive of the range of social services as represented by use and
nonuse values (see Figure 5-1). However, because it is difficult to measure or quantify their values, there is
potential for them to be overlooked (EPA, 2016b). As discussed in Chapter 4, social justice challenges can
be overlooked by analyses that focus on the services that forest ecosystems provide rather than on how these
services are distributed and who is involved in decision making about such distributions. To address environ-
mental justice concerns requires “meaningful involvement of all people regardless of race, color, national
origin or income with respect to development, implementation, and enforcement” regarding environmental
policies such as the use of biotechnology in forests (EPA, 2016b:1). Public agency engagement with citizens
yields opportunities for dialogue and education on both sides, in addition to providing insights into the char-
acterization of cultural, aesthetic, and nonuse ecosystem services.

Unlike the study of potential ecological impacts of a particular intervention, social and cultural impacts
cannot be calculated by experts working in isolation. Experts are required, but in a broader and more collab-
orative sense. For example, understanding the cultural impacts of the release of a biotech tree requires com-
munication and engagement with multiple publics ranging from tribal groups to communities near targeted
forests to conservation advocates to recreational users of forests within the range of eventual gene flow.
Biotech trees in forests will slowly spread and have impacts far from where they are planted for decades or
longer. Indigenous groups in the United States may be particularly affected by the use of biotechnology in
forests, so consultation with them is of particular significance, as discussed in Chapter 4 (Barnhill-Dilling,
2018). Any effort to assess impacts will need to be conducted with transparency and provide ample oppor-
tunity for stakeholder participation, early on and as the assessment proceeds. Such processes may be ena-
bled by experts as facilitators but will require the participation of individuals not always seen as experts in
decision making about forest management.

Surveys of public views (e.g., attitudes, perceived risks, perceived benefits, trust) provide snapshots of
information about various publics (e.g., citizens, residents, companies, agencies, nongovernmental organiza-
tions) and offer insight into estimating the social and cultural impacts of different interventions, but they have
limitations (e.g., Sclove, 2010a). Given that surveys tend to offer limited context when asking questions, they
do not necessarily gather highly informed public opinions (i.e., respondents do not have the opportunity to
learn and ask questions prior to completing the survey; in contrast, see Sclove, 2010b; Rask et al., 2012;
Rask and Worthington, 2015). Also, survey participants do not have an opportunity to develop their ideas in
conversation with others, which is how humans often process scenarios that embody mixtures of information
and values (Dietz, 2013). Finally, surveys do little to increase a sense of participation or inclusion in decision
making, which can be an important issue for marginalized groups who may not trust that giving their opinions
will make any difference. Yet, despite these limitations, surveys, when conducted rigorously in terms of sam-
pling and other methodological approaches, remain an important strategy in social impact assessments by
providing a rigorous and defensible method to measure relative support, prioritize concerns, or collect repre-
sentative feedback from a wide array of individuals (Vaske, 2008; Dillman et al., 2014).

More deliberative processes offer an alternative strategy for contributing to social and cultural impact
assessments. For example, the Danish Board of Technology pioneered “consensus conferences’—structured
and facilitated groups of citizens who engaged with highly technical issues relevant to the Danish Parliament
in a series of conversations and interactions with experts, culminating in reports shared with decision makers
(Joss, 1998; Dryzek and Tucker, 2008). This model has been imported and adapted to the U.S. context
(Guston, 1999; Kleinman et al., 2007; Bertrand et al., 2017).

(Continued)
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BOX 5-1 Continued

In April 2018, faculty at North Carolina State University convened stakeholders associated with the po-
tential deployment of the biotech American chestnut tree. The workshop emphasized the sharing of diverse
perspectives, identifying decision points that could benefit from public engagement, and generating idealized
engagement scenarios (Delborne et al., 2018). Benefits of such deliberative processes include:

X The potential for two-way engagement between experts and stakeholders, which promotes mutual
learning and can build trust;

X A more reflective process for determining one’s perspective or opinion;

X Opportunities for amplifying the concerns of marginalized groups whose perspectives may get diluted
in broader survey processes; and

X The promotion of ongoing involvement that might be important to the success of long-term interven-
tions to restore or protect forest health.

Deliberations are expensive in terms of time and resources (Kleinman et al., 2011), and they are less
easily incorporated into media stories that tend to emphasize the importance of pro/con polling data (Schnei-
der and Delborne, 2012), but they may offer rich and worthwhile insight into the generation of potential social
and cultural impacts that experts alone would not identify.

At the broadest level, whatever engagement strategies are employed to identify impacts—whether opin-
ion polling, surveys, focus groups, town hall style meetings, or science cafes (Rowe and Frewer, 2005)—the
goal should be to generate high-quality information that improves decision making. Social and cultural impacts
of forest management are clearly important, as evidenced by the spotted owl controversies in the Northwest
(Dietrich, 1993).

The field of social impact assessment, which emerged in the context of evaluating potential development
projects and interventions, embodies many of these perspectives.? In a foundational article, Vanclay (2003:8)
describes the breadth of social impacts to consider:

X people’s way of life—that is, how they live, work, play and interact with one another on a day-to-day
basis;

X their culture—that is, their shared beliefs, customs, values and language or dialect;

X their community—its cohesion, stability, character, services and facilities;

X their political systems—the extent to which people are able to participate in decisions that affect their
lives, the level of democratisation that is taking place, and the resources provided for this purpose;

X their environment—the quality of the air and water people use; the availability and quality of the food
they eat; the level of hazard or risk, dust and noise they are exposed to; the adequacy of sanitation,
their physical safety, and their access to and control over resources;

X their health and wellbeing—health is a state of complete physical, mental, social and spiritual wellbe-
ing and not merely the absence of disease or infirmity;

X their personal and property rights—particularly whether people are economically affected, or experi-
ence personal disadvantage which may include a violation of their civil liberties; and

X their fears and aspirations—their perceptions about their safety, their fears about the future of their
community, and their aspirations for their future and the future of their children.

aFor more details on social impact assessment, see http://www.iaia.org.

According to the NESCS, the effects of introdgcabiotech tree would be traced to end-products
(second column in Figure 5-1) and then mappedraxtises and nonuses (see Figure 5-1, column 3) and
ultimately to direct users or appreciators (see Figure 5-1, column 4). Box 5-2 describes how these effects
would be traced and mapped for one of the case study trees, American chestnut. The NESCS provides an
inventory of anticipated changes on which citizend government decision makers can focus attention.
Consideration of the consequences of the introducti@nbadtech tree would require information not only
about biotic and abiotic impacts on forest ecosystem structure and function, but also about the effect of the
introduction on the availability and character of breadth of ecosystem goods and services valued by
members of society.
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BOX 5-2 Ecosystem Services Framework in Practice: American Chestnut

To illustrate how the ecosystem services framework described in Figure 5-1 might apply to the introduc-
tion of a biotech tree, the committee has suggested how it might be applied to the case study of a biotech
American chestnut developed for restoration. This evaluation is based on the cultural, ecological, and eco-
nomic role of chestnut before its decline and on an introduction scenario covering its former distributional
range (Paillet, 2002; Ellison et al., 2005). The list of the end-products and services that might be changed is
preliminary. A detailed evaluation would still be necessary to thoroughly assess potential change in ecosystem
services. In this respect, it is worth noting that the practical development of ecosystem systems for regulatory
use is in its early stages (Beaumont et al., 2017). To advance, the committee has identified key needs for
interdisciplinary collaboration, assessment of uncertainty, and modeling of complex systems, among others.

Environment

x Aguatic: Rivers and streams
x Terrestrial: Forests

End-products

x Water: Possible changes in water chemistry due to leaves with low C:N ratio and wood with high tannin
content.

x Flora: If introduced and actively managed, other tree species (e.g., oaks and hickories) might decline
in abundance due to chestnut competition.

x Fauna: Species relying on mast seeding could be affected as this resource would likely increase.
Aquatic macroinvertebrates could be able to use easily decomposing leaves falling into streams. Ver-
tebrates and invertebrates reliant on plant species that may decline or shift in local abundance with
corresponding shifts in other dependent species.

x Soil: Addition of easily decomposing litter could affect carbon and nitrogen cycling.

x Other abiotic components:  Due to high growth rates and durable wood, ecosystems could experi-
ence an increase in carbon storage.

x Other end products: High-quality timber, chestnuts for human consumption, tannins for chemical
feedstock, ingredients for traditional medicine.

x Composite end products: Changes in scenic value, restoration of organism considered functionally
extinct.

Direct Use/Nonuse

x Use: Extractive use, such as raw material (e.g., fuel/energy for biomass), industrial processing (e.qg.,
tannins), support of human life and subsistence, cultural/spiritual activities, information, science edu-
cation, research. In situ use, such as support of wildlife, recreation/tourism, cultural/spiritual activities,
aesthetic appreciation, information, science, education, and research.

x Nonuse: Existence of American chestnut trees (restored from functional extinction), bequest of tree to
future generations, existence of biotech tree in unmanaged landscapes (e.g., views of wildness, revi-
talization of ecosystem).

Direct Users

x Industries: Forestry, hunting, fishing; construction; manufacturing; wholesale trade; retail trade; sci-
entific services; educational services; arts and recreation.

x Households: Individuals and families in tribal or nontribal communities living in or near forests or
visiting forests.

x Government: U.S. Forest Service, National Park Service, Bureau of Land Management, state and
county forest managers.
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The impacts of changes to ecosystem services maemeficial or adverse, may vary in size, and
may differ across different members of socidpowledge about these impacts provides the foundation
for judgments about the potential risks and benefitsitroducing a biotech tree. However, the causal
linkages among changes in forest ecosystems, seraimfluman benefits are not always well understood
by the ecologists, economists, and social scientists must collaborate on the assessment. In 2018, the
National Ecosystem Services Partnershgsda at Duke University, published thederal Resource Man-
agement and Ecosystem Services Guidelidakional Ecosystem Services Partnership, 2018). It provides
practical advice for incorporating an ecosystems aggtrinto resource management. As summarized in a
presentation to the committee (Johnston, 2018), therth@e basic steps in ecosystems services analysis
that must be taken considering the sfiecircumstances of each intervention:

1. Scoping to establish conceptual linkages among actions, ecological systems, and ecosystem ser-
vices and values to different groups;

2. Assessment and quantification to formalize cagbalins, identify ecosystem service indicators
and ecological production futiens, and quantify changes in ecosystem services; and

3. Valuation to quantify the effects on benefits (olugd realized by different beneficiary groups.

Risk Assessment Used in Tandem with Ecosystem Service Assessments

Ecological risk assessment uses science-based méthedsluate the likelihood of adverse ecologi-
cal effects resulting from particular stressors @ioas (EPA, 1998). The assessment begins with problem
formulation, in which risk assessors identify assessmaipoints and develop analysis plan. Endpoints
are typically biological or physical components (e.g., abundance of species) within the environment that
may be affected by the proposed action. For grentEPA (1998:26903) defes an assessment endpoint
as “an explicit expression of the environmental valugetprotected, operationally defined as an ecological
entity and its attributes.” Particular endpoints areasitumally identified based on ecological relevance,
susceptibility (sensitivity to the probable exposuagi] significance to management goals (EPA, 1998).

The choice of appropriate endpoints is crucial in enguhat an assessment is useful for risk managers in
making effective and defensible decisions (EPA, 1998).

In 2003, EPA released a set of conventional gerezological assessment endpoints (conventional
endpoints) that are broadly applicable in many agichl contexts and harmonized with environmental
legislation and EPA policy (Munns et al., 2016). Conventional endpoints are designed to directly protect
ecosystem function and biodiveysdnd to provide science-based proxies upon which an assessment (and
decisions) can be based. Proxies are necessary bewdlseorganisms and processes in an ecosystem
can be studied or monitored (Suter, 2000). Protections recommended by risk assessments focus on protect-
ing specific aspects and organisms within an environment, but they also indirectly support and protect many
ecosystem services important to humans. As suebetbndpoints address many of the ecosystem services
relevant to assessment of forest health. As stated athis@pproach can be adopted as part of an impact
assessment framework but would need refinememictrporate the full suite of services intended in the
committee’s definition of forest health.

When considering impact assessment for the uséotfchnology in forests, links between specific
forest protections and their effects on important estesy services should be magelicit. As suggested
above, the advantage of bringing ecosystem servitesmpact assessments istlit opens up the possi-
bility of including a broader range of values andking the connection between the protection of forests
and human well-being clear for the public, stakdbd, and policy makers (Munns et al., 2016).

Efforts to incorporate ecosystem services direictly risk assessment frameworks have been made,
both to implement broader protections and tmmgabetter public and policy maker understanding and
support (EPA, 2015). EPA has adopted this approach, defining ecosystem services as the outputs of eco-
logical functions or processes that contribute to sociffaveeor have the potential to do so in the future
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(EPA, 2006). In 2015, EPA began explicitly encouragirgititorporation of ecosystem services into risk
frameworks and released a list of ecosystem segéneric assessment endpoints (ecosystem service end-
points). Because the definitions of these endpointsnéeationally broad in guidance, they must be spe-
cifically defined in individual assessments (EPA, 2015).

It is important to note that conventional and &tem service endpoints are complementary rather
than competing concepts (see Table 5-1; EPA, 20Ub5ng et al., 2016). The consideration of conventional
endpoints may be legally required, and they repte$enecologically important and susceptible entities
and attributes that require protection under curreve End regulations (see Chap6). However, although
EPA considers conventional endpoints sufficientuiee in risk assessment (EPA, 2015), the complexities
associated with biotechnology suggistt ecosystem service endpoints should be a required component of
a broader impact assessment. This approach isstemswith EPA’s recommendation that ecosystem ser-
vice endpoints be added in situations that need betteitoning of the effects of proposed actions on those
ecosystem attributes that directly influence husnand where benefits accruing to humans from imple-
menting protections that are not immediately obvious (EPA, 2015).

The use of ecosystem service endpoints alone magfiootl sufficient protection of a forest ecosys-
tem from the effects of intervention, because it caudgite a situation with perverse incentives when, in
fact, the opposite was intended by the decision frearle For example, some ecosystem services may
increase as an ecosystem is increasingly exploitdddst to a point), whereas some ecosystem services
may decrease when protections are implementedefdrer the use of both conventional and ecosystem
service endpoints, in tandem, may work best to preduframework that accourits both human use and
nonuse ecosystem services and long-term ecosystem function.

EPA has considered how conventibrigk assessment endpoints canrélated to generic ecological
assessment endpoints and then to possible genesgstem service assessmendpoints (EPA, 2016a).
Although not customized to the current setting of deveéayiraf a biotech tree, this overview may be helpful
in understanding how risk assessmeitt @rosystem services can be integgdor use in forest ecosystems.

TABLE 5-1 Comparison of Selected Ecologieald Ecosystem Service Endpoints

Conventional Ecological Generic Ecological Possible Generic Ecosystem
Assessment Endpoint Assessment Endpoint Services Endpoint
Population abundance Population and abundance Food production

Population size and structure
Presence/absence of game species
Taxa richness

Plant community uptake and Ecosystem function Air purification (for breathing and
deposition of pollutants visibility)
Plant community net production Ecosystem function Climate stabilization

Carbon sequestration

Water retention Ecosystem function Flood and storm surge regulation
Wilderness quality Area or quality of ecosystem Provision of aesthetic, scientific, rec-
Endangered species and habitat or special place reational, educational, cultural,

area and quality medical, genetic, ornamental, and

spiritual resources

SOURCE: Adapted from Table 3 in EPA, 2016a.
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The incorporation of ecosystem service endpointsgher, is not straightforward. Conventional end-
points are based on precedent, regulations, and ebt&blisactices and usuallyvgarecognized metrics
for assessment (EPA, 2015). They are specificalfinée for each individual framework, and elements
that are not applicable can be dropped and nowgants added when appropriate (EPA, 2015). In con-
trast, ecosystem service endpoints often lack foumdtbases and functional metrics. Some quantitative
methods exist for their estimation, tadditional research will need to benducted before they can be put
into common use (Kremen, 2005; EPA, 2016a). Initeddd the complexity of using ecosystem service
endpoints is increased because a wide range ofseerare taken into account (EPA, 2016a). Given that
this committee’s definition of forest health incikslboth ecological and human dimensions, explicit incor-
poration of both dimensions should be included in assa#snof the risks, benefits, and costs of a forest
health intervention, including the ddopment and release of biotech trees.

