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Abstract Genetic diversity provides the essential basis for the adaptation and resilience of

tree species to environmental stress and change. The genetic conservation of tree species is

an urgent global necessity as forest conversion and fragmentation continue apace, dam-

aging insects and pathogens are transported between continents, and climate change alters

local habitat suitability. Effective and efficient genetic conservation of tree species presents

a substantial challenge because of the lack of basic information about many species,

inadequate resources, and a historical lack of coordination within and between conserva-

tion sectors. Several cooperative efforts are already under way and are achieving con-

servation success, but much work remains. The Gene Conservation of Tree Species—

Banking on the Future workshop in 2016 enabled the exchange of information and the

creation of collaborations among tree conservation stakeholders. Several key themes

emerged during the meeting’s presentations and dialogue, which are further explored in

this paper. In situ conservation of species is the long-term goal and is often the most

efficient approach for preserving the genetic diversity of many forest tree species. Whether

existing reserves adequately protect species and are sufficient for future conservation needs

is uncertain. Ex situ conservation is an important complement to in situ efforts, acting as an
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insurance measure against extinction, providing material for restoration, enabling addi-

tional research opportunities, and educating the public. Networks of botanic gardens,

government agencies, and non-governmental organizations must continue to coordinate ex

situ and in situ efforts to improve the efficiency and effectiveness of tree conservation

efforts. Assessing and prioritizing which species and populations require genetic conser-

vation and prioritizing among them is a critical need. Two key tree restoration needs are for

wider dissemination of planting stock, particularly stock with resistance to insects and

pathogens, and for specific silvicultural prescriptions that facilitate restoration efforts.

Effective genetic conservation of forest trees will require ongoing cooperation among

widely diverse groups of scientists, managers, and policymakers from the public and

private sectors.

Keywords Ex situ conservation � Forest management � Genetic diversity � Global
change � In situ conservation � Restoration

Genetic conservation challenges and workshop purpose

The challenge of adequately conserving the genetic diversity of tree species is underscored

by the fact that, until very recently, we had no reliable estimate of the total number of

existing tree species, despite their crucial ecological and economic importance. A com-

prehensive analysis of published data sources and expert input now counts at least 60,065

tree species currently known to science (Beech et al. 2017), perhaps 20% of the approx-

imately 380,000 plant species in the world (Kew 2012). These numerous tree species

provide extensive economic value and essential ecosystem functions; provide many social,

cultural, medicinal, and scientific benefits; and offer vital options for future development

and adaptation (FAO 2014b; Millennium Ecosystem Assessment 2005). The threats they

face, however, are myriad, extensive and persistent. These include pest and pathogen

infestations (Dukes et al. 2009; Ramsfield et al. 2016), drought (Millar and Stephenson

2015), climate change (van Mantgem et al. 2009; Fettig et al. 2013), land conversion and

fragmentation (Riitters et al. 2016; Wade et al. 2003), and unsustainable use and

exploitation (Shearman et al. 2012; Asner et al. 2009).

Genetic conservation is clearly in order for many tree species. The Global Strategy for

Plant Conservation (GSPC), originally approved in 2002 in association with the interna-

tional Convention on Biological Diversity, recognized this reality by outlining 16 outcome-

oriented global targets for 2020 that focus on plant diversity, including halting its loss and

effectively securing its conservation and sustainable use (Sharrock 2012). The GSPC is an

ambitious undertaking: About 20% of all the world’s plant species are threatened (Kew

2012). If we assume this ratio holds for trees, then 12,000 to 20,000 tree species may be in

need of some sort of protection. Recently, the compiled list of threatened trees encom-

passed 9641 species, of which 1894 were critically endangered, 3436 were endangered,

and 4311 were vulnerable (Rivers et al. 2015). Only about one-third of tree species,

however, have had comprehensive conservation status assessments (Beech et al. 2017), so

the magnitudes of the decline and loss of tree species are mostly unknown. This lack of

understanding of conservation needs is particularly acute in tropical and semi-tropical

developing areas of the world, since most tree-oriented genetic conservation research has

focused on temperate and boreal species. These areas, however, host extraordinary tree
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diversity: 8715 species in Brazil, 5776 in Columbia, and 5142 in Indonesia, for example

(Beech et al. 2017). As Peter Crane (2015) notes, the effective conservation of all tree

species is an even greater challenge than assessing the conservation status of the world’s

tree species, given the absence of basic information about many species, the lack of

adequate resources and will, and the decentralized nature of plant conservation science.

Still, he asserts: ‘‘The charismatic megaflora are a gift to the whole of humanity

bequeathed to us by millions of years of evolution. It is important that we act now to ensure

their future.’’

It was in this context of tree genetic conservation needs and challenges that more than

120 scientists and managers from six countries met at the Gene Conservation of Tree

Species—Banking on the Future workshop in Chicago, Illinois, United States, in May

2016, organized by the United States Department of Agriculture (USDA) Forest Service

and The Morton Arboretum, the Chicago Botanic Garden, Botanic Gardens Conservation

International, the USDA Agricultural Research Service, the Western Forestry and Con-

servation Association, the American Public Gardens Association, and the Global Trees

Campaign. The purpose of the workshop was to facilitate the exchange of the latest

information, research, and action on the genetic conservation of tree species, especially

those at risk from stressors such as insects, pathogens, drought, exploitation, and habitat

loss. During five plenary talks, 84 contributed oral presentations, 24 poster presentations,

and six working sessions, the workshop highlighted major studies and actions undertaken

by organizations for the long-term conservation of trees as well as risk assessments that

help to inform and prioritize genetic conservation strategies. Participants used this infor-

mation during the meeting to develop a set of recommended action items that can be used

to form and strengthen partnerships, fostering collaboration to accelerate genetic conser-

vation efforts. The workshop included a field tour of natural habitats at Fermilab and at The

Morton Arboretum outside Chicago, as well as an address by Crane, former director of the

Royal Botanic Gardens, Kew, and former dean of the Yale School of Forestry and

Environmental Studies.

The meeting was organized around the four following general topics, with key chal-

lenges, opportunities and action items emerging from each: In situ conservation, ex situ

conservation, identification of species and populations to be conserved, and restoration of

species and ecosystems of conservation concern. Each is explored below following an

overview of the importance of genetic diversity.

The importance of genetic diversity

Genetic diversity is essential for forest tree species because it provides a basis for adap-

tation and resilience to environmental stress and change. The loss of the option value

conveyed by genetic variation could be particularly detrimental to the future survival of

tree species in the face of numerous severe stresses (Schaberg et al. 2008; Jump et al.

