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Abstract

There is growing concern that the implementation of political agreements on climate
change and biodiversity will not be enough to protect forests in the short run and up
to the end of the 21st century. As mitigation efforts are lagging behind self-imposed,
reasonable targets, genetic diversity will have a large and significant part to play in
the process of adapting forests to climate change. Genetic diversity, the raw material
of evolution, can be used for adaptation by natural selection and artificial breeding, in
naturally regenerated and plantation forests alike. The two-day scientific conference:
“#rescueforests: Genetics to the rescue - Managing forests sustainably in a changing
world”, addressed the genetic diversity of forests. More specifically, the conference
was about natural as well as assisted adaptive processes, their spatial scale, from
fine grain to landscape and ecoregions, and how much of the genome it involves. It
also dealt with phenotypes and how much of their variation is determined by
underlying genetic diversity. And finally, and perhaps most importantly, the
conference emphasized the importance of conservation and sustainable use of this
genetic diversity as a nature-based solution to adapt under the fast pace of climate
change. The conference demonstrated how improved knowledge on genomic
diversity and evolutionary mechanisms can help to rescue forests, either naturally or
by means of management.
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Introduction

There is growing concern that the implementation of political agreements on climate
change and biodiversity will not be enough to protect forests in the short run and up
to the end of the 21st century (Brown et al. 2019). Looking at the current trend of
carbon emissions, we are on the path to +3°C global temperature increase since the
beginning of the industrial revolution, far from the goals set by the Paris agreement
in 2015 (Plumer and Popovich 2018). As mitigation efforts are lagging behind self-
imposed targets, genetic diversity has a large and significant part to play in the
process of adapting forests to climate change (Alfaro et al. 2014). Genetic diversity is
the raw material upon which evolution can act; and this raw material can be used for
adaptation by natural selection and artificial breeding alike. In this respect, genetic
diversity represents a nature-based solution for adapting forests and forestry to
climate change while preserving biodiversity (Eggermont et al. 2015).

The two-day conference: “#rescueforests: Genetics to the rescue - Managing forests
sustainably in a changing world”, held in Avignon (France) January 2020, addressed
how genomic, phenotypic, and spatial data across diverse species can be leveraged
to understand the distribution of existing genetic variation and to assess the adaptive
capacity of populations. The conference explored new tools in conservation and
breeding designed to maintain species' evolutionary potential.

The conference focused on natural as well as assisted adaptive processes, their
spatial scale, from fine grain to landscape and ecoregions, and how much of the
genome it involves. It also dealt with phenotypic variation and how much of it is
determined by underlying genetic diversity. And finally, and perhaps most
importantly, the conference emphasized the importance of conservation, breeding
and sustainable management of genetic diversity. As it is unclear whether long-lived
forest trees (normally exhibiting long generation times) can keep up with the fast
pace of climate change (Aitken et al. 2008), the conference focused on how genetic
diversity and evolutionary mechanisms can help rescue forests, either naturally or by
means of management. Results were then discussed during a one-day stakeholder
consultation co-organized with the European program EUFORGEN, immediately
following the scientific conference. Stakeholders focused on the identification of
critical issues not yet addressed by research, on the formulation of a list of research
priorities for future collaborative work in the area of forest genetic resources
conservation and sustainable use, and on the preparation of a portfolio of research
ideas to be presented to international, EU and national funding agencies and
implementing agencies (Annex 1).

The conference included four sessions, with substantial contributions stemming from
the H2020 project GenTree (Pennisi 2020), the organizer of the event. All talks were
filmed, professionally edited and the videos made available on two platforms (Annex
2). Most posters were also made available by their authors (Annex 2). The take-
home messages of each session and the conference in general are outlined in the
conclusion and emphasized in Figure 1.



1- Genomes and the environment

Variation in phenotypic and fitness traits is the result of a complex interplay between
environment and genome. Disentangling the relative roles of environment and
genetic variation in shaping past and present phenotypic variation is therefore crucial
to be able to predict the effect of future climate change or to characterize the genetic
architecture of quantitative traits. Historically, such investigations have been mainly
performed with common garden experiments, where individuals from different
provenances are exposed to the same natural or manipulated environment, thus
highlighting genetic differences among provenances (Savolainen et al. 2013).
Additionally, reciprocal transplant experiments, combining several common gardens
in the local habitats of the populations, have been used to demonstrate local
adaptation and describe various relationships between environment, genotype, and
phenotype (e.g. Agren and Schemske 2012). While such approaches have been
very valuable to test the performance of different ecotypes in different environments
(e.g. Alberto et al. 2013), they are not able to make inferences about the molecular
mechanisms underlying adaptation and the genomic architecture of trait variation.