TOOLS AVAILABLE TO INFORM AN IMPACT ASSESSMENT FRAMEWORK

Little information exists on the impacts of releggbiotech trees into minimally managed or unman-
aged systems, even for those efastith impacts likely to be similar to those of trees developed through
selective breeding (Hoenicka and Fladung, 2006). Thergethis section discusses the types of quantitative
and qualitative data that will be needbdw the data can be generatad] how they can be used to inform
the impact assessment approach pregok the case of forest trees, data on gene flow, establishment, and
any potential impact of the modified tree specieth@remaining forest ecosystem are critical to assessing
any potential benefits and risks of implementing thishnique. In many cases, the requisite information
will take years to decades to compile, and often a guatibn of approaches will be needed to fulfill all
the demands of a multidimensional assess framework. For example, fitfrials evaluating biotech trees
can provide information about the growth and resistance of the trees, but they can take years to develop and
alone will not be sufficient for assessing the impactelgfasing the biotech tree to address forest health.
However, data from field trials cdye combined with data derived fromther types of plant releases to
parameterize simulation models to inform impastessment. Similar modeling approaches can allow in-
clusion of gene flow and climatic tolerances. Misdghould be reassessed as specific data are obtained
from field trials, allowing adaptive management ofitis& assessment process. Additionally, the results of
surveys and stakeholder engagenasndescribed in Chapter 4 and Box 5-1 will provide information about
human values and concerns associatiétl specific products of biotechnology.

Field Trials

The long-lived nature of tree species not only complicates the development and deployment of releas-
ing biotech trees to maintain or improve forestltieas described in Chapter 3, but it also makes the
assessment of potential impacts difficult. Although niadecan help address the long temporal and large
spatial scales involved (see the next section, “@ierModeling”), the question of how long to monitor
the potential impacts of a genetic change in a lorggt organism and its surrounding ecosystem remains
uncertain. Furthermore, even if critical unexpedtapgacts emerge, reversirmgntinued gene flow will
likely be impossible.

Therefore, field trials of biotech trees are a Mitall. Trials allow for an assessment of both the effi-
cacy and the durability of resistance, and of theml impact on the fithess of the tree species and on
the ecosystems in which it will be released. The longdliimature of trees and the varied ecosystems in
which even a single tree species maguw mean the design of field trials will be more complicated and of
longer duration than those currently implementedfpicultural crops. For example, many tree species do
not produce significant quantities of pollen or seedafalecade or more. As in selective-breeding trials,
resistance in any seedlings produced from open-pdlihated orchards will need to be evaluated over
variable environments (including areas of high disease or insect pressure) and over long time periods.
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Additionally, to increase the probability that resistatehe insect pest or pathogen will spread across
forested systems, field trials need to be plantezhirironments similar to those that the tree species will
encounter. As a result, confinement conferred thralighatically or geographically inhospitable environ-
ments (McDougall et al., 2011) is not an option.

One approach for assessing the suitability eftiotechnological changes and minimizing escapes
may be to develop field trials within the native rang¢he species, but in substantial isolation from other
cultivated or wild individuals in the same speciegienus. In cases where this is an option, methods for
tracking gene flow from seed orchards, includirsg f sentinel trees within and at increasing distance
from orchards and planting buffer trees at edges ¢3oeiral., 2013) may be useful. Simulation modeling
of multiple generations will likely need to accomparsiditrials to better addse the probability of gene
flow over long time frames (Snow, 2002; Linacre and Ades, 2004; see also next section).

However, in many cases isolation will not be feasiglven the long distances that pollen can travel.
It is important that approaches that allow flowgriand pollen production bewrsidered carefully given
that spread is virtually impossible to contain onceciturs. One advantage of tree longevity is that trial
stands can be followed through thelsapstage, with removal of propagated individuals before they flower
or produce cones (Haggman et al., 2013) or attsiesign of reproduction, em though in such cases there
can be at least some gene flow from a few precodrees. Short-term trials would provide time to assess
for traits that might result in a harmful impact wheses are released into minimally managed or unman-
aged environments. Such management has beensg@par nonnative, potentiallpvasive species, such
asEucalyptus urograndjggrown for commercial purposes (Flory et al., 2012). If permitted under controlled
conditions, field plantings would neé¢d be conducted with sufficieassurances that plants would be re-
moved or continuously managed once the researabepivas completed. Effectiveness of this approach
depends on the life history and mgament potential of the tree species involved. The ultimate question of
how long to follow field trials for a tree species widlry by species characteristics and the genetic changes
incorporated via biotechnology.

The need to be precautionary abgpotlen production is complicated because in some cases trials
would need to be of longer duratitmfully assess resistance. Trees may need to be on site for many years
before a pathogen has sufficient impact to juddecgfeness of breeding or biotech interventions. For
example, white pine blister rust can take 5-10 yeagghibit impacts (Kinloch et al., 2008; Sniezko et al.,
2012), and ash trees may need to be of sufficient settréat pests (Duan et al., 2017). In the case of white
pine blister rust, increasing baigen abundance via increasing laalindance of the alternate hdgides
spp.) may accelerate colonization of trial plantatiditis, impact assessment wited to weigh the risk
of longer-term field trials on a case-by-case basis.

Field trials are important because the potential effects of gene flow from biotech trees need serious
consideration. Individuals may be in the systemdecades to centuries, long after people will recall the
immediate concerns that the biotechnology was intetmleddress, but not before the full impacts of de-
ployment occur. Ecological, social, and cultural esmay shift over time, and it will not be possible (at
least with the currently understood state of the scigna@verse decisions made in the present to address
a particular threat. Gene flow can also have econmepiercussions. For exampietransgenes spread into
certified forest operations, this could jeopardize the geatibn status and its associated value; the Inter-
national Forest Stewardship Council does not currerltify genetically altered tree material (Auld and
Bull, 2003). Some markets may be closeditiiech trees or those that are hybrids.

Field trials will be critical to provide informaticabout any short-term impacts and the growth, form,
and resistance of the trees, but they/wanlikely to provide datan interactions with other forest biota and
how the release could affect the entire ecosysteplalftation trials are successful, dispersal, establish-
ment, and growth into mixed-species stands shouldogdested in small-scale pilot plantings. Such trials
would both indicate the real feasibility of the intendestoration and help parategze models that would
not only allow evaluation of whether the timing of gdluev and restoration will exceed that of species
loss from the system, but also of the it ecological impacts of the release.
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Scenario Modeling

Given the long-term nature of developing a bioteele and the limitations of field trials to fully
represent long-term impacts in a forest environment,astemodeling may prove to be a valuable tool in
an impact assessment framework. Impact assessmentsnioaieuse available scientific data can be de-
veloped to assess potential impacts and population dynafiese models can be used to integrate eco-
logical, economic, and cultural considgons, including the benefits tife proposed actions and the con-
sequences of not carrying them out. Synthesis of allabte information and da-model integration will
aid in making the most accurate and informed premistiof potential impacts. Modeling gene flow after
the release will also aid assessment of the successmpadts across the landscape. In addition, modeling
potential scenarios that include and track sources of taitgrwill allow quantification of the reliability
of the assessments, estimation of the predictive capafcitye model, and identification of data needs.
However, these models, which are quantitative in natwitebe challenged by the difficulty of including
many of the qualitative impacts assed with cultural considerations.

Models that simulate spread, performance, andpime cases, impact of introduced plants are com-
monly developed for invasive species (e.g., Bulletlal., 2008; Ibafiez et al., 2009). These models can
address different components of the invasion, inalgidnovement across the landscape (LaFleur et al.,
2009; Emry et al., 2011; Marco et al., 2011), perfamoe under different environmental conditions (Buck-
ley et al., 2003), impacts (Rinella and Luschei, 2@Bdmez-Aparicio et al., 2008), or performance under
climate change scenarios (Beaumont et al., 200&clIBy et al., 2010). Analogous approaches could be
applied to modeling the spreafibiotech trees (see Box 5-3).

Data Synthesis and Data-Model Integration

Data synthesis and data-model integration are camapproaches used for enhancing model realism,
explanatory insight, and predictieapability (Ibafiez et al., 2014; Dietze, 2017). Data-model integration
techniques can merge physiological and demographicniafiion gathered in field trials together with
known species interactions and models of gene floprovide a broad understanding of the introduced
genotype’s performance under a variety of envirorntal@onditions. Outputs from these models can pro-
vide critical information about the potential risks of releasing a new genotype into the forest by providing
not only insight on the potential outcombat also the likelihood of the forecast.

Data synthesis and data-model integration caimipiemented using multilevel, also known as hier-
archical, Bayesian models (Clark, 2005). Hierarchigatlels can integrate diverse datasets and processes
with the goal of developing predictive outcomes (Clark et al., 2010). They provide a venue for examining
the complexity in a system (Clark and Gelfand, 2006addition, these models can incorporate new data
as they become available, informing adaptive mamage of the biotech tree introduction. These tech-
niques are also useful for generating forecasts unfferatit scenarios, includg climate scenarios, while
still tracking the sources of uncertainty associated thighdata, process, or predictor variables. Ongoing
data assimilation into models will also be an impairtaol for continuous impact assessment and adaptive
management. An iterative process of data assiimilatiill improve forecasts by reducing uncertainty in
parameter estimates, improving model structuné, lzetter identifying and guntifying sources of uncer-
tainty (Luo et al., 2011).

Modeling Gene Flow

Given that biotech trees to protect forest healthlal be released into minimally managed or unman-
aged environments, evaluation of their potentiakagris critical in any impact assessment. These trees
would be planted with the goal of maximizing prgpke and pollen spread in ecosystems to restore a
threatened species and protect or restore forest haldtig with data collected from field trials, modeling
the rate of gene flow via pollen spread and seecdigpis essential for understanding the potential spread
of the introduced genes across the landscape amdtiessary planting configuration. Because predicting
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the impact of biotech trees released into the enviemtiis a complex and challenging undertaking, models
can also help evaluate unintended consequendge gfenetic modifications on nontarget organisms and
ecosystem processes.

Gene flow is a multidimensional process that isuificed by the reproductive biology of the source
and recipient organisms, the disturbance and managesgmes in plantations and ecosystems, climate
and other abiotic factors, and the direct and indieffects of the genetic change (Savolainen et al., 2007,
Ellstrand et al., 2013; Tsatsakis et al., 2017). Givenirtherent stochasticity of many of the underlying
processes, as well as the large spatial and temporal gttlesust be considered, direct estimation of gene
flow can be quite challenging, even for well-studéathual crops with wild relatives that have relatively
limited dispersal of seeds and pollen. For exangggmating transgene flow fmo cultivated maize to its
wild relative teosinte has been higldontroversial (Kinchy, 2012), due in part to the considerable meth-
odological and sampling challenges inherent in detgdtiw levels of introgression over very large spatial
scales (Agapito-Tenfen and Wicks@@18). This problem is greatly magnified for trees, which are typi-
cally outcrossing, can disperse pollen and seeds overslozewen hundreds of kilometers (Slavov et al.,
2009; Williams, 2010), and may contribute pollen for ceesirThis complexity mearthat rare, stochastic
events can have outsized importance in determining i@neates, and these are notoriously difficult to
measure (Nathan, 2006; Robledo-Arnuncio et al., 2014).

BOX 5-3 Experience from Invasion Biology

Precisely because biotech trees developed to improve forest health would be intended to spread in the
environment, information from biological invasion theory can be used to inform an impact assessment. One
of the mechanisms that facilitate invasion by nonnative species is that they are introduced without the natural
enemies that held their populations in check in the native environment (Maron and Vila, 2001; Keane and
Crawley, 2002; Reinhart et al., 2003). Thus, increasing resistance to insects and pathogens via biotechnology
that also incurs greater resistance to native insects and pathogens may create a tree that lacks the natural
enemies that would otherwise keep it from outcompeting other plant species. Such changes in species com-
petitiveness can then result in cascading effects on food webs and on the entire ecosystems (e.g., changes
in nutrient cycling, disturbance regime, and hydrology) affecting the ecosystem functionality and ultimately the
ecosystem services it provides (Simberloff, 2011). While this type of response is less likely if native trees are
engineered to be resistant to nonnative insect pests and pathogens, the breadth of potential biotech tree
development means that evaluation of this risk is necessary. Data on the competitive interactions of a biotech
genotype of a species relative to nonbiotech genotypes will help to identify whether the biotech tree might
become invasive.

As the traits produced by biotechnology to reduce tree vulnerability to insect pests and pathogens and to
climate change are intended to spread and persist in forests, risk assessments for invasive plants can provide
further guidance. The Plant Epidemiology and Risk Assessment Laboratory (PERAL) in the Center for Plant
Health Science and Technology at the U.S. Department of Agriculture (USDA) Plant Protection and Quaran-
tine program uses an approach (Koop et al., 2012) that expands on the Australian Weed Risk Assessment
(AWRA,; Pheloung et al., 1999). The PERAL approach addresses entry, establishment, impact, and geo-
graphic spread potential for each species assessed and includes an uncertainty analysis of the data (Koop et
al., 2012). Like the impact-based AWRA (Gordon et al., 2008), the USDA Noxious Weeds Program Risk
Assessment distinguished between harmful invaders and noninvaders with high accuracy in a retrospective
test of introduced species (Koop et al., 2012). Additionally, the PERAL approach is relatively insensitive to the
uncertainty in the data; all of the high-risk ratings and 87 percent of the low-risk ratings are corroborated by
uncertainty analyses (Caton et al., 2018).

Another application of invasion biology to assessment of impacts of biotech trees is the data on the rate
at which invading tree species spread. These data are most relevant for species like the American chestnut,
which have been lost across some or most of their native range. In this situation, understanding the potential
rate of spread may help predict recovery potential. Perhaps the best data on the lag period from date of
introduction to evidence of invasion in temperate tree species indicate that it takes on average 170 years, and
sometimes more than 350 years (Kowarik, 1995). As the spread of the insects and pathogens is at least an
order of magnitude more rapid (Aukema et al., 2010), modeling these dynamics should assist in evaluation of
the likely success of establishing a biotech tree.
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A partial solution to this problem is the use ahslation modeling to integrate all of the disparate
factors that affect gene flow, thereby allowing analgéithe process at spatial and temporal scales that are
appropriate for biotechnology impaassessment (Ellstrand et al., 2013). While spread of small edits in
native genes are difficult to track in wild populatiomsmdels can be parameterizaith gene flow data
from marker genes and fitness differentiatsn results of confined experiments.

There is some dispute about the proper time friamsuch models. On one hand, simulating biotech
tree establishment over many generations enables ass¢sdrttee combined effects of genetic drift and
selection on abundance of resistance alleles in uageahor minimally managed ecosystems (Chapman
and Burke, 2006; Meirmans et al., 2009). Howevéth wees this would require simulations that run for
millennia, and the relevance of such models for-tean ecological risk assessment is questionable. An-
other approach is to use more detailed, spatetjylicit models that run on annual time steps to allow
explicit simulation of disturbance and managemeot@sses within a realistic landscape and time context
(Kuparinen and Schurr, 2007; DiFazio et al., 2012¢hSuodels allow comparison of different manage-
ment and disturbance scenarios and identification ofattters that have the largest impact on spread of
genes; this enables more effective prioritizatioregkarch and monitoring efforts to improve the accuracy
of predictions of gene flow and evaluation of impacts.

Modeling the timing and distance of gene flomdaseed dispersal could help identify the likelihood
that the desired spreadtbie species will occur within a time frarsefficient to allow species persistence.
Successful development of resistant genotypes wiltooter successful species restoration if the scale of
reproduction and dispersal suggests that resistantygesotvill not spread acrofise range of the species.
Including factors associated with chitte change into models may also indicate where restoration might be
most successfully accomplished (Haggman et al., 20fld)anging environmental conditions suggest that
the species requires planting beyond its historically natimge, additional risk factors associated with this
range expansion would require corgsition (Aitken and Whitlock, 2013).

