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Key message

Forest tree breeding must undergo significant revisions to adapt to the evolving challenges posed by climate change.
Addressing the shifts in environmental conditions requires a comprehensive multidisciplinary approach that includes
theoretical work and practical application. Specifically, there is a need to focus on developing new breeding strate-

gies that are theoretically sound and practically feasible, considering the economic constraints of actual tree breeding
programs. We present a novel concept utilizing genetic evaluation of multiple traits in forest stands of successive ages

across wide ecological ranges. Incorporating genomics allows for detailed genetic evaluation, making use of high-
density SNP markers and sophisticated algorithms like GBLUP for genetic parameter estimates. High-throughput
phenotyping is conducted using drone-borne lidar technology to capture tree height and survival data across various
forest stands. Assisted migration is considered to strategically position genotypes across predicted environmental
climatic gradients, thereby accommodating the dynamic nature of ecological shifts. Mathematical optimization acts
as an essential component for logistics, guiding the spatial allocation and timely substitution of genotypes to ensure
a continually adaptive breeding program. The concept replaces distinct breeding cycles with continuous evaluation
and selection, enhancing the rate of genetic response over time.

Keywords Climate change, Adaptation, Gene diversity, Tree improvement, Genetic evaluation, /n situ selection

1 Background

Genetic improvement of commercially important for-
est trees often involves long-term intensive recurrent
selection programs requiring substantial resources and
infrastructure. Breeding typically entails controlled pol-
linations creating structured pedigrees with offspring
evaluated in replicated test sites within fixed ecological
boundaries (zones). Production populations (typically
seed orchards, SOs) are established at each selection
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cycle as sources of genetically superior forest reproduc-
tive material for afforestation (White et al. 2007).
Following the development of DNA markers, forest
geneticists have proposed various ways to incorporate
kinship analyses into their programs. The main incen-
tive has been to avoid laborious control crosses and
shorten generational intervals, thus boosting genetic
response to selection. In addition, progeny testing can
be simplified or entirely redirected to operational forest
stands planted across broader environmental gradients.
These advances alleviate the shortcomings of traditional
programs that are spatially static and slow to respond
to market demands and climate change (CC, Hanewin-
kel et al. 2013). Lambeth et al. (2001) suggested a tech-
nique called polymix breeding with parental analysis,
which was designed to be more cost-effective than
full-sib breeding and would enable the identification
of male parents to control relatedness or create a full-
sib mating pedigree. El-Kassaby and Lstibtirek (2009)
extended this concept for open-pollinated populations,
emphasizing that genetic gain could be made without
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making any crosses—an approach they termed Breed-
ing without Breeding (BwB). Hansen and McKinney
(2010) developed a quasi-field testing method to assign
parentage of the Nordmann fir (Abies nordmanniana
(Stev.) Spach.) offspring from a SO with 99 genotypes.
Using 12 SSR markers and the parents’ genotype infor-
mation, they could determine both parents for 98% of
the progeny with 80% confidence.

Lstibtirek et al. (2017) proposed a “dynamic gene-
resource landscape management combining utilization
and conservation” Based on the BwB methodology, the
concept involves landscape-level genetic evaluation and
selection of Norway spruce (Picea abies L.) from proven
material exposed to realistic conditions over vast ter-
ritories, i.e., across multiple environmental gradients.
These advantages boost the genetic response to selection
while conserving genetic resources. The first proof of the
landscape-breeding concept was reported by Lstibarek
et al. (2020). They considered 4267 25- to 35-year-old
European larch (Larix decidua Mill.) trees from 21 forest
stands across four climatic regions in Austria. Individuals
with high fitness and productivity attributes were iden-
tified using marker-based pedigree reconstruction and
multi-trait, multi-site quantitative genetic analyses. As
anticipated from an earlier comprehensive quantitative-
genetic evaluation by Lstibtrek et al. (2015), the genetic
parameters were found to be similar to those obtained
using traditional “structured” pedigree methods. Poupon
et al. (2021) employed response function methodology in
the above larch in situ breeding program. They identified
critical environmental gradients that impacted the stud-
ied traits and developed individual- and population-level
response functions to estimate genetic variances along
these gradients. Their concept provided an optimum
allocation of the best-adapted reforestation material to
the target location.

