Review Article
4o 058882/ iliera544=017;
vol, 17, vo, 45-53
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Genetically improved forest reproductive materials are now widely accessible
in many European countries due to decades of continuous breeding efforts.
Tree breeding does not only contribute to higher-value end products but al-
lows an increase in the rate of carbon capture and sequestration, helping to
mitigate the effects of climate change. The usefulness of breeding programmes
depends on (i) the relevance of the set of selected traits and their relative
weights (growth, drought tolerance, phenology, etc.); (ii) the explicit manage-
ment of targeted and “neutral” diversity; (iii) the genetic gain achieved; and
(iv) the efficiency of transferring diversity and gain to the plantation. Several
biological factors limit both operational breeding and mass reproduction. To
fully realise the potential of tree breeding, the introduction of new technolo-
gies and concepts is pivotal for overcoming these constraints. We reviewed
several European breeding programmes, examining their current status and
factors that are likely to influence tree breeding in the coming decades. The
synthesis was based on case studies developed for the European Union-funded
B4EST project, which focused on eight economically important tree species
with breeding histories and intensities ranging from low-input breeding (stone
pine, Douglas-fir and ash) to more complex programmes (eucalyptus, maritime
pine, Norway spruce, poplar, and Scots pine). Tree breeding for these species
is managed in a variety of ways due to differences in species’ biology, breeding
objectives, and economic value. Most programmes are managed by govern-
mental institutes with full or partial public support because of the relatively
late return on investment. Eucalyptus is the only tree species whose breeding
is entirely sponsored and managed by a private company. Several new tech-
nologies have emerged for both phenotyping and genotyping. They have the
potential to speed up breeding processes and make genetic evaluations more
accurate, thereby reducing costs and increasing genetic gains per unit of time.
In addition, genotyping has allowed the explicit control of genetic diversity in
selected populations with great precision. The continuing advances in tree ge-
nomics are expected to revolutionise tree breeding by moving it towards ge-
nomic-based selection, a perspective that requires new types of skills that are
not always available in the institutions hosting the programmes. We therefore
recognise the importance of promoting coordination and collaboration be-
tween the many groups involved in breeding. Climate change is expected to
bring in new pests and diseases and increase the frequency of extreme
weather events such as late frosts and prolonged droughts. Such stresses will
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Introduction

Forests provide a range of ecosystem ser-
vices to society, most importantly ensuring
the renewable raw materials for a wide
range of manufactured products, including
pulp, paper, cork, resins, fuel, and con-
struction timber, which replace fossil-
based carbon products. In addition, forests
are efficient carbon sinks that mitigate the
effects of climate change (Pan et al. 2011).
Between 1990 and 2020, the global forest
area decreased by 420 million hectares
(FAO 2022). Despite a slight increase in Eu-
ropean forest area, the global conversion
of forests to agriculture and infrastructure
is increasing pressure on production in cul-
tivated forests and on the conservation of
wild forests. It is expected that plantation
forests, which can incorporate the benefits
of genetic improvement and conservation,
can play an important role in minimising
the demand for wild resources. Both Euro-
pean forest owners and forest managers
agree that one of the strategies to be
favoured in the face of climate change is
the use of improved Forest Reproductive
Material (FRM) in plantations and for the
enrichment of natural regeneration zones
(Roitsch et al. 2023). Forest tree breeding
aims to improve the genetic qualities of
FRM to increase the quantity and quality of
harvested forest products and make for-
ests more resilient to global change. In Eu-
rope, breeding programmes have been car-
ried out for decades in several economi-
cally important tree species, resulting in
significant genetic gains (Jansson et al.
2017), even maintaining the genetic vari-
ability of improved FRM close to the level
of the original natural stands (Muona &
Harju 1989, Olsson et al. 2023).

Many forest trees have biological charac-
teristics such as a long lifespan, late fertil-
ity, and difficult sexual or vegetative propa-
gation that are not conducive to smooth
breeding progress. As a result, tree breed-
ing is a slow process compared to crop and
livestock breeding, but the gain in each
generation can still be relatively high. Tree
breeders have already experimented with
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cause slow growth and mortality, reducing forest productivity and resilience.
Most of these threats are difficult to predict, and the time-consuming nature
of conventional breeding does not allow for an adequate and timely reaction.
We anticipate that most breeding programmes will need to revise their selec-
tion criteria and objectives to place greater emphasis on adaptive perfor-
mance, tolerance to multiple environmental stresses, stability in different en-
vironments, and conservation of genetic diversity. Testing breeding materials
in a variety of environments, including potentially contrasting climates, will
become increasingly important. Climate change may also force the incorpora-
tion of new genetic resources that provide new useful adaptations, which may
involve the use of new, previously unexplored gene pools or hybridisation,
with the enormous challenge of incorporating useful alleles without adding
along an unfavourable genetic background. Decision-support tools to help
landowners and foresters select the best-performing forest reproductive mate-
rial in each specific environment could also help reduce the impact of climate

change.

Keywords: Tree Breeding, Breeding Programmes, Breeding Strategies, Climate
Change, Seed Orchards, Genomic Selection

various tools and technologies to alleviate
the major biological constraints in the hope
of reducing the cost of breeding activities,
increasing the pace of breeding, and in-
creasing genetic gains. Some of these, such
as flowering promotion by plant hormones
or vegetative propagation by top-grafting
(De Oliveira Castro et al. 2021), rooted cut-
tings, or somatic embryogenesis (Lelu-Wal-
ter et al. 2013), have proved to be opera-
tionally feasible, while others, such as ge-
netic engineering leading to genetically
modified plants, have all but disappeared
from the discussion. It has now become
clear that most technologies require a long
period of development before they are
ready for large-scale breeding and that
their application also depends on the con-
text of the breeding programme. For ex-
ample, the first DNA markers appeared in
the 1980s, but it took decades for them to
find their way into mainstream breeding
programmes. More recently, advance-
ments in high-throughput DNA sequencing
and the introduction of Single Nucleotide
Polymorphisms (SNPs) have greatly ex-
panded the range of potential applications
in tree breeding (Isik 2014).

This article first presents the current sta-
tus of forest tree breeding programmes in
Europe through their organisation, the
breeding objectives and the strategies con-
sidered for selection and deployment of
improved FRM. Then a transversal analysis
of potential developments that could soon
influence the way tree breeding is prac-
tised in Europe and worldwide is detailed.
The technological innovations examined
cover those that reduce breeding costs by
facilitating the collection and analysis of
large amounts of phenotypic data; and
those that take advantage of genomic
knowledge and can be used to replace or
supplement phenotyping data with infor-
mation from SNP markers to improve the
accuracy of genetic evaluation and speed
up the breeding process. We also examine
new challenges for tree breeding in the
context of climate change, the potential
barriers to the production of different FRM

types, the breeding objectives and their fu-
ture evolution, and the key players in the
current tree breeding efforts taking place
in Europe.