Genomic approaches have started to fill this gap. Recent technical developments in
genome sequencing and analytical advances have led to new possibilities to
describe genome-wide patterns, especially for the study of environmental adaptation.
Pairing high-resolution environmental datasets (e.g. Karger et al. 2017) alongside
genomic data provides the opportunity to perform tests for selection via Fst outlier
analysis (Hohenlohe et al. 2010), quantify genome-environment associations
(Rellstab et al. 2015), and perform gene diversity analyses (Hohenlohe et al. 2010).

From a more polygenic perspective, it has been shown that under certain scenarios,
coordinated and minor changes at a large number of loci better explain the pattern of
local adaptation than large allele frequency changes at a few individual loci (Berg
and Coop 2014; Le Corre and Kremer 2012, Yeaman 2015). While such approaches
have been applied on genome-wide scale in model species for quite some time
already (e.g. Hancock et al. 2011), they were limited in forest trees due to their
massive genome size and complexity. However, this has recently changed due to
dropping sequencing costs, the development of reduced representation
sequencing/genotyping approaches (e.g. Bamshad et al. 2011), and the publication
of several reference genome assemblies (e.g. Mosca et al. 2019).

Building upon the rich history of provenance trials and population genetics, genomics
has pushed the field of forest genetics forward to study adaptation to the
environment and uncover the molecular basis of fithess-relevant traits. However,
many open questions remain, such as: How can we best combine provenance trails
and genomics to study environmental adaptation? How polygenic are molecular
mechanisms behind adaptation? To what extent are tree populations maladapted to
current conditions or may be in the future under climate change? How has
demographic history shaped contemporary adaptation? How convergent is
adaptation among tree species? This session included a selection of talks and
posters that addressed these challenging questions.

Antoine Kremer (INRAE, France) opened the session with a keynote on how
contemporary selection shapes oak phenotypes. His talk mainly concentrated on the



Petite Charnie State Forest in western France (Truffaut et al. 2017), where his team
has, over many years, repeatedly sampled and genotyped a mixed oak stand
consisting of Quercus robur and Q. petraea, allowing them to reconstruct pedigrees.
Results show that Quercus petraea had a much larger phenotypic and genetic
variance of fithess than Q. robur. The investigations suggest that Q. robur will
probably decline steadily over time, particularly in mixed stands with Q. petraea,
consistent with the contrasting demographic dynamics of the two species. This
keynote impressively showed that it takes a long time to build the required
experimental and genomic resources for thorough studies on selection at the local
level.

The session was continued by Ulaszewski Bartosz (Kazimierz Wielki University,
Poland) who examined continent-wide population structure in European beech
(Fagus sylvatica). He identified three distinct clusters that seem to overlap potential
glacial refugia and postglacial migration routes. Interestingly, the spatial genetic
structure was identical when using either neutral or only putatively adaptive loci.
Tanja Pyhajarvi (University of Oulu, Finland) then looked at the genetic architecture
of clinal local adaptation in Scots pine, Pinus sylvestris. Based on a large-scale
sampling, she pointed out the need for more attention towards multi-locus analysis of
polygenic adaptation and to the importance of haplotype inversions, which is little
studied in forest trees, despite their major potential impact on phenotypes. Finally,
Pascal Milesi (Uppsala University, Sweden) tackled the topic of genetic architecture
of fitness-relevant traits in Norway Spruce (Picea abies) and identified both rather
oligo- (bud burst) and polygenic (growth) controlled traits. Connecting two studies
(Chen et al. 2019; Milesi et al. 2019), he illustrated how evolutionary biologists can
take advantage of the resources in breeding programs to investigate the evolutionary
and demographic history of species and dissect the genetic basis of local adaptation.

The second part of the session continued with talks that presented data of the
GenTree project. First, Martin Lascoux (Uppsala University, Sweden) showed how
modern genomic approaches — in this case targeted sequence capture — allows the
re-interpretation of population genetic structure in terms of past demographic and
climatic events, and how the paired sampling design of Lotterhos and Whitlock
(2015) used in GenTree will enhance adaptation genomic analyses. Katharina
Budde (INRAE Pierroton, France) was interested in the range-wide genetic structure
of maritime pine (Pinus pinaster). She first used haploid tissue sequencing and the
method of McKinney et al. (2017) to identify paralogous, multi-copy gene regions
found in the targeted capture sequences of carried out for the GenTree project. With
the resulting, stringently filtered dataset, she identified marginal populations of
conservation interest in southeastern France, Portugal, southern Morocco and
Tunisia. The session was concluded by Benjamin Dauphin (WSL, Switzerland) who
showed that adaptation to climate and soil is highly polygenic in European beech (F.
sylvatica) and sessile oak (Q. petraea). Interestingly, whereas the strongest signal of
selection in beech was found with precipitation-related bioclimatic factors, it was with
temperature-related factors in oaks.