Lstibuarek et al. (2017, p. 2-3) offer an in-depth ration-
ale for scaling up population sizes in breeding programs
to address unpredictable CC and other risks. Critical
attributes of “landscape” breeding programs encom-
pass the preservation of rare alleles, augmentation of
the breeder’s criterion through natural selection (facili-
tated by open pollination and the development of forest
stands), detailed assessment of genotype X environment
interactions across broad environmental gradients, etc.

2 Novel breeding concept

While landscape breeding methods are more advanced in
tackling the challenges of CC, they still require ongoing
revisions to maintain their effectiveness. The concept we
introduce in this study is designed to address the main
shortcomings and is built on the following key pillars.
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1. Given the fluctuating environmental conditions
attributed to CC, it is essential to continually moni-
tor the stability performance of individual genotypes
across various forest stands and life stages. Utiliz-
ing semi-automated phenotyping and state-of-the-
art genomic tools allows for the traits’ assessment
throughout the life cycle of trees (Fig. 1). Unlike tra-
ditional methods, where progeny trials are usually
established in a single year, this continuous evalua-
tion exposes selection candidates to an ever-chang-
ing array of environmental conditions, both spatially
and temporally. Multiple research projects are cur-
rently devoted to minimizing the cost of routine phe-
notyping and genotyping in forest stands, making the
approach operationally feasible.

2. Statistical-genetic evaluations should be conducted
periodically, incorporating multiple traits, sites, and
ages. This results in accurate estimates of genetic
parameters and an updated ranking of selection can-
didates.

3. Using mathematical optimization tools, a breeder
can identify a set of the best-adapted individuals for
potential inclusion in the SO (source of adapted for-
est reproductive material for afforestation).

4. In the context of our proposed concept, the SO
becomes a dynamic system where genetic improve-
ment is continuous (a term “breeding arboretum”
is introduced later for more precise terminology).
Higher-ranking genotypes routinely replace inferior
counterparts, optimizing the core subset of trees in
their reproductive age (Fig. 2). Unlike the current
breeding practices, the SO can, in theory, remain in a
given location indefinitely. The genetic improvement
of the SO crop is ongoing (continuous), with no dis-
tinct breeding cycles. Given the perpetual nature of
this improvement, we anticipate a more rapid genetic
response over time, which is not only crucial for
adapting to CC but also economically beneficial.

The periodic evaluation and inclusion of the most
adapted genotypes to the SO partly resemble the ear-
lier Rolling Front approach (Borralho and Dutkowski
1998). Their idea was to proceed with controlled crosses
between the best trees each year and establish new prog-
eny trials with those from the prior year rather than wait-
ing until all of that generation’s crosses were finished.

2.1 Analytical insights

The concept strategy takes into account multiple forest
sites, each with unique environmental conditions suit-
able for genetic analysis and evaluation of respective
genetic-by-environment interactions. These sites are
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Fig. 1 Forest stands at a given site. This figure presents a simulated dataset for illustration. Each site consists of multiple forest stands established
consecutively at 2-year intervals from a given parental source. Stands that have reached the selection age of 14 years are highlighted in red,
indicating current selection candidates. The final harvest is planned for stands approaching an approximate height of 30 m. Statistical evaluation
is performed across all life stages and stands, encompassing those yet to reach the selection age
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Fig. 2 Rolling front landscape breeding. Phenotyping/genotyping in all stands (four assumed in the graphical illustration) is followed by combined
multi-trait/site/age BLUP or GBLUP analysis, conducted periodically. Genetically superior individuals from the candidate population (exceeding

the selection age) may enter the RESERVOIR subset of the arboretum. Genotypes in the RESERVOIR can either remain—with the possibility

of either reaching reproductive age and joining the CORE subset or being removed during any evaluation stage. Genotypes in the CORE subset
have two potential outcomes: they may either be retained or removed, with the latter occurring for reasons such as genetic inferiority or surpassing
the reproductive age. Except for the initial period, the size of the CORE subset is dynamic, but it must meet a minimum N¢g. The quantity

