Integrating Pollen-Based Assisted
Migration and Rolling-Front Landscape
Breeding for Forest’/Adaptation under
Climate Change

Faculty of Forestry
and Wood Sciences




r"‘; - Workshop "Seed Orchard Design®, Waldsieversdorf, Feb 2023

Milan: Forest Genetics https://home.czu.cz/en/lstiburek/home
Skupina WhatsApp

https://github.com/mlstiburek

[stiburek@fld.czu.cz

) ~N
https://www.evoltree.eu )r

e\lOItr e



https://home.czu.cz/en/lstiburek/home
https://home.czu.cz/en/lstiburek/home
https://github.com/mlstiburek
https://github.com/mlstiburek
mailto:lstiburek@fld.czu.cz
mailto:lstiburek@fld.czu.cz
https://www.evoltree.eu/
https://www.evoltree.eu/

Forest trees

Long generation intervals

Large physical size and space requirements

Heterogeneous environments

Multifaceted forest utilization

Undomesticated species




Forest trees

* Mostly outbred species

* Genome size

 Complex traits expressed at late life stages
 FastLD decay

* Low heritability

* GxE interaction

* Maintenance of high genetic diversity
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Fig.1|Manhattan plot of multi-ancestry all epilepsy (n = 29,944), focal two-sided -log,, Pvalue is on the yaxis. New genome-wide significant loci are

epilepsy (n = 16,384) and genetic generalized epilepsy (n = 7,407) genome- highlighted inred, and loci previously associated with epilepsy in orange. New
wide meta-analyses, obtained by fixed-effects meta-analysis weighted lociwere those previously unreported as GWAS significant in previous epilepsy
by effective sample sizes. The red line shows the genome-wide significance CWASs. Annotated genes are those implicated by our gene prioritization analyses.
threshold (5 x 107%). Chromosome and position are displayed on the x axis, and See Supplementary Fig. 7 for QQ plots. QQ plots, quantile—quantile plot.

Stevelink et al. (2023) Nature Genetics 55: 1471-1482
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+ epigenetics

Wang Z. et al. (2012). A quantitative genetic and epigenetic model of complex traits. BMC Bioinformatics 13(1): 1-9



Breeding under climate change (> 30 years ago)
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:iz;:igution of breeding populations over light and temperature

populatigradients. Due to the inherent genetic variation the

4 considone overlap and, especially on temperature climate, cover
erably broader range than Sweden covers today.
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Summary

An innovative approach to tree breeding called © breeding without breeding” (BWB) is presented.
The method, as applied on the matenial in hand, allows the capture of 75-85% of the genetic
response to selection attained through conventional programmes without the need to do any
controlled pollination and simplified or possibly no experimental field testing: both considered

to be the most resource-demanding activities in breeding programmes. BWB combines the use of
genotypic or phenotypic pre-selection of superior individuals, informative DNA markers for
fingerprinting and pedigree reconstruction of offspring to assemble naturally created full- and
half-sib familics resulting from mating among selected parents, and quantitative genetics analyses
to identify clite genotypes for further genetic improvement or the establishment of production
populations. BWB utility is demonstrated using a retrospective study of Douglas-fir { Psewdorsuga
menzigsii) progeny tests consisting of offspring produced from 150 controlled crosses among

60 parents and established over three sites. The empirical results are supported by theoretical
expectations demonstrating anticipated minimum genetic response compared with conventional
approaches. The method's simplicity offers an exceptional opportunity for the development of
comparable breeding efforts in developing countries, advanced and new breeding programmes, and

ceonomically important and “minor® specics.

1. Introduction

Forest gene resource management is a daunting task
requiring balancing utilization and conservation goals
(Yanchuk, 2001) for large, long-lived organisms
covering vast ecological regions (Ying & Yanchuk,
206). While the genetic improvement of economic
traits 1s of primary importance, the maintenance
of broad genetic diversity is essential to meeting
changing breeding goals (Namkoong ef al., 198%) and
guarding against unpredictable temporal and global
environmental contingencies such as climate change
(Eriksson ef al., 1993). Most tree improvement pro-
grammes follow recurrent selection schemes, con-
sisting of multiple populations, including base
populations where nitial phenotypic selections are