The session also included five posters, ranging from bioinformatics pipelines (Anna-
Maria Farsakoglou, University of Thessaloniki, Greece) to the description of

demographic and adaptive patterns of tree species in Europe (Scots pine expansion
in Europe by Chedly Kastally, University of Oulu, Finland, and adaptive landscape



of European beech by Meredith Schuman, University of Zurich, Switzerland) and in
North and South America (Local adaptation of Nothofagus pumilio in the Andes by
Jill Sekely, Marburg University, Germany, and spatial genetic differentiation in Picea
glauca stands of Alaska by Melanie Zacharias, University of Greifswald, Germany).

2- Local adaptation of climate change related traits

Climate change and related processes (e.g. forest fires and outbreaks of new pests
and diseases) impose a strong selective pressure on natural ecosystems. Although
forest trees have survived numerous past climatic oscillations, the unprecedented
current speed of change raises concerns about their ability to migrate and, most of
all, adapt locally (Aitken et al. 2008). There is lack of evidence for rapid adaptation
for most species and environments, and the role of genes with major effect on
adaptive traits is still not well-known. In addition, only few phenotypic traits have
been studied in forest trees that are relevant for increased forest resilience and
health.

The keynote of Andrew J. Eckert (Virginia Commonwealth University, USA) showed
how the old questions about adaptation can be re-evaluated with new data and
methods (Bower and Aitken 2008). Firstly, combining provenance trial data with a
genomic approach, he showed that, in sugar pine (Pinus lambertiana), whitebark
pine (P. albicaulis) and Western white pine (P. monticola), local adaptation can occur
at very fine scale (Eckert et al. 2015; Lind et al. 2017), and evidenced that gene flow
does not (always) preclude local adaptation. Secondly, he showed that adaptive
responses rely on polygenic adaptation with subtle and coordinated allele frequency
differences (Le Corre and Kremer 2012, Lind et al. 2017, Lind et al. 2018). Finally,
he demonstrated that exogenous selection affects genetic diversity through
hybridization, and that local adaptation can be fostered by adaptive introgression
(Menon et al. 2017).

This session also included other contributions that can be grouped into three types of
approaches. The first one included the study of geographical patterns of
performance and phenotypic variation surveying in situ populations. Phenotypic traits
often exhibit an optimum associated with local environments (Leimu and Fischer
2008) combined to the individual use of resources and biotic interactions (McGill et
al. 2006). Within species, traits may vary geographically as a response to gradients
at different scales (Reichstein et al. 2014), and understanding these patterns across
the species distribution is crucial to define management strategies in the changing
environment. Large phenotypic trait datasets across species’ distributions seem an
excellent source to track the performance and phenotypic variation among
populations within species. Elisabet Martinez-Sancho (and see poster by Lenka
Slamova, WSL Switzerland) exemplified the use of a large database of tree-ring
widths gathered within the GenTree project (Martinez-Sancho et al. 2020) to identify
vulnerable regions for several forest tree species under future scenarios. Alexandre
Changenet (INRAE, France) compiled mortality data of 19 major forest species from
the National Forest Inventories of Spain, France and Germany. He found that tree
mortality amount is patchily distributed across species ranges whereas mortality
occurrence is higher in populations at the rear edges of species ranges, suggesting
that drought is a main driver of mortality in forest trees. Posters by Nataliya



Korolyova (Czech University of Life Sciences) and Valentin Journé (INRAE
France) indicated that other processes, such as insect outbreak resistance or seed
set are critical for resilience.

The second group of approaches used quantitative genetic studies in common
gardens. Understanding how populations genetically differ and respond to climate at
early-life stages is key to predict their ability to thrive under new environmental
conditions (Castro et al. 2005, Lloret et al. 2009). José A. Ramirez-Valiente (INIA,
Spain) presented the first results of a multi-site common garden experiment with
seeds of P. sylvestris collected from eight populations across its European
distribution. Sowing 24,000 seeds in four contrasting sites (Finland, Lithuania,
Germany and Spain) and measuring emergence, survival, early growth and
ontogenic changes, they found that regional climate imposed important selective
pressure on this species along the latitudinal gradient driving genetic differentiation
in traits related to fitness. Using a similar design and with similar results, Aida Solé-
Medina (INIA, Spain) further confirmed the evolutionary potential of early-life traits in
Betula pendula populations across Europe.