2009). Nations in temperate parts of the world recognized the fundamental importance of

forest tree genetic variation by incorporating three genetic diversity indicators outlined in

the Montreal Process Criteria and Indicators for the Conservation and Sustainable Man-

agement of Temperate and Boreal Forests (Montréal Process Working Group 2009). In the

United States, the USDA Forest Service incorporates these indicators in its periodic forest

sustainability assessment framework (United States Department of Agriculture Forest

Service 2011; Nelson et al. 2015).
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As long-lived, immobile, and often widespread life forms, tree species need high levels

of genetic diversity to adapt to changing environmental influences (FAO 2014b). In fact,

tree species maintain significantly more genetic variation within rather than among their

populations compared to other groups of plants, perhaps enough in many cases—when

combined with their capacity for long-distance pollen dispersal—to allow species to adapt

to changing environmental conditions (Hamrick 2004). A central objective of genetic

conservation, therefore, is to maintain genetic integrity and natural levels of genetic

diversity, and to enhance genetic diversity in populations and species where it has been

eroded (Rajora and Mosseler 2001), an objective that is particularly important in plant

species and populations that are threatened by extirpation (Maunder et al. 2004b). A major

threat to forest tree genetic resources is human-induced climate change, through which

populations may be rendered unfit for new environmental conditions and for existing biotic

and abiotic disturbances occurring outside their historic distribution, frequency and

intensity ranges (Alfaro et al. 2014). Other, more immediate, threats to forest tree genetic

diversity include (1) exotic insect and pathogen infestation, which have had the best

documented and possibly greatest impact on forest tree genetic structure, and (2) defor-

estation, which directly eliminates locally adapted populations (Ledig 1992).

Beyond preserving existing levels and patterns of variation, an additional goal of

genetic conservation efforts should be to support the continued evolution of species and

populations (Eriksson et al. 1993), with the aim of enhancing adaptive genetic variation by

increasing the probability that new alleles will be saved and that genetic variance in

quantitative traits will be increased (Namkoong 1997). Such efforts may require the

integration of both in situ (on site) and ex situ (off site) conservation efforts to ensure that

best practices in forestry and horticulture are combined to enhance genetic diversity,

especially in high-value species and those with small and vulnerable populations (Pritchard

et al. 2014). A recent example is that of Rocky Mountain bristlecone pine (Pinus aristata

Engelm.), for which a range-wide ex situ seed collection was combined with assessments

of the health and ecological conditions of 61 distinct stands across the species range and of

the relationship between stand and regeneration characteristics and environmental factors.

The results will inform proactive management actions to increase population resilience in

the face of a non-native pathogen, climate change, and altered disturbance regimes

(Schoettle and Coop 2017).

Adaptive genetic diversity is a primary focus of conservation genetics because of its

importance over the long-term, during which it allows for the maintenance of adaptive

evolutionary potential, and over the short-term, during which it is associated with the

maintenance of reproductive fitness (Frankham et al. 2002). Quantifying adaptive genetic

diversity within and across the ranges of tree species is therefore critical for achieving the

objectives of both in situ and ex situ conservation. Without spatially explicit information

about the distribution of within-population genetic diversity and between-population dif-

ferentiation, it is not possible to effectively and efficiently preserve the genetic resources of

tree species, either in reserves or in seed collections. Ideally, the most important infor-

mation for guiding genetic conservation decision-making would come from quantitative

phenotypic traits associated with the fitness of an organism to its local environmental

conditions and its ability to adapt to environmental changes, but this is difficult to measure

(sensu Frankham et al. 2002). Adaptive traits are usually quantified in field trials, but such

studies are expensive and time-consuming (Graudal et al. 2014). As a result, aside from a

few economically important tree species (e.g., Rehfeldt et al. 2014; Tripiana et al. 2007),

we understand very little about patterns of adaptive variation across the distributions of

most species. Provenance trials for the relatively few tree species of high economic value
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may not be entirely relevant to conservation and restoration, however, because they are

generally designed to focus on traits of interest to production forestry and include an

inherent sampling bias toward trees with high values for those traits (Boshier and Boyle

2000). Because it is not generally possible to directly measure adaptive traits, selectively

neutral molecular genetic markers like microsatellites are an important tool for estimating

adaptive potential across populations because molecular genetic diversity is the most

rapidly and easily accessible measure of genetic diversity in natural populations (Jump

et al. 2009), even though these markers usually are not associated with adaptive trait

variation in tree species (Reed and Frankham 2001). Studies based on a variety of marker

types are decreasing in cost and are more economical than evaluations of adaptive traits

(Morales-Hidalgo et al. 2015), and have the ability to generate large amounts of genetic

data that can easily be combined with environmental information (Graudal et al. 2014).

Genetic diversity analyses using molecular markers are particularly important for rare,

endemic, and threatened tree species (Pautasso 2009). For these species, small population

size and population isolation are of particular concern because they may result in sus-

ceptibility to genetic drift and inbreeding (Jaramillo-Correa et al. 2009), reducing the

fitness of populations (Reed and Frankham 2003) and their capacity to adapt to changing

environmental conditions (Willi et al. 2006). There have been numerous recent investi-

gations of the genetic diversity of imperiled tree species consisting mainly of small and

isolated populations (e.g., Schoettle et al. 2012; Tamaki et al. 2016; Boraks and Broders

2016; Quiñones-Pérez et al. 2017), with implications for both in situ and ex situ conser-

vation efforts, including establishing the degree of inbreeding and identifying populations

with lower and higher levels of genetic diversity.

In situ conservation is more relevant to the management of widespread tree species,

many of which include populations containing unique, rare and unusual genetic variation

and complex genetic structures that necessitate preservation of a hierarchy of stands,

populations and races (Millar and Libby 1991). Range-wide studies using molecular

markers (e.g., Potter et al. 2012; Wei et al. 2011; de Lafontaine et al. 2013; Kimura et al.

2014) can identify populations harboring relatively high or low levels of genetic variation

and offer insights into the existence of intra-species evolutionary lineages that may have

undergone differential natural selection and thus may possess unique adaptive traits. This

information should be highly applicable to conservation planning and management deci-

sion-making. The power of these studies has increased and their cost has decreased in

recent years with the improvement of high-throughput methods and the ability to identify

large numbers of markers, such as single nucleotide polymorphisms (SNPs) and simple

sequence repeats (SSRs, or microsatellites) across the genomes of trees (Porth and El-

Kassaby 2014). These marker systems have made formerly difficult and expensive analyses

more accessible for gene conservation applications. Because most genetic diversity and

differentiation analyses focus on temperate and boreal tree species, more knowledge is

needed for tropical and semi-tropical tree species, including patterns of inbreeding and the

degree of gene flow within species ranges (Pautasso 2009). Additionally, while neutral

genetic marker data are better than no information at all, long term conservation of rare

species will be more successful when informed by results of quantitative genetic analyses.

A renewed focus on quantitative genetics and genomics is therefore needed to understand

whether and how species will adapt to changing conditions (Kramer and Havens 2009). It

is worth noting that molecular geneticists are increasingly able to develop and apply

techniques such as next-generation sequencing, novel genotyping methods, and gene

expression strategies, that facilitate cost-effective, large-scale analyses of neutral and non-

neutral markers (Kirk and Freeland 2011). These new methods, often called ecological
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genomics, can produce more precise estimates of adaptive genetic potential and population

genetic parameters (Aravanopoulos 2016). Ecological genomics is already being applied to

tree species (Eckert et al. 2013), including across broad scales (Pais et al. 2017; Liu et al.

2016).