and specific identity of individuals shifted at each step (arrows) are periodically determined by mathematical optimization

spread across various environmental gradients and are stands are periodically established from bulk seed fol-
established from a common first-generation clonal seed lowing natural mating (open-pollination) in the SO. The
orchard (SO). At each of these sites, commercial forest boundaries of these stands are recorded in the breeding
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organization’s database. In our model presentation
(Fig. 1), a typical forest stand is established biennially at
each site, although alternative time intervals could be
considered. New seed lots from the SO will be utilized
continuously, creating a time-based relation through a
common set of parents and eventually, progenies. This
approach gains significance as each annual seed crop
offers a distinct genetic output, influenced by variables
such as fertility fluctuations and pollen contamination
(e.g., Funda and El-Kassaby 2012).

Individual offspring shall be monitored periodically
in all assumed forest stands, utilizing a semi-automated
protocol. Beyond traditional ground-level evaluations,
the most feasible approach for site scanning is drone-
borne LIDAR (Light Detection And Ranging). These
sensors produce highly accurate, three-dimensional
point clouds that can be easily processed into geoposi-
tioned rasters describing both the terrain and canopy
height. Algorithms for automated single-tree detection
are then employed to obtain individual tree heights and
assess the survival of all candidates at every evalua-
tion time point. Alternatively, cost-effective data collec-
tion can be achieved using RGB sensors, followed by 3D
photogrammetry (Solvin et al. 2020). Further advance-
ments in sensors, calibrations, and algorithms—for
quantifying individual tree features like crown density
or width, or health and adaptation traits from, for exam-
ple, multispectral data—will enhance the efficiency of
phenotyping.

DNA sample collection and subsequent genomic
analyses may be tailored by the technological options in
a given species and financial constraints. Random and
top-phenotypic subsets are determined following the
methodology in Lstibtirek et al. (2015). The random sub-
set is used to estimate phenotypic and genetic variances
to evaluate the top-phenotypic candidates afterward.
Genetic evaluation options may range from a simple
phenotypic evaluation (not requiring the random sub-
set) to elaborate multi-trait/site/age REML-BLUP evalu-
ation (identity-by-descent relationship matrix estimated
by pedigree reconstruction as in Lstibarek et al. 2020).
Provided high-density SNP markers are available, the
genomic (GBLUP) evaluation (Habier et al. 2007; Van-
Raden 2008) or its alternatives (Christensen et al. 2012;
Legarra 2009) may be conducted with additional ben-
efits, i.e., accounting for the Mendelian sampling term,
capturing historical relationship patterns, and separat-
ing nonadditive genetic variances (e.g., El-Dien et al.
2016). These analyses consolidate all periodic measure-
ments across multi-aged forest stands and multiple sites,
enhancing the accuracy of genetic parameter estimates in
subsequent evaluation stages. Although all stands across
sites may be considered for the evaluation, only a subset
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has reached the selection age. Thus, during the periodic
genetic re-evaluations, the candidate population expands
to include additional superior individuals from stands
that have reached this age threshold. In most forest tree
species, inbreeding is detrimental, so complete avoidance
or minimization of genetic relatedness in seed orchards
(SOs) is typically advocated. In this framework, we
assume all selected offspring in the initial cycle are unre-
lated, a claim that will be verified with kinship estimates
during the evaluation process.

As previously discussed, the candidate population is
periodically updated to include genetically superior indi-
viduals suited to current environmental conditions. Tree
breeding relies on repeated cycles of genetic recombina-
tion, testing, and selection. Therefore, it is essential to
place top-ranking individuals from the candidate popula-
tion into a shared space where they can actively exchange
gametes, i.e., reproduce. This could be again termed a
seed orchard. However, we prefer the term “breeding
arboretum” to emphasize that both breeding and deploy-
ment should occur in the same physical location. The
arboretum is established by grafting the most superior
genotypes from the candidate population. Each genotype
is then represented by multiple clonal copies, known as
ramets.