Julie Gauzére (University of Edinburgh, UK), using a common garden of 2,300 F.
sylvatica seedlings from 60 open-pollinated families originating from three stands
along a short elevation gradient at the rear edge of the species distribution, provided
evidence of local adaptation in phenological traits, despite high gene flow among
sites (Richardson et al. 2014, Gauzere et al. 2016, 2020). She also highlighted the
beneficial effect of long-distance pollen dispersal after just one reproductive episode
in those differentiated traits, with higher genetic variance in immigrant offspring
compared to local one. In this same line, Claire Godineau (University of Montpellier,
France), using an individual-based quantitative genetic model inspired from Devaux
and Lande (2008), showed that assortative mating increases genetic variance in
global warming scenarios whereas random mating does not, allowing increased
fithess advantage and better tracking of changing environments.

Results from provenance/progeny trials are also used for disentangling the
contribution of genetic diversity and phenotypic plasticity to the population
differentiation for functional traits and fitness. Using data from 38 common gardens
in Europe and North Africa, including 380,000 individuals from three Pinus species
(P. pinaster, P. pinea and P. nigra), Natalia Vizcaino-Palomar (INRAE France)
found strong plastic responses for height growth to the climatic variability but no
clear pattern across the species ranges. Additionally, the poster of Paul Zeltins
(SILAVA, Latvia) showed a longitudinal pattern of differentiation, based on growth
and stem quality, using progenies from 26 provenances of B. pendula aged 14
years, with eastern populations (from more continental conditions) performing better.
The poster of Rosario Sierra-de-Grado (Univ. Valladolid, Spain), demonstrated that
stem straightness in P. pinaster typically followed a strong provenance differentiation
pattern. Finally, Ricardo Alia (INIA Spain) showed significant phenotypic selection
within and among populations for height and leaf traits in a selection gradient study
conducted with 1,300 P. pinaster individuals under two contrasting environments.

A final third group of approaches, all of them poster contributions, included the use of
genetic analyses to unveil the genes or factors underlying trait
adaptation/acclimation. Irene Cobo-Simo6n (Univ. Pablo de Olavide, Spain) found



SNPs related to drought resilience in Abies pinsapo suggesting candidate genes
involved in its drought adaptive capacity. Albin Lobo (Univ. Copenhagen, Denmark)
explored epigenetic processes underlying phenotypic differentiation in Abies
nordmanniana and found that higher temperatures during somatic embryogenesis
triggered earlier budburst. Genotype-phenotype associations were also found for
wood anatomic traits in P. abies (Patrick Fonti, WSL Switzerland), serotiny in P.
halepensis (Bastien Romero, INRAE France) and leaf reflectance spectra (as a
proxy of health status) in F. sylvatica (Lucienne de Witte, Applied Plant Biology,
Switzerland).

3- Conserving and using genetic diversity

Technological and analytical advances provide an unprecedented glimpse at neutral
and adaptive genomic regions, therefore allowing a more precise characterization of
genetic diversity, benefiting the sustainable use of genetic resources. Novel
strategies for the dynamic conservation and breeding of plant genetic resources
taking into account the adaptive potential of populations, are around the corner. This
session debated how future efforts in long-term ex-situ and in-situ conservation,
monitoring, breeding and management of genetic resources, will integrate novel
genomics approaches and the new insights they procure.

Genetic diversity plays a key role in the adaptation of species and populations to
changing environment and should be incorporated into management, use and
conservation of forest trees. The posters presented by Alex Baumel (Aix-Marseille
University, France) on carob trees (Ceratonia siliqua), Btazej Wojkiewicz (Academy
of Sciences, Poland) on black poplar (Populus nigra) and Darius Kavaliauskas
(AWG, Germany) on European beech (F. sylvatica) and silver fir (Abies alba), all
identified threats to the evolution of population (e.g. genetic erosion, low effective
population size) under environmental changes and called for both ex-situ and in-situ
conservation actions.

Understanding the adaptive capacity of natural populations remains a major
challenge. Christian Rellstab (WSL, Switzerland) showed that the genetic diversity
of putatively adaptive loci declined with increasingly suitable conditions in Swiss
stone pine (Pinus cembra, Dauphin et al. 2020). Implications for conservation involve
the important discrimination between neutral and adaptive diversity, and the
preservation of several large core populations as genetic conservation units since
each one demonstrates low adaptive genetic diversity. Marginal populations, on the
other hand, carry significant levels of adaptive diversity and are important for
conservation. Following an experimental approach associating genotypes,
physiological traits and contrasted environments, Charalambos Neophytou (FVA,
Germany) postulated that relict oaks (Quercus spp.) on extremely dry sites are
adapted to water shortage and could be a future source of forest reproductive
material. Cathleen Petit-Cailleux (INRAE, France), following a modeling approach,
demonstrated that water stress vulnerability (assessed via simulated carbon and
water fluxes) varied across the range of European beech (F. sylvatica) in Europe
using the process-based model CASTANEA. They found that genotypes minimizing
the risk of drought-induced mortality differed from those maximizing growth and that
management that takes genetic variability into account, can reduce mortality. Finally,