Limited Representation of Qualitative Impacts

Modeling is limited by its ability to incorporate facs such as social, political, cultural, and ethical
issues related to the use of biotech trees to impiarest health. These factors would be incorporated if
the National Ecosystem Services Classification SgsiEPA, 2015) were implemented (see section “Im-
pact Assessment Framework,” above). Refineroétite ecosystem services endpoints may address some
aspects (such as recreational use of a forest), busatfilenot be amenable to quantitative modeling (see
Box 5-1).

Predictive risk assessment and modeling of the potdatialfficient spatial dispersal of the genetic
change over a temporal scale to restore or recoeespbcies should also be assessed, either within, or in
analyses complementary to, those involved in assessjparts on conventional endpoints. The predictive
risk assessment would elucidate the potential for inadvarégrative genetic, ecologicalr health traits to
be inextricably associated withetlintended positive genetic modificati If the genetic change involved
has already been assessed for a ptapt species or for the species deiest in another country (e.g.,
biotechPopulus nigrawith insect resistance in China [FAO, 201@fe results may inform elements of the
impact assessment, as would results from selectaedirg efforts (Haggman et al., 2013). Risk assess-
ments developed for agricultural biotech crops coulg entify some of the information and analysis
needs for an impact assessment fraork, with the caveat that agricutal fields are much more inten-
sively managed than noncommercial forests. Addél differences include the issues that agricultural
fields are not usually viewed as “natural” environmemt&ilderness and that biotech crops are not planted
with the intention of spread and persistence, ageaded for a biotech tree for forest health improvement.

Modeling can help elucidate the scale of potentigliats over time (e.g., Vose et al., 2015). Potential
harmful invasiveness (i.e., large-scale exclusion ofrathtive species) of the tree would be included here
and might involve a modification of the USDA PERAIEk assessment (see Box 5-3). Results from con-
fined growth trials could also inform this assesstmélthough separate risk assessments for field trials
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and unconfined distribution are often required for otlm¥s of biotechnology, in this case both elements
could be considered simultaneously.

Incorporating Uncertainty

Given the critical role of uncertainty analysisiisk assessment (Hayes et al., 2007), explicit evalua-
tion of this factor should be included in the impassessment framework (Hjgan et al., 2013). Uncer-
tainty may result from missing data, data variability, liethe data collected, or external stochastic pro-
cesses (e.g., environmental conditions). ldentifyingsthesitivity of the impact assessment framework to
these types of uncertainty will influence both confidemmcéhe results and thefectiveness of decision
making.

There are numerous methods to evaluate uncert&ntpabilistic models can incorporate uncertainty
at all stages of the analysis (Mantyniemi et al}30Even for deterministic model outputs, potential un-
certainty can be assessed through expert judgmettelnemulation, sensitivity analysis, temporal and
spatial variability in the model output, use of multiphedels, and use of statistical approaches (Uusitalo
et al., 2015). As with data synthesis and data-modegjiation, hierarchical Bayesian models provide a
useful framework for incorporating the differemtusces of uncertainty by representing the system as a
network of components that include observed datdgerlying process models, errors in parameter esti-
mates, and models of parameter inggehdence (Clark, 2005; Dietze, 2017).

Comparing outputs from different modeling approadbles technique to offset uncertainties in the
predictions (Millar et al., 2007) because they focus ffierdint aspects of species’ performances that are
complementary. For example, niche models andge®tased models can be combined to better predict
future species performance and distribution under clictaeage (Morin and Thuiller, 2009; Mellert et al.,
2015). Scenario modeling can also be used to asseastiofpand responses to, environmental stochastic-
ity. Furthermore, these predictions can be improvidd data as these become available over time, allowing
for verification of the forecasts, improvement of management practices, and validation and reevaluation of
the models. Hierarchical Bayesian models can mocodate complex processes within a spatiotemporal
context and still track the uncerttjrassociated with each component (Wikle, 2015). These methods also
allow tracking uncertainty in any forecasts getentdby modeling outcomes under potential scenarios.

Impact assessment models that use availatl#atda: information can be developed to assess poten-
tial benefits, risks, and dynamics. These assessmanild integrate ecological, economic, and cultural
considerations, including the impacts of the propassobns and the consequences of not carrying them
out. Synthesis of all available information will aid witiaking the most accurate and informed predictions
of potential risks (Dietze, 2017). In addition, modglpotential scenarios that include and track sources of
uncertainty will allow quantification of the reliabilityf the assessments, estimation of the predictive ca-
pacity of the model, and identification of dateds. However, as describagbve, the processes of estab-
lishment and spread of forest trees are complex aodr @ver large spatial and temporal spans, so even
estimating the uncertainty in key parameters is chgiiey. A potential solution tthis problem is the use
of adaptive management.

USE OF ADAPTIVE MANAGEMENT

The concept of adaptive management was formaliz¢kle 1970s as a flexibl@pproach to natural
resource management that uses data collected during implementation of a management action to evaluate
the efficacy of that action and make any needed ficatibns (Holling, 1978; Walters and Hilborn, 1978).
Multiple types of adaptive managemdiatve been identified, ranging fraaative to passive. As defined by
Williams (2011:1371) “active adaptive managemetitvaty pursues the reduction of uncertainty through
management interventions, whereas passive adaptanagement focuses on resource objectives, with
learning a useful but unintended by-product of sieci making.” Because active adaptive management is
designed to identify the actions best able to metagement objectives, exjpeental (or quasi-experi-
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mental) comparisons of management applicatioasearployed. Monitoring of existing management ef-
forts to conduct the assessment is more passivgargtally less expensive. Because biotech trees would
require new field trials (if permitted), establishindiae adaptive managemerffats may be less costly
than using this approach for other purposes.

There is increasing interest in using adaptive mameent coupled with ecostgm services as a new
way forward in natural resources management itttited States (Epanchin-Niell et al., 2018). The overall
framework is depicted in Figure 5-2. The procbsgins with a “deliberative phase” during which the
problem is framed by engaging the stakeholders tifgérg endpoints, developing models, and deciding
on an initial course of action. The procedures fdiniteg endpoints in an ecosystem services context and
developing models are discussed above (see sé&isk Assessment Used in Tandem with Ecosystem
Service Assessments,” above). Next is the “fieeaphase” during which the initial management actions
are implemented, and outcomes are monitored to proltieabout the efficacy of the management actions
relative to the defined endpoints. The final phase&itutional learning,” which requires an administra-
tive process to evaluate the data from the techhézahing phase and recalibrate endpoints and refine
management as needed. This process is intendedojgelneended and iterative, where the learning cycle
would continuously improve the solutions to the peal Adaptive managemehas been suggested as an
effective framework for managing exotic tree introdlues for biofuel production (Lorentz and Minogue,
2015) as well as for release of biotech trees into the environment (Strauss et al., 2010).

The current U.S. biotechnologggulatory system accommodates adaptive management approaches
associated with field trials, although this may beitkeh for forest trees due to restrictions on flowering
(Strauss et al., 2015)The committee was not asked to makeommendations about the regulatory pro-
cess, but it was tasked with identifgi how adaptive management canused to enable realistic testing
and assessment of biotechnology approachamit@ating threats to forest health.

FIGURE 5-2 Model for integrating endpoint analysis based on ecosystem services with risk assessment in an adaptive
management framework. SOURCE: Epanchin-Niell et al., 2018.

The U.S. biotechnology regulatory system for biotech plants as it relates to forest health is discussed in the next
chapter. Additional detail on the regulatory system can be found in Chapt&ehefically Engineered Crops: Ex-
periences and ProspedNASEM, 2016).
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The 2017 National Academies rep&tteparing for Future Products of Biotechnologyggested a
tiered risk assessment frameworkttincorporates adaptive managaem@NASEM, 2017). Under such a
system, new biotech products are initially assesse@ssigned to “bins” that are defined by the novelty
and complexity of the product. Each bin then folladifferent risk analysiprocedure. For example, a
native tree that is engineered to have increagpdession of a cisgene might fall into the “familiar or
noncomplex” bin. In contrast, a native tree engineerigld avsynthetic gene that confers levels of insect
tolerance not seen in nature might fall into the amiliar or complex” bin, fggering a more extensive
external input process, as well as interactions éetwesponsible federal agencies and expert advisory
panels. A native tree engineered with a gieam an unrelated species introduced throAghobacterium
might fall somewhere in the middle because such fizadiion is familiar, having been conducted for many
years in agricultural crops, but trees with such modificethave been releasedyoinl agricultural settings
rather than in minimally managed environments.

To illustrate how adaptive management might beiagph a tiered risk framework, biotech trees that
fall into the lower risk bins would be good candatator adaptive management. Such trees could be estab-
lished in large field trials andlawed to flower under a streamlined permitting system. As part of the
permitting process, a monitoring plaowd be developed to ensure thata could be collected to reduce
the uncertainty in critical parametetiesates, such as growth rates, af@owering, gene flow distances,
establishment rates, stability of resistance, occurrehcmanticipated pleiotropic effects of the genetic
modification, and assessment of impacts on key ecosysrntes. The data could then be used to refine
simulation models to obtain more precise prediction of potential outcomes. These analyses could then be
used to propose increasingly larger environmentahses until the trees are either discontinued or dereg-
ulated by USDA-APHIS. Similar adaptive manageneenid be employed for biotech trees falling in other
bins in a tiered framework. Thisegiwise approach may be the only piced way to obtain realistic data
on gene flow and impacts at the spatial and temporal scales that are needed for proper impact assessment
for biotech trees.

In 2008, the USDA Forest Service modified theingadures to integrate adaptive management into
their compliance with the National Environmental Policy Act (NEPA) in 36 CFR Part 220 (USDA-FS,
2008). This adjustment allowed the Forest Servideflement initial manageme practices when there
was some uncertainty about their impacts on desneiboints, monitor the effects of the management
practices, and then alter those practices as ne€dednitial environmental assement carried out to com-
ply with NEPA has to clearly ideify adjustments that could be made in response to monitoring in the
adaptive management context.

A good example of implementation of adaptive management by the Forest Service is provided by the
Black Hills Mountain Pine Beetle Response Project (USDA-FS, 2012). This project was focused on miti-
gating the impacts of the mountain pine beélendroctonus ponderosp@ the Black Hills National
Forest, where an epidemic outbreak of mountain pee#iéwas devastating hundreds of thousands of acres
of ponderosa pindPfnus ponderosaforest. The public called for mitigating impacts of the beetles through
stand management and treatment of infested treesmBin goals were to maintain biodiversity, reduce
fire risks from the large amount of acnulated fuel from dead trees, gmeéserve the scenic beauty of the
area. The proposed management intervention was andtedgrest management pliwat used a decision
tree (see Figure 5-3) to choose among multiple optionstémd thinning, treatment of infested trees by
burning or chipping, judicious use of insectisdon high value trees, and use of semiocherficaigtract
beetles to specific trees where they could be destrayeese latter three treatments were to be conducted
on a small scale initially, coupled with monitoringdeassessment to determine their efficacy. These treat-
ments would be scaled up or abandoned dependingeasutbome. The project included an effectiveness
monitoring plan that is implemented by project ksr@dand interdisciplinary resource specialists on 10 per-
cent of the treated sites annually. The plan wasldpgd and implemented thugh extensive consultation

2Semiochemicals are chemical substances or mixtuséesdlry information between organisms and cause changes
in organisms’ behavior. In pest management, they are used to draw insects to traps for monitoring or removal purposes.
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with state agencies, state governngdfitials, tribes, conservation groups, and an advisory board compris-
ing 16 stakeholders. As of 2018, theetle epidemic had ended in most parts of the forest. The most recent
monitoring report stated that efforts to mitigate tlsi of fire to local communities from the beetle-killed
trees continued and scenery objectives were on trackrnehdut concerns about loss of habitat diversity

in the forest prompted recommendations for appresithat would respond adaptively to those concerns
(USDA-FS, 2018).

FIGURE 5-3 Adaptive management decision matrix for mountaiime beetle control in the Black Hills National
Forest. SOURCE: USDA-FS, 2012.
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This example illustrates the value of adaptive nganzent in a situation where there are multiple,
potentially competing endpoints and uncertainty abimeiimpacts of management interventions. Such cir-
cumstances could also be the case for impact assessmb@rtech trees modified to improve resistance to
insects or diseases. There will be multiple stakehold#hspotentially competing interests, and the mag-
nitude and complexity of the problem virtually ensargreat deal of uncertainty about potential impacts
of such a tree on ecosystem services. The adaptivegeraeat approach allows testing of interventions
coupled with careful monitoring to both reduce thek of unanticipated consequences and to refine the
approaches to management basedccaming from the initial field trials.

For example, in the case of American chestnut erged with the oxalate oxidase transgene to resist
chestnut blight, if regulators decide that the overallagical risk is relatively low (e.g., due to extensive
experience with the gene involved and the methdtiefjenetic modification and the historic presence of
the American chestnut in native forests), a plan mightleveloped to release engineered chestnuts on a
limited basis on a small land area in consultation siitkeholders and informed by extensive simulation
modeling. The plots would be monitored for key par@msethat were determindry modeling to be im-
portant factors controlling the spread of chestnuesghwould likely include factors such as blight re-
sistance, growth rate, seed production, seed didpsesalling establishment, seedling survival, wildlife
usage, soil characteristics, and overall stand biodiyerhe models could bepdated with this new in-
formation and used, again in constitia with stakeholders, to either scale up the release or to terminate
the established trees.

CONCLUSIONS AND RECOMMENDATIONS

Using an impact assessment framework that boitddhe National Ecosystem Services Classification
System developed by EPA would help those who dwyelop, approve, and live with biotech trees to
minimize the risks of using biotechnology in forest trees while increasing the benefits to forest health. It
would help identify the ecosystem services, includimasé related to cultural and societal values, that are
important for addressing forest health within the context of each tree species being modified. Using data
from field trials and results from models, impacts andgbosystem could also be forecasted and evaluated.
Adaptive management strategies to adjust the typesidtance introduced or planting decisions would also
help minimize risks while increasing benefits.

Conclusion: An integrated impact assessment imework that combines ecological risk assessment
with consideration of ecosystem services would provideway to evaluate impacts of introduction of
a biotech tree both on the forest functions and othe ecosystem services provided. Societal and cul-
tural values need to be incorporated into this approach.

Impact assessment integrates assessment of pbteatiefits within a traditional risk assessment
framework, weighing the risk of loss of ecosystem sewiover part, or all, of a species’ range against the
potential to recover ecosystem services across that witigand without the biotech intervention. Bring-
ing ecosystem services into impassessments improves the ability tetanto account social and cultural
values, which are difficult to quantify and therefoften omitted from impact assessments. It also makes
the connection between the protection of forestshamaan well-being clearer for the public, stakeholders,
and policymakers.

Recommendation: Federal agencies should continadforts to improve the incorporation of all com-
ponents of ecosystem services intbe integrated impact assessment.

Conclusion: Field trials are an important tool to gaher data on biotech trees in terms of gene flow,
the durability and effectiveness of resistance, seed geation and dispersal, genetic fitness, and some
impacts on the ecosystems intehich the trees are planted.
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Evaluating the success of an introduced resistaagdn trees can be difficult because of their long
life spans. Furthermore, success hagyrmdimensions: resistance to the target pest, conversion to the next
generation, fitness in the environment, and lack eéesk effects on other species in the environment. Field
trials create conditions for observing and measuriagltfgree of success in these different categories. The
long-lived nature of trees and the varied ecosysiamgich even a singlede species may occur mean
that field trials will need to takplace in many locations for a singlesges. Field trials are also important
because of the potential effects of gene flow froptduh trees, and they also will provide information
about the feasibility of using biotech trees withs&gice to accomplish species restoration or preservation
goals.

Conclusion: Modeling efforts will be essential taaddress the large spatial and temporal scales and
stochastic nature of biotech tree impact assessment.