Our synthesis owes a great deal to the
species-specific case studies acquired as
part of the “B4EST” H2020 research proj-
ect (B4EST 2024), funded by the European
Union and involving 21 partners from uni-
versities, research organizations, and com-
panies. These provide a more in-depth
analysis for the breeding of eucalyptus
(Leal et al. 2022), maritime pine (Alia et al.
2022, Bouffier 2022), Mediterranean stone
pine (Mutke et al. 2022), Norway spruce
(Steffenrem & Helmersson 2022), poplar
(Biselli et al. 2022a), and Scots pine (Haapa-
nen & Persson 2022).

Current status of European tree
breeding

Breeding programmes and their
organisation

The breeding programmes included in the
current analysis are listed in Tab. 1. Most of
them were initiated in the second half of
the twentieth century. They represent dif-
ferent levels of complexity and progress,
from basic breeding programmes with a
limited number of trials (stone pine and
ash) to more advanced ones (eucalyptus,
maritime pine, Douglas-fir, Norway spruce,
poplar, and Scots pine).

The organisation of the tree breeding
programmes considered here varies; some
are run entirely by for-profit companies,
while others are fully linked to the public
sector. However, the general trend is that
tree breeding in Europe is largely sup-
ported by public funds.

Maritime pine breeding activities in Spain
are publicly funded and run by regional in-
stitutions in the regions where maritime
pine grows. The French maritime pine
breeding programme also relies mainly on
public funding. It is managed by two insti-
tutions (INRAE, the National Research In-
stitute for Agriculture, Food, and Environ-
ment, and FCBA, the technological institute
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for wood and forest sector) and coordi-
nated by a common structure (GIS “Groupe
Pin Maritime du Futur”). A similar scheme
exists for Douglas-fir in France, involving
three main players: INRAE, FCBA, ONF, and
also coordinated through a GIS-like board,
which is regularly funded by the Ministry.
In the Netherlands, Wageningen Research,
a non-profit research organisation, is the
main actor engaged in ash tree improve-
ment, with the Ministry of Agriculture, Na-
ture, and Food Quality providing the major-
ity of financing. Same in France with IN-
RAE, and the Ministry of Agriculture. The
Scots pine and Norway spruce breeding
programmes in Finland are funded by the
government and managed by a public re-
search institute (Luke). The Norwegian
breeding programmes of these two spe-
cies are managed by the non-profit founda-
tion Skogfrgverket (Norwegian Forest
Seed Center), which is supported by 60
percent public money and 40 percent seed
sales revenue. Stone pine breeding in Spain
has been the result of isolated initiatives by
forest administrations in different autono-
mous regions of the country and by the
Ministry for Ecological Transition, sup-
ported by collaborations with several uni-
versities and the national research institute
ICIFOR-INIA (CSIC).

The two eucalyptus breeding program-
mes in Portugal, run by pulp and paper
companies Altri and The Navigator Com-
pany, are the only examples of private-sec-
tor breeding, among the examples cited
here. Cases of Norway spruce in Sweden,
stone pine in Portugal, and poplar in Italy
fall into the middle ground. In Sweden,
Skogforsk, which is a private foundation
with a mix of public and private support,
runs the breeding programmes of Norway
spruce and Scots pine and provides im-
proved breeding material for private enter-
prises that manage seed orchards of these
species. In Portugal, the national research
institute INIAV oversees stone pine breed-
ing and receives funding from associations
of large private landowners, whereas re-
gional private forest owners’ associations
own and manage mother-tree orchards
(clonal gardens used to collect scions for
grafting). In Italy, poplar breeding projects
are independently run by the public organi-
sation CREA and private enterprises, with
no stable collaboration between the public
and private research communities.

The profitability of breeding activities
heavily influences the mode of organisa-
tion (Fugeray-Scarbel et al. 2023). There
are many factors that contribute to a gen-
erally low rate of return on investment,
such as the long time between the start of
breeding and the first releases of improved
FRM and the resources required (time,
money, land, and personnel). The market
size (annual regeneration area) for some
tree species may be modest. Finally,
landowners’ reluctance to pay more for
better materials may further discourage
private investments in breeding. A larger
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investment in upstream activities includes
the sizable investments made by the forest
industry for conifer breeding in Sweden
and eucalyptus in Portugal. Mills are sub-
stantial investments that require a steady
supply of wood in sufficient quantities.
Breeding, as well as seed and seedling pro-
duction, will increase the supply of raw ma-
terials for this purpose, encouraging supe-
rior varieties to be planted in both com-
pany-owned and privately held forest ar-
eas.

The operative deployment and produc-
tion of improved FRM consist of the estab-
lishment, maintenance, and harvesting of
seed orchards, as well as the production of
seedlings and clonal plants in nurseries.
Even in situations where breeding opera-
tions receive only public funding, private
businesses typically manage these com-
mercial activities. More details on the type
of FRM deployed for each tree species are
reported below.

Breeding objectives and selected traits

As most forest trees have long commer-
cial rotations, breeding objectives are usu-
ally rather general to ensure that they are
valid in a range of future scenarios, includ-
ing those involving changing climate and
evolving industrial processes and demands.
Most breeding programmes aim to in-
crease the quantity and quality of harvest-
ed wood, but for a few species, there are
other objectives such as resin supply (mar-
itime pine in Spain) and cone production
(Mediterranean stone pine).

The main goal of breeding Scots pine and
Norway spruce is to increase wood produc-
tion and the economic value of end-prod-
ucts (Rosvall 2011, Ruotsalainen & Persson
2013, Jansson et al. 2017, Skogfreverket

2017). As these species are commonly used
for sawn timber, it is important to achieve
good stem quality (few knots, straight
stems and no defects). For Norway spruce
in particular, the economic value of wood
is strongly linked to structural uses. In addi-
tion to eliminating trees with stem defects,
more attention is being paid to eliminating
early flushing families that are susceptible
to spring frost, as well as to increasing stiff-
ness, reducing grain angle, and maintaining
wood density (Steffenrem & Helmersson
2022).

Eucalyptus breeding goals have been
aligned with the demands of pulp and pa-
per companies, with trees selected for
growth, wood density, and wood cellulose
content (Leal et al. 2022). In case of poplar,
breeding mainly aims at improving vegeta-
tive propagation capacity, growth vigour,
stem form, and wood quality (Biselli et al.
2022a). Stone pine, traditionally used for
land reclamation and forest restoration,
has gained attention for producing highly
prized edible pine nut kernels, and there-
fore the main objective of breeding is now
improved cone and kernel production (Ols-
son et al. 2023). With respect to ash, breed-
ing was primarily aimed at improving the
growth and wood quality features, such as
stem straightness, lack of forks, and fine
branching (Paques 2013), but recently the
focus has shifted to tolerance to the devas-
tating ash dieback disease (Vasaitis & En-
derle 2017). Douglas-fir is appreciated
mostly for structural timber. First selec-
tions across European breeding programs
were made with growth and general tree
architecture being the most important
traits, to obtain important volumes with as
little defaults as possible in order to keep
its good baseline mechanical properties

Tab. 1 - Main features of the European forest tree breeding programmes reviewed.
SYEAR: starting year; GEN: the most advanced generation with selected trees;
TOTHA: total accumulated trial area (ha); AVGHA: Average trial area established per

year (ha).
Tree species Country SYEAR GEN TOTHA AVGHA
Maritime pine France 1960 3 400-600 6-10
Spain-Galicia 1998 1 10 1.5
Spain-Central 1990 1 100 3
Stone pine Spain 1989 1 20 <1
Scots pine Finland 1947 2 2250 3
Sweden 1940-1950 3 900 10-12
Norway 1947, 2020 1 10 5
Poplar Italy 1980 2 280-330 8-10
Norway spruce Finland 1947 2 420 8
Sweden 1940-1950 2 800 10
Norway 1947 2 225 8
Eucalyptus Portugal 1964 3 250 2
Ash Netherlands 1960-1970 1 9 0
France 1985 1 45 1
Douglas-fir France 1985 2 200 4
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(Bastien et al. 2013).