In situ conservation

Efforts to conserve gene pools of forest tree species in situ are generally considered the

long-term goal and the most efficient conservation approach for preserving genetic

diversity (Fig. 1). In situ forest genetic resource conservation encompasses a wide variety

of activities including identifying species and areas to protect, the actual protection of an

area containing priority species, population monitoring and reinforcement, preparing

management plans for species or forests, and outreach and education regarding the

appropriate use of forest genetic resources (FAO 2014b). In situ conservation, through

networks of protected and/or restored areas, typically represents a more evolutionarily

dynamic approach than ex situ methods because the target species or population can

maintain its full range of evolutionary and ecological functions and processes, and can

track the environmental changes to which it must adapt (Rajora and Mosseler 2001). In situ

conservation also permits the maintenance of ecological, aesthetic, ethical and cultural

values of tree species, with the additional benefit that genetic resources of multiple species

can be conserved simultaneously (FAO 2014b). Finally, in situ conservation measures may

also be less expensive than collecting and managing genetic resources in seed banks or

through other ex situ conservation mechanisms (Ledig et al. 1998), although in situ con-

servation also encompasses the costs of population monitoring and habitat management,

often in remote areas. Because in situ conservation is the preferred approach for ensuring

the dynamic maintenance of genetic diversity and evolutionary processes within forest tree

species, the Food and Agricultural Organization (FAO) of the United Nations included the

strengthening of the contribution of primary forests and protected areas to in situ con-

servation as a strategic priority in its Global Plan of Action for the Conservation, Sus-

tainable Use and Development of Forest Genetic Resources (FAO 2014a). The Global

Strategy for Plant Conservation (GSPC) for 2020 includes a target of conserving at least

75% of threatened plant species in situ (Sharrock 2012).

Species, and more directly their populations and individuals, are the outcome of

entwined genetic and ecological processes, so in situ conservation of species needs to take

into consideration communities and ecosystems in which the plants exist (Rolston 2004).

Specifically, effective in situ conservation requires that ecosystem functions and processes,

as well as population genetic processes within tree species, be maintained within a network

of sites that comprehensively represent all levels of genetic organization (genes, popula-

tions, species) (Kanowski 2000).

A strict definition of in situ conservation focuses on the establishment and management

of reserves explicitly for the conservation of forest tree biodiversity. Forest genetic

resources are more likely to be adequately and efficiently preserved when reserve estab-

lishment and design follow biogeographic guidelines as much as possible given constraints

such as existing human land use. These guidelines include ensuring reserves are as large as

possible, have biologically meaningful boundaries, are connected with other protected

areas, and encompass a range of successional stages and habitats (Given 1994). Within

ecological regions, these forest preserves should be (1) comprehensive, by representing all
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Fig. 1 In situ conservation of rare tree species. a Rocky Mountain bristlecone pine (Pinus aristata Engelm.)
grows in a set of relatively small, high-elevation populations in Colorado, New Mexico, and Arizona, USA;
many of these occur within government-owned protected areas, including the Mount Goliath Natural Area in
Arapaho National Forest of central Colorado. b Wiliwili (Erythrina sandwicensis O. Deg.) is endemic to
low-elevation tropical dry forests on leeward sides of the Hawaiian Islands, such as at a Waikoloa Dry
Forest Preserve on the Big Island, Hawai‘i, USA, managed by a nonprofit organization. Photo: Kevin M.
Potter
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forest ecosystems; (2) adequate, in that they are able to maintain the viability and integrity

of populations, species and communities; (3) representative, in the sense that diversity

within ecosystems is replicated across the ecological region; and (4) efficient, in relation to

encompassing ecological, economic and social objectives (Kanowski 2000). These are

broad-scale goals so achieving them requires improved coordination across multiple

stakeholders, including private land owners, local municipalities, state and provincial

divisions, native peoples, and federal agencies. Such cooperation may even transcend

national boundaries, as in one case in Europe where 33 countries have agreed to a dynamic

forest genetic resources conservation framework that aims to preserve genetic diversity of

trees within an evolutionary context while allowing generational turnover in the forest

(Lefevre et al. 2013). Finally, active management may be necessary for in situ reserves to

be able to continue to conserve forest genetic resources in light of rapid climate change.

Management includes silvicultural treatments such as thinning and prescribed fire to

increase resistance to threats (Jacobs 2007), and the use of assisted colonization to increase

genetic diversity by establishing populations adapted to future climates within or adjacent

to reserves (St Clair and Howe 2011). Other innovative management strategies may be

applied, including using in situ conservation of seedling banks to maintain a large number

of young plants in a relatively small area, especially for species with recalcitrant seeds

(Pritchard et al. 2014). As expressed during the 2016 gene conservation workshop in

Chicago, future research is needed to determine whether existing reserves adequately

protect species and are sufficient for future conservation given ongoing threats to tree

species, including habitat loss and changing climate.

The GSPC calls for securing at least 15% of the area of each ecological region or

vegetation type globally through effective management and/or restoration by 2020

(Sharrock 2012). The percent of protected forestland in the world actually exceeded this

threshold by 2015, having increased to 16.3% from 7.7% in 1990. This percentage varied

by climatic domain, however, and did not reflect a 2.5% global decline in primary forest

area and a 10% decline in the tropics during the same timeframe (Morales-Hidalgo et al.

2015). In this context, relying on strict reserves alone for in situ conservation is unlikely to

accomplish complete and efficient conservation of imperiled forest tree species, particu-

larly in parts of the world where deforestation levels are high and where reserved status

may not confer protection from forest conversion, selective harvesting, grazing, and other

threats. In fact, most in situ conservation of forest genetic resources happens outside

protected areas on lands in a range of public, private and traditional ownerships, especially

in multiple-use forests and those used primarily for wood production. The conservation of

forest genetic resources should be integrated into the land-use designations of these forests

and the regulations governing their use and management (FAO 2014b).

The management of forest species outside of strict in situ reserves (sometimes called

circa situ or near site conservation) should incorporate principles of landscape ecology and

adaptive management, including (1) maintenance or restoration of connectivity between

protected areas, (2) maintenance of heterogeneity across forest landscapes, (3) mainte-

nance of structural complexity and floristic diversity within forest stands, and (4) use of a

variety of management strategies implemented at different scales (Kanowski and Boshier

1997). Additionally, on a smaller scale, silvicultural and other management practices

should take the population size, reproductive biology, and growth rate of a species into

account to ensure that genetic diversity and evolutionary processes are maintained in forest

populations (Ratnam et al. 2014; Schaberg et al. 2008).

Long-distance movement of genes by both pollen and seed can alleviate the effects of

inbreeding depression and genetic drift in small populations, and can help maintain or
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increase genetic variation in recipient populations, facilitating adaptation to new envi-

ronmental conditions (Alfaro et al. 2014; Aravanopoulos 2016). Because of the greater

potential mobility of their seeds and pollen, trees are expected to have higher rates of

interpopulation gene flow than herbaceous plants with the same dispersal mechanisms;

among trees, gymnosperms should experience more gene flow than angiosperms because

of their modes of pollination and seed dispersal, and trees with wind-dispersed pollen tend

to have greater gene flow and less among-population differentiation than those with other

breeding systems (Hamrick and Nason 2000). Advances in our understanding of the

capacity of pollen, particularly from pines, to be transported over very long distances is

requiring conservation geneticists to rethink long-held hypotheses about pollen dispersal

gradients, the limitations of gene flow, and even the degree to which small populations are

isolated by distance from their neighbors (Williams 2017).