* Corresponding author. Yousry A. ElL-Kassaby, 30302424 Main
Mall, Department of Foresit Sciences, University of British
Columbia, Vamcouver, BC, Canada V6T 174, Tel: (6)
B2 1821 ; Fax: (60d) B12 9102, e-mail: y.el-kassabyiz ubc.ca

made, breeding populations where crosses among the
selected individuals are created and tested and de-
plovment populations (e.g. seed orchards) harbouring
clite genotypes for sced production {Namkoong ef al.,
1988). Breeding arboreta are commonly established to
safeguard the genetic legacy of original and sub-
sequent selections and to facilitate breeding. Breeding
populations are managed to maintain higher levels of
genetic variability for sustained long-term genetic re-
sponse while capturing genetic gain is the sole func-
tion of production populations (Namkoong er al.,
1938,

Predetermined mating designs are considered es-
sential for creating structured, pedigreed families for
genetic testing, facilitating accurate assessment of
genctic parameters (breeding values, heritabilites,
genctic gain, genctic variances and covariances and
genotype-environment interactions), and the selec-
tion of elite genotypes for advanced breeding and seed
orchards establishment {Lambeth er of , 2001). Forest
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FIGURE 2 | Pedigree reconstruction results showing the formation of full-sib
families and their parental combinations and respective family sizes (1-13,
reciprocal crosses were grouped) (N = 1,024 offspring).

Novel in situ gene-resource management
approach that conserves forest biodiversity
and improves productivity and adaptation.

No structured tree breeding/conservation
methods.

4,267 25- to 35-year-old trees, 21 stands
across 4 climatic regions in Austria.

Pedigree reconstruction (17 SSRs), multi-
trait, multi-site genetic analyses.

Selection of broadly adapted and productive
individuals.

h? 0.23 + 0.07 (height) and 0.30 + 0.07 (wood
density) similar to conventional trials.

Lstibarek, M., Schueler, S., El-Kassaby, Y. A., Hodge, G. R., Stejskal, J., Korecky, J., ... & Geburek, T. (2020). In situ genetic evaluation
of European larch across climatic regions using marker-based pedigree reconstruction. Frontiers in Genetics, 11, 28.
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In Situ Genetic Evaluation of
European Larch Across Climatic
Regions Using Marker-Based
Pedigree Reconstruction

Milan Lstibirek™", Silvio Schueler®, Yousry A. El-Kassaby”, Gary R. Hodge”, Jan Stejskal,
Jifi Korecky', Petr Skorpik®, Heino Konrad® and Thomas Geburek®
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Garads, + Depariment of Forestry and Emvironmental Resources, Nort Carolis State Uinversty, Ralsigh, NG, Lnted States,
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Sustainable and efficient forestry in a rapidy changing climate is a daunting task. The
sessile nature of trees makes adaptation to climate change challenging; thersby,
ecological services and economic potential are under risk. Current long-term and costly
gene resources management practices have been primarily directed at afew economically
important species and are confined to defined ecological boundaries. Here, we present a
novel in situ gene-resource management approach that conserves forest biodiversity and
improves productivity and adaptation through utilizing basic forest regeneration
installations located across a wide range of environments without reliance on structured
tree breeding/consenvation methods. We utilized 4,267 25-to 35-year-old European larch
trees growing in 21 reforestation installations across four distinct climatic regions in
Austriz. With the aid of marker-based pedigree reconstruction, we applied multi-trait,
mutti-site quantitative genetic analyses that enabled the identification of broadly adapted
and productive individuals. Height and wood density, proxies o fitness and productivity,
yielded in situ heritability estimates of 0.23 +0.07 and 0.30 + 0.07, values similar to those
from traditional *structured” pedigrees methods. In addition, individual trees selected with
this approach are expected to yield genetic response of 1.1 and 0.7 standard deviations
for fitness and productivity attributes, respectively, and be broadly adapted to a range of
climatic conditions. Genetic evaluation across broad climatic gradients permitted the
delineation of suitable reforestation areas under current and future climates. This simple
and resource-efficient management of gene resources is applicable to most tree species.

genetic o, pedigree
tree breeding

forestry, European larch, genatic gain, forest
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2th gen seed orchard. Expected genetic response of 1.1
and 0.7 sd for fitness and productivity attributes,

broadly adapted to a range of climatic conditions.

Lstibdrek, M., Schueler, S., El-Kassaby, Y. A., Hodge, G. R., Stejskal, J., Korecky, J., ... & Geburek, T. (2020). In situ genetic evaluation
of European larch across climatic regions using marker-based pedigree reconstruction. Frontiers in Genetics, 11, 28.