Breeding goals have frequently evolved
over time. Early in the breeding program-
me of maritime pine, plus trees were se-
lected for growth and stem straightness.
While these traits remain essential selec-
tion criteria, wood density, branch quality,
and twisting-rust resistance were later
added to the list of selection criteria. A sim-
ilar trend has occurred in Douglas-fir breed-
ing in France, which currently prioritises
phenology, architecture, branching pat-
terns, and wood density over growth (Bas-
tien et al. 2021). In Nordic breeding pro-
grammes of Norway spruce and Scots pine,
increased adaptive performance and phe-
notypic plasticity across environments (Da-
nell 1993, Skreppa & Steffenrem 2021) are
now given more attention.

Resistance and tolerance to biotic and
abiotic stresses are frequently associated
with potential breeding goals related to
wood production. Resistance to pathogens
and pests includes root rot (Heterobasidion
spp.) in Norway spruce (Swedjemark &
Karlsson 2004, Steffenrem et al. 2016, Chen
et al. 2018), Fusarium circinatum and nema-
tode in maritime pine (Alia et al. 2022),
Phoracantha semipunctata, Gonipterus plat-
ensis and fungi from genus Mycosphaerella
in eucalyptus (Leal et al. 2022), ash dieback
in ash (Mufioz et al. 2016), Phloeomyzus
passerinni, Melampsora spp., and Marson-
nina brunnea in poplar (Duplessis et al.
2011, Carletti et al. 2016, Gennaro & Giorcelli
2019, Chen et al. 2020).

Drought tolerance is a major breeding
target in eucalyptus to increase its resil-
ience (Leal et al. 2022), but there is grow-
ing interest in breeding for this trait in
other species such as maritime pine (Papin
et al. 2024), poplar (Rosso et al. 2023) and
Norway spruce (Hayatgheibi et al. 2021).
The lack of practical and effective methods
for phenotyping is currently considered as
a major bottleneck for the integration of
abiotic stress resilience traits in breeding
programmes.

Breeding strategies

Tree breeding customarily starts with the
selection of phenotypically superior trees
in natural stands as candidates. Following
that, breeding advances to (i) the genetic
evaluation by means of progeny testing;
(i) the selection of superior candidates for
their breeding value; and (jii) the produc-
tion of the next-generation recruitment
population using the selected candidates
as parents. At this stage, the top candi-
dates are also deployed as seed orchard
parents or in vegetative mass propagation.
Beyond these general features, the precise
format in which any breeding programme
is carried out varies greatly (Paques 2013).
The structuring of breeding materials, for
instance, may vary from a single to multiple
populations. Such population division
could be motivated by the need to cover
diversifying breeding goals, for conserva-
tion purposes, or the ability to provide un-
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related parents to production populations
(Hallingback et al. 2014). In regions such as
northern Europe, where there is a wide
range of climatic conditions, breeding ma-
terials are organised into smaller subpopu-
lations, each of which is bred for a specific
climate. Sometimes these subpopulations
may have different testing and selection
strategies, as in the case of Scots pine
breeding in Sweden (Haapanen & Persson
2022).

Phenotypic data gathered from progeny
tests and pedigree information forms the
basis of selection among candidates. Mix-
ed-model methodology is now commonly
used to produce robust BLUP (Best Linear
Unbiased Prediction) calculations that take
into account the information from a large
number of trials connected through tree
relatedness (Bouffier et al. 2016) or accom-
modate spatial adjustments of environ-
mental heterogeneity (Cappa et al. 2019)
for the general improvement of selection
accuracy. Sometimes, selection happens at
subsequent steps for operational reasons.
This is the case of Norway spruce, where
preliminary selection for the most promis-
ing candidates in the field may come at an
age of around 7 years before the genetic
testing in the field is finalised at ages
higher than 12 (Steffenrem & Helmersson
2022). Considering poplar, selection is also
done in multiple stages, with distinct em-
phasis placed on different sets of traits at
each stage. The candidates selected at
each stage are cloned and evaluated more
precisely based on data from many geneti-
cally identical copies in the subsequent
steps (Stanton et al. 2010, Pegard et al.
2020). Vegetative propagation (rooted cut-
tings) is also employed for field testing of
Norway spruce on multiple sites in Swe-
den, Norway, and Finland to improve the
accuracy of genetic evaluation (Karlsson &
Rosvall 1993, Stejskal et al. 2022) and to get
more information about the phenotypic
plasticity of candidates (Karlsson et al.
2001, Steffenrem & Helmersson 2022).

Breeding programmes use different
methods to develop new recruitment pop-
ulations depending on their biological and
financial constraints. Most programmes
rely on bi-parental crosses, but polycrosses
(Bouffier et al. 2019) and open pollination,
followed by paternity recovery or relation-
ship analysis from genomic data can also
be used. The time required for trees to
reach reproductive maturity as well as un-
even cone setting are considered major im-
pediments to making fast breeding prog-
ress in species like Norway spruce and
Scots pine (Haapanen & Persson 2022, Stef-
fenrem & Helmersson 2022).

In the breeding programmes under con-
sideration, the use of DNA markers has
been confined to quality control (recogni-
tion of the real genotypic identity of trees
- Archambeau et al. 2023). Several pilot
studies are underway, however, to use
DNA markers to enhance selection within a
marker assisted selection or genomic selec-

tion scheme for some of the species con-
sidered here. These are pilot studies be-
cause the schemes are implemented on a
reduced scale, involving a relatively small
part of the whole breeding population and
testing networks. Some of the most ad-
vanced cases are those in Norway spruce
(Chen et al. 2019, 2023), maritime pine (Isik
et al. 2016), poplar (Pegard et al. 2020, Bi-
selli et al. 2022a) and eucalyptus (Haristoy
et al. 2023). In other species, like in ash, on-
going research aims at developing DNA
markers for species and genotype recogni-
tion (Dowkiw A., pers. comm.) and ash die-
back resistance (Stocks et al. 2019, Chaud-
hary et al. 2020), or in Pinus pinea to test
the application of genomic prediction (Ols-
son et al. 2023).

Deployment of improved FRM

The impact of tree breeding is deter-
mined by the scale at which improved FRM
is used in forest regeneration. Tab. 2 sum-
marises the types of FRM used as well as
the magnitude of the current deployment
by species and countries, showing that ge-
netically improved FRM represents a sig-
nificant portion of the materials accessible
in Europe today.