Despite the advantages of in situ conservation of forest genetic resources, there are

important constraints to its ability to protect forest genetic resources, including high rates

of deforestation in certain regions, the uncertain impacts of climate change, insufficient

knowledge about the importance of genetic diversity and genetic processes, and inadequate

enforcement of policies and regulations enacted to conserve forest genetic resources (FAO

2014b). Thus, it may be necessary to apply additional or alternate conservation strategies

such as ex situ approaches and restoration efforts.

Ex situ conservation

Ex situ conservation strategies are those that preserve plants or plant germplasm away from

their areas of natural occurrence (Given 1994). These methods can include seed, pollen,

and tissue banks; clonal and seedling orchards; botanic gardens; and arboreta (Maunder

et al. 2004b), but may also encompass any collection or planting of material not established

or managed specifically to regenerate itself naturally, such as provenance and progeny tests

(Yanchuk and Lester 1996). Governments and non-governmental organizations around the

world have made strong commitments to ex situ conservation, conserving about 1800 tree

species in dedicated ex situ conservation collections, mostly in botanic gardens; many of

these species are from economically important genera such as Pinus, Eucalyptus, and

Albizia (FAO 2014b). The GSPC acknowledged the important role of ex situ conservation

by calling for representation of at least 75% of threatened plant species in ex situ col-

lections, preferably in the country of origin, with at least 20% available for recovery and

restoration efforts (Sharrock 2012). Much work remains before this goal is achieved,

however. Of 5330 endangered and critically endangered tree species globally, only 26%

(1389) are represented in ex situ collections (Rivers et al. 2015).

Ex situ conservation is an important complement to in situ conservation efforts, espe-

cially for very rare or threatened species, or when in situ conservation is not a viable

option, or as a safety duplication measure (FAO 2014b; Cavender et al. 2015). At the most

basic level, ex situ conservation collections can safeguard valuable samples of wild plant

diversity, but under more strategic and coordinated initiatives can play a critical role as part

of an integrated conservation response supporting the retention and restoration of wild

plant diversity (Maunder et al. 2004b). In practice, ex situ conservation collections are

generally static rather than dynamic, in that they do not often allow for continued genetic

change in species (i.e., sexual reproduction). Increasingly, however, botanic gardens and

other ex situ collection managers are pursuing coordinated germplasm exchange and even
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captive breeding efforts across institutions to improve genetic diversity and generate more

individuals of very rare species, such as efforts with dawn redwood (Metasequoia glyp-

tostroboides Hu and W. C. Cheng) at the Dawes Arboretum (Payton 2010).

Seed banking, the long-term storage of seed at low moisture and temperature, has the

capacity to effectively conserve high levels of variation at a low relative cost per individual

(Oldfield and Newton 2012; Li and Pritchard 2009), and is the most widely applied ex situ

conservation strategy for plants (Fig. 2). Seed banks therefore have the dual purpose of

providing a long-term safeguard against the loss of biodiversity through storage that lasts

decades or even centuries, while providing a supply chain for shorter term restoration or

research efforts (Guerrant et al. 2014). Examples in North America include extensive seed

collections from whitebark pine (Pinus albicaulis Engelm.) and foxtail pine (P. balfouri-

ana Balf.) (Sniezko et al. 2017), eastern hemlock (Tsuga canadensis [L.] Carr.) and

Carolina hemlock (T. caroliniana Engelm.) (Jetton et al. 2013), and ash (Fraxinus) (https://

www.nsl.fs.fed.us/geneticconservation_ash.html).

The length of seed viability is largely unknown for many species, however, despite the

need for information about expected viability following different lengths of time in storage

(Sniezko et al. 2017), making it necessary to regularly assess germination rates. Additional

seed collections over time may also be required, depending on how long seed remains

viable. To improve the effectiveness of seed banking, researchers should focus on

improving proper post-harvest handling and storage, which will allow the development of

species-specific strategies for conservation based on storage behavior (FAO 2014b). The

development of species-specific protocols for seed handling and storage is often a chal-

lenge, given the time required and the variety of storage, stratification and germination

protocols employed even for a single species, but is essential given that long-term seed

storage complements components of both in situ and ex situ conservation (Sniezko et al.

2017). Additionally, researchers need to identify appropriate post-storage stratification and

germination protocols for many tree species. The seed banking approach, however, works

only for species having orthodox seed storage behavior, that is, seeds that remain viable for

long periods of time at low temperatures and moisture levels. For recalcitrant species, such

as oaks and magnolias, other more expensive alternatives are needed, including cryop-

reservation in liquid nitrogen, tissue culture, field and greenhouse plantings, and cultivation

in living collections such as botanic gardens and arboreta (Oldfield and Newton 2012; FAO

2014b). Recent advances have occurred in many of these areas, including the expansion of

living collections to conserve threatened tree species in sufficient numbers to ensure broad

genetic diversity in their progeny (Pritchard et al. 2014; Cavender et al. 2015). For

example, a collaboration between the American Public Gardens Association (APGA) and

the USDA Forest Service focuses on collecting, propagating, and distributing propagules

(for ex situ collections) from tree species with recalcitrant or unorthodox seed including

sweetbay (Magnolia virginiana L.), Oglethorpe oak (Quercus oglethorpensis W. H. Dun-

can), and coastal sage scrub oak (Q. dumosa Nutt.) (https://publicgardens.org/programs/

plant-collections-network/tree-gene-conservation-partnership).

The choices of which species and populations to collect and the methods with which the

germplasm is maintained for long periods of time may determine which species survive

into the next century in ex situ collections that otherwise would not (Guerrant et al. 2014).

Unfortunately, ex situ collections face many of the same genetic hazards as small popu-

lations in the wild, such as genetic drift, mutation accumulation, and inbreeding depres-

sion, as well as some unique ones, such as artificial selection (for conditions in the ex situ

collection) and outbreeding depression (the result of crossing among previously repro-

ductively isolated populations of a species) (Schaal and Leverich 2004). Ex situ collections
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Fig. 2 Long-term genetic resource preservation facilities. a Conventional seed storage collections (at
-18�C) at the National Center for Genetic Resources Preservation in Fort Collins, Colorado, USA, which
stores approximately 890,000 accessions from 9300 plant species, including trees. b The Millennium Seed
Bank of the Royal Botanical Gardens Kew, United Kingdom, with more than 2 billion seeds in storage from
approximately 37,400 plant species, and an extensive public outreach program. Photo: Kevin M. Potter
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need to be maintained to preserve representative levels of genetic diversity, to minimize

deleterious genetic change, and to reduce genetic risk (Havens et al. 2004). Similarly, the

initial propagule sampling itself (Fig. 3) should represent the extent of adaptive genetic

variation across the range of a given tree species. How this is accomplished depends on

several factors, including the purposes for which the collection is made (long-term storage

or restoration), the nature of the material available (e.g., number of populations, orthodox

vs. recalcitrant seed), and whether the benefit of the collection is worth the cost to have

enough material for use when needed (Guerrant et al. 2004). In general, sampling should

encompass between five and 50 populations across the species distribution, potentially

stratified by important geographic or environmental gradients; should include at least 50

individuals within each population; and should be collected and accessioned within

maternal lines (with seed from each individual plant kept separately) rather than bulked