We propose dividing the breeding arboretum into
two distinct compartments: the CORE and the RES-
ERVOIR subsets, with N, and Nyg genotypes, respec-
tively. Depending on species-specific logistics, these
compartments can be spatially integrated or adjacent.
The CORE subset is crucial for maintaining a requisite
level of genetic diversity through reproductively active
genotypes. Initially, all genotypes grafted during the first
selection round remain in the arboretum until reaching
reproductive age, in line with traditional SO establish-
ment practices. However, since our strategy involves
periodic reevaluation of forest stands and subsequent
updates to the candidate population, the RESERVOIR
subset serves a pivotal role. During each reevaluation,
a mathematically optimized decision introduces new,
genetically superior candidates from the updated popu-
lation into the arboretum. Because grafts cannot be
immediately replaced—they must first reach reproduc-
tive maturity—these new selections are initially placed
in the RESERVOIR. Here, they remain until they mature
enough to join the CORE subset. The RESERVOIR’s size
is strategically designed to accommodate changes; it can
both receive new candidates and remove them if they
later prove to be genetically inferior. Fine-tuning the spa-
tial arrangement between the CORE and RESERVOIR
remains a topic for further investigation. For instance,
expanding the spacing in the seed orchard may be nec-
essary to mitigate competition among grafts of different
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Table 1 Definitions of key terms
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Random subset: Trees randomly selected from forest stands that have reached the selection age. These are both phenotyped and genotyped,
and their pedigree is subsequently reconstructed. The primary aim of this subset is to yield an unbiased estimation of genetic variances.

Top phenotypic subset: Trees preselected for their superior phenotypic performance from forest stands that have reached the selection age. These,
too, undergo genotyping and pedigree reconstruction. Their breeding values, which serve as the selection criterion, are computed using genetic vari-

ances derived from the random subset.

Candidate population: Individuals from the top phenotypic subset that are available for possible inclusion in the breeding arboretum.

Core subset: A collection of the breeding arboretum’s reproductively active genotypes (grafts) producing genetically superior forest reproductive
material. These represent the highest-performing members of the candidate population.

Reservoir subset: A group of candidate trees that are on track to join the core subset once they attain reproductive age. These trees have already been

grafted and are currently situated in the breeding arboretum.

ages. While a staggered clonal row system could simplify
management (El-Kassaby et al. 2014), alternative strate-
gies may better suit the particularities of a given species.

Eventually, all genotypes in the CORE subset will surpass
their reproductive age and be progressively replaced by bet-
ter candidates from the RESERVOIR. When operationally
feasible, the arboretum can stay in the exact location, and
the outlined process may continue as there are no distinct
breeding cycles. In the later stages of the program, it will
be beneficial to adopt the genomic relationship matrix to
restrict the loss of genetic diversity and minimize inbreed-
ing depression in the forest reproductive material origi-
nating from the arboretum (see Eq. 4 in section 3.1.2.). In
addition, we advise considering the response function
methodology (Poupon et al. 2021) to transfer genotypes
across predicted climatic gradients. When adopting our
concept across the landscape, multiple replications of the
outlined system will eventually be established (or converted
from existing SOs). It would then be possible to perform
assisted migration along the gradients. Genetic coancestry
will then be more easily controlled due to the periodic infu-
sion of unrelated genotypes from distant sources.

As outlined above, the breeding arboretum serves as
the primary source of seeds for establishing new stands,
which are subsequently subject to genetic evaluation.
This approach encompasses all elements of recurrent
selection programs aimed at enhancing general combin-
ing ability—specifically, it focuses on increasing the fre-
quency of favorable alleles through repeated cycles of
genetic recombination, testing, and selection. It is worth
noting that the forest stands chosen for evaluation rep-
resent only a small fraction of the commercial stands
routinely established using seeds from the arboretum. In
this sense, the arboretum fulfills its role as a conventional
seed orchard. For clarity on essential terms related to the
novel breeding concept, see Table 1.