Impact assessment models that use availabletdicietata can integrate ecological, economic, and
cultural considerations, including the benefits ofihgposed actions and the consequences of not carrying
them out. Synthesis of all available informationtadisodel integration, andadeling gene flow will aid
with making the most accurate and informed preaiitiof potential impacts. Modeling potential scenarios
that include and track sources of uncertainty willalbuantification of the reliability of the assessments,
estimation of the predictive capacity of theael, and identification of data needs.

Recommendation: Modeling and other approaches shld be developed to address questions about
biotech tree gene flow, dispersal, establishmemgerformance, and impact that are precluded where
flowering of field trial material is restricted.

Recommendation: Models for tree biotech impact ssessments should identify, quantify, and account
for sources of uncertainty.

Conclusion: Iterative decision making is requiredsuch that impact assessments are continually mod-
ified with improvements in knowledge gained thragh on-the-ground experience with biotech tree
development, testing, and deployment because ofetluncertainty associated with predictions of the
impacts of release of biotech trees into mimally managed or unmanaged environments.

As field trials return more datnd models improve, the decisions based on those tools will need to be
continually adjusted to ensure tisiéps being taken to address foresdlth maximize benefits and mini-
mize risks. Impacts are likely to vary acrosstbch tree species and will need case-by-case evaluation.

Recommendation: An adaptive management approach tmrest health should be used to ensure con-
tinued learning and address impacts botho the environment and society.
Recommendation: Impact assessment shoulik a continuous and iterative process.
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6

Current Regulatory System for Biotech Trees
and Other Methods Used to Address Forest Health

Consistent with the statement of task for this rephbis chapter sets forth the U.S. federal regulatory
system for any biotech trees as of 2018, including bidteels developed to address forest health problems.
It then analyzes whether that regulatory system, asntlyrreonstituted, evaluates the issues that are en-
compassed by this report’s definition of forestlh and ecosystem service components when making
regulatory decisions on those biotech tr@é® chapter also sets forth the federal regulatory system for
other human interventions that attempt to address fbesdth that are not a biotech tree (e.g., pesticides
and biocontrol agents) and whether those regulatorgregsinake approval decisions that take into account
the broad range of issues in thipag's definition of forest health.

Biotech trees developed to address forest heathegiulated under the same statutes and regulations
as any biotech plant, including commercial bioteeles (such as the virus-resistant papaya, nonbrowning
apple, or cold-tolerant eucalyptus). That regulatosfesy was established i886 when the White House’s
Office of Science and Technology Policy publistied “Coordinated Framework for the Regulation of
Biotechnology” (Coordinated Framework), which is aostatute or regulation but a federal policy state-
ment that established principles on how the fedgraérnment regulates biotechnology products. The Co-
ordinated Framework stated that different agenciéisariederal government should apply existing statutes
to biotechnology products (OSTP, 1986)he Coordinated Frameworkaw partially updated in 1992 to
provide further policy guidance to federal agencias more comprehensively updated in 2017 to provide
further clarity and transparency to the [land interested stakeholders (EOP, 2G1@hder the Coordi-
nated Framework, as many as three different fédsgancies—the U.S. Department of Agriculture
(USDA), the U.S. Environmental Protection Agency (EPA), and the U.S. Food and Drug Administration
(FDA)—could regulate a biotech tree developed to address forest health.

It is important to note that biotechnological apgzhes have advanced since the Coordinated Frame-
work was established as is acknowladigethe “National Strategy for Modernizing the Regulatory System
for Biotechnology Products” (EOP, 2016), which ivhite House released in September 2016. The Na-
tional Strategy mentioned that the federal govemtmeuld provide additional guidance on how it will
regulate products produced througiwnigiotechnologies such as genome edtingcause the different
federal statutes grant each agency authority to regsiecific products, not the process by which they are

The Coordinated Framework presents information about the agencies’ roles and responsibilities in several forms
such as graphics that illustrate agency-specific rolesidaldle summarizing the responsibilities for different product
categories.

2A detailed discussion of the history of the Coordinated Framework and the policies it established can be found in
the National Academies repof@enetically Engineered Crops: Experiences and ProsgR&SEM, 2016) andPre-
paring for Future Products of BiotechnologfASEM, 2017). The controlling document is the 2017 version of the
Coordinated Framework.

3The National Strategy set forth a commitment by USDA, EPA, and FDA to clarify oversight of new biotechnology
products, such as products produced using geretiting and genetically engineered insects.
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produced. The application of the Cdivated Framework to specific products means that biotech trees and
plants may be regulated by zero, one, two, or three or more agéncies.

U.S. DEPARTMENT OF AGRICULTURE

USDA is the first or primary agency that regulademe biotech plants. It regulates the import, inter-
state movement, transport, and environmentabee of biotech plants that fall under @ede of Federal
Regulations(CFR), specifically found at 7 CFR Part 340d issued under the Plant Protection Act as
amended December 23, 2004U.S.C. § 7701 et sédrhose regulations ensutteat these plants are not
“plant pests,” which are defined as “any living staga @iest that can directlyr indirectly injure, cause
damage to, or cause disease in any plant or pladupt’ (7 CFR § 340.1). Biotech plants could become a
plant pest if they carry the genes or DNA of spetlied have been determined to cause injury to other
plants (e.g., whem\grobacteriuramediated transformation is used itdroduce desired genes; Gelvin,
2003). USDA interprets that legal authority so that a biotech plant or tree is regulated if

1. the biotech plant or tree has pests #raton USDA'’s list of plant pests,

2. the process of introducing the change in the plant or tree’s genome involves an organism on the
list of plant pests (such @gyrobacteriummediated transformation), or

3. any of the introduced DNA (the gene, promotor, terminator, etc.) came from an organism on the
list of plant pests (7 CFR § 340.1).

Under those regulations, any regulated biotechtplanust be submitted to one of three oversight
processes before that plant can beaged into the environment. Thest process, known as “notification,”
is used for limited field trials of a biotech plant tiatets certain eligibility criteria and field trial contain-
ment standards. The applicant provides USDA wittotification detailing the release, and USDA has 30
days to respond (USDA-APHIS, 2011). As many as 1f@0@ trials, mostly for grains, fruits, and vegeta-
bles are authorized each year using this proeedar2008, USDA determined “based upon accumulated
regulatory experience and currently available sciettzat’'it would no longer accept notifications for en-
vironmental releases lasting more than 1 year (RFRPHIS, 2008). Thus, no biotech tree that falls under
USDA's jurisdiction can qualify for the notification press since it is virtually impossible to complete a
field trial with a tree in less than 365 days.

The second process to get permission for a limitedselef a biotech plant is the USDA “permitting”
process. That process requires a more detailed afpplicand a longer review time at USDA before the
release is authorized (USDA, 2017e). Permittingoisas common as the notification, although USDA has
issued hundreds of permits since it began regulaiiotgch crops (USDA, 2017b). Since 2008, all experi-
ments with biotech trees that are regulated under 7 CFR Part 340, independent of whether those trees are
developed to address forest health, require a perfoitdbany release into the environment(USDA-APHIS,
2008).

The third process is a called a “petition for non-tatpd status,” where a developer requests that
USDA determine that there is no plant pest risk ftbenbiotech plant, and it is no longer regulated (USDA-
APHIS, 2016). The petition process is the primary gatcommercialization, and more than 124 crops

“The Coordinated Framework identifies agencies othar thSDA, EPA, and FDA thatould regulate different
products of biotechnology. More discussion about other agencies can be found in Chapter 3 of the National Acade-
mies’ reportPreparing for Future Products of Biotechnolo@yASEM, 2017).

SAvailable at https://www.aphis.usdayplant_health/downloads/plant-peet-act.pdf. Accessed July 19, 2018.

USDA has twice proposed revisions to 7 CFR Part 340, once in 2008 and again in 2017; both proposals were later
withdrawn. Until 7 CFR Part 340 is chanlg¢he regulatory system described in this chapter is what will be applied
to trees developed with biotechnology.
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have been deregulated. As of 2018, threedeh fruit trees—transgenic papaya and fland apple trans-
formed via RNA interference—have successfully bgemted nonregulated status, but no biotech planta-
tion trees or trees with traits to address forest hbalthbeen granted that stat As the time the committee
was writing its report, one petition for a eucalyptus tEagcalyptus urograndjsis pending but that tree is
not being developed to address forest health (USDA-APHIS, 2018b).

To decide whether to grant a petition for nonregulatatus, USDA's regulatory review is limited to
determining whether the biotech plant poses a “pbest” risk. The risk assessment process (NASEM,
2016:475)

considers, among other things, whether the [genitieabineered (GE)] crop is more likely than its
non-GE comparator to become invasive or weedypgetanore susceptible to pests or diseases, or to
have greater effects on nontarget organisms. [fJSBnimal and Plant Health Inspection Service
(APHIS)] also considers the potential effects of géoe to wild relatives and other organisms. In
effect, APHIS uses the risk-assessment process tavdeéewhether a GE crop is likely to pose a
greater “plant pest” risk #n a comparable conventionally bred crop variety.

According to USDA, that review process culminatea document, the Plant Pest Risk Assessment,
which is the primary document used to determinetivr to grant the petition. That document is not spe-
cifically required to address broad forest health concemiyg plant pest concerns. However, if forest health
would be impacted because the biotech tree might aiglent pest concern, such as it could become inva-
sive or have an impact on nontarget organisms, tthase issues would be assessethe Plant Pest Risk
Assessment.

In addition to addressing any plant pest issues aitiotech plant, anyegisions by USDA to issue
a permit for a field trial or to grant a petition for negulated status also must comply with the National
Environmental Policy Act, 42 U.S.C. § 4321 et seq. (NEPNEPA was established so that the govern-
ment and the public would be aware of the emnmental impact of governme actions. Thus, NEPA
requires federal agencies to assess the environmental impact of all major federal actions and make that
assessment public. That analysis covers the effetctedhuman environment,” which is interpreted com-
prehensively to include the natural and physical emvitent and the relationship of people to that environ-
ment (42 U.S.C. § 4332(C)). Effects (and impacts) include:

ecological (such as the effects on natural resouraksrathe components, structures, and functioning
of affected ecosystems), aesthetic, historic, cltecnomic, social, or health, whether direct, indi-
rect, or cumulative. Effects may also includesithoesulting from actions which may have both ben-
eficial and detrimental effects, even if on balanesafency believes that the effect will be beneficial.
(40 CFR § 1508%

For each permit or grant of nonregulated statud®RA, compliance with NEPA can consist of conducting

an environmental assessment (EA) and a finding of no significant impact (FONSI). However, if the agency
cannot make a FONSI determination after the cotigpleof the EA, it must conduct a more detailed and
time-consuming environmental impact statement & a record of decision (ROD). Although agencies
must go through the NEPA assessment process, NEB#rdi give agencies any authority to make sub-
stantive decisions based on the results of their emviemtal assessment. In other words, NEPA requires

an assessment of impacts but does not provide asig bor denying or modifying a government action

5Plum resistant to plum pox virus has been deregulated but had not been planted commercially in the United States
as of 2018.

’Available at https://www.gpo.gov/fdsys/pkg/CFR-2017-title40-vol37/xml/CFR-2017-title40-vol37-sec1508-8.xml.
Accessed July 19, 2018.

8Available at https://iwww.gpo.gov/fdsys/pkg/CFR-2017-title40-vol37/xml/CFR-2017-title40-vol37-sec1508-8.xml.
Accessed July 19, 2018.
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based on that assessment. The EA or EIS providesriation about impacts but does not change the
government agency’s proposed action unless the staider which the agency sirrying out its activity
or action itself allows the agency to take into accali@tenvironmental analysis in making its decision.

USDA has received more than 21,000 requests withear the notification or permitting process to
grant a permit to conduct a field trial with a biotecgaorism that could be a potential plant pest. Of that
amount, there have been approximately 1,329ioatibns received by USDA for such trees and 1,191
have been acknowledged and allowed to proceed{gaee 6-1). USDA has also received approximately
441 permit applications for biotech trees and issuedp@®nits (Figure 6-2). It has issued 220 permits to
biotech nonfruit tree species and 167 permits foebiofruit trees (USDA-APHIS, 2018a). For the permits
issued for biotech trees, only 17 of them requiredeAnunder NEPA, 5 fruit tree applications and 12
nonfruit tree applications (see Figué-3). Therefore, USDA completean EA and FONSI for approxi-
mately 4 percent of its permit decisions for biotech tieasould be noted that no field trial with a biotech
forest tree (such as the transgenic chestnut) hagedgam EA for a field trial. All 12 EAs for nonfruit
trees involved commercial plantation species (USDA-APHIS, 2017c).

As of May 2018, USDA had processed 124 petitiomsfmregulated status for biotech plants that
could pose a plant pest risk. To make decisionsosetpetitions and comply with NEPA, USDA generated
110 EAs with a FONSI and nine EISmly five petitions had a FONSI$ix of the 124 petitions involved
tree species—five for fruit trees and one for eucalyptaise-JSDA carried out four EAs for the fruit trees
(only one petition received a FONSI) and an EIS ferghcalyptus. Therefore, USDA carries out an EIS
for a small minority of the petitions it receives haltigh the one nonfruit tree petition did require an EIS
(USDA-APHIS, 2018b).

To the extent that USDA is going to assess foredtth&sues involving biotech trees, it is likely to
occur in its compliance with NEPA. USDA has not cortgdiean EIS for a native biotech forest tree, but it
did complete an EIS for a frost-tolerant eucalyptus tree (see Box 6-1) (USDA-APHIS, 2017a). Although
for a commercial plantation tree, that EIS can prowdme insight into what an EIS for a biotech tree
developed for addressing forest health might cover.

Unapproved,
138

Approved,1191

FIGURE 6-1 Approved and unapproved notifications for biotéees submitted to the U.S. Department of Agricul-
ture for field trials. SOURCE: Data from USDA-APHIS, 2018a.
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Unapproved,
54

Approved,387

FIGURE 6-2 Approved and unapproved permits for biotech trees submitted to the U.S. Department of Agriculture.
SOURCE: Data from USDA-APHIS, 2018a.

FIGURE 6-3 Permits issued for biotech trees requiring anirenmental assessment (EA). SOURCE: Data from
USDA-APHIS, 2018a).
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BOX 6-1 How the U.S. Department of Agriculture Environmental Impact
Statement for Transgenic Frost-Tolerant Eucalyptus Trees Addresses Forest Health

USDA stated that it prepared an EIS for transgenic eucalyptus (Eucaplytus urograndis) because:

[tlhe cultivation of freeze tolerant eucalyptus (FTE) may potentially impact a wide scope of environ-
mental values, including alteration in susceptibility of FTE to disease or insects, alteration in weed-
iness characteristics, potential impacts on soil hydrology and water resources, potential impacts on
fire incidence, ecology, forestry practices or land use, and potential direct or indirect effects on
human health, wildlife, and their habitats. Preparation of an EIS will enable APHIS to evaluate these
and other issues related to the Agency’s decision-making regarding the petition for nonregulated
status. (USDA-APHIS, 2013)

Overall, the FTE EIS completed by USDA assesses some components of “forest health” that are
regulating and supporting services. For example, it looks at impacts on land use if FTE are available
for planting and what types of trees it will replace (primarily pine). The EIS determines that the FTE will
not impact air quality but will have local and direct impacts on water quantity and quality because FTE
will use more water than other types of vegetation and increase sediment loading from forest systems
into forest streams. The EIS analyzed the potential impacts on wildlife, finding that planting of FTEs will
reduce the available understory vegetation for wildlife, provide less food for small mammals and deer,
and reduce the number of bird species (due to reduced, less nutritious, smaller seeds, and less habitat
for shelter and nesting). It analyzed whether the planting of FTEs would increase insect and disease
pests associated with eucalyptus and whether it would expand the area where those pests are found.
Finally, it concluded that “biological diversity is likely to be reduced when compared to planted pine
plantations within the action area, primarily due to the impacts from short-rotation management of FTE
on vegetation and subsequent impacts on wildlife” (USDA-APHIS, 2017a). Thus, it is fair to say that if
USDA conducts an EIS under NEPA for a biotech tree developed for forest health, it would likely assess
a number of environmental and ecological parameters and services that would fall within this commit-
tee’s definition of forest health.