(Guerrant et al. 2014). Uniform ex situ sampling guidelines, however, do not apply equally

well to all species, and spatial sampling strategies and sample sizes produce different

outcomes when species differ in population size, genetic connectivity, or mode of polli-

nation (Hoban and Schlarbaum 2014). For example, some species have been successfully

conserved ex situ by sampling fewer populations and individuals per population (Dvorak

et al. 1999). On the other hand, species with high levels of self-fertilization or low levels of

dispersal will require many more samples than are commonly recommended to reach

genetic diversity targets. Allele capture is almost always higher by sampling fewer seeds

from more plants than by sampling more seeds from fewer plants (Hoban and Strand

Fig. 3 Ex situ gene conservation collection efforts. a Seed collection from Atlantic whitecedar
(Chamaecyparis thyoides (L.) Britton, Sterns & Poggenb.) from Jones Lake State Park in North Carolina,
USA. b Pollen collection from tecunuman pine (Pinus tecunumanii Eguiluz & Perry) near San Jeronimo,
Guatemala. a Photo: Robert M. Jetton; b Photo: Kevin M. Potter
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2015). In the case of species with non-continuous distributions, it is critical that sampling

cover the total spatial extent of the species because omitting areas of occurrence will lead

to either under-estimating or over-estimating the degree of genetic differentiation (Rico

2017). Finally, while these principles should help guide the efficient sampling of genetic

variation for tree species, proceeding with a somewhat imperfect sampling plan as soon as

practicable may be a better approach in some cases than waiting until all the recom-

mendations can be followed. It may be possible to fill sampling gaps later, and at least a

portion of the representative genetic variation will have been conserved.

Botanic gardens and arboreta play a critical role in the development of ex situ collec-

tions of threatened plant species (Fig. 4a), both in seed banking efforts and in living

collections of many exceptional species that either do not produce seeds or produce seeds

that are recalcitrant (Fant et al. 2016). Indeed, a few extremely imperiled tree species, such

as the Franklin tree (Franklinia alatamaha W. Bartram ex Marshall) of the southeastern

United States (Fig. 4b), Wood’s cycad (Encephalartos woodii Sander) of KwaZulu-Natal

in South Africa, and the Saint Helena redwood (Trochetiopsis erythroxylon [Forst.] Mar-

ais) on the South Atlantic island for which it is named, exist only in cultivation, most

importantly in botanic gardens and arboreta. These institutions are in a position to make

important contributions to tree conservation because they maintain extensive collections of

living trees, as well as seeds and other germplasm, which can be valuable in supporting

both ex situ and in situ conservation efforts, and they support the skills and ability to

Fig. 4 Ex situ conservation in botanic gardens and cultivation. a The imperiled Gowen cypress
[Hesperocyparis goveniana (Gordon) Bartel], limited to two small natural populations on the Monterey
Peninsula of California, here planted in the Jardin des Plantes de Montpellier, France. b The Franklin tree
(Franklinia alatamaha W. Bartram ex Marshall), extinct in the wild but persisting in horticultural
collections, including this one in North Carolina, USA. Photo: Kevin M. Potter
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identify, cultivate and propagate a wide range of tree species (Oldfield and Newton 2012).

They also are in a unique position to play a significant role in ex situ conservation because

they have the land and the facilities, such as breeding nurseries, tissue culture laboratories

and seed banks, necessary to maintain genetically diverse tree collections (Cavender et al.

2015). Finally, as facilities visited by many millions of people each year, botanic gardens

and arboreta can be innovative leaders in educating the public about the need for plant

conservation (Given 1994). In all cases, partners in government agencies and non-

governmental organizations also play an important complementary role.

At the same time, there are challenges to effective tree conservation by botanic gardens

and arboreta, such as an insufficient strategic focus on conservation in some of these

institutions, an historical emphasis on collecting a very small number of individuals from

many different species (‘‘stamp collecting’’), and a lack of global coordination among

botanic gardens and arboreta (Cavender et al. 2015). To ensure botanic gardens, arboreta

and seed banks fulfil their conservation role as stewards for threatened plants, they should

adopt a stronger focus on including threatened trees in their collections, as well as on

diversifying their collections to better represent taxa currently reported as absent from

collections (Rivers et al. 2015). Fant et al. (2016) proposes that these institutions build on

approaches used by the zoological community to manage metapopulations of threatened

plants across networks of gardens and to coordinate germplasm exchange. Finally, it is

worth noting that the enormous number of trees in general cultivation could serve as a

diffuse ex situ conservation population, especially in cases where using locally sourced

seed for restoration is not possible, or in areas where the genetic diversity of natural

populations has been reduced by inbreeding (LaBonte et al. 2017).

Despite advances in ex situ conservation practices, these methods alone typically cannot

conserve the same range of genetic diversity that can be preserved by in situ conservation,

and ex situ populations—whether seed banks, progeny tests, or conservation plantings—

are still subject to natural selection forces that can further reduce their genetic variability

(Yanchuk and Lester 1996). Conservation geneticists, therefore, do not suggest that ex situ

collections can or should replace natural populations. Instead, these methods are often

implemented as part of an integrated management portfolio of conservation efforts, and

serve as an insurance policy against extinction and as a source of material for reintro-

duction and research (Holsinger and Vitt 1997; Oldfield and Newton 2012). Participants at

the Gene Conservation of Tree Species—Banking on the Future workshop underscored the

need for increased coordination between ex situ and in situ efforts to improve the efficiency

and effectiveness of tree conservation programs. One such coordinated effort is the Global

Trees Campaign, a joint initiative of Botanic Gardens Conservation International (BGCI)

and Fauna & Flora International which aims to save globally threatened trees and their

habitats through coordinated in situ and ex situ conservation, restoration of natural habitats,

and sustainable forest management (Oldfield 2008; Oldfield and Newton 2012). Addi-

tionally, horticultural skills necessary for ex situ conservation methods, such as handling

highly recalcitrant seeds, could be applied in attempts to restore tree populations in situ,

while the collection of wildlings from natural stands could augment ex situ collections

(Pritchard et al. 2014).