2014: identification of forest stands, verification of origin
2015: measurements, DNA collection, lab analyses
2016-spring 2017: evaluation, selection, collection of scions

2019-2021:

three new 2" gen seed orchards (two in Aflenz, Frohnleiten,
one in St. Martin im Innkreis)
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Rolling front landscape breeding

Milar Lstibdrek' @, Maria Rosario Garcia-Gil*® and Arne Steffenrem’®

Key message

Forest tree breeding must undergo significant revisions 1o adapt to the evalving challenges posed by climate change
Addressing the shifts in environmental conditions requires a comprehensive multidisciplinary approach that inchedes
thearetical work and practical application. Specifically, there is a need to focus on developing new breeding strate-
gies that are theoetically sound and practically feasible, considering the economic constraints of actual ee breeding
programs. We presant a novel concept utilizing genatic evaluation of multple traits in forest stands of successive ages
acnoss wide ecological ranges Inconporating genomics allows for detailed genetic evaluation, making use of high-
demsity SMP markers and sophisticated algorithrs like GBLUP for genetic parameter estimates. High-throughput
phenotyping i conducted wsing drone-borne Bdar technology to capture tree height and survival data across varous
forest stands. Assisted migration i considered o strategically position genctypes across predicted environmental
clirnatic gradients, thereby accormmodating the dynamic nature of ecobogical shifis. Mathematical optimization acts
as an essential cormponent for logistics, guiding the spatial alecation and timely substitution of genolypes to ensure
a continually adaptive breeding program. The concept replaces distinct breeding cycles with continuous evaluation

Borralho, N. M., & Dutkowski, G. W. (1998). Comparison of rolling front
and discrete generation breeding strategies for trees. Canadian Journal
of Forest Research, 28(7), 987-993.

and sedection, enhancing the rate of genetic response over time.
Keywords Climate change, Adagtation, Gene diversity, Tree improvemenit, Genetic evaluation, in siu selection

1 Background

Genetic improvement of commerdially important for-
est trees often involves long-term intensive recurrent
selection programs requiring substantial resources and
infrastructure. Breeding typically entails controlled pol-
limations creating structured pedigrees with offspring
evaluated in replicated test sites within fixed ecological
boundaries (zones). Production populations (typically
wopd orchards, S0x) are ectablished a3t each selection
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cycle as sources of genetically superior forest reproduc-
tive material for aforestation (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 aveid 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. 20131 Lambeth et al. {2001) ru.gg::t:d a tech-
nigue 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 Lstibirek (2009)
extended this concept for open-pollinated populations,
emphasizing that genetic gain could be made without
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each stand exposed to a unique set of climatic conditions
— specific life stages exposed to unique conditions!

all stands originate from the same parental source
multi-site, multi-age genetic evaluation
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Reproductively active genotypes

Superior individuals in forest stands
available for possible inclusionin the
arboretum

Selection candidates

Core subset

Removed

Control-mass pollination Y genotypes

(Top-grafting)

Removed

Reservoir senotypes

Grafted top candidates to likely join the core
once reaching the reproductive age
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Estimating Realized Heritability in
Panmictic Populations

Milan Lstiburek,*" Vaclav Bittner,' Gary R. Hodge,” Jan Picek,' and Trudy F. C. Mackay®

“Faculty of Forestry and Wood Soences, Crech Unseersity of Life Sciences Prague, 165 21 Praha 6, Crech Republic, TFaculty of
Soence, Hurnanities and Education, Technical University of Liberec, 461 17 Liberec 1, Crech Republc, *Camcore, Department of
Fonestry and Enviranmental Resowces and SDepanment of Biological Scences and Program in Genetics, North Carolina State
Uniwersity, Raleigh, Morth Carolina 27695

CRCID IDs: DO00-0D02-6304-6660 (ML), DJ0D-0D03-3554-9802 (VB.)

ABSTRACT Marrow sense heritability (h?) & a key concept in quantitative genetics, as it expresses the proportion of the observed
phenotypic variation that is transmissible from parents to offspring. / determinas the resemblance among relatives, and the rate of
resporse to artificial and natural selection. Classical methods for estimating h® use random samples of individuals with known
relatedness, as well as response to artificial selection, when it is called realized heritability. Here, we present a method for estimating
realized & based on a simple assessment of a random-mating population with no artificial manipulation of the population structure,
and derive 5E of the estimates. This method can be applied to arbitrary phenotypic segments of the population (for example, the top-
ranking p parents and offspring), rather than random samples. |t can thus be applied to nonpedigreed random mating populations,
where relatedness is determined from molecular markers in the p selected parents and offspring, thus substantially sawing on
genotyping costs. Further, we assessed the method by stochastic simulatiors, and, as expected from the mathematical derivation,
it provides unbizsed estimates of A*. We compared our approach to the regression and maximum-likelihood approaches utilizing
Galton's dataset on human heights, and all three methods prowvided identical results.