The USDA EIS for FTE generally does not analyze many of the ecosystem services that are clas-
sified as provisioning and cultural services. There is no discussion about the effects of planting FTE
trees on recreation uses or tourism, nor anything about other potential values that humans might attach
to the forest areas where the trees will be planted (USDA-APHIS, 2017a). However, USDA is required
to comply with several laws and Executive Orders, which can be considered policies that require some
limited and indirect analysis of some provisional and cultural ecosystem services. For example, USDA
is required to conduct an analysis of impacts of its decision on endangered and threatened species
under the Endangered Species Act of 1973 and to analyze impacts on migratory birds under an Exec-
utive Order to protect migratory birds—policies that could be interpreted to capture aspects of provi-
sioning and cultural services (Clinton, 2001). The EIS found that planting FTE trees could affect the
critical habitat of many listed species (USDA-APHIS, 2017a). Also, a NEPA EIS must comply with the
Executive Orders 12898, Environmental Justice in Minority and Low-Income Populations (Clinton,
1994), 13045, Protection of Children from Environmental Health Risks and Safety Risks (Clinton, 1997),
and 13175, Consultation and Coordination with Indian Tribal Government (Clinton, 2000). Complying
with each of those Executive Orders requires at least a limited analysis of issues that could be consid-
ered in some cases as provisional or cultural services pertaining to forest health, but it is unlikely to
ever include analysis of cultural or spiritual elements from a healthy forest. Therefore, to the extent that
a particular ecosystem service can be captured by one of several overarching federal laws and policies,
it is likely to be analyzed in the NEPA EIS process. If it cannot be captured under those specific laws
and policies, it will likely be absent from any analysis and decision making, depending upon the partic-
ular ecosystem service at issue.

Not all biotech plants or trees are regulated under 7 CFR Part 340, which only applies to potential
“plant pests.” Since around 2010SDA has utilized its “Am | regulated” procedure to identify approxi-
mately 68 biotech plants that do not involve plant pests and need not comply with 7 CFR Part 340. That
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includes biotech plants developed using biolistics dsasenany plants whose igemes were altered with
genome-editing techniques such as zinc finger nucleaaescription activator-like effector nucleases, and
the clustered regularly interspacslbort palindromic repeat (CRISPR)-Cas9 nuclease system. It also in-
cludes genome-edited plants that Aggobacteriumto introduce the genome-editing cassette as long as
the final product contains no intreced genetic material. At the time the committee was writing its report,
countries around the world were in the process térdening how agricultural products produced using
genome-editing techniques would be regulated, if afThk. European Court of Justice ruled in July 2018
that those products would be considered “GMOstier the European Union’s GMO Directive 2001/18
and would not qualify for an exemption from the subistarrequirements of that Directive as is the case
for products produced with chemical mutagenesisradiation. Thus, this decision means that genome-
edited agricultural products will be regulated verffedently in the European Union than how many ge-
nome-edited crops are regulated at USDA, whizhld have significant trade implicatiohAs of August
2018, USDA has received one “Am | regulated” requesafbiotech tree, a loblolly pine, and found that
it did not fall within USDA’s oversight because thedad genetic material did not involve any plant pest
and the transfer of genetic material was achidaetiolistics (USDA-APHIS, 2018c). Unless the regula-
tions in 7 CFR Part 340 are revised, it is safe torassinat there will be future biotech trees, including
trees developed to address forest health, that wilbaatequired to obtain a permit or the granting of
nonregulated status before that tree is released into the environment.

In conclusion, not all biotechetes developed to address forest health will be regulated by USDA
under its authority through the Plant Protection Act@FR Part 340. If a biotech tree falls within USDA’s
legal mandate involving “plant pests,” then it will régua permit for field trials and cannot qualify for the
quicker “notification” process. It will also need petition for nonregulated status where the agency will
conduct a Plant Pest Risk Assessment and comigiiyNEPA. USDA's review of any application under
its plant pest authority might include some aspectsrest health. That review would be due to the unique
biological characteristics of trees and not because USRAIfgmlly considers forest health issues in its
Plant Protection Act decision process. USDA only considerest health issues in the Plant Pest Risk
Assessment if those issues armsodiplant pest” issues, such asadaess or impacts on nontarget organ-
isms. USDA may consider some forest health issuigs @@mpliance with NEPA, but that analysis is much
more likely when USDA conducts an EIS and tiwe less burdensome EA. However, USDA has only
conducted an EIS on a few of the petitions it has gdaaatel only one on a biotech tree (out of six applica-
tions). Similarly, USDA only conducts an EA for aaimumber of permit applications and has only con-
ducted such an EA on approximately 4 percent obtbtech trees it has permitted. Therefore, since the
primary way that USDA’s oversight under the Plant &ton Act considers forest health issues is through
compliance with NEPA, and the historical rate of corithgcan EIS and EA for a biotech tree is very low,
then without substantial revision to regulatory stafuguidelines, or practice, most biotech trees will not
be comprehensively evaluated for their impamt forest health, as defined in this reploriaddition, the
NEPA process is procedural, saldes not provide USDA with any autltgrto address forest health im-
pacts that are identified in an EA or EIS.

U.S. ENVIRONMENTAL PROTECTION AGENCY

EPA regulates some biotech plants under thdefa Insecticide, Fungicide, and Rodenticide Act
(FIFRA, 7 U.S.C. § 135 et seq.) and the Federal Food, Drug and CosmetfcUxcter FIFRA, EPA
regulates the sale, distribution, and use of pesticidrough a premarket mandatory registration process,
and plants that have a protectant incorporatedtivém using biotechnology (called “plant incorporated

9Judgment of 25 July 20180nfédération paysanne and othe@s528/16, EU:C:2018:583

EPA’s role under the Federal Food, Drug and Cosmetién&olves determining a tolerance level for any pesti-
cide residues that would remain on human food. This portion of EPA’s mandate has little applicability for biotech
forest trees, and so it is not discussed in detail in this chapter.
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protectants” or PIPs) are captured under regulafmnsd in 40 CFR Parts 152 and 174. According to those
regulations, “a pesticide is a substance or mixturendted to prevent, destroy, repel or mitigate any pest”
(40 CFR § 152.3f and a PIP “is a pesticidal substance intended to be produced and used in a living plant
and the genetic material necessary for its production” (40 CFR § 17&@®)those products, “registration
requires an evidence-based premarket review ielwbroduct sponsors submit evidence to demonstrate
that the product will not cause unreasonable adwdfsets on the environment under its proposed condi-
tions of use” (NASEM, 2017:90). The scope of the evaluation of a PIP by EPA is no different than its
evaluation of more traditional chemical or biologipakticides. EPA addresses environmental impacts as
well as impacts on humans and other species (such as insects and aquatic organisms). As stated in more
detail below, that assessment covers some ecologpedtasof forest health botisses the less quantitative
ecosystem services a healthy forest provides (see s&Rggualation of the Use of Conventional Pesticides
to Address Forest Health,” below).

If a biotech tree is a PIP under EPA regulations—for exampleB#cdlus thuringiensigBt) gene
were added to a poplar to confer protection agaosie insect pests—then it would be regulated under
FIFRA. As of 2018, EPA has reviewed and regeddetwo biotech fruit trees under its PIP process: a hon-
eysweet plum with a plum pox viral coat protein gand a papaya tree with a papaya ringspot virus coat
protein gene (EPA, 2010, 2015, 2017). A reviewthef EPA decision documents for those two products
does not reveal any special environmental considesatiodata requirements solely because the protectant
is integrated into a tree species instead of a grain or vegetable crop. In fact, the documents supporting those
two registration decisions involve less datad a shorter overall assessment tharBfarops. However,
those two examples are not necessarily predictive about how EPA would review a protectant in a forest
tree. It should also be noted that when EPA registpesticide, there is continuing oversight responsibility
and the potential that the pesticide’s product registmatiill need to be renewed after a specified number
of years or the use of the product will become illeghls ongoing responsibilitis different from USDA's
oversight because, once the nonregulated petitioraigegt, USDA has no oversight role going forward.
EPA has stated that this continuing oversight coukerapecific challenges for forest trees with incorpo-
rated protectants because if the PIP’s registration is not renewed, the biotech trees could have migrated
throughout the landscape and could eesily be recalled or eliminated.

U.S. FOOD AND DRUG ADMINISTRATION

FDA regulates biotech plants if they produce fémchumans or feed for animals. FDA uses its food-
safety authority under the Federal Food, Drug ansnt@ic Act (FFDCA, 21 U.S.C. § 301 et seq.) to
oversee the safety of all foods, including foodswaetifrom biotech crops. Under this authority, FDA
requires mandatory approvals of food additives butroéted in a policy statement issued in 1992 that
biotech food crops are generally not “food adéisit/requiring approval. Instead, FDA set up a voluntary
consultation process by which biotech crop developersluare food safety data with FDA, and the agency
can identify any deficiencies in the developer’s feodl feed safety risk assessment (FDA, 1992). As of
2018, approximately 150 biotech crops had coteglehe FDA voluntary consultation process (FDA,
2018). Products that have completed the voluntaryut@atmn process include biotech apple, plum, and
papaya fruit trees but no forest tree species. Howevisraitticipated that biotech forest trees that have
edible portions, such as the transgenic chestnut, eolddtarily participate in the FDA consultation pro-
cess (see Box 6-2). The FDA voluntary review procebsiited to food and feed safety issues of a biotech
plant. They do not address any aspectsisfréport’s definition of forest health.

HAvailable at https://www.gpo.gov/fdsys/granule/CE&L2-title40-vol25/CFR-2012-title40-vol25-sec152-3.
Accessed July 20, 2018.

PAvailable at https://www.gpo.gov/fdsys/granule/CERL3-title40-vol25/CFR-2013-title40-vol25-sec174-3.
Accessed July 20, 2018.
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BOX 6-2 The Possible Regulatory Pathway for a Transgenic American Chestnut

Of the different case study species in this report, the American chestnut is the furthest along in
development and testing and so best illustrates the potential regulatory pathway for a biotech tree de-
veloped to address forest health. As discussed in Chapter 3, chestnut trees have been transformed with
Agrobacterium with an oxalate oxidase (OxO) gene from wheat. The research and development of those
transgenic chestnut trees have been regulated by USDA under the Plant Protection Act because the
Ox0 gene was introduced via Agrobacterium. USDA has issued 18 permits for the interstate move-
ment/release of a transgenic chestnut tree between 2010 and 2018 to five different institutions (State
University of New York, Virginia Polytechnic Institute and State University, The American Chestnut Foun-
dation, University of Georgia, and Biofuels Center of North Carolina) and denied one application (three
were also withdrawn). The issuance of those permits did not require USDA to conduct either an EA or
an EIS. It is expected that under the current USDA regulations (7 CFR Part 340), if any transgenic
chestnut tree is to be released unconfined to propagate naturally in the environment, the developer will
be required to submit to USDA a petition for nonregulated status. At that time, USDA will determine
whether the proposed action requires only an EA and a finding of no significant impact or an EIS. How-
ever, some recent “Am | regulated?” responses from USDA suggest that if there is no DNA from the
Agrobacterium transformation in the transgenic tree, there may be no need to obtain permits or nonreg-
ulated status to release the organism into the environment. If USDA decided that the transgenic chestnut
no longer falls within 7 CFR Part 340, then no safety assessment or any NEPA analysis, which would
address aspects of ecosystem services, would be required by that agency.

A transgenic American chestnut tree also might fall within the regulatory purview of EPA and FDA.
EPA's registration requirements for a pesticide may apply to a biotech chestnut with blight resistance if
the introduced trait is acting as a pesticide. This interpretation of EPA’s laws and regulations is similar
to their actions with the transgenic papaya and transgenic plum trees, which went through the FIFRA
registration process. In addition, chestnuts are eaten by humans and fall within the definition of food
under the FFDCA. The developers of the biotech chestnut tree could choose to submit to FDA'’s volun-
tary consultation process for bioengineered foods, and so FDA could review and provide any comments
on the developer’s food safety data and analysis. Under the FFDCA, the developer will be responsible
for ensuring that the biotech chestnut is as safe as its conventional counterpart.

The discussion of the chestnut in Chapter 3 mentions several other alternatives that are being pur-
sued to address the destruction of the species by chestnut blight. The transferring of resistance from the
Chinese chestnut tree through hybridization and selective breeding and the release of those trees into
the environment is not subject to regulation by USDA, EPA, or FDA as discussed in this report. Another
option for addressing the loss of the American chestnut tree from the chestnut blight fungus is to reduce
the ability of the chestnut blight fungus to harm those trees. USDA has issued four release permits to
West Virginia University to test chestnut blight fungus that has been genetically engineered to be less
damaging to chestnut trees and potentially outcompete the more virulent strain of fungus.

The regulatory pathway for those alternatives to address the loss of the American chestnut tree are
significantly different, with some options being highly regulated and others being minimally regulated.
For the alternatives, whatever the regulatory oversight, it is clear that the oversight will not consider the
range of forest health parameters discussed in this report.

For the other case study species in this report, possible solutions to address the forest health im-
pacts may or may not be regulated depending on what type of solution is pursued, selective breeding or
intentional changes to the genome through biotechnology. For products of biotechnology, whether they
are regulated and by which agencies will depend on the introduced genetic material and its origin, the
way the genetic change was achieved, and the final phenotype of the tree. Determining the regulatory
pathway before a product is developed would be speculative. However, for any biotech tree solution, the
oversight would be no greater than what is likely for the transgenic American chestnut as that product is
regulated by all three possible agencies.
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STAKEHOLDER CRITICISM OF FEDERAL OVERSIGHT
OF BIOTECH PLANTS AND TREES

There have been many criticisms voiced by difiesgakeholders about the Coordinated Framework
and the oversight performed by USDA, EPA, and FDAe committee specifically heard from stakehold-
ers about their criticisms of that regulatory systerit agplies to biotech trees developed to address forest
health (Campbell, 2018; Costanza, 2018; Petermann, Zda8)ss, 2018). It is outside the scope of this
report to analyze the current federal oversight ofduih plants and trees and make observations or recom-
mendations about that oversight. That type of analyasconducted (not specific to biotech trees) in two
recent National Academies studies, and those replamtsified recommendations for improving the regu-
latory system that would impact biotech tree reight if those recommendations were implemented
(NASEM, 2016, 2017).

MOVEMENT OF BIOTECH TREES DEVELOPED TO
ADDRESS FOREST HEALTH ACROSS NATIONAL BORDERS

A unique aspect of a biotech tree developed to adtvesst health is that it will result in an uncon-
fined release into the environment that is meaprépagate, spread, and persithout human oversight
and control; this is significantly different from preuiy developed biotech trees, which are meant to be
grown in orchards or plantations, and biotech ¢regsch are grown on managed farms. Consequently,
biotech trees released to address forest health caadd oational borders, raising the possibility of a bio-
tech plant being approved for release in one coumitryot approved in the other country (such as between
the United States and Canada). Does the U.S. regulsystem account for this cross-border movement,
and how would it deal with the release of a biotech tree that migrated from another country?

When USDA obtains a petition for nonregulated status of a biotech plant, including a biotech tree, it
is required to make the petition available to pblic and seek comment as well as publicly announce its
decision. This process, as well as the Trilaterahheal Working Group of agricultural biotechnology
regulators from Canada, Mexico, and the United Statadd ensure that the neighboring countries are
aware of any potential biotech trees that could migaatoss borders (Doley, 2018). In addition, while the
Plant Pest Risk Assessment need not consides-drorder impacts, USDA’s compliance with NEPA also
requires that USDA comply with Executive Ord€114 on Environmental Effects Abroad of Major Fed-
eral Actions (Carter, 1979f. Therefore, USDA’s EA or EIS would need to analyze any environmental
effects of migration of the approved biotech tremsgithe U.S. border, although USDA has no authority
to base its decision to grant or deny the petition ahdhalysis. That analysis, as discussed above, might
include some aspects of forest health but likely mot comprehensively cover the topic. Although there
are no examples of any analysis required by Executive Order 12114 (Carter, 1979) for biotech plants or
trees by USDA, an example of this type of analgsis be found in the NEPA compliance documents for
FDA's decision to approve the fast-growing transgesalmon, which involves production in Canada and
Panama (FDA, 2017).