Participants at the Chicago workshop underscored the need for improved networks of

botanic gardens, arboreta and seed collection organizations to better coordinate conser-

vation efforts, particularly in the tropics. Along those lines, four collaborative networks

(the American Public Gardens Association; Botanic Gardens Conservation International,

U.S.; The Center for Plant Conservation; and the Plant Conservation Alliance Non-Federal

Cooperators Committee) recently created the North American Plan Conservation Initiative,

166 New Forests (2017) 48:153–180

123



a joint effort to engage botanic gardens working actively in plant conservation to achieve

the goals of the North American Botanic Garden Strategy for Plant Conservation, as well

as goals of local and global plant conservation strategies (BGCI 2016). It is possible,

however, that such international collaborative networks may be affected by the imple-

mentation of the 2010 Nagoya Protocol on Access to Genetic Resources and the Fair and

Equitable Sharing of Benefits Arising from their Utilization, which may significantly alter

international germplasm transfer practices by increasing transaction costs and the time

needed to lawfully obtain forest genetic resources (Koskela et al. 2014). On the other hand,

the Nagoya Protocol creates incentives for nations to conserve and sustainably use genetic

resources by helping to ensure that those nations share in the benefits of their resources

(Oldfield and Newton 2012).

Collaborative tree conservation actions will have a greater impact if they are supported

by efforts to create global databases so that data, knowledge and collections are more

available to the research, conservation, and forestry communities (Pritchard et al. 2014).

Examples include BGCI’s PlantSearch database, the only such global information source

about plants in cultivation, which relies on collection holders to upload up-to-date taxa lists

annually (Rivers et al. 2015), and GlobalTreeSearch, a complete list of tree species

occurrences, georeferenced to the country level (Beech et al. 2017), that will provide the

foundation for the Global Tree Assessment (see below).

Identification of species and populations to be conserved

Two organized sessions at the workshop focused on the identification and prioritization of

tree species and populations in need of genetic conservation intervention. One of the 16

targets of the GSPC is a completed assessment of the conservation status of all known plant

species to guide conservation action (Sharrock 2012). The completion of a conservation

assessment for all plant species is urgent given the scientific consensus that the world has

entered an era of mass extinctions in which the current extinction rate is at least three

orders of magnitude higher than Earth’s average across biological and geological history

(Pimm and Brooks 1999). The longstanding and alarmingly high rate of forest cover loss is

a particular concern for the conservation of forest genetic resources, as are unsustainable

tree harvesting, climate change, the international movement of insects and pathogens,

catastrophic fires, and invasive plant competitors (FAO 2014b). As an important effort

toward achieving the GSPC target, a comprehensive Global Tree Assessment is under way

to assess the conservation status of all tree species. Organized by BGCI and the Interna-

tional Union for Conservation of Nature (IUCN) Species Survival Commission’s Global

Tree Specialist Group, its goal is to complete the assessment by 2020. The Global Tree

Assessment will be a major challenge, requiring the international coordination of numerous

organizations and individuals, and a comprehensive list of the world’s tree species along

with their country-level distributions, GlobalTreeSearch (Beech et al. 2017), but success

will improve targeting of conservation resources to tree species at greatest risk; improve

the design of forest conservation, restoration and management efforts; and strengthen

capacity for sustainable forest management and land planning (Newton et al. 2015).

The Global Tree Assessment will contribute to the development of the IUCN Red List

(http://www.iucnredlist.org/), which aims to provide objective and scientifically based

information on the current status of globally threatened biodiversity (Mace et al. 2008).

Within the Red List framework, quantitative criteria referring to fundamental biological
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processes underlying population decline and extinction are applied so that species are listed

appropriately as critically endangered, endangered, or vulnerable. The IUCN system is

designed to increase the consistency, transparency and validity of its categorization, but it

is not intended to provide robust predictions about the fate of individual species or to

quantify factors such as rarity, ecological role, or economic importance (Mace et al. 2008).

NatureServe and its partners evaluate the conservation status of North American species

using an approach similar to the IUCN Red List, while incorporating a broader set of

species characteristics that encompasses rarity, threats and trends (Faber-Langendoen et al.

2012). NatureServe ranks species on a five-point conservation status scale (G1–G5) from

most to least imperiled (http://explorer.natureserve.org); this assessment can be conducted

globally, nationally, or within subnational units such as states or provinces.

Priority-setting is particularly important when the conservation need exceeds the

capacity to respond to those needs (Millar et al. 2007). To efficiently allocate limited

resources, it is necessary to apply rational, systematic, and defensible methods to prioritize

species and populations for conservation (Bottrill et al. 2008). The USDA Forest Service,

therefore, has coordinated tree species conservation assessments specific to the United

States or to regions of the country. Project CAPTURE, for example, is a data- and expert-

opinion-driven hierarchical framework that categorizes species into vulnerability classes

associated with strategies for maintaining adaptive genetic variation through monitoring,

management, and conservation (Potter et al. 2017). Conceptually (Foden et al. 2013),

Project CAPTURE categorizes species based on the three dimensions of vulnerability:

threat exposure, threat sensitivity, and adaptive capacity relative to the threat. It builds on

previous regional National Forest System efforts to assess the vulnerability of forest tree

species to climate change and other threats (Devine et al. 2012; Potter and Crane 2012).

Other efforts also have been directed at prioritizing, for genetic conservation and breeding

purposes, the wild relatives of tree species that are important food, forage, medicinal,

ornamental or industrial crops. Specifically, these projects compare the potential geo-

graphic and ecological diversity of the wild crop species with resources currently acces-

sible in gene banks to identify taxa and geographic areas of particular conservation concern

(Castaneda-Alvarez et al. 2016). Such species-level analyses should prioritize those that

experience a rapid decline in conservation status, as with ash species in North America,

which are being decimated by the nonnative emerald ash borer (Agrilus planipennis

Fairmaire). Ongoing and regular monitoring of trends in tree species population sizes is

therefore a necessity.

Most conservation assessment platforms operate at the species level, but a need also

exists to identify populations within the distributions of tree species most in need of genetic

conservation actions. Gap analyses may assess the degree to which genetic units of a forest

tree species, defined by breeding zones and ecoregion boundaries, exist within protected

areas (Lipow et al. 2004). They may also focus on the fact that locally adapted populations

of wide-ranging species may lag behind their optimal climate conditions under climate

change, and therefore use bioclimate envelope models to identify which individual pop-

ulations are most likely to experience adaptational lags in coming decades (Gray and

Hamann 2013). Another strategy to prioritize occurrence locations for conservation applies

a novel combinatorial method to incorporate multiple dissimilar georeferenced data sets—

such as genetic diversity metrics, previous seed sampling efforts, and climate change

projections—into a geographic prioritization of areas for the most effective and efficient

conservation of genetic diversity (Hastings et al. 2017). This approach integrates geo-

graphic information systems (GIS) with the multi-attribute frontier method (Yemshanov

et al. 2013) to identify locations most in need of conservation actions. Rather than
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requiring prior information or judgment about the relative importance of the criteria, it

instead ranks each area of interest objectively against the other areas by considering values

for all of the criteria simultaneously.

Clearly, numerous conservation assessment approaches currently exist that can be

applied to assist in efforts to evaluate the degree of imperilment for tree species and their

populations, particularly in North America. Opportunities exist to apply these frameworks

cooperatively to achieve a more thorough understanding of what species are most in need

of genetic conservation action. Collaborative efforts are under way to create a complete

checklist of North American tree species, and to apply aspects of different conservation

assessment platforms to develop a comprehensive Red List for tree species in a region.

These lists can then be incorporated in the Global Tree Assessment and into efforts to meet

the 2020 targets of the Global Strategy for Plant Conservation.