Improved FRM is produced by means of
vegetative and sexual propagation. Seed-
lings produced from open-pollinated seed
orchards are the dominant type of FRM
since they are cheaper to produce than
vegetatively propagated plants. Nurseries
use seed from seed orchards to grow seed-
lings, but in some countries, orchard-repro-
duced seeds are also directly used for re-
generation (for the direct seeding of Scots
pine, see Haapanen & Persson 2022). Seed
orchards fall into two categories: clonal
seed orchards, which consist of grafted
propagules of multiple (often more than
20) selected trees, and seedling seed or-
chards, which consist of offspring (families)
of selected parents. Seedling seed or-
chards have been established in Norway
spruce, Scots pine, maritime pine, and eu-
calyptus.

Clonal plants are currently produced by
means of rooted shoot cuttings (eucalyp-
tus and poplar), rooted cuttings (Norway
spruce), grafting (stone pine, Douglas-fir),
or somatic tissues multiplied and manipu-
lated in vitro (eucalyptus). In eucalyptus,
the main limitation of vegetative propaga-
tion is the rooting ability, which greatly
varies among eucalyptus species and geno-
types, with reproduction by means of seed
orchards being the only option for propa-
gating rooting recalcitrant genotypes (Leal
et al. 2022). Production facilities for so-
matic embryogenesis plants of Norway
spruce are under implementation in Swe-
den and Finland.

Being generally based on more inten-
sively selected material, clonal plants have
the potential to be more productive than
orchard-reproduced seedlings. The vegeta-
tively propagated materials are usually
progenies from intra-specific crosses or, as
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Tab. 2 - FRM and their current deployment European countries.

Tree species Country Type of FRM Sepiggﬁ%ff::: ;)Laar:ts im;:‘:\:: dOLRM
Maritime pine France Seedlings 37M >95%
Spain - Galicia Seedlings 20K <5%
Spain - Central Seedlings 0.5M <15%
Stone pine Spain Clonal plants <1K <1%
Portugal Clonal plants >10K <5%
Scots pine Finland Seedlings / seeds 40M (seedlings) 96%
Sweden Seedlings 236M 98%
Norway Seedlings 2M 99%
Poplar Italy Clonal plants 140K-180K 10-15%
France Clonal plants 900K 40-50%
Norway spruce Finland Seedlings 75M 70%
Sweden Seedlings 197M 71%
Norway Seedlings 50M 95%
Ash Netherlands Seedlings < 4K 73%
Eucalyptus Portugal Clonal plants / seedlings 16 M 58%
Douglas-fir France Seedlings/seeds 12M (seedlings) 100%

is the case for poplar (P. deltoides x P. ni-
gra), interspecific crosses (Biselli et al.
2022b). Controlled-crossed materials are
free of the high quantities of pollen con-
tamination that can cause significant ge-
netic losses in open-pollinated seed or-
chards (Heuchel et al. 2022). As a further
advantage, vegetative propagation avoids
the delay in the onset of seed production
after selection that we experience with
seed orchards.

The constraints in FRM production are of-
ten related to production capacity, and ad-
justing them takes some time, especially in
the case of conifer seed orchards, which
show at least an 8- to 10-year lag from the
establishment to the first harvest. Al-
though occasional seed shortages could be
avoided by increasing production capacity
with regular turnover, this involves sub-
stantial investment that is rarely compen-
sated by moderately priced seed sales.

Drivers of evolution in tree
breeding

Technological progress

Phenotyping tools

The collection of large quantities of phe-
notypic data on an increasing range of
traits and environments for genetic evalua-
tion is both expensive and time-consum-
ing. In addition, the reality and prospects
of climate change have also given rise to
the need to set up assessments in contrast-
ing environments or complete gradients, in
order to measure the plasticity and re-
silience of FRM, which in turn generates
new phenotyping needs. Given the finan-
cial constraints of breeding, there is a need
for more effective phenotyping methods
that can increase the number of trees as-
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sessed, enabling more intense selection
and higher genetic gain. It is difficult to
summarise the diverse technological ad-
vancements impacting phenotyping, but
most of them fall into two categories: (i)
robotic vehicles, which are the platforms
for automated sensing assessments; (ii)
technologies providing faster proxies for
traditional assessments.

Unmanned aerial vehicles (UAVs) are the
most prominent examples of the first cate-
gory and are among the most promising
pieces of equipment for phenotyping since
they may be used for high-resolution aerial
photography (3D photogrammetry) or
light detection and ranging scanning (Li-
DAR). These techniques may be used to as-
sess cone and pollen production in seed or-
chards or clonal archives. In field trials,
they are now replacing telescopic poles or
Vertex for measuring tree heights in many
situations, particularly after canopy closure
in stands taller than 10-12 metres. This ap-
proach is now being evaluated in maritime
pine and is being evaluated and imple-
mented in Norway spruce (Solvin et al.
2020) and Scots pine (Skogfreverket 2021).
In poplar, UAV-based thermal imaging was
used to assess genotype variability under
drought stress conditions, with promising
results (Ludovisi et al. 2017). Currently, an
UAV has been used, in conjunction with a
UAV-born sawing system, to gather twigs
(for grafting), needles (for DNA extrac-
tion), and cone samples from Norway
spruce and Scots pine trees in Norway
(Skogfraverket 2021). LIDAR has rapidly be-
come a way to gather information on tree
attributes that are challenging to assess us-
ing conventional methods, like stem form,
tree crown volume, and leaf area index, al-
though the efforts needed for data pro-
cessing are still limiting its application in

breeding. The use of image-based pheno-
typing could have been even more disrup-
tive, as reviewed by Bian et al. (2022): it
provides a means to precisely quantify
complex traits that were only scored rudi-
mentarily or even not considered until
now.

The technological advancements provid-
ing faster proxies can be illustrated by two
examples revealing the many technical rev-
olutions to come: the resistograph tool and
the use of Near-InfraRed Spectroscopy
(NIRS). The resistograph is a device initially
designed for structural assessments on
wooden constructions, which can easily re-
place in the field the X-ray measurements
based on increment cores in most species.
It evaluates wood density precisely and
quickly, while simultaneously providing in-
formation on annual radial growth (Isik & Li
2003, Bouffier et al. 2008, Fundova et al.
2018, Jacquin et al. 2019). Although many
other non-destructive evaluation method-
ologies for wood properties have been re-
viewed by Schimleck et al. (2019), the use
of resistograph appears to be the most ap-
propriate for quickly evaluating a large
number of trees and is now largely used by
forest tree breeders. The second example
is based on the use of NIRS which is widely
used for phenotyping in plants and animals
(Alamu et al. 2021, Bresolin & Ddrea 2020).
NIRS has been applied in forest trees for
evaluation of wood lignin properties, wood
density, as well as other wood properties
such as extractives (Alves et al. 2020,
Schimleck et al. 1999, Sim&es et al. 2022) or
even for forecasting the susceptibility of
ash to biotic stressors like chalara (Villari et
al. 2018). The term “phenomic selection”
was coined by Rincent et al. (2018) to de-
scribe the use of NIRS as a high-through-
put, inexpensive, and non-destructive tech-
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nology to indirectly record endopheno-
typic variations and calculate relationship
matrices in Populus nigra. This method pro-
vides intriguing new insights into charac-
terising trees in various environments, en-
hancing selection and exploiting greater
genetic diversity. Phenomic selection
proof-of-concepts must be developed to
better assess its potential for breeding in
other forest tree species besides poplar.