the poster of Oliver Reutimann (WSL, Switzerland) presented a molecular kit of 58
SNPs usable for taxonomic diagnostics and assessment of admixture levels in
temperate European oaks (Quercus robur, Q. petraea, Q. pubescens), with
applications for understanding hybridization dynamics in genetic monitoring and
forest management (Reutimann et al. 2020).

As the speed of environmental change challenges the potential of forest species to
adapt, the necessity of conserving their genetic resources becomes a challenge. The
poster of Filippos Aravanopoulos (Univ. Thessaloniki, Greece) stressed the
importance of the genomic, phenotypic and environmental tools and data provided
by project GenTree for the characterization of the in-situ European forest gene
conservation network (de Vries et al. 2015), assessing species in situ conservation
status, prioritizing future genetic monitoring (sensu Aravanopoulos et al. 2015) and
ex situ conservation planning. In another poster, the same authors showed
significant acclimatization changes over two generations in F. sylvatica, concluding
that epigenetic changes should be part of the genetic diversity monitoring process.
The poster of Andelina Gavranovi¢ (Forest Research Institute, Croatia),
characterizing fructification patterns in Q. robur and F. sylvatica, underlined that the
current absence or chronic irregularity of seed crop under climate change can
seriously undermine gene conservation efforts. Moreover, the poster of Aurore
Desgroux (INRAE, France) described the French forest tree gene conservation
network, showing that it prioritizes in-situ dynamic conservation (where conservation
units allow adaptation to gradual environmental change), and forest tree species with
high economic or ecological value and identified threats, opening opportunities to
include gene conservation targets within protected areas.

Under increased environmental threats, ex-situ conservation becomes mandatory.
Sean Hoban (Morton Arboretum, USA) highlighted that, based on modeling and
experimental results, the usual rules-of-thumb for minimum sample sizes applied
(that 50 samples will capture alleles with >5% frequency with a 95% probability), are
inadequate for obtaining sufficient genetic representation, due to species differences
in their genetics and life history characteristics (Hoban and Strand 2015). Different
sampling designs can have the same level of efficacy, i.e. sampling few
populations/many trees per population, or many populations/few trees per
populations (Hoban et al. 2018) and sampling strategies should be tailored to the
biology of the target species. Clare Trivedi (Kew Gardens, UK) presented the
strategy of the UK National Tree Seed project (UKNTSP) for capturing genetic
diversity in ex- situ collections of 75 species. In the frequent absence of detailed
knowledge of species population genetics, modeling shows that random sampling or
using biogeographic zones as proxy for genetic diversity and adaptation, perform
equally well for capturing genetic diversity. Collecting more populations than trees
and more trees than seeds per tree, the UKNTSP Fraxinus excelsior collections
captured >90% of all alleles of natural populations (Hoban et al. 2018) and 86% in
Taxus baccata (Gargiulo et al. 2019).

Genomic selection tools can help to better consider inbreeding depression and the
loss of favorable alleles, and new traits of interest and their potential trade-offs. They
are becoming available in non-model forest trees. lan MacLachlan (University of
British Columbia, Canada) presented a method to summarize genomic data for
polygenic traits and detecting the effects of selective breeding on climatically



adaptive genotypes in lodgepole pine (P. contorta) in Canada. Altogether, results
show that relationships among genotypes, phenotypes and climate were maintained
or strengthened among the selective breeding programs sampled, suggesting that
among breeding zones the same assisted gene flow prescriptions are valid for both
natural and selectively bred seedlings. Even so, the potential for trade-offs among
traits due to substantial antagonistic pleiotropy was evident and should be carefully
monitored as a potential source of climatically maladaptation in selectively bred
seedlings. Erik Kjaer (University of Copenhagen, Denmark) showed that natural
genetic variation for resistance, and heritability of susceptibility to European ash
(Fraxinus excelsior) dieback were high (between 0.4-05), indicating the substantially
high potential a breeding program may have to increase the future health of
European ash forests. However, the poster of José Climent (INIA, Spain) showed
that the potential for breeding may be limited in other cases. Comparing phenotypic
traits (growth, water use efficiency, reproductive allocation) in P. halepensis
seedlings grown on highly contrasted sites, they found no overall genetic changes at
candidate SNPs from the GenTree project attributable to selection that could explain
differences.