KEYWORDS guantitatve geneics, Hardy-Weinberg equilibrium; panmichc populaton

A\ | ARROW sense heritability (h*) is a key conceptinguan-  for common diseases in humans in the context of predsion

To accurately estimate narrow-sense
heritability, it is sufficient to perform

phenotyping and genotyping only in the top

phenotypic segment.

This approach significantly reduces costs
by eliminating the need for a random
population subset, as initially suggested by
El-Kassaby and Lstibtrek (2009).

Tree Genetics & Gemomes {200 1) 7-1069-1078
DO 100071 29501 1 0595-1
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Breeding without breeding: minimum fingerprinting effort
with respect to the effective population size

Milan Lstibirek - Kristina Ivankovd - Jan Kadlee -
Jaroslay Kobliba - Jaroslay KkipSie -
Yousry A El-Kassalby

Received: 30 June 2010 / Revised: 25 March 2011 / Accepied: 19 April 2011/ Published cmline: 11 June 3011
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Abstract We present a probabilistic model to mini-
mize the fingerprinting effort associated with the imple-
mentation of the “breeding without breeding™ scheme
under partial pedigree reconstruction. Our approach
is directed at achieving a declared target population’s
minimum effective population size (M), following the
pedigres reconstruction and genotypic selection and
is based on the graph theory algorithm. The primary
advantage of the proposed method is o reduce the cost
associated with fingerprinting before the implementa-
tion of the pedigree reconstruction for seed parent—
offspring derived from breeding arboreta and produc-
tion or matural populations. Stochastic simulation was

Commumicated by B. Burdon

M. Lstiburek {(=) - K. Ivankovd - J. Kobliha - J. Klipsie
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conducted to test the method's efficiency assuming a
simple polygenic model and a singlde trait. Hypothetical
population consisted of 30 parental trees that were
paired at random (selfing excluded), resulting in 600 in-
dividuals (potential candidates for forwards selection).
The male parentage was assumed initially unknown.
The mode]l was used to estimate the minimom gemo-
typing sample size needed to reaching the prescribed
Ne. Results were compared with the known pedigree
data. The model was successiul in revealing the true
relationship pattern over the whole range of N.. Two to
three offspring entered genotyping to meet the N, =2
while 41 to 43 were required to satisfy the N, = 14,
Imponantly, genetic gain was affected at the lower
limits of the genotyping effort. Doubling the number
of parents resulted in considerable reduction of the
genotyping effort at higher N, values.

Keywords Breeding without breeding - Pedigree
reconstruction - Selection

Introduction

Unraveling the genealogical relationships among mem-
bers of populations is of great importance to many
aspects of biological sciences. The availability of nu-
merous highly variable neotral DNA markers such as
microsatellites coupled with the development of so-
phisticated mathematical methods for pedigree recon-
struction {see Jones and Ardren 2003 for a review) has
made this task manageable. Pedigree reconstruction
has proven o be of substantial value to conservation
biclogy, ecological genetics, and, more recently, has

& Springar




Realized heritability in panmictic population

Lstiblrek M. et al. (2012). Breeding without breeding: effect of gene flow on fingerprinting effort. Tree Genetics & Genomes 8: 873-877.
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Fig. 1 Conceptual representation of two offspring populations
produced from within the orchard’s pollen pool (right, po and

o corresponding to Eq. 9) and those sired by outside pollen

(left, w12 and o2, corresponding to Eq. 12). The area beyond

h* =086

Reduction of contamination after preselection [%]

\
\

the truncation point denotes the probabilities p} (Eq. 9) and

p5 (Eq. 12), representing within-orchard and outside pollination, 20 : P:ffgﬁ%

respectively. The actual parameters (i.e., means and variances) —a— z*;zo% N

depend on the input. T, 1s the truncation point produced by 0 ;

Solver Optimizatign 0 20 40 60 80 100 0 20 40 60 80 100

Contamination in the orchard [%]

Lstiblirek M. et al. (2012). Breeding without breeding: effect of gene flow on fingerprinting effort. Tree Genetics & Genomes 8: 873-877.