If a biotech tree were introduced in Canada lenigrated across the border to the United States and
the tree was a product that falls within the regulatiuthority of USDA under the Plant Protection Act,
then USDA could impose quarantine or other mitmagctivities to address the illegally growing biotech
trees. USDA could also require the developer to subrpetition for nonregulated status or on its own
without any document submitted byetteveloper conduct a Plant PesgkRAssessment and environmental
analysis under NEPA to determine if the illegal attighould be allowed under the Plant Protection Act.
Similar activities by the Canadian regulators migttw if the biotech tree were approved in the United
States and migrated to Canada.

13See also the National Environmental Policy Act of 1969, as amended. Available at https://www.whitehouse.gov/
sites/whitehouse.gov/filesq/NEPA_full_text.pdf. Acessed July 19, 2018.
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Similar issues could arise in relation to the seign boundaries of tribal nations within the United
States. For example, Native American Haudenosaunderies are within the historic range of the Amer-
ican chestnut tree, and the environmental releasérahsgenic chestnut might eventually cross their sov-
ereign borders. While consultation processes are fiyriimaplace between the U.S. federal government
and tribal nations, they have not been uniformly sucaksspractice, and it is unclear how a difference in
policy over a transgenic tree would be negotiatied managed (Barnhill-Dilling2018; Patterson, 2018).

The above actions—being aware of cross-borgeravals, analyzing environmental impacts, and
addressing migrating biotech trees through quarantiredter-the-fact approval—only apply to biotech
trees that fall within the mandates of U.S. regulatansl Canadian regulators across the border). As stated
earlier in this chapter, some biotech trees mayimatve plant pests and fall outside USDA'’s legal au-
thority. If that is the case, those trees could beasad in the United States without any federal oversight
or notice to neighboring countries or tribal nationat tthey might cross sovereign borders. Similarly, a
biotech tree planted in Canada that migrates tdtlieed States might not violate USDA's biotech regula-
tions under the Plant Protection Act, if it does mebive “plant pests.” However, if it has a PIP incorpo-
rated in it, then it might be in viation of EPA’s regulations under FIFRA.

CURRENT REGULATORY SYSTEM FOR OTHER
INTERVENTIONS TO ADDRESS FOREST HEALTH

Independent of whether biotech trees are developedeployed to address forest health issues, there
are and will continue to be other methods utilizedddress forest health concerns. This includes the use
of pesticides, biological control agents, and introaurctf tree varieties with resilience characteristics pro-
duced through selective-breeding methods. It isfbketp compare how these interventions are regulated
before they are adopted to identify differences edtaluation processes and to determine how the federal
regulatory system considers forest health, if at all.

Regulation of the Use of Conventional Pesticides to Address Forest Health

EPA regulates the use of all pesticides, includiesgtigides used in forests, using three laws: FIFRA,
FFDCA, and the Pesticide Registration Improvemerit(AdJ.S.C. 8§ 136 et seq.). Any pesticide—which
can include conventional pesticides (such as a chepésticide) as well as biopesticides (such as a mi-
crobial agent)—can obtain a registration from EPAéf #igency determines that the pesticide will have no
“unreasonable adverse effects on the environmentRA|F U.S.C. § 136(bb)) and there is a “reasonable
certainty that no harm [to humans] will result froggeegate exposure [dietary, drinking water and resi-
dential exposure] to the pesticide residue” (FFDZRAU.S.C. 8§ 408(c)). Further, FIFRA defines “unrea-
sonable adverse effects on the environment” to Maay unreasonable risk to man or the environment,
taking into account the economic, social and environrhentds and benefits oféhuse of any pesticide”

(7 U.S.C. § 136(bb)).

Before issuing a pesticide registration, EPA comslacrisk assessment, which has a human safety
component and an ecological effects component. dorentional, outdoor pesticides that involve a poten-
tial food product, this assessment involves a compléte aitests for pesticide active ingredients, includ-
ing but not limited to toxicological tests for acusepchronic, and chronic toxicity, carcinogenicity, neu-
rotoxicity, and immunotoxicity and ecological effeotssurrogate species for aquatic, terrestrial, and avian
species as well as honeybees (40 CFR Part“Dsfa Requirements for Pesticide$*)A similar process
occurs for biochemical and microbial pesticides extegt; because those products are naturally found in
the environment, there is a tiered testing scheme. Uhdetesting scheme, if no adverse effects are found

Mpesticides that are designed for usgamproduced in) plants or animalshose byproducts are not part of the
human food supply, generally do not require the carcinogenic and other long-term bioassays listed. Available at
https:/iwww.gpo.gov/fdsys/gnalle/CFR-2012-title40-v@b/CFR-2012-title40-vol25-part158ccessed July 20, 2018.
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in lower tiers, there is no need for testing in higher tiefgcording to EPA, there are no special regulations
or data requirements specific to pesticides useddreat, and they are assesseder the same procedures
and standards as pesticides used in other contextgeudo, it is clear that the process for registering any
pesticide is extensive and requires addressing sevieakdt safety questions with the generation of safety
data.

Based on the information provided by EPA, the regigin process for pesti@d used in forests does
not formally take forest health into consideratiblowever, some portions of their ecological assessment
(ecological exposure and toxicity) require data andyaisthat address areas that fall within the definition
of forest health:

1. The assessment of ecological effects on aquatigstrial, and avian species as well as honeybees;
2. The assessment of environmental fate of the pestin various media and its persistence; and
3. Testing and assessing the impacts on nontarget organisms.

EPA is not required to conduct andElnder NEPA when it registers a pesticide, and so the risk assessment
is the only avenue for considering forest healttapeeters. However, the FIFRA definition of “unreason-
able adverse effects on the environment” could ali®¥ to integrate social and economic impacts involv-
ing forest health into its decision process.

Other agencies, such as USDA'’s Forest Service ti@reown policies and requirements for the use
of pesticides for land they manage. According toRbeest Service, pesticides are one component of Inte-
grated Pest Management “to prevent, control, anaga unwanted native plants, animals, and pathogens,
and non-native invasive species on all areas of thioiNd Forest System” (USDA-FS, 2013). To use a
pesticide on national forest lands, the pesticide use Ibeustviewed and approved. The form used for the
approval asks for standard information when usimgsticide (e.g., pesticide product, application infor-
mation, treatment area), but no information aboutmi@kecosystem service pacts. The pesticide ap-
proval process includes approving the applaaand complying with NEPA (USDA-FS, 2013).

The Forest Service states thatldces “high priority on human amaological healtland safety” and
that any use of pesticides “must be based on analfsiffectiveness, specificity, environmental impact,
economic efficiency and human exposure” (USDA-FS8aD1Thus, the Forest Service conducts a human
health and ecological risk assessment (HERA) for contyrused pesticides. According to the Forest Ser-
vice, “these documents are used ttedmine the probability of adverse effects to humans, wildlife, and the
environment from the use of pesticides” (USDA-FS, 2018b¢ Forest Service states that it is required to
do a HERA and cannot rely solely on the EPA safetyatestration under FIFRA. According to the Forest
Service, EPA often considers many forestry pesticgs o be minor so the Forest Service must evaluate
“the project-specific rates, spectrum of target aod-target organisms, and specialized exposure scenar-
ios” in its HERA (USDA-FS, 2018c). Therefore, therest Service does evaludle forest-specific im-
pacts of pesticides for potential human and environmanfelcts, which are a part of forest health and the
ecosystem services a forest provides. However, tHeAdE primarily a quantitative, classic risk assess-
ment and does not encompass many ecesyservices, such as cultural services.

Regulation of Biological Control Agents to Address Forest Health

Biological control agents are another methodddrass the impacts of insect pests and pathogens on
forest health. USDA regulates biocontrol agents undefglant pest” provisions of the Plant Protection
Act, which is the same program that regulates celiabech plants and trees. A PPQ 526 permit is required
“for the importation, interstate movement and envirental release of plant pegfplant feeding insects,
mites, snails, slugs, and plant pathogenic bacteria, viruses, fungi, etc.), biological control organisms of plant
pests and weeds, bees, parasitic plants and Hgdietad noxious weeds” (USDA-APHIS, 2017d). Thus,

If a biopesticide is imported into the United States, it also requires a permit issued by USDA under the Plant
Protection Act.
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all research involving a potential biocontrol agent thaght be used in a forest, as well as the release of
that biocontrol agent into the environment, regsia permit from USDA. The research permits are designed
to ensure that the biocontrol agelmes not escape and persist in the environment, and so the research is
conducted in a highly controlled setji The release permits are granted only after a thorough review and
assessment of potential impacts in the environmeritddiition to the plant peanalysis, USDA also con-
ducts a biological assessment to comply with the Bgel®d Species Act and either an EA or an EIS to
comply with NEPA. The scope of the NEPA analysihieswhole continental United States, and it considers
cumulative effects. Compliance with NEPA for théeese of a biocontrol agent is similar to complying
with NEPA for a biotech plant. The analysis coverly @@me aspects of forest health and ecosystem ser-
vices. According to USDA, it can take more than a dec#al identify, rear, and test biocontrol agents
intended to control invasive plants or insects (Rose, 2018).

Assisted Migration or Habitat Restoration of Tree Varieties

Another method to address forest health issuespkaid existing tree varieties in new locations or to
restore thexistinghabitat with selectively bred, genetically imped tree varieties that are resilient to the
threat. The planting of trees can occur in one of tbiéerent forest settings: (1) federally owned forests;
(2) state-owned forests; or (3) privately owned lafidge ownership of the land is the critical factor in
determining the regulatory oversight for those plantings.

For privately owned lands, the private landowner has no significant restrictions limiting what trees
can be planted on his or her property unless the ptaofithe tree may harm a listed endangered species
or its habitat, in which case the Endangered Spe®itsvould apply (Shireyand Lamberti, 2010). In
addition, the Plant Protection Act only applies if thenplspecies is either a noxious weed or plant pest or
if the tree that is being moved or planted harborsatglest or a noxious weed. Thus, even an endangered
tree can be planted outside its normal range if dioise on private land. This circumstance arises in the
case of the endangered Florida torrejar(eya taxifolig. Members of the Torreya Guardidhare openly
planting these trees in nonnative environmentListates, and the District of ColumBiand those actions
do not violate any federal law, nortlsere any requirement to assess the impact of those new species on
the forest health of the privatenlds where they are being plantedisT¢ircumstance would also apply to
a biotech forest tree that did not fall within the regoity authority of USDA (not a plant pest) or EPA (not
a pesticide). For a biotech tree that is regulatdd®PA, once the regulatory process has been satisfactorily
completed, the biotech tree could be planted arafaly owned land without triggering any other regula-
tory requirements or government policies. Fora@tduh tree regulated by EPA, EPA oversight continues
after registration and conditions could be placed on hevirée is planted in the environment. It is antici-
pated, for example, that the biotech American chadtee will be reintroduced through plantings on pri-
vate lands.

It is unclear if planting a nonnative tree species or planting a new variety of an existing tree on federal
lands requires any special permit or regulatory revhat assess the impact of the introduction on forest
health. The Forest Service has a definition of “asdishigration,” which is a “management approach
whereby resource managers physically move spdaividuals, seeds, etc.) to new locations assessed
suitable under changed climate conditions” (USDA-&/S,). However, there does not seem to be any
specific policy on the use of assisted migration on F&estice lands (Millar, 2015). It also has a Native
Plant Materials Policy and its Forest Service Mamas a chapter about “Vegetation Ecology” (USDA-
FS, 2008). Those two policy documents give primamysoderation to the planting of “genetically appro-
priate native plant materials” and restrict nonnatianphmaterial use to limiteconditions, such as emer-
gency conditions to protect basic resource values, whtve plant material is not available, or in highly
altered plant communities, such as road cuts or log landings.

6See http://www.torreyaguardians.org.
The District of Columbia, FloridaGeorgia, Indiana, Massachusetts, Miem, New Hampshire, North Carolina,
Ohio, Oregon, Pennsylvania, Tennessee, and Wisconsin.
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In 2016, the Forest Service finalized its Ectsyss Restoration Policy (USDA-FS, 2016:24785) to
provide “broad guidance for restoring ecosystems diiohNa Forest System lands so that they are self-
sustaining and, if subject to disturbances or envienmtal change, have the atyilto reorganize and renew
themselves.” It specifies a science-baapgroach that the forest candesilient for multiple uses. In par-
ticular, the policy states that when developing plansitititde restoration, the Forest Service should in-
clude:

a. Factors such as the following:

public values and desires;

that natural range of variation;

ecological integrity;

current and likely future ecological capabilities;

a range of climate and othanéronmental change projections;

the best available scientific information; and

. detrimental human uses.

b. technical and economic feasibility to achieve desired future conditions.

c. ecological, social, and economic sustainability....

8. the social, economic, and ecological influenakrestoration activities at multiple scales.

(USDA-FS, 2016:24792)

NooRwN R

Thus, this policy seems to require that the Foresti@eponsider a number of factors that fall within this
report’s broad definition of forest health when dény about restoring ecosystems affected by natural
disturbances and climate change. Depending on hownipiemented, it could result in an analysis cover-
ing more comprehensively many of the ecosystem services provided by forests.

For lands managed by the U.S. Department ofritexior's Fish & Wildlife Service (FWS), “there
are no written guidelines or policy for introductions” withire historical range, augmentation of an exist-
ing population, and translocation (Johnson et al., 2013; Communication from the U.S. Fish & Wildlife
Service, Washington, DC, to the National AcaderofeSciences, Engineering, and Medicine’s Committee
on the Potential for Biotechnology to Address Fokésalth, March 2018). However, the planting of the
trees would need to comply with the Endangered 8pektt and the Migratory Bird Treaty Act. For Na-
tional Wildlife Refuges, nonnative communities are altiwed unless there is no feasible alternative. In
addition, the FWS has a Biological Integrity, Diversity and Environmental Health policy (FWS, 2001) for
maintaining and restoring lands andters in the National Wildlife Refuge System. That policy states that
if there are lost or degraded areas, they shouleé$tered to first mimic histar conditions and only use
nonnative plant communities if there is no feasibleradtive to accomplish the refuge’s purposes. The
policy does allow for the use of genetically modif@danisms but only if they are essential to accomplish
refuge purposes and their use is appaddwe the Regional Chief (FWS, 200%).

CONCLUSIONS AND RECOMMENDATIONS
Biotech trees developed to address forest headthegiulated under the same statutes and regulations
as any biotech plant. Forest health is not accounteih filne regulations for the use of biotechnology or

for other approaches to mitigating forest tree insect pests or pathogens.

Conclusion: The current regulatory framework for biotech plants applies to biotech forest trees and
does not impose any additional or different requirements for trees than other plants.

¥n addition to the U.S. Forest Service and the U.S. &istildlife Service, there arether federal agencies that
manage federal lands, such as the National Park Service, the Bureau of Land Management, and the U.S. Department
of Defense. The committee did not investigate the policies of those agencies for how they would address different
interventions to address a forest health issue.
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The Coordinated Framework for the RegulatiorBadtechnology, which was established in 1986,
specified that oversight of biotechnology products wdaé carried out using existing legislative statutes.
The same statutes utilized by USDA, EPA, and FDAetjulate biotech plants apply to biotech trees, in-
cluding biotech trees designed to address forest hdldre are no specific regulations or policies that
those agencies apply to biotech trees.

Conclusion: The current regulatory framework that applies to biotech trees that are developed to
address forest health encapsulates very few elemertisthe committee’s comprehensive definition of
forest health.

If a biotech forest tree falls within the legal matedaf USDA, EPA, and/or FDA, then they regulate
the tree the same as other biotech plants. USDA will caridemecessary scientificsk analysis to ensure
that the biotech tree is not a plant pest or noxioesdvEPA will carry out the different risk analyses to
register the biotech tree’s pesticidal componerth $1$ impacts on the environment as well as impacts on
humans and other species. If a biotech tree has a food or feed component, such as a biotech chestnut, FDA
will review any voluntary submission from the developeal&rt them to any potential food or feed safety
concerns. While some of the regulatory assessprenedures by USDA or EPA may cover a few aspects
of forest health (such as impacts on nontarget species or impacts on soil or groundwater), those regulatory
procedures do not consider most aspects estdrealth when regulating a biotech tree.