Genotyping tools

SNP arrays are generally preferred over
genotyping-by-sequencing techniques for
high-throughput genotyping in breeding
because of their excellent repeatability and
simpler raw data processing, but the in-
vestments required for their design limit
their development. Furthermore, they can
be biased towards the specific germplasm
used in the SNP discovery step (Barabaschi
et al. 2016). However, they have been
widely used in plant genetic applications,
even for forest trees (Tab. 3).

In particular, as a result of the B4EST ini-
tiative, a commercial multi-species 4TREE
array was designed with 50K SNPs for Pop-
ulus sp., Fraxinus sp., Pinus pinaster, and Pi-
nus pinea (Archambeau et al. 2023, Guil-
baud et al. 2020). Two other arrays were
also generated within the same project:
one for Scots pine (Kastally et al. 2021) and
one for Norway spruce (Bernhardsson et
al. 2020). All these genotyping tools must
be associated with genotyping platforms
that ensure an efficient and robust proto-
col for sample collection, DNA extraction,
genotyping, and biobank storage, as devel-
oped in Nordic countries for Scots pine, for
example.

Molecular markers are particularly useful
for genotypic identification and pedigree
correction. This means eliminating labelling
and grafting errors, and guaranteeing that
the correct genotypes are utilised for con-
trolled crossings, clonal archives, and seed
orchards. In France, for instance, a low-
density SNP array (62 markers - Vidal et al.
2017) was optimised for identity and par-

entage analyses in maritime pine. The re-
sults showed that about 10% of the grafted
plants in clonal archives were affected by
pedigree errors. Each new selected tree is
now genotyped for identity control before
grafting to clonal archives. Furthermore,
pedigree corrections enable a more precise
BLUP evaluation and higher genetic gains,
although the widespread adoption of mol-
ecular markers for this purpose is still in its
early stages (Vidal et al. 2017, Klapste et al.
2022).

The use of DNA markers to reconstruct
pedigrees allows for less costly breeding
strategies. One such potential strategy is
to replace bi-parental controlled crosses
with polymix breeding followed by pedi-
gree reconstruction (Isik 2014, Lambeth et
al. 2001). The main advantage of this strat-
egy is its ability to generate a high number
of families with a low number of pollina-
tion operations, making it particularly at-
tractive for breeding programmes with lim-
ited resources to implement conventional
breeding schemes. It has been evaluated in
the context of the French maritime pine
breeding programme (Bouffier et al. 2019)
and more recently with attention to the
cost of different breeding operations
(B4EST deliverable Ds.2). Two analogous
strategies, known as “Breeding without
Breeding” (BwB - El-Kassaby & Lstiburek
2009) and “quasi-field trial” have been suc-
cessfully tested in the breeding of Euro-
pean larch (Larix decidua — Lstiburek et al.
2020) and Nordmann fir (Abies Nordmanni-
and - Hansen & MacKinney 2010), respec-
tively. In these cases, the concept was
proven when planted stands were treated
as ad-hoc progeny trials using DNA markers
to fingerprint and reconstruct the pedigree
of a population and candidates for pheno-
typic forward selection. The basic concept
is to skip the initial steps of plus-tree selec-
tion in wild stands and establishment of
progeny trials, and instead conduct the ini-
tial selections in commercial stands that
have been created using bulked seedlots
from breeding arboretums, plus-tree selec-

Tab. 3 - High-throughput genotyping tools available per tree species.

tions, or seed orchards. BwB is now being
considered in breeding of Scots pine and
Norway spruce in Norway, where stands
are phenotyped using LiDAR scanning from
drones, and a sample of top candidates
and randomly selected trees is genotyped
to ascertain their pedigree. A genomic rela-
tionship matrix is estimated from genetic
markers and then used for breeding value
prediction (El-Kassaby et al. 2012, Lstiburek
et al. 2015, 20173, 2017b, Steffenrem & Hel-
mersson 2022).

High-throughput genotyping enables the
quantification of genomic relatedness be-
tween trees in a continuous and quantita-
tive manner. This advancement allows for
the substitution of pedigree-based related-
ness matrices with their genomic counter-
parts in solving mixed model equations
used for genetic evaluation, leading to su-
perior accuracy of BLUP for breeding val-
ues (Hayes et al. 2009), a method referred
to as G-BLUP. Considering that many
breeding programmes have generations or
cohorts of individuals in the pedigree that
cannot be genotyped, a hybrid matrix
called H-BLUP has been developed (Legar-
ra et al. 2014). H-BLUP combines genomic
and pedigree relatedness information, of-
fering significant benefits in evaluation ac-
curacy by integrating maximum genetic in-
formation without incurring additional ge-
notyping costs. In the near future, both G-
BLUP and H-BLUP versions are expected to
be widely adopted across various species
as straightforward and effective ap-
proaches to implementing genomic selec-
tion (Scots pine, maritime pine, and Nor-
way spruce).

Genomic selection stands out as one of
the most revolutionary applications of mol-
ecular markers in breeding, particularly in
perennial species faced with the significant
expenses and time delays associated with
traditional evaluation methods (Grattapa-
glia 2022). Although its routine implemen-
tation is not widespread across most spe-
cies at present, it is highly plausible that it
will emerge as a viable and valuable option

Tree species Genotyping tool Markers Reference

Scots pine Thermo Fisher Axiom PiSy50k array 50K SNPs Kastally et al. 2021

Norway spruce Thermo Fisher Axiom Pcab50K array 50K SNPs Bernhardsson et al. 2020

Poplar Illumina ISelect Infinium 34K SNPs Geraldes et al. 2013
Infinium 12K SNPs Faivre-Rampant et al. 2016
Thermo Fisher Axiom 4TREE array 12K SNP Guilbaud et al. 2020

Maritime pine Illumina Infinium 12K SNPs Chancerel et al. 2013
Illumina Infinium 9K SNPs Plomion et al. 2016
Thermo Fisher Axiom 4TREE array 12.5K SNPs  Guilbaud et al. 2020

Stone pine Thermo Fisher Axiom 4TREE array 5.7K SNPs Olsson et al. 2023

Eucalyptus Thermo Fisher Axiom Euc72K 14.7K SNPs  Haristoy et al. 2023

Ash Thermo Fisher Axiom 4TREE array 13.4K SNPs  Guilbaud et al. 2020

Douglas-fir Thermo Fisher Axiom PN550607 50K SNPs Howe et al. 2020
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for numerous forest breeding programmes
in the near future. The most promising ap-
plications of genomic selection lie in its po-
tential for evaluation of costly traits, such
as those concerning wood quality or
drought tolerance, and for traits that are
challenging to assess directly, such as resis-
tance to emerging diseases in the context
of climate change. Genomic selection has
the potential to increase selection inten-
sity, minimise phenotyping costs, and in-
clude novel traits in breeding. It may also
be used for early selection to speed up the
breeding cycle, although this appears diffi-
cult in many conifers, which reach sexual
maturity rather late (Meuwissen et al. 2001,
Wong & Bernardo 2008).