Concerned with the fact that breeding programs may under-sample natural
population diversity, the poster of Ricardo Alia (INIA, Spain) tested the levels of
genetic diversity using approx. ten thousand SNPs developed in the Gentree project
in seven species with active breeding programs in Europe (Betula pendula, Picea
abies, Pinus pinaster, P. halepensis, P. nigra, P. sylvestris and Populus nigra). While
genetic diversity is not significantly reduced overall, marginal habitats tend to be
under-represented and the authors recommended that breeding populations be
enriched with new material to address future demands and increased resilience
under climate change.

The poster of Mathieu Tiret (Uppsala University, Sweden) presented a modified
version of one of the most famous methods to balance increased selection and
genetic diversity, the optimal contribution selection (OCS), by introducing mating
selection in the equations, indicating that compensatory mating accelerates the
response to selection. The poster of Sara Abrahamsson (Skogforsk, Sweden),
using simulations, revealed that by using an open pollinated strategy, the Betula
pendula breeding program can maintain a higher effective population size than when
using controlled pollination, but that more generations are needed to reach the same
level of gain. The poster of Romane Guilbaud (INRAE Evry, France) showed that
SNP arrays are now usable tools to improve breeding for production, resilience and
diversity in economically important species in Europe such as Populus sp., Fraxinus
sp., P. pinaster and P. pinea. Finally, the poster of Christophe Orazio (EFI, France)
reporting the 565 responses from nine European countries to an online survey on
adaptive tree breeding, showed that improved forest reproductive materials from
breeding programs are perceived positively by the forest sector, including for
adaptation to climate change, and should address a larger panel of species than
currently.



4- Evolutionary management of forests

Practice in conservation and sustainable use of forests needs to deal with
environmental changes of uncertain magnitude and scale. Forest management
responses should consider the diversity of forest community types and silviculture
regimes, and how these interact with natural evolutionary processes (Fady et al.
2016). Forest management can contribute to speeding up adaptation of forests to
changing environmental regimes, identifying locally relevant options, such as for
example, fast rotation silviculture, assisted migration and use of improved forest
reproductive materials (Bolte et al. 2009, Schelhaas et al. 2015, Lefévre et al. 2012).
This session discussed how consideration of evolutionary processes can and should
be integrated into conservation and management practices, and combined with
selection and planting of best-adapted forest reproductive material, suited to the
expected future conditions of the planting site. Socio-economic implications of
evolutionary management practices were also discussed.

With regard to conservation aspects, innovative approaches were presented. A
demonstration was provided by James S. Borrell (Royal Botanic Gardens Kew, UK)
who showed how genomic assessments can enable to map those populations to be
targeted for genetic rescue, through enrichment of their genetic diversity via assisted
gene flow. He illustrated the case of dwarf birch (Betula nana), probably one of the
first species that moved back into the UK after the glaciation. Recently, a decline of
this species was observed in Scotland. While genetic diversity is still sufficiently high,
a risk of genetic loss was identified, with suitable habitats projected to shrink under
future climate conditions. The genomic assessment of local adaptation informed a
climate resilient assisted gene flow strategy. Similarly, Juan Pablo Jaramillo-Correa
(University of Mexico, Mexico) indicated a promising avenue for implementing
genomic monitoring in management and conservation programs of natural
populations, particularly predicting the performance of introduced seedlings and in
guiding assisted migration in species with poorly developed genomic resources. He
evaluated the accuracy of genomic prediction for the management and conservation
of small secluded natural tree populations of sacred fir (Abies religiosa) in Mexico to
inform assisted migration efforts and counteract inbreeding depression under climate
change.

Novel resources have been generated by the GenTree project to improve how priority
populations of different species across Europe can be target for conservation. Anna-
Maria Farsakoglou (Univ. Thessaloniki, Greece) reported on a massive data
collection effort to quantify genome-wide genetic diversity and differentiation in 12
major European tree species (8 conifers and 4 deciduous species). Two different
genome-wide sequencing technologies (SPET genotyping and targeted capture
sequencing) helped to detect highly polymorphic populations with potential to become
gene conservation units, vulnerable populations in need of conservation, and genetic
traits associated with local adaptation to the environment. Further analysis of the data
promises to shed light on adaptive processes, contributing to refine existing tools and
strategies for conservation and management of forest genetic resources.