Restoration of species and ecosystems of conservation concern

When in situ efforts are not sufficient to effectively conserve the genetic diversity of tree

species, but ex situ actions have preserved a representative sample of that species’ vari-

ation, the logical next step is to consider the restoration of that species into a natural forest

setting. The Global Strategy for Plant Conservation (GSPC) for 2020 includes two targets

directly relevant to the restoration of forest trees: at least 15% of each ecological region or

vegetation type secured through effective management or restoration, and at least 75% of

threatened plant species in ex situ collections, with at least 20% available for recovery and

restoration efforts (Sharrock 2012). While as much as 13 million hectares of natural forest

are lost annually worldwide, as many as 300 million hectares of forest may be planted by

2020 (FAO 2010). Exotic species for commercial production are the predominant source of

reforestation material, particularly in the tropics. At the same time, increasing the use of

native species in restoration activities contributes to the conservation of these species and

of their genetic diversity, particularly if the seed sources are appropriate to the planting site

(Thomas et al. 2014a). One developing example is Malawi’s national tree, the Mulanje

cedar (Widdringtonia whytei Rendle), which is a high-value timber species that occurs

naturally only in the Mulanje Mountain Biosphere Reserve and is critically endangered

because of over-exploitation and fire (Bayliss et al. 2007) (Fig. 5a). Attempts to restore

cedar forests and to grow the species more widely have been limited by its poorly

understood ecology, pathology and horticulture, so BGCI, the Mulanje Mountain Con-

servation Trust and the Forestry Research Institute of Malawi are leading a project to

define optimal growing conditions and to improve horticultural protocols for cedar

restoration on Mulanje Mountain and for wider cultivation in Malawi. The objective is to

deliver both biodiversity benefits and livelihood benefits by restoring populations of the

cedar and generating alternative sources of sustainable income for local people currently

relying on harvesting cedar timber. Through a partnership established at the 2016 genetic

conservation workshop in Chicago, BGCI has engaged the U.S. Forest Service to study the

genetics of Mulanje Cedar to help ensure that reforestation activities maintain natural

levels of genetic diversity.

Forest restoration is a relatively young and complex science, so the theoretical under-

pinnings of the discipline are still evolving (Jacobs et al. 2015). Forest restoration has the

potential to conserve the genetic resources of tree species and the persistence and func-

tionality of forest ecosystems, but there is a high risk that restoration efforts could fail.
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Fig. 5 Restoration of imperiled tree species. a Malawi’s critically endangered national tree, Mulanje cedar
(Widdringtonia whytei Rendle), which is the focus of restoration efforts on Mulanje Mountain as cedar
forest cover has declined more than 90% in the last 30 years. b A restoration study, in Haywood County,
North Carolina, USA, testing the effects of canopy structure, deer exclusion, fertilization and competition
control on the establishment and early survival of eastern hemlock (Tsuga canadensis (L.) Carrière) in areas
where it has been eliminated by the exotic hemlock woolly adelgid (Adelges tsugae Annand). a Photo:
Andrew Bower; b Photo: Robert M. Jetton
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Forest restoration decision-support tools are therefore needed to (1) guide the collection

and propagation of germplasm to ensure a broad genetic base of restored tree populations,

(2) match species and provenances to restoration sites where they are likely to be adapted

based on current and future site conditions, and (3) enable landscape-level planning in

restoration objectives (Thomas et al. 2014b).

To ensure that restored plant species will survive and be able to produce viable off-

spring, which is necessary for a restored ecosystem to be both functional and resilient, it is

crucial that the planting material represents a certain minimum level of intraspecific

diversity (Thomas et al. 2014a). Insufficient, inconsistent, and uncoordinated seed supplies,

however, can be a significant limiting factor in forest restoration at the local scale, and

even more so at the landscape scale (Merritt and Dixon 2014). Many ex situ seed col-

lections, for example, are unlikely to be sufficient in size to be able to support landscape

level restoration, but could be used to establish small stands of trees that would be the

parent trees for more extensive seed collections in the future (Sniezko et al. 2017).

Increased conservation demand will require better coordination between germplasm col-

lection, ex situ propagation, and restoration efforts (Maunder et al. 2004a). Improved

dissemination of two items, especially between public and private land owners and seed

sources, were identified at the Chicago workshop as important needs for genetic-conser-

vation-oriented restoration: (1) germplasm resources, both in terms of increased production

capacity and more strategic and coordinated methods for dissemination, and (2) species-

specific management information. Efforts to address these needs in the United States would

build upon existing conservation collections coordinated by the USDA Agricultural

Research Service’s National Plant Germplasm System, the U.S. Department of Interior

Bureau of Land Management’s Seeds of Success program (Haidet and Olwell 2015), the

USDA Forest Service and its partners, and the Center for Plant Conservation. Currently,

focused breeding and restoration programs in the United States represent more than 100

species of trees and shrubs, mostly maintained by federal agencies and universities (FAO

2012). For example, Camcore, an international tree breeding and conservation program at

North Carolina State University and funded by the USDA Forest Service, maintains seed

collection and research projects for 10 imperiled U.S. tree species including eastern

hemlock and Carolina hemlock (Hodge et al. 2017). Both hemlock species have been

decimated by the exotic hemlock woolly adelgid insect (Adelges tsugae Annand) (Fig. 5b).

To address this threat, more than 2000 seedlings of these species have been established in

seed orchards in three countries, with an objective of making genetically diverse germ-

plasm available for in situ breeding and restoration once successful adelgid management is

accomplished (Jetton et al. 2013; Oten et al. 2014). Camcore also has collected seed from

two dozen pine species in Mexico and South America, with 86% of provenances and 70%

of families established in genetic trials and gene banks, and with seeds supplied to eight

pine restoration studies in Mexico and Guatemala (J. L. Lopez, personal communication).

Participants in the tree genetic conservation workshop also identified the need for

increased availability of pest- and pathogen-resistant planting stock to facilitate tree

restoration activities. This need is likely to be intense in coming years given the many

ongoing invasions by insects and pathogens that have large impacts on native tree species.

These invasions alter ecosystem functions such as productivity, nutrient cycling and

wildlife habitat (Lovett et al. 2016). Classical breeding methods can produce genetically

diverse and resistant populations for restoration and reforestation, if a low frequency of

resistance is present in the host species or one of its relatives, although the development of

resistant populations is typically slow because most tree species have relatively long

generation times (Sniezko 2006). Examples of species bred for pathogen resistance for
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restoration include American chestnut (Castanea dentata [Marsh.] Borkh.) for chestnut

blight, caused by Cryphonectria parasitica (Murrill) Barr (Steiner et al. 2017); and

whitebark pine for white pine blister rust, caused by Cronartium ribicola J.C.Fisch.

(Schoettle and Sniezko 2007). Transgenic approaches, such as incorporating genes from

pathogen-resistant organisms, also may play a role in the restoration of threatened tree

species, sometimes as part of an integrated approach that includes conventional breeding

(Merkle et al. 2007; Steiner et al. 2017).