Data analytics

An important issue in long-term tree
breeding is the need to maintain high lev-
els of genetic variability for future breeding
while maximising the short-term response
to selection (Archambeau et al. 2023). Such
levels of genetic variability over the long
term may prove essential in the current
context of substantial environmental
change to ensure a minimum evolutionary
potential in the face of unplanned pres-
sures other than those generated by ge-
netic gain. Finding the optimal balance of
gain and diversity becomes difficult when
the pool of selection candidates consists of
related individuals from two or more gen-
erations, as is usual in all advanced-genera-
tion breeding programmes. Effective new
tools, for example, based on the theory of
genetic contributions and their optimiza-
tion over one generation, such as OPSEL
(Mullin 2017a) and XDESIGN (Mullin 2017b),
have been developed and made available
to breeders to carry out what is known as
optimum contribution selection (OCS) or
to optimise mating regimes. Other recent
developments have gone further by pro-
posing derivations of OCS with improved
long-term performance (Tiret et al. 2021).

High-throughput phenotyping, dense ge-
notyping, and characterising the diverse
experimental environments generate an
immense volume of sometimes highly het-
erogeneous data. Dealing with such vol-
umes and heterogeneity requires novel an-
alytical approaches that prioritise integrat-
ing different layers of information to ex-
tract meaningful signals from noise. Plat-
forms like R (R Core Team 2024) have
played a crucial role in enabling the devel-
opment and accessibility of numerous in-
novative and continuously evolving tools,
which have undergone testing and im-
provement by a rapidly growing user com-
munity. Numerous examples exist, al-
though not all can be cited here. One note-
worthy tool tailored to the needs of for-
estry field experiments is breedR (Mufioz
2024) which leverages mixed models and
incorporates modules for spatial statistics,
interaction between trees, and genomic se-
lection (Cappa et al. 2017, Trebissou et al.
2021, Yasuda et al. 2021).

iForest 17: 45-58

Prospects for evolution in European tree breeding

The characterization of the environment
in field experiments is becoming increas-
ingly important in forestry studies. We
have moved from a situation where envi-
ronmental heterogeneity was absorbed an-
alytically in order to work with average
yields, to placing the environmental gradi-
ent at the centre of genetic evaluation,
which is undoubtedly necessary in the con-
text of climate change (De la Mata & Zas
2023). The aforementioned spatial statisti-
cal analyses, included in breedR, are widely
used now in genetic trials to account for
stand-level environmental variation (Bela-
ber et al. 2019, Cappa & Cantet 2007). The
environment is a major explanatory factor
when constructing and explaining the plas-
tic reaction functions to the changes that
the tree undergoes, in what is known as re-
action norm. Random regression has been
widely used in animal genetics, for exam-
ple, in dairy cattle to model the evolution
of lactation with age. However, this now
classical but promising methodology has
been less used in perennial plants, even
though these are the organisms that pres-
ent the greatest advantages in terms of
characterization of the environment given
their immobility. Random regression mod-
elling has been recently investigated for
predicting tree growth norms of reaction
over environmental gradients in a pedi-
greed population (Marchal et al. 2019). It is
now being used in maritime pine breeding
to assess genomic norms of reaction over a
water balance index gradient using annual
growth data obtained from annual rings
(Papin et al. 2024). However, despite the
promise of these norms of reaction con-
struction techniques, there are still many
aspects to be clarified regarding their rou-
tine use in breeding programs, given that
their use represents a real paradigm shift
between classical traits and the newer
plasticity functions.

Tools for vegetative propagation and seed
production

Mass vegetative propagation techniques
greatly facilitate the dissemination of im-
proved material through the use of large-
scale clonal varieties and the setting up of
clonal experiments that can greatly im-
prove the accuracy of genetic evaluation.
Somatic embryogenesis (SE) has emerged
as a viable option in some species (stone
pine, Norway spruce, eucalyptus, and Scots
pine - see review Lelu-Walter et al. 2013,
Egertsdotter 2019). However, to make em-
bryogenic plants competitive with seed-
lings, the SE operations must be further au-
tomated in order to reduce costs. An alter-
native is the development of vegetative
propagation through cuttings, as it is being
considered for maritime pine in Spain for
deployment in the most productive areas
or for Eucalyptus globulus in Portugal, but
the fundamental issue is to develop a proc-
ess that overcomes the limitations of poor
rooting and high costs.

Seed production can be optimised

through the development of techniques to
accelerate flowering. It is under considera-
tion in Scots pine and Norway spruce, as
performing controlled crosses on selected
individuals is typically the most time-con-
suming step of the breeding cycle. Various
methods have been tested to promote
flowering in these species, but the most
promising ones include top-grafting onto
sexually mature inter-stocks, gibberellin,
heat and light treatments in greenhouses,
and various damage-causing treatments
applied to grafts (Eriksson et al. 1998,
Johnsen et al. 1994).

Optimal seed production in orchards
faces several difficulties for most forest
tree species. The first is the heterogeneous
parental contribution and pollen contami-
nation from unimproved surrounding
stands when seed orchards are managed
through open pollination. It can induce
heavy losses in the genetic value of the
crop (Bouffier et al. 2023). The second is
the increasing damage due to biotic and
abiotic factors, which contribute to a dras-
tically lower seed yield. For example, mar-
itime pine seed orchard productivity has
plummeted since 2009-2010 (Boivin & Davi
2016), probably due to a combination of
seed bug attacks (Leptoglossus occiden-
talis) and climatic factors (spring frost,
summer drought). Similarly, in Norway
spruce seed orchards, cones and seed in-
fections cause significant losses in cone
harvests (Rosenberg et al. 2012). Various
solutions are being examined, including
chemical treatments and more intense
management for seed production in a con-
trolled greenhouse environment with mass
pollination. In Norway spruce, the treat-
ments proposed include the removal of
Prunus species (known to be the primary
hosts of cherry-spruce rust) in the proxim-
ity of orchards (Kaitera et al. 2021), and the
removal of redundant cones (Almqvist &
Wennstrém 2020). In Eucalyptus globulus,
evolution of controlled pollination tech-
niques has enabled the development of
cost-efficient mass controlled pollination
programmes to produce improved eucalyp-
tus full-sibs (Harbard et al. 1999). In Portu-
gal, at Altri Florestal, controlled pollination
has been carried out since 1984-1985. Ini-
tially, ten thousand flowers were polli-
nated, but since 2012, more than half a mil-
lion flowers are pollinated every year
through a simplified pollination technique
where only two visits are needed (one for
the controlled pollination and the other to
collect the fruits that have been hand polli-
nated).

Transgenesis and new genomic techniques

Transgenic technologies in forest trees
have been studied for decades (Van Frank-
enhuyzen & Beardmore 2004, Yin et al.
2021), but they have not entered opera-
tional breeding. The primary concerns re-
volve around the environmental and con-
servation risks linked to the spread of the
transgene into natural gene pools (Strauss
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et al. 2015). This dissemination might be
more likely to occur within forest tree spe-
cies, given the typically minimal genetic dis-
tinction between improved tree varieties
and wild populations. Transgenic trees are
specifically banned in PEFC and FSC certifi-
cations.