Further demonstrations of how improved approaches are used in conservation,

monitoring and restoration were presented in several posters. They included new
applications for fingerprinting of genetic diversity as a tool for conservation in Cyprus
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(Nicolas Eliades, Frederick University, Cyprus); the development and implementation
of a forest genetic monitoring program in Slovenia (Hojka Kraigher, Forestry Institute,
Sovenia); the network of forest gene conservation units established in Spain (Jose
Garcia del Barrio, INIA, Spain); the protection and restoration efforts targeting Taxus
baccata in Poland, based on understanding of genetic variation (Monika Litkowiec,
Kostrzyca Forest Gene Bank, Poland), the assessment of land use change impacts
on ecological security in Russia (luliia Polevshchikova, Volga State University,
Russia); and the influence of seedling traits on natural and artificial selection of Scots
pine in Finland (Sonja Kujala, Natural Resources Institute Finland).

With regard to forest management, Sally Aitken (University of British Columbia,
Canada) highlighted in her keynote speech how risk modelling could be refined by
incorporating genetic traits and susceptibility to pathogens. She presented recent
research revealing a slow pace in the evolution of North American conifers, although
this finding is coupled with phenotypic and genomic evidence for local adaptation in
these species to a wide range of climates, manifested in the high variation in climate-
associated traits. Fall cold injury is critical for lodgepole pine and interior spruces.
Douglas fir also showed strong local adaptation to cold. Phenotypic and genomic
approaches revealed similar patterns of local adaptation, with the strongest signals for
cold hardiness. Concerning the management options that could be implemented, the
views of local stakeholders are increasingly examined. She presented surveys results
that indicated high social acceptance for natural regeneration and breeding of local
tree species, but also for assisted gene flow and assisted species migration. On the
contrary, responses were not supportive of the introduction of non-native species.

Devrim Semizer-Cuming (FVA, Germany) provided some hope with regard to genetic
management practices that could help contain European ash (F. excelsior) dieback.
She presented new results on the heritability of traits of Chalara ash dieback tolerance
and tested how they can be spread through enrichment planting, in case studies
established in Germany and Denmark. Mating patterns in Germany indicated that a
large share of pollen was from natural local sources. However, the realized pollen
dispersal distance recorded was longer than 3 km. A negative effect of the disease
susceptibility was found on regeneration success; this gives hope that future
generations of this species will be more tolerant to ash dieback.

Evolution-oriented forest management was proposed as an important management
strategy in semi-natural forests in Europe (87% of the forest area in this region). Each
thinning and harvesting intervention affects the remaining genetic diversity in a forest
stand, and the choice of seed trees greatly influence the genetic composition of future
stands. Evolution-oriented forest management needs to be grounded on demo-genetic
models that link different disciplinary fields, from forest dynamics, quantitative
genetics, to silviculture and the analyses of natural disturbances. Francois Lefevre
(INRAE Avignon, France) introduced a new demo-genetic simulation approach that
enables to quantify how much genetic selection for growth can result from silviculture.
The effects of various management practices on (i) growth, (ii) genetic quality and (iii)
evolutionary potential of the stand could be compared, using the CAPSIS simulation
platform (http://capsis.cirad.fr/capsis/help _en/luberon2).

An open question related to managing forests in light of climate change is whether
adaptation measures that have been identified over the years should be
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implemented, and whether they are still appropriate, considering the recent extreme
events and climate induced disturbances. Marcus Lindner (EFI, Germany)
discussed how forest genetic resource management to foster resilience to climate
change, needs to consider the overall management context. He presented the
results of a literature review on forest management practices, based on country
narratives from 27 European countries. The review revealed a wide heterogeneity of
situations. Most European forests have been established by natural regeneration or
natural expansion of the forest cover, but current regional practices differ (e.g.,
regeneration by planting dominates in North and Central-East Europe, whereas
natural regeneration is prevalent in other parts of Europe). The literature review,
combined with an expert survey conducted in the frame of the Forest Europe
process, and a further assessment of management choices of forest owners and
managers (Vinceti et al., 2020), suggested that current and proposed future
management approaches should be carefully evaluated using latest scientific
evidence and contextual specificities.

Finally, the economic potential of investing in breeding forest material was explored
by Hernan Serrano-Ledn (EFI, France), simulating the financial performance at stand
level in pine stands in Finland, Sweden and France. Despite large economic
differences between cases, the investment in breeding material generally resulted in
greater financial performance and higher financial stability against price fluctuations,
with a potential mitigation of negative effects of unexpected changes in global wood
markets. Reduced rotation ages also allowed a more flexible silvicultural response,
reducing risks of exposure to natural disasters, uncertain future climatic and
socioeconomic conditions.