3 Applicability and limitations

This manuscript presents a theoretical concept that has
yet to be validated empirically. The intention was to ini-
tiate a scholarly discussion and lay the groundwork for

future quantitative evaluations, potentially through com-
puter simulations and species-specific pilot studies.

In the genomics context, our goal was to provide a
range of options, from simple pedigree reconstruction
using a limited set of SSR loci for coancestry control to
more advanced GBLUP evaluations, as previously dis-
cussed. We opted not to include genomic prediction
models because our strategy assumes that climatic con-
ditions are in flux. Therefore, we rely on ongoing in situ
monitoring of actual forest stands for evaluation. We
do not claim that one approach is superior to the other;
rather, these are distinct options that can be tailored to
the specific needs of a given species. Factors for consid-
eration include reproductive biology, deployment strate-
gies, economic significance of a species, and rotation age,
among others.

In all breeding programs, the phenotyping of a large
number of individuals is constrained by limited budg-
ets. This also narrows the range of genetic entries that
can be tested, ultimately forcing a trade-off among selec-
tion intensity, multi-trait selection, and genetic diversity.
We suggest a streamlined approach for phenotyping, as
the main goal is to improve performance over time by
leveraging individual variation in response to climatic
fluctuations. Drone-borne sensors are most effective in
scenarios featuring even-aged monocultures that are
fairly evenly spaced. Consequently, stand management
remains crucial, similar to conventional progeny testing.
Automatic species detection in mixed-species stands is
still too inaccurate, making these situations complex to
manage. Uneven-aged stands present further challenges,
as current sensor technology lacks the capability to deter-
mine tree age.

Seed orchard managers may be reluctant to continu-
ously swap clones in the orchard, as this creates an une-
ven situation where young grafts are overshadowed by
older ones. For many species, these younger grafts have
a reduced gametic contribution, which must be factored
into estimates of the effective population size. Moreo-
ver, the orchard’s production capacity may temporarily
decline when older, more productive grafts are replaced.
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However, this situation is likely to reverse as the fertil-
ity of the oldest grafts declines, making them candidates
for replacement—commonly occurring after 40-60 years
in species like Norway spruce and Scots pine (Almqvist
et al. 2010).

3.1 Mathematical optimization

We propose a linear mixed-integer mathematical pro-
gramming model that offers room for further expan-
sion (one could draw on insights from sources such as
Funda et al. 2009). The model facilitates decision-making
according to the description above and Fig. 2.

3.1.1 Objective function
The optimization aims to maximize genetic response to
selection.

Nen

max — Z ax; (1)
i=1

where g, is the breeding value of the ith genotype. Binary
variable x; (the optimization output) designates whether
a given genotype should be included in the breeding
arboretum (value 1) or otherwise (value 0). N¢y is the
number of genotypes in the candidate population. Sub-
stitution of an existing genotype in the arboretum by a
superior candidate genotype is associated with a cost.
Breeders may calculate a constant weight using the cost-
benefit analysis. The weight can be easily added to the
breeding values of genotypes that are currently present in
the arboretum.

3.1.2 Constraints

The following constraint will ensure that the number
of selected genotypes will meet the size of the breeding
arboretum.

Nen

Z x; = Ncr + Ngs (2)
i=1

where Ncr and Ngg and the respective number of geno-
types in the CORE and RESERVOIR subsets.

The following constraint will ensure that the CORE
subset consists of a minimum number of genotypes
within the reproductive age.

Nen

Z tix; > Ncr (3)
i=1

where ¢; is an input binary constant designating whether
the ith genotype is within its reproductive age (value 1)
or otherwise (value 0).
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The following set of constraints ensures that all selec-
tions are unrelated (maximum parental contribution
equal to 1). For example, let’s assume parent 1.

Nen

Z)’lixi <1 (4)
im1

where yj; is a binary input constant designating whether
individual 1 is the respective parent of the offspring i.
The above constraint must be satisfied across all parents,
i.e., one equation per parent. Provided that the genomic
relationship matrix should be used to constrain selection,
one may adopt one of the algorithms reviewed by Wool-
liams et al. (2015).
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