On the other hand, applications of bio-
technology to non-food crops such as for-
est trees may be seen as more acceptable
by the public than applications to food
crops. The risk of transgene introduction
into wild gene pools can be limited by con-
tainment strategies based on modified ex-
pression of floral regulatory genes leading
to sterility or to the development of flow-
ers impaired for the production of pollen
or viable seeds (Klocko et al. 2018, Lu et al.
2019). In addition, in particular cultivation
practises such as, for instance, poplar
short-rotation coppices for energy use, the
risk of gene flow is reduced as plants are
harvested before reaching the flowering
stage.

In the last ten years, the introduction of
the New Genomic Techniques (NGT), com-
prising genome editing and cisgenesis, has
opened new possibilities for the genetic
improvement of forest trees. These tech-
niques allow targeted mutagenesis, or the
introduction of genes from sexually com-
patible donors to selected genotypes with
minimal unwanted (off-target) modifica-
tions of the receiving genetic background.
Although, NGTs are currently classified as
GMOs following a ruling by the European
Court of Justice in 2018, the European Com-
mission (2023) has come up with a propos-
al to treat plants obtained by targeted mu-
tagenesis or cisgenesis that could also oc-
cur naturally or be produced by conven-
tional breeding, similarly to conventional
plants. Genome editing has been success-
fully applied in poplar for the modification
of traits related to wood quality and resis-
tance to biotic and abiotic stresses (Min et
al. 2022). However, the realisation of
“clean” genome editing in trees is still chal-
lenging because the molecular compo-
nents necessary for mutagenesis cannot be
eliminated by crossing as easily as from an-
nual crops. Several strategies have been
proposed to overcome the problem, but
since all of them have drawbacks or display
low efficiency, further research on this
topic is needed (Goralogia et al. 2021). The
pattern of inheritance of traits of economic
importance is another explanation for the
low interest in these technologies. Most of
these traits have a quantitative genetic ba-
sis, which means they are regulated by nu-
merous genes, each having a minor impact
on the trait, whereas genetic engineering
methods are mostly suited to traits with
relatively simple inheritance (Van Tassel et
al. 2021). However, genome editing tech-
nologies targeting multiple genes are un-
der development (Wang et al. 2018). Fur-
thermore, functional genomics studies
have led to the characterization of several
genes that have a profound impact on use-
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ful traits, such as drought tolerance (Rosso
et al. 2023). A limitation of these studies is
that, in most cases, they were confined to
the lab and greenhouse, which was par-
tially due to legislative constraints in Eu-
rope. These constraints, however, may be
removed in the near future with the evolu-
tion of European legislation. A step in this
direction was taken in Italy in summer
2023, when the national Parliament pro-
nounced favourably on the possibility of
field trials for plants obtained by NGTs.

Climate change

Climate change is expected to reduce for-
est production for most tree species due to
drought and the expansion of insects and
disease ranges. Trees will also be stressed
by the increased occurrence of extreme
weather events, such as cold and heat
waves, windstorms, and floods (Jactel et
al. 2019, Jandl et al. 2019, Subramanian et
al. 2019, Albrich et al. 2020). However, in
the boreal region, where tree species are
mainly constrained by temperature, the ex-
pected lengthening of the growing season
may increase productivity (Bergh et al.
2010). The increase in growth could be en-
hanced by FRM that is optimally adapted
to the new conditions. A decision-support
tool has been developed to help landown-
ers in Sweden and Finland select the most
productive FRMs for any site (Berlin et al.
2019). In the temperate and Mediterranean
regions, drought stress reduces tree
growth and increases mortality, reducing
wood production (Rodriguez-Zaccaro &
Groover 2019). Central Europe and the
southern Nordic regions experienced ex-
treme droughts in the early 2000s, when
Norway spruce trees, especially those
older than 40-50 years, showed poor
drought tolerance (Rosner et al. 2014, 2016,
Hentschel et al. 2014). More recently, the
extremely hot and dry conditions in the
summer of 2018 in Central Europe, fol-
lowed by bark-beetle attacks, led to major
forest diebacks, specifically in Norway
spruce plantations in lowlands, a forest cri-
sis that is considered a turning point for
the forest sector in Germany (Schuldt et al.
2020, Roitsch et al. 2023). Even the growth
of young trees was affected by drought,
resulting in a significant genotype-by-en-
vironment interaction (Hayatgheibi et al.
2021).

Douglas-fir has often been cited as a re-
placement alternative to other conifer spe-
cies that are showing early symptoms of
maladaptation in Europe, such as the fore-
cited Norway spruce (Vitali et al. 2018,
Roitsch et al. 2023). Nevertheless, some au-
thors indicate that Douglas-fir is also show-
ing symptoms of stress under extreme wa-
ter scarcity conditions in some regions of
Europe (Vejpustkova & Cihdk 2019). In eu-
calyptus, drought and temperature in-
creases are expected to be major causes of
productivity decline in Portugal (Leal et al.
2022). In maritime pine and stone pine,
drought stress also affects seed productiv-

ity, decreasing the yield in seed orchards
(Mutke et al. 2007). In southern environ-
ments, drought is increasingly a problem
for Scots and maritime pine (Navarro-Cer-
rillo et al. 2019, Gea-lzquierdo et al. 2019).
In poplar, unfavourable changes in wood
composition following a drought stress
treatment have been reported (Wildhagen
et al. 2018). Furthermore, it has been de-
monstrated recently that heat and drought
stresses aggravate each other in poplar,
leading to increased water loss by transpi-
ration (Urban et al. 2017).

Although the initial eucalyptus plantings
in Portugal had essentially no pests, the
number of harmful fungi and insects has
risen exponentially over time. The pine
wood nematode (Bursaphelenchus xylophil-
us), now prevalent in Portugal, infects mar-
itime pine forests and plantations, causing
pine wilt disease and ultimately the mortal-
ity of infected trees in a matter of weeks or
months. Because there is no phytosanitary
management for this pest, the nematode
has become a major threat to maritime
and radiata pine plantations in Spain and
France. For ash, the ash dieback disease,
caused by the invasive fungus Hymenoscy-
phus fraxineus, is a relatively new disease,
first observed in Poland in the 1990s. Since
then, the fungus has spread rapidly over al-
most the entire natural range of ash in Eu-
rope, with a devastating impact on ash for-
ests (Semizer-Cuming et al. 2019). New
pests and diseases are likely to become
new challenges for ash, such as the Emer-
ald ash borer (Agrilus planipennis), which
will require adapting the current breeding
approaches to include more resistance
traits. The difficulty of predicting the emer-
gence and diffusion of pests is a major con-
straint (Gougherty & Davies 2021, Prasanna
et al. 2022, Singh et al. 2023). For example,
in the case of poplar hybrids, there is a risk
of releasing improved clones that might
not perform as expected because of in-
sufficient resistance.