Conclusion and perspectives

Despite the burden of often having to deal with large and complex genomes, it is
now feasible to investigate local adaptation signatures with genomic methods in
many, non-model forest trees. Sophisticated methods are now available and
participants of the conference concluded that studies to come should explicitly
differentiate between neutral and adaptive regions of the genome. A detailed
understanding of neutral, demographic processes, which can significantly confound
or mimic adaptation patterns, is warranted to understand the past, present and future
responses of forests to environmental change. And thus, sustainably manage
genetic diversity, whether for conservation or for breeding (Figure 1).

Despite advances made in combining genomic and environmental data to predict
phenotypic variation there remain gaps in our understanding of the complex
relationships underlying genotype and phenotype across environments. Assessing
phenotypic variation is a prerequisite for understanding the imprints of selection. Due
to the high costs associated to common gardens, they remain a comparatively rare
and precious experimental design, particularly for species with currently low
economic interest and at habitat margins.

Seed and seedling stage, short-term common gardens are key for understanding
early stage local adaptation and are comparatively low cost. However, classical long-
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term common gardens should regain priority in research projects and large-scale
management experiments, including marginal and peripheral populations and sites,
of increased importance under climate change. The conference also illustrated the
possibility of taking advantage of the phenotypic resources available in breeding
programs and long-term inventories.
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Most studies presented stressed the importance of integrating multidisciplinary
approaches to better refine a species’ adaptive capacity, including a comprehensive
characterization of phenotypic, neutral and potentially adaptive genetic diversity, and
particular for in situ and ex situ conservation, in breeding programmes and for
implementing evolution-oriented forest management. The conference also made
clear that the research field of forest genetics enormously profits from advances in
environmental databases (mainly climate and soil), allowing accurate habitat
characterization down to the resolution of single trees. Together with modern and
high-throughput phenotyping methods, this will allow us to study the molecular
mechanisms and environmental drivers of adaptation and to evaluate the risk of
maladaptation of populations and species to ongoing and future environmental
changes.

What remained as a challenge is to fully grasp and agree on what adaptive capacity
(or potential) means for forest trees and forests, and how it can be benchmarked
against potential use. Is it genetic diversity? Neutral or adaptive? Can a highly
adapted population that shows reduced diversity, be characterized as having
adaptive potential? Or can a population not demonstrating local adaption potentially
adapt faster than a locally adapted population under quickly changing environmental
conditions? Inferences made between genes, traits and the environment are clearly
improving but accumulating phenotypic and environmental data at individual level
also remains challenge. High throughput phenotypic data from reasonably well
characterized local environments and a large number of individuals is the way

13



forward, particularly for physiological traits related to biotic interactions and to
drought resistance such as water balance and carbon storage. The use of
multidisciplinary and process-based models will greatly help test hypotheses and
resolve these challenges (Figure 1).

The conference #rescueforest was a demonstration of innovative forest genetics
science that can be used for management strategies. Genetic diversity is a nature-
based solution for adapting forests to climate change that should definitely and
urgently be used in both in plantation and naturally regenerated forests. It is also an
old and lively field of research, to our great satisfaction. We hope that this report, and
the resources it contains, will provide useful material for teaching, research group
seminars and inspire future research.
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Annex 1. GenTree/Stakeholders’ consultation - University of Avignon,
30/1/2020

Download the report:

http://www.gentree-h2020.eu/fileadmin/Gentree-

uploads/documents/GenTree stakeholders consultation 30Jan2020 report _short fi

nal.pdf
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Annex 2: links to talks and posters presented at the conference
“#rescueforests: Genetics to the rescue - Managing forests sustainably in a
changing world”, held in Avignon (France) January 2020.

Talks: All conference talks were filmed, professionally edited and the videos made
available on two platforms:
https://www.youtube.com/channel/UCAht9RAZ7YrrtUYHMa7AuVpg/videos

and

https://www.canal-

u.tv/producteurs/universite d avignon et des pays de vaucluse/collogue/gentree
inrae.

Posters: Conference posters are available for download at (and see full list below):
https://colloqgue.inrae.fr/confgentree2020/The-Conference/Posters.

List of posters that were presented at the conference and were provided with their
pdf file, organized by session and alphabetically with the first name of presenter.

Session name Poster title Web link Gender | First name | Last Name Country

An automated
bioinformatics pipeline:

Session 1. from importing SNP Poster Anna-
GENOME & data to estimating Farsakogloupdf - | Ms Maria Farsakoglou Greece
ENVIRONMENT - : 915 kB
population genetic
parameters
Predicting the adaptive
Session 1: landscape of European | Poster
GENOME & common beech (Fagus | Schumanpdf - Ms Meredith | Schuman Switzerland

ENVIRONMENT | sylvatica) in the face of |24.2 MB
climate change
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