Conclusion: If a regulatory agency is required to cmply with the National Environmental Policy Act
when regulating a biotech tree, then some components of forest health will be analyzed.

The National Environmental Policy Act (NEPA) rems that the federal government assess the en-
vironmental impact of its actions. To the extent #raagency regulating a biotech tree is required to con-
duct an EA or an EIS to comply with NEPA, some poments of forest health will be analyzed before the
government regulatory process is completed. Thaysaisak supposed to cover the “human environment,”
which can include “ecological, aesthetic, historic, cultigatnomic, social or health” effects. An analysis
under NEPA must also comply with various Execait@rders, which encompass aspects of forest health
(such as impacts on minority and low-income populat@reonsultations with tribal governments). How-
ever, out of the three agencies, only USDA undertalesitialysis required by NEPA for biotech plants.
In addition, USDA cannot alter its reguday decision based on the NEPA findings.

Conclusion: USDA only carries out a NEPA analyis—environmental assessment and/or environ-
mental impact statement—for a small subset of biotech trees.

A review of the regulatory activity by USDA fordiech trees found that much biotech research (1,191
regulatory requests) has been carried out under USBdtification process, which does not require NEPA
compliance. For biotech trees that have required BAJgermit to conduct research, only 4 percent of the
387 permits for biotech fruit and nonfruit trees requiadEA and none required an EIS. For petitions to
USDA for nonregulated status, for a large majorityhafse requests, USDA conducted an EA and not an
EIS. USDA has completed nine EIS for its oversighbiotech plants out of approximately 124 petitions,
and only one has been for a biotéde (a frost-tolerant eucalyptu3herefore, only a small fraction of
USDA's oversight of biotech trees involves a NEPA analysis.

Conclusion: As is the case with other biotech phts, some biotech trees could become commercial
products without any oversight by the three regulatory agencies.

The three major statutes that regulate biotech pthntet necessarily require oversight for all biotech
plant applications. If USDA determines that a bioteele does not fall within its legal mandate to regulate
potential “plant pests,” then the agency does not hayaegulatory authority over the tree, does not carry
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out any assessment, and the tree can be releasddardavironment without USDA’s approval. In 2014,
USDA made such a determination for a biotech loblpllye and could make such determinations in the
future for biotech trees where a gene was introducend) Uolistics, if modifications to the genome are
made with genome editing, or if AgrobacteriumDNA remains in the final product. EPA only has regu-
latory oversight if the tree produces a pesticide,raady biotech trees will not produce a pesticide. FDA’s
process is voluntary and only applies to plants that fee products or feed products, and many biotech
forest trees may not have a food and/or feed use.

Conclusion: There are mechanisms in place to aleneighboring countries about biotech forest trees
that could enter their territory, but biotech trees could migrate across a national border without
notice if the biotech tree is not regulated in the country of origin.

If a biotech tree is regulated by USDA and/EPA, before a decision is made, notice is given both to the
public as well as to neighboring countries. SimilarlyCé#nada regulates a biotech tree, federal regulators
are made aware of their actions. The public notickaordination mechanisms allow for proper compli-
ance with regulatory requirements in the country inctvithe biotech tree might migrate. However, if the
biotech tree is not regulated in the country of orighen it could migrate to a neighboring country, poten-
tially in noncompliance with that country’s regulations.

Conclusion: Forest health also is not considered ithe regulation of nonbiotech products designed to
address forest health problems, such as biological minol agents, pesticides, and assisted migration.

Other interventions to address forest health, suglesticides, biological control agents, and assisted
migration, also may require federal government re\aea oversight before deployment. When reviewing
the regulatory processes for those interventions andsthanalysis conducted by the regulatory agency,
the assessments or reviews conducted do not do a joéttefrincorporating forest health and ecosystem
services into their analysis than the assessments conducted for biotech trees.

Conclusion: Some federal agencies have policies foethssisted migration of trees and/or the planting
of biotech trees on federal lands while private landowners can plant nonnative and biotech trees
without violating any federal laws or policies.

The Forest Service has some policies that appassisted migration and the planting of species to
restore forest ecosystems. Those pdlisieem to consider some aspecfsi@st health in deciding whether
to introduce or reintroduce a trepecies. FWS has no policy for introdoects within their historical range
but does have a policy for maintaining and restolangls and waters in thdational Wildlife Refuge
System. Private landowners can plant virtually any coroialdy available tree on their lands, whether a
native species, a nonnative species, or a biotech tree.

Recommendation: Regulatory agencies should expk ways to incorporate into their regulatory
oversight responsibilities the ability to assess the impaon ecosystem serges for biotech and non-
biotech products developed for improving forest health.
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Moving Ahead

Biotechnology has the potential to help mitigate dklsdo North American fests from insect pests
and pathogens through the introduction of pest-resistitd. However, it also presents some challenges.
The necessary genetic changes to achieve resistanoftem not easy to identify and are challenging to
implement. Tree genomes are complex, and much rernwime learned about thenetic mechanisms that
underlie important traits. Most resistance traitstamight to be polygenic, controlled by many loci, in
theory, potentially hundreds, each of which may h&wall genetic effects armbmplex epistatic interac-
tions (Boyle et al., 2017). Additionally, unlike theodification of agricultural crops through biotechnol-
ogy—in which a genetic change is introduced td @ropagated in an individual cultivar or variety—
genetic changes incorporated intees for forest health purposes neeldgantroduced into diverse breed-
ing populations so that tree species can respondtio b abiotic stress over time and across their spatial
distributions.

Furthermore, the effectiveness of biotechnologgniiigating forest threats needs to be assessed on
many fronts. In addition to evaluating the utility o tlesistance trait in protié#ieg a tree species, the mod-
ified tree needs to be tested for viability in the diitgrsf environments in which it will live. An assessment
of the effects of the tree on other species in thr@mment (including humans) is also important, as is a
comparison of using biotechnology to address theathversus using other mitigation tools.

Finally, research and investment efforts need tmade in areas besidestachnology, including the
development of further strategies for preventirgititroduction of nonnative insects and pathogens, human
capital development in professions related to tree brgednd social science research, including on a
conceptual framework for capturingdaaccounting for the intrinsic value fofrests. Such work will benefit
the health of forests, regardlesglod pest mitigation tools put to use.

Therefore, the committee recommends research and investment on three fronts to address knowledge
gaps about the application of biotechnology to mitigiateats to forest healtimd to improve its utility as
a forest health tool:

1. Knowledge about tree genetics related to resistance,
2. Data and tools for impact assessment, and
3. Management approaches that take adoount disciplines beyond biotechnology.

The recommendations from the chaptnes restated here along with a few additional recommendations to
support a holistic effort to improve forest health.

IMPROVING THE EFFECTIVENESS OF BIOTECHNOLOGY

Technical constraints and lack of basic infotima (Scheben and Edwards, 2017) may provide sig-
nificant challenges to fully utilizing biotechnology in matree species in the near future. Understanding
of the genomes of North American tree speciesasl@quate given the numbeir species under threat,
insufficient knowledge exists about the fundamentathanisms involved in refance to pests to effi-
ciently identify genomic means to mitigate pest damagd the combination of genes that respond to pest
outbreaks is poorly understood in most forest ggecies. A thorough knowledge of tree genomes would
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provide access to a suite of technologies that confdribute to forest health initiatives, such as gene
discovery, gene expression profiling, and genome editing.

Once the mechanisms of resistance are understsehnchers will need to emsdhat modified trees
include the genetic diversity necessary for survorar long generation times in diverse and changing
environmental conditions. Biotechnology could be usecbmbination with selective-breeding programs
for tree species at risk to ensure thatficient genetic diversity is retad in the resistant trees. Biotech-
nology tools (e.g., transgenesis or genome editing) dvbealused to insert one or more resistance genes
into relatively few tree genotypes, and these treesdvioeitome the parent trees in a seed orchard from
which resistant seed could be produced. This procesignifar to that of selective-resistance breeding,
where a finite number of parent trees with documegtatktic resistance are placed into seed orchards to
produce the seed required for restoration or reforestation goals.

A limitation of selective breeding is the time it cakddo combine different resistance genes or to
deliver a high percentage of orchard seed thatpnalluce resistant seedlings. For some tree species (e.qg.,
sugar pinePinus lambertiang it may take 10 to 20 years to breed trees with different combinations of
resistance genes. Biotechnological tools may betaldembine resistance genes in a much shorter period
of time or to combine resistance genes not found inrdeespecies of interest with resistance genes that
are already present in the species. The combinatipneofsion phenotyping to identify trees in the field
that express pest resistance, selective breeding, aegtumological methods could be synergistic in speed-
ing up tree improvement efforts while still ensursugrcess in the long term. A combined approach may
be particularly advantageous when stacking qualégtotably single-gene) resistance with quantitatively
inherited resistance. Seed orchards containing pres¥ with qualitative anguantitative resistance (ei-
ther in the same individual or in different indivials), would produce seed that has qualitative resistance
and a varied mix of quantitative resistance.

To address forest health, genetic resistance in tesds to be durable over hundreds of years. Pop-
ulations of trees with several types of resistamzding a mix of qualitative and quantitative resistance,
would have the best chance of meeting this durglgjbil. Sustaining forest tree populations over the long
term will also require combining durable resistamdtlh a diverse array of genetic backgrounds locally
adapted to their microgeographic environments. Prowantests, ecological niche modeling, and precision
phenotyping across multiple ecological niches will shed lighthe extent of the locally adapted standing
genetic variation present along the wide geographiséiilbiition of a species. Understanding the relation-
ship of spatial distributions, getieediversity, and local adaptationéssential for determining the genetic
backgrounds against which to deploy a biotech tresngure that the breeding program is capturing the
maximum possible genetic variation within the species of interest.

Identifying resistance in selectively bred tressially includes both a relatively fast seedling assay
(e.g., artificial inoculation of young seedlings with sgmof the pathogen that causes white pine blister rust
and evaluation/phenotypirg thousands of seedlings for resistgraned extensive field testing to examine
the efficacy of genetic resistance in a range of enments and over time. Any biotechnological resistance
introduced in one or more individuals would needadhrough one or both of these steps. At the time the
committee was writing its report, regulation of field trialsbiotech forest trees restricted flowering to
guard against unintended gene flow. Caution maydreanted on a case-by-case basis because of the risk
of spread of biotech forest trees prior to completiahefnitial impact assessment (intended to be informed
by field trials). Additionally, modeling and othep@roaches should be developed to address questions of
gene flow, dispersal, long-term performance of rest&an biotech forest trees, and the establishment of
and interactions of these trees with other components of the environment.

Recommendations
x Sufficient investment of time and resources shoulde made to successfully identify or intro-
duce resistance into tree species threatened by insects and pathogens.

X More research should be conducted on the fundamental mechanisms involved in trees’ re-
sistance to pests and adaptation to diversnvironments, including a changing climate
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x The deployment of any biotechnological solution with the goal of preserving forest health
should be preceded by developing a reasonahlmderstanding in the target species of (a)
rangewide patterns of distribution of standinggenetic variation including in the putative gla-
cial refugia, if known; (b) magnitude of local adaptation ¢enex environmentrelationships);
and (c) identification of spatial regionsthat are vulnerable to genetic offset.

x Entities concerned about forest health shouldevote resources to identifying resistant trees
within a population that have survived a st outbreak. Research to understand the role of
resistance in coevolved systems from the perspize of a global host—pest system, where the
nonnative pathogen or insect originate, would help guide efforts in North America.

x Research should address whether resistance jparted to tree species through a genetic
change will be sufficient to persist in trees thatire expected to live fodecades to centuries
as progenitors of future generations.

IMPROVING IMPACT ASSESSMENT

The timely development of an impact assessrfranmtework is critical. Developing the process for
incorporating the risk of ecosystesarvice loss, including culturaesthetic, and nonuse values, and com-
paring that risk with alternative approaches to asslipest threats to tree species will require substantial
effort. As more is learned about impacts (positive argatinee) of different interventions for forest health
over time, the approach can be adaptively modified.

The longevity of trees and the largpatial scales involved in mitigating threats to tree species from
pests means that predictive modeling will be needexValuate the potential success of using biotechnol-
ogy to confer pest resistance and to design the otitmigapproach to best facilitate gene flow. Uncertainty
analysis of model parameters will direct specifisearch and indicate monitoring needs. While model
parameterization will vary by species, geography, aadr#its under consideraticevelopment of criteria
for these models should be an early research focadu&tion of some elements of the impact assessment
will only be possible via modeling.

Incorporation of climate change scenarios into rlingefforts would improve the design for species
restoration efforts by explicitly representing uncertamyput the suitability of habitats in the future. It
would be useful to model climate change scenarioshenegsistant trees to be planted are developed using
biotechnology or selective breeding. Climate changeinfilience both pest and tree distributions and pest
impacts. Research will be needed torefihese predictions by species over time.

Further, if the decision is made to go aheatth wutplanting a biotech tree, a full monitoring and
assessment plan should be developed so thaiedeguining takes place from these initial efforts. The
knowledge gained can then be used to adaptivelyadith the decision-making approach and the impact
framework. For example, field testing of seedlingewdd reveal both the movement and durability of re-
sistant genes through a tree population. These data piluité evaluation of whether the next generations
of the species will propagate resistance throughralategeneration as intendedd whether other traits
have been modified with the addition of resistanténere flowering trials are permitted, results would
inform both impact assessment and modeling to predict the consequences of large-scale depleyment.
cused research and tracking of early biotech spestiould improve decision making about other species
under consideration for biotechnologi solutions. Adaptive managemehat facilitates a stepwise ap-
proach to data gathering on gene flow and othernatgpat different spatial and temporal scales would be
useful for achieving the goal of addressing forest health.

Forest health is not currently considered ia fibderal regulatory assessments of approaches to miti-
gate forest health threats, whether or not tlapgeoaches use biotechnologyeldommittee was not tasked
with suggesting changes to the U.S. regulatory sydiatnt thinks that the regulatory agencies of biotech
plants—particularly the U.S. Department of Agttave and the U.S. Environmental Protection Agency—
could explore whether an assessment of impacts @mysteon services could be incorporated into their
oversight responsibilities. Such assessments shouldre for all approaches designed to address forest
health, not just biotechnology.
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Recommendations

x Federal agencies should continue efforts to iprove the incorporation of all components of
ecosystem services into the iegrated impact assessment.

X Modeling and other approaches should be devgbed to address questions about biotech tree
gene flow, dispersal, establishment, performare, and impact that are precluded where flow-
ering of field trial material is restricted.

X Models for tree biotech impact assessments sholittentify, quantify, and account for sources
of uncertainty.

X An adaptive management approach to forest health should be used to ensure continued
learning and address impacts to bih the environment and society.

x Impact assessment should be a snuous and iterative process.

X Regulatory agencies should explore ways tmcorporate into their regulatory oversight
responsibilities the ability to assess the impaain ecosystem services for biotech and non-
biotech products developed for improving forest health.

RESEARCH AND INVESTMENT NEEDS BEYOND BIOTECHNOLOGY

Biotechnology is one of many approaches to addre$siegt health and should not be pursued to the
exclusion of other forest health management optimatuding prevention and site management practices.
Substantial literature supports the need for sustamas$tment in prevention and eradication as the most
cost-effective and lowest impacp@oaches for managing introductions of nonnative insect pests and
pathogens. Where these efforts fail or when natigéspgnd pathogens are involved, multiple management
options may be needed. Many responses will liketyuire integrated approaches for positive impact.
Amplifying existing or introduced genetic resistaréehe host species through breeding is an essential
element for mitigating the impacts of introducethgaens or insects. Several ongoing breeding programs
reviewed in Chapter 3 give reason for optimism about the feasibility of this approach, and new technolo-
gies may increase their efficiency in the futurel. anagement approaches will require sustained re-
sources because eradication of wideapg infestations has low probaty) insect pests and pathogens can
evolve over time, reintroduction ofsect pests and pathogens is likelgyd some options require decades
for successful development and deployment. Continuing efforts to track the import of new pests, the spread
of existing native and nonnative pests, and the paieewolution of pests in response to both increased
resistance and other drivers will also be necessarysirethat any managemeiffiioet is consistent with
the current and expected threat.