Climate change clearly mandates adjust-
ments to conventional approaches to field-
based tree breeding. The first is the re-
quirement to evaluate breeding materials
in a variety of conditions that can be
warmer and drier than those prevailing in
the current target climate. In maritime pine
breeding, for example, some candidates
selected in France are already being tested
in genetic trials in Spain, and the number of
Spanish trial locations is expected to in-
crease. However, as maritime pine is pre-
dicted to spread to Northern France, sev-
eral experiments with genetic material se-
lected in the current breeding zone are be-
ing conducted in these potential future
production areas. The Norway spruce
breeding programmes in Sweden, Finland,
and Norway use clonally propagated candi-
dates, which are evaluated in field experi-
ments established in multiple different en-
vironments. Such field experiments facili-
tate the evaluation of phenotypic plasticity
and the stability of the candidates (Karls-
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son & Hogberg 1998). In poplar, some
studies suggest that clones characterised
by high productivity are generally less tol-
erant to abiotic stresses (Monclus et al.
2006, Attia et al. 2015, Viger et al. 2016).
These studies also highlight that the high
degree of genetic variability among poplar
clones should be further explored by re-as-
sessing, in different environments, clones
that are already established for their pro-
ductivity and are grown in specific areas.

In several studies of Norway spruce, it
has been shown that adaptive perfor-
mance is influenced by the reproductive
environment (summarised in Johnsen et al.
2009). Higher temperatures during zygotic
embryogenesis and seed maturation (John-
sen et al. 2005) modify the phenology of
future plants, resulting in progenies that
are suited to a longer growth season (Sol-
vin & Steffenrem 2019), without known ge-
netic selection on the way (Kvaalen &
Johnsen 2008). Similar regulation has been
found in other conifers, e.g, Scots pine
(Dormling & Johnsen 1992), lodgepole pine
(Wei et al. 2001), and the Picea glauca x P.
engelmannii complex (Webber et al. 2005),
as well as in poplar for agamic (cuttings)
propagation material (Raj et al. 2011). This
plasticity, which is often linked to epige-
netic regulation of gene expression, can be
utilised to speed up adaptation by moving
seed orchards closer to the future climate
or changing the temperature during zygot-
ic embryogenesis.

The second predicted change in breeding
activities of all the tree species is the intro-
duction of new selection criteria connected
to emerging biotic and abiotic stressors.
Because breeding cannot respond quickly
to environmental changes, it is vital to fore-
see which new stresses will be most severe
and estimate the new selection criterion
thresholds, such as minimum tempera-
tures. Breeding programmes must also
consider their adaptability to various sce-
narios. Some of the novel selection criteria
may necessitate considerable investments,
such as breeding for nematode tolerance
in maritime pine, which has required the
construction of a quarantine greenhouse in
France. Investments in new traits may limit
the resources available for work on exist-
ing breeding goals. On the other hand, de-
livering plant material with a sufficient level
of tolerance to relevant pests, or abiotic
stresses will ensure the long-term viability
of profitable plantation forestry. For exam-
ple, maritime pine silviculture in northwest-
ern Iberia has ceased due to pine wood ne-
matode predominance, and private spruce
silviculture in the Central European low-
lands has collapsed following large-scale
diebacks.

Breeding programmes must seek out
new sources of genetic variation to better
meet new breeding objectives (Isabel et al.
2019, Biselli et al. 2022b). This might include
increasing the size of current breeding
populations, establishing new ones, for in-
stance, those required for calibrating ge-
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nomic evaluation. This variation must also
be managed in an explicit and objective
manner, using genomic information, to en-
sure not only long-term genetic gain, but
also the adaptive capacity of the system
(Tiret et al. 2021). In maritime pine, the in-
troduction of new genetic variation from
non-local provenances is being examined,
because, e.g., the Corsican provenance
may be more tolerant to nematodes, but
the Spanish, Portuguese, and Moroccan
provenances appear to be more drought
resilient. In eucalyptus, E. globulus can be
crossed with other eucalyptus species that
have a higher tolerance to drought and
cold, or with a hybrid of E. rudis x E. saligna
that is tolerant to the pest Gonipterus plat-
ensis. Also, when Populus deltoides and P.
nigra were hybridised, new clones (P. xcan-
adensis) were produced that were more re-
sistant to spring leaf and shoot blight (Gen-
naro & Giorcelli 2019).

Conclusions

Tree breeding and related research initia-
tives have demonstrated their ability to
provide improvements in long-term wood
production and associated services. How-
ever, owing to the length of time required
for tree development, the expense of ge-
netic testing, and issues with FRM manu-
facturing capacity, private investment in
tree breeding has been limited. New tech-
nological opportunities related to genom-
ics, phenotyping, and mass propagation
help to alleviate these issues by reducing
breeding costs, speeding the breeding
process, and increasing the accuracy of ge-
netic evaluations. They also allow for more
accurate monitoring of genetic diversity
and conservation for advanced breeding,
which can benefit long-term genetic gains.

A disruptive effect on forest tree breed-
ing cannot be achieved with a single tech-
nology but rather requires a combination
of technologies. In addition to the desire
for new methods, it is crucial to stress the
significance of conventional breeding (e.g.,
field testing, crossing) and associated ac-
tivities (in situ and ex situ conservation).
Additionally, the large-scale diffusion of im-
proved varieties will always be limited by
the mass production of FRM. Therefore, in-
vestments in novel breeding techniques
should be coordinated with those intended
to enhance the efficiency of deployment.

Evolution in social needs and expecta-
tions is likely to influence tree breeding in
various ways. Concerns have been ex-
pressed that planted stands and intense sil-
vicultural practises make forests more vul-
nerable to diseases and extreme weather
events. For instance, in Portugal, forest
fires are commonly associated with the
presence of large eucalyptus plantations.
Although the issue is controversial (Fernan-
des et al. 2019), eucalyptus plantations on
new lands have been banned since 2018.
Conversely, other factors, such as the in-
creasing public awareness of forest trees
as carbon sinks and the creation of a car-

bon credit market (Van Kooten & Johnston
2016), are likely to raise the profile of man-
aged forests and related activities, such as
forest tree breeding. Finally, we may ex-
pect a rising demand for bioeconomy raw
materials, including, e.g., food additives,
building materials, and various pulp-de-
rived goods (Hurmekoski et al. 2018). The
need to respond to both market and envi-
ronmental changes will require a re-assess-
ment of breeding strategies and, possibly,
new tree species or hybrids that are more
tolerant to predicted climate change and
better suited to delivering new types of
end-products.

From an organisational point of view,
tree breeding is becoming more complex,
requiring new knowledge and advanced
technologies, for which traditional breed-
ers are not necessarily trained. This will de-
mand new types of training and compe-
tence, as well as changes that promote
greater mutualism among breeding par-
ties, which is likely to gradually eradicate
the traditional paradigm of one tree spe-
cies, one breeder.

Strengthening collaboration among coun-
tries could also be a useful tool for tackling
breeding challenges in the context of cli-
matic change and ensuring seed supply sta-
bility. Special attention must be paid to mi-
nor species with high ecological value but
low economic importance, which rely on
low-input breeding and limited funding. If
new diseases and pests emerge due to cli-
mate change, these species will be even
more vulnerable. European-wide collabora-
tion, particularly during the pre-breeding
phase, can increase the effectiveness of ge-
netic improvement work in minor species
by screening a wide range of germplasm
for resistance and exchanging the best-per-
forming genotypes for further breeding or
seed orchard establishment.
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