A topic that emerged repeatedly at the workshop was the need for better guidance on

matching restoration locations with the proper tree seed source, particularly in light of

changing climatic conditions. This has always been a challenge in ecological restoration,

but it is becoming more so as changing climatic conditions mean that locally sourced seeds

are not always an appropriate (or best) option as was assumed in the past (Havens et al.

2015). Given the many uncertainties associated with climate change, reforestation strate-

gies should emphasize the conservation, diversification, and broader deployment of spe-

cies, seed sources, and families, with planting programs potentially deploying non-local

seed sources from further south or from lower elevations (Ledig and Kitzmiller 1992).

Because appropriately sourced germplasm is necessary to ensure that new populations

become self-sustaining and resilient (Broadhurst et al. 2008), the development of seed

transfer zones for species restoration needs significant focus, particularly in light of rapid

climate change (Kramer and Havens 2009; Harris et al. 2006). Ideally, species-specific

seed transfer zones should be generated using information from common garden studies

that can relate adaptive genetic variation to geographic and climatic variables (Ying and

Yanchuk 2006), but this approach is not possible for most tree species, other than those of

commercial importance, because of the extensive resources required (Vogel et al. 2005).

Instead, generalized seed zones for restoration can be based on historical and current range

distributions (Dalgleish et al. 2016), ecoregion delineations (Miller et al. 2010), and/or

relevant geospatial environmental data (Bower et al. 2014), which may be projected into

the future to reflect potential changing conditions (Potter and Hargrove 2012). Such seed

zones, along with disturbance models and species distribution projections, would be

helpful in guiding the assisted migration of genetic material (Alfaro et al. 2014), although

assisted migration for ‘‘species rescue’’ purposes is difficult and has been rarely imple-

mented (Pedlar et al. 2012). Both assisted species migration and assisted population

migration have relevance for conservation restoration, and should be implemented in a

framework that assesses species or population vulnerability to climate change, sets pri-

orities and management targets, and emphasizes long-term monitoring (Dumroese et al.

2015).

Integration of societal influences lags far behind progress in the development of

restoration technologies and the ecological knowledge base needed to effectively restore

threatened species (Jacobs et al. 2013). Multiple restoration paradigms exist, based on

restoration goals that are social choices subject to open debate in a democratic society;

these include revegetation, ecological restoration, functional restoration, and forest land-

scape restoration (Stanturf et al. 2014). Defining the objectives of the restoration project

and setting realistic goals, therefore, is a critical step toward ensuring its long-term sus-

tainability (Jacobs et al. 2015). For example, restoration efforts focused on species and

populations (falling under IUCN’s definition of ‘‘conservation translocation’’) have dif-

ferent objectives than those focused on recovering degraded ecosystems (Corlett 2016),

although ecosystem restoration projects could have potential genetic conservation com-

ponents or consequences (e.g., DeWald and Kolanoski 2017). Science should fulfill the

role of informing and framing the debate about restoration goals by providing objective
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descriptions of feasibility and probable consequences (Stanturf et al. 2014), including when

genetic conservation is a potential restoration objective.

Key conclusions and meeting outcomes

The job of effectively and efficiently conserving the world’s forest genetic resources is a

large and complicated one, perhaps even overwhelming to some (Crane 2015), but it is

imperative given the ecological, economic and cultural importance of forest tree species.

Fortunately, we know how to start working toward achieving our tree conservation goals.

We will need additional research, management, education and training capacity to

understand and mitigate the threats to species; better information about species distribu-

tions; more policy and funding support for research and conservation; and a public that

better understands the importance of plants and why they need to be conserved (Havens

et al. 2014). These will all require cooperation among widely diverse groups of scientists,

managers, and policymakers from the public and private sectors around the world. The

Gene Conservation of Tree Species—Banking on the Future workshop was designed to

encourage the exchange of information and the creation of collaborations among these

stakeholders.

Several key themes emerged from the meeting’s presentations and dialogue, which were

further explored in this paper:

1. Several international organizations and policy frameworks have recognized the need

for tree genetic conservation and have set ambitious targets for in situ conservation, ex

situ conservation, and restoration of tree species. Governments and non-governmental

organizations around the world have made significant progress toward meeting these

goals.

2. Basic information about many tree species is greatly lacking, complicating efforts to

meet global conservation targets. The Global Tree Assessment represents an example

of an important step forward by evaluating the conservation status of all of the world’s

tree species, while GlobalTreeSearch, a complete and georeferenced country-level list

of tree species, provides the foundation for the assessment.

3. Partnerships are essential to accomplish the effective genetic conservation of tree

species. Better coordination is needed among government agencies, botanic gardens,

arboreta, plant and seed collection groups, and other non-governmental organizations.

4. Researchers need to evaluate whether existing in situ reserves adequately protect

species and are sufficient for future conservation needs in context of ongoing threats to

tree species, including habitat loss and changing climate. Additionally, genetic

conservation of tree species should be better integrated into the management of

protected areas, particularly in light of pests and pathogens, climate change, and other

threats.

5. Research must address key knowledge gaps about the most effective and efficient

approaches to conserve tree species using ex situ methods, and to restore them to

natural environments.

6. Botanic gardens and arboreta can and should play a critical role in the ex situ and

in situ conservation of tree species, both in seed collection and banking efforts and in

living collections of species that do not produce seeds easily stored using standard seed

banking methods. They also are uniquely positioned to educate the public about the

importance of tree species genetic diversity and the need to preserve it.
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7. Better coordination is needed between in situ and ex situ conservation efforts to

improve the efficiency and effectiveness of tree conservation programs.

8. Critical needs exist for increased production of planting stock for restoration purposes,

particularly stock that is resistant to important pests and pathogens, for more strategic

dissemination of this germplasm, and for guidance about how to match restoration

locations with the proper seed sources.

9. Much of the world’s tree genetic conservation efforts have focused on temperate and

boreal tree species, so a greater emphasis is required for tropical and semi-tropical

tree species, particularly given their high diversity.

10. Conservation needs exceed the capacity to respond to them, so scientifically sound

priority-setting efforts are required to identify tree species and populations in greatest

need of conservation action. Successful forest tree gene conservation efforts must

anticipate future needs relating to the threats faced by tree species and the resources

required to protect their genetic resources.

In addition to the scores of research presentations describing cutting-edge science in

forest tree genetic conservation (with corresponding papers published in this special issue

and in a conference proceedings document by the USDA Forest Service’s Pacific North-

west Research Station), participants readily shared information and worked to develop

partnerships and to advance existing collaborations. A highlight of the workshop, for

example, was the signing of a memorandum of understanding between the North American

Plant Conservation Initiative (see ‘‘Ex situ conservation’’, above) and the USDA Forest

Service, setting a framework for these partners to work more closely to further plant

genetic conservation. At the conclusion of the workshop, participants committed to pur-

suing this and other actions to improve the global understanding of tree genetic conser-

vation needs and best practices. As Crane (2015) reminded those interested in the future of

tree diversity, ‘‘There is plenty to be done, there is no time to lose, and as opportunities

arise they need to be seized with vigour.’’ Participants at the Gene Conservation of Tree

Species—Banking on the Future workshop did their best to follow his advice, and planned

to continue doing so.
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