To be used successfully as a tool for mitigatinggbhealth threats, biotechnology needs to be inte-
grated into selective-breeding prags to capture existing genetic diversity. However, many forest tree
species under severe pest attack do not have adeapsustained breeding programs. Furthermore, the
capacity of selective-breeding programs in U.S. institutions has been severely eroded since the mid-20th
century (Wheeler et al., 2015Human capital will be needed in the professions of tree breeding genetics,
computational biology, forest pathology and entomology, tree physiology, invasion biology, biogeogra-
phy, forest economics, and rural sociology to guide the development and potential deployment pest-re-
sistant trees effectively. Research training is availabmost of these disciplines at many public institu-
tions, but they seldom operate under a cohesive thenteaifduture scientists with the expertise needed
to address forest health threats, institutions may tweacdnsider undertaking cluster hires of faculty from
each of these disciplines to fostetlaborative multidisciplinary researdh these areas. They could also
create multidisciplinary graduate programs to prevyidofessional training in two or more of these disci-
plines. Furthermore, many biologists still receiwdlditraining in computational science. Making such
training part of graduate programs in forest-relatsdiplines will go a long way toward development of
strong quantitative skills in professionalsating with large datasets (Spengler, 2000).

168 Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.



Forest Health and Biotechnology: Possibilities and Considerations
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Interventions to address forest health using biotdolggashould be evaluated not only as a matter of
technical feasibility but also as relevant to socéles. The impact assessment framework as proposed in
Chapter 5 aims to reflect this inclusive approach tiverte are challenges to thdequacy of its treatment
of these considerations. Recent research on puttilicdes in a variety of countries, although currently
very limited, suggests some openness to using hiotdagy to alter trees. However, ongoing controversy
over the use of biotechnology in agricultural crdpsonstrates that significant concerns exist among seg-
ments of society. Accordingly, these views shoulddo®gnized as important parts of the public dialogue
about the potential for the use of biotechnology to address forest health.

Forests, especially noncommercial ones, are ofisnciated with values sues naturalness, wild-
ness, integrity, authenticity, sense of place, and glanding, and they provide critical habitat for intrin-
sically valued and iconic species such as northerrtezpotvls. Biotechnological interventions may, on the
one hand, be regarded as potentially undermining valeesasunaturalness, wildness, or integrity in forests
and may also tap into more basic and unacknowledgzgproval of the management of forests (Hall,
2007; Gamborg and Sandge, 2010). Alternatively, suelvientions may be perceived as offering hope to
preserve threatened species, much loved and cwtgighificant places, and valued ecosystems from the
substantial changes that could follow the losa @dundation species such as the whitebark pine.

The lack of clarity about how such values are likelypédnterpreted and prioritized in the context of
biotechnological interventions into forest health nsetirat more studies of societal responses are needed.
Studies should investigate how different cultural graanedikely to respond to the deployment of biotech-
nology for forest health, how staldad consistent these responses are, how they are related to deeper value
orientations, and how they are affected by clkanig knowledge about the technology. Whether some
biotechnological strategies are generally thought racceptable than others (fostance, whether cisgen-
esis is more acceptable than traarsgsis, or whether genome editing is more acceptable where it does not
involve transgenesis); and how people think abouetctts between environmental values, such as the
loss of some wildness value to protect adangered species, should also be investigated.

Biotechnical interventions for forest health are k& impose varying risks, costs, and benefits on
different human groups over time, in particular migenous peoples. Where ttevelopment and deploy-
ment of biotech trees is being considered, these siogjelcts should be investigated, research into the
perspectives of individuals and communities likely taffected should be carried out, and affected com-
munities should be engaged transparently and respectfully.

To take these concerns meaningfully into accaacnceptual framework is needed to complement
impact assessment based on ecosystem servicedrarmswvork should take into account the ways that
forests are valued intrinsically, sipiral and ethical concerns about the impacts of biotechnology on forests,
and concerns about social justice related both to the impacts of biotech trees on diverse communities and
the involvement of these communities in decision-making processes.

Visions of informed decision making and democrgbeernance associated withrest health threats
and emerging technologies must go well beyond just ditiggaeople with scientific facts. Instead, policy
makers must gain trust and connect with the diffebetiefs, values, and priorities that various groups of
people hold (Brossard and Nisbet, 2006; Hajjar andakp2015). Spaces need to be created to initiate
meaningful dialogue where diverse viewpoints andesttan be brought together, concerns and past hard-
ships can be expressed, and perceptions can be woudefikleinman et al., 2011; Hajjar et al., 2014). One
strategy for fostering this meaningful deliberatiomoigliscuss risks in connection with benefits, although
these issues are challenging to measure and represguatititative impact assessments or as part of mod-
els measuring various ecosystem services. Other apipes that respect and integrate local knowledge and
mesh with local cultures of decision making may &lslal promise. Regardless of the method, for engage-
ment to matter, policy makers and technical expertst i@l open to reconsidering and possibly modifying
their understandings and plans for action.
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Recommendations

Investment in effective prevention and eradicdon approaches should be the first line of
defense against non-native species @ifforts to maintain forest health.

Management for forest health should make use of multiple practices in combination to com-
bat threats to forest health.

Public funders should support and expand breeithg programs to encompass the genetic di-
versity needed to preserve tree spexs essential to ecosystem services.

Investment in human capital should be madén many professions, including tree breeding,
forest ecology, and rural sociologyto guide the development and potential deployment pest-
resistant trees.

More studies of societal responses to the use of biotechnology to address forest health threats
in the United States are needed. Such studies might investigate (1) the responses of different
social and cultural groups to the deploymenbf biotechnology in forests, (2) the stability and
consistency of attitudes toward different appliations of biotechnology in a range of circum-
stances, (3) differences in attitudes toward biechnology strategies (e.g., cisgenesis, transgen-
esis, genome editing), (4) the relationship bgeen deeper value orientations and attitudes
toward biotechnology, and (5) how people consider trade-offs between values such as wild-
ness and species protection.

Studies of societal responses to the use of biotechnology to address forest health threats
should be used to help in developing a corfgmentary framework to ecosystem services that
takes into account intrinsic values, related spitual and ethical concerns, and social justice
issues raised by the deployment of biotechnology in forests.

Respectful, deliberative, transparent, and incluive processes of engaging with people should
be developed and deployed, both to increase uadtanding of forest health threats and to
uncover complex public responses to any potentiinterventions, including those involving
biotechnology. These processes, which may includerveys, focus groups, town hall meet-
ings, science cafés, and other methods, shouddntribute to decision making that respects
diverse sources of knowledge, values, and perspectives.

Developers, regulators, and funders should exgsiment with analytical-deliberative methods
that engage stakeholders, communities, and publics.
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Adaptive management

Allele

Assisted migration

Backcross

Biocontrol
Biolistics

Biological control

Biotech tree

Biotechnology

Cisgenesis

Conspecific

Ecosystem services

Fitness

Forest health

Foundational species
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Glossary

An iterative decision-making process in which scientific design and monitoring
are integrated into management appligaito systematically test assumptions
in order to learn, reduce uncertainty, adapt to achieve the management objective.

One of the variant forms of a gene at a particular location (that is, locus) on a
chromosome. Different alleles produce variation in inherited characteristics, such
as blood type.

The physical movement of species (e.qg., individuals or seeds) by humans to new
locations assessed to be suitable under changed climate or other environmental
conditions.

These locations may potentially be sites that have hosted other seed sources of
the species, or new environments.

The breeding of a hybrid organisitihwne of its parents or with an organisms
genetically similar to a parent.

See “Biological control.”
A technique that inserts DNA inpdant cells by physical bombardment.

The reduction of pest populations through the use of natural enemies such as
parasitoids, predators, pathogens, antagonists, or competitors, to suppress pest
populations.

A tree whose genome has beedified by a biotechnological approach.

A number of genetic modification methods other than selective breeding and
sexually crossing organisms to endow new characteristics in organisms. These
methods include transgenesis, cisgenesis, RNA interference, genome editing, and
insertion of synthetic DNA to modify an organism’s DNA.

The insertion of endogenous gene(s) or DNA fragments from a sexually
compatible species into cells of a targpécies to create a new gene sequence.

Organisms belonging to the same species.

Goods and services that araud to people, provided wholly or in part by
ecosystems.

See “Genetic fitness.”

A condition that sustains the structure, composition, processes, function,
productivity, and resilience of forestosystems over time and space. An
assessment of this condition is based on the current state of knowledge and can
be influenced by human needs, cultural values, and land management objectives.

Species that exert a stréhgiite on other species and on ecosystem structure
and function.
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Gene flow

Genetic fithess

Genetic offset

Genetic resistance

Genome

Genome editing

Genotype
Heterozygous

High-impact species

Homozygous
Horizontal gene transfer

Hybridization

Hypovirulence

Instrumental value
Intercross

Intrinsic value

Invasive species

Keystone species

Local adaptation

Marker-assisted selection

Mast
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The transfer of genetic information from one population into another population
(via pollen or propagules in plants).

A description of the ability to survive and reproduce, equal to the long-term
average contribution to the gene pool by individuals having a particular genotype
or phenotype.

A metric that identifies populations within a species’ distribution where local
adaptationdenex environmentelationship) is most likely to be disrupted due to
abiotic factors (e.g., climate change).

The ability of an organism to exclude or overcome (to some degree or
completely) the damaging effect of a pest.

The complete sequence of the DNA in an organism.

Specific modification of the DNvAan organism to create mutations or
introduce new alleles or new genes. Tdwerfmain classes of this approach are
meganucleases, zinc finger nucleasesscription activator-like effector
nucleases (TALENS), and the clustered regularly interspaced short palindromic
repeat (CRISPR) nuclease system.

All or part of the genetic constitution of an individual or group.
For diploid organisms, having two different alleles for a specific locus.

Pest species that cause sombination of tree mortality, canopy thinning,
growth loss, defoliation, and decreased reproduction or regeneration that
significantly alters host population dynamics.

For diploid organisms, having two identical alleles for a specific locus.
Movement of genes between populations of otherwise distinct species.

The breeding of genetically unlike parents usually of closely related species to
produce offspring.

A kind of biological control in which the virulence of a pathogen is reduced by
being infected with a virus.

The value of things measured by their usefulness to humans and human welfare.
The breeding of two organisms that are heterozygous.

The value of things as endthiemselves, regardless of whether they are also
useful as means to other ends and independent of their usefulness to humans.

A species whose introductioas or is likely to cause economic or
environmental harm or harm to human, animal, or plant health.

A species whose influence on ecosystem function and diversity is
disproportionate to its numerical abundance.

Adaptation of a population to the local environment where it has highest fitness
compared to in other areas of the distribution range.

The use of polymorphic ¥d4uences to enhance the efficiency of breeding.

The nuts, seeds, buds, and fruits produced by forest trees.
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Noninstrumental value

Oomycetes

Outcross
Outplant
Pest

Phenology

Phenotype

Phylogeography

Polygenic

Provenance

Qualitative resistance

Quantitative resistance

Quantitative trait locus

RNA interference

Selective breeding

Silviculture

Synthetic DNA

Transgenesis

Virulence
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See “Intrinsic value.”

Fungus-like eukaryotic microorganisms that occupy saprophytic and pathogenic
lifestyles. Many are plant pathogens, d¢agsliseases such as seedling blights,
damping-off, root rots, and foliar blights.

The breeding of two organisms of the same species that are genetically unrelated.
The action of planting trees in field conditions.
Insects and pathogens that cause damage to forest trees.

The study of cyclic and seasonalire phenomena, especially in relation to
climate and plant and animal life. For plants, phenology refers to the study of
effects of growth and development with specific timing such as flowering, bud
set, bud break, and reproduction.

The observable characteristics afrganism (i.e., how it appears outwardly and
physiologically) resulting from the interaction of genotype and the environment.

The study of historical processes that may be responsible for contemporary
geographic distributions of genealogical lineages.

A trait that is controlled by a multiple genes.

The specified location from which plants and their propagules were derived,
comprising the environment to which they may be locally adapted.

Host genotypes show a discontinuous range of variation in resistance.
Susceptible and resistant genotypes can be easily discerned, influenced by one or
more genes of major effect.

Host genotypes show a continuous range of variation in resistance from
extremely susceptible to fairly resistant, influence by many minor genes.

A region of the genome tattributes to a phenotype in a quantitative manner.

A natural mechanism found in nearly all organisms in which the levels of
transcripts are reduced or suppressed.

Modification of the genetic constitution of a plant through sexually crossing
different genomes and selecting desirableofjges to serve as parental lines in
subsequent generations.

The art and science of controlling the establishment, growth, composition,
health, and quality of forests and woodlands to meet diverse needs and values.

Genes produced in the laboratoat Hre not based on any naturally occurring
DNA sequences but that may have functional properties or utility for genetic
engineering.

The insertion of foreign geneBMA fragments into cells of a target species to
create a new gene sequence.

The degree of damage or pathogenicity caused by a pathogen to a host species.
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Biographical Sketches of Committee Members

Chair

Dr. Susan E. Offutt is currently a senior consultant to tBébal Strategy to Improve Agricultural and
Rural Statistics at the UN Food and Agriculture @wgation. Until her retirement from federal service in
2015, she was chief economist at the U.S. Governikertuntability Office (GAO) for 8 years. Before
joining GAO, she served as administrator of the ID&partment of Agriculture’s (USDA'’s) Economic
Research Service for 10 years. Prior to that, e executive director of the National Academies of Sci-
ences, Engineering and Medicine’s Board on Agnizelt which conducts studies on a range of topics in
agricultural science. She was chafthe Agriculture Branch at th®ffice of Management and Budget
(OMB). During her tenure at OMB, she coordinated bui@dgel policy analysis of the farm bill and trade
negotiations in addition to the operations of US[3Ake began her career on the faculty at the University
of lllinois at Urbana-Champaign, where she taugbnemetrics and public policy. She is a fellow of the
American Applied Economics Association and the dlal Academy of Public Administration. She re-
ceived an M.S. and a Ph.D. in agitaual economics from Cornell University.

Members

Dr. Vikram E. Chhatre is currently a senior research scientigth the IDeA Networks for Biomedical
Research Excellence (INBRE) Bioinformatics Cor¢hat University of Wyoming, where he helps biolo-
gists incorporate high-performance computing in thesearch. He is a forest population geneticist inter-
ested in understanding the demogrepdmd evolutionary forces shaping the genetic structure of natural
populations of tree species. Dr. Chhatre’s researdhgitive past 15 years has addressed issues in popula-
tion, conservation, and quantitative genetics of liwed and ecologically and economically important
forest tree species such as spruce, pine, and poplat.rbtently he investigated the importance of range
context and interspecific hybridizatiom understanding adaptation to climatePimpulus a model species
and emerging bioenergy system. In the pursuit afehgoals, he applies computational tools to genomic
data obtained from next-generatiogencing technologies. Dr. Chhatre received a Ph.D. in genetics from
Texas A&M University and was a postdoctoral fellowthathe U.S. Department of Agriculture’s Forest
Service and the University of Vermont.

Dr. Jason A. Delborneis an associate professor of science, polcyl society in the Department of For-
estry and Environmental Resources at North Caroliate &tniversity. Dr. Delborne joined the university
in August 2013 as part of the Chancellor's Facultgdtlence Program in Genetic Engineering and Society.
His research focuses on highly politicized scientific omrérsies, such as agricultural and forest biotech-
nology, gene drives, synthetic biology, and biofu@swing upon the highly interdisciplinary field of
science, technology, and society (STS), he engayésus qualitative research methodologies to ask ques-
tions about how policy makers and members of theipirterface with controversial science. Dr. Delborne
holds a bachelor’'s degree in human biology from fetanUniversity (1993) and a doctorate in environ-
mental science, policy, and management from the Usityasf California, Berkeley (2005). He completed
postdoctoral training funded by the National ScieRoandation at the University of Wisconsin—Madison
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