Zq Ty — 400 sUnder the assumptions of Hardy-Weinberg
l' equilibrium, the h? of a quantitative trait in

a given population is directly related to the
likelihood of a phenotypic subset of parents
passing their respective alleles onto the
corresponding phenotypic subset of offspring.*

F1

Za Tp — +00

Lstiblrek M., Bittner V., Hodge G.R., Picek J., & Mackay T.F. (2018). Estimating realized heritability in panmictic populations. Genetics 208(1): 89-95.



1. Estimate of phenotypic mean and variance in P P
and F1 populations.

2. Evaluation of whether respective parents originated
in an equivalent truncated subset of the
distribution. (optional pedigree reconstruction
based on DNA markers).
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Lstiblrek M., Bittner V., Hodge G.R., Picek J., & Mackay T.F. (2018). Estimating realized heritability in panmictic populations. Genetics 208(1): 89-95.



For demonstration, we used human height data collected by
F. Galton. Datafile includes 205 families (934 offspring, range
of family sizes: 1 to 15 individuals.

Galton F. (1886). Regression towards mediocrity in hereditary stature. J. Anthropol. Inst. G. B. Irel. 15: 246-263.




Estimates h? = 0.71 - 0.73, statistically equivalent P
with linear regression.
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Lstibarek M., Bittner V., Hodge G.R., Picek J., & Mackay T.F. (2018). Estimating realized heritability in panmictic populations. Genetics 208(1): 89-95.



Traditional tree breeding

* Progeny test trials established once per cycle, within a
Discrete generations, narrow environmental window. Selection decisions make

static environment decades later, implicitly assuming GxE effects are
stationary across time.

e Because climate is shifting, each discrete cohort only

reflects a snapshot of past conditions. When breeding
Climate blind spot values are estimated within that static cohort, the
estimates may be biased toward adaptation to an
environment that may never recur.




Rolling-front landscape breeding

¢ |[nstead of one large recombination event per 10-30 years,
Frequent staggered recombination is recurrent. Each cohort is exposed to unique

recombination environmental conditions (drought years, frost years, pest
outbreaks, heat waves).

e Simultaneous genetic evaluation across all sites and ages under a

: : mixed-model framework.

Joint multi-cohort e |f one cohort encounters a severe drought or frost event, the
evaluation response of its families contribute information to the breeding value

estimation across the entire population. This allows capturing

adaptation signals to extreme or novel climates.
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Current problems of assisted migration Solution by pollen transfer

qff Uncertainty in new conditions

Both biotic and abiotic factors can limit plant Hybrid progeny inherits traits close to the local optima
establishment in new areas even if climate due to the local and introduced gametes. The local
conditions are optimal. parent is also responsible for epigenetic priming
enhancing phenology overlaps with the local
Blooming phenology mismatch may limit the gene- population.

flow between introduced and local population.

& Phytosanitary risk

The translocation of seeds and seedlings can Pollen transport significantly reduces the risk of
introduce non-native pests and pathogens. pathogen transmission.
' Stakeholder struggles
Local nurseries face economic and knowledge There's no need for nurseries to take any action, as the
barriers in adapting to new forestry practices downstream process of assisted pollination will result
required for assisted migration. in business as usual.
Traditional forestry practices often prioritize local Proposing a dynamic policy framework that
provenance due to their historical balance of maintains local adaptations and incorporates
growth and hardiness. preadapted genotypes together with testing

resulting hybrids through natural selection

Chludil, D., Cepl, J., Steffenrem, A., Stejskal, J., Sagariya, C., Pook, T., ... & Lstiburek, M. (2025). A Pollen-Based Assisted Migration for
Rapid Forest Adaptation. Global Change Biology, 31(1), e70014.
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500 parents 500 parent, 500 parents

Chludil, D., Cepl, J., Steffenrem, A., Stejskal, J., Sagariya, C., Pook, T., ... & Lstibarek, M. (2025). A Pollen-Based Assisted Migration for
Rapid Forest Adaptation. Global Change Biology, 31(1), e70014.
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III Proposed RFLB+PAM system vs. Genomic Selection

Resilient gain under changing
uncertain conditions: longer
rotations, fast LD decay = lean
to RFLB+PAM with genomics
supporting relatedness,
variance estimation, diversity
control and early culling

Fastest gain in today’s
conditions: stable training set,
short rotation - lean to GS,
keep multi-environment
training updated

J
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