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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

• Fast LD decay

• Low heritability

• GxE interaction

• Maintenance of high genetic diversity



Stevelink et al. (2023) Nature Genetics 55: 1471–1482



https://svs.gsfc.nasa.gov/5383/



+ epigenetics

Wang Z. et al. (2012). A quantitative genetic and epigenetic model of complex traits. BMC Bioinformatics 13(1): 1-9.
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Breeding under climate change (> 30 years ago)
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Project Lärche XXL
Austrian Research Promotion Agency (FFG) 

Forst Holz Papier (FHP) and LIECO nurseries 
and the Austrian Federal Forests (ÖBf)



1th gen seed orchard P3 (Hamet, Wienerwald, Austria)

Photo by courtesy of Petr Škorpík, BFW



Photo by courtesy of Petr Škorpík, BFW



Photo by courtesy of Petr Škorpík, BFW



• 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.

• h2 0.23 ± 0.07 (height) and 0.30 ± 0.07 (wood 
density) similar to conventional trials.

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



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.

Photo by courtesy of Heino Konrad, BFW

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



Project Lärche XXL
 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 2nd gen seed orchards (two in Aflenz, Frohnleiten, 
one in St. Martin im Innkreis)



Milan Lstibůrek

Borralho,N. M. G. and Dutkowski,G. W., M. J. Dieters, A. C. Matheson, D. G. 
Nikles, C. E. Harwood, S. M. Walkereditors (1996). A rolling-front strategy 
for breeding trees. Tree improvement for sustainable tropical forestry. 
QFRI-IUFRO Conference, Caloundra, Queensland, Australia, 27 October-1 
November 1996. Volume 2., (317–322), Queensland Forestry Research 
Institute.

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.
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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

Selection 
candidates
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Selection candidates

Core subset

Reservoir

Superior individuals in forest stands 
available for possible inclusion in the 

arboretum

Reproductively active genotypes

Grafted top candidates to likely join the core 
once reaching the reproductive age

Removed 
genotypes

Removed 
genotypes

Control-mass pollination
(Top-grafting)



Ekebo - Skogforsk - Forestry Research Institute of Sweden



• 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 Lstibůrek (2009).



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

P

F1

Realized heritability in panmictic population



potomstvo

rodiče

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

? ℎ2



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

P

F1

„Under the assumptions of Hardy-Weinberg 
equilibrium, the h2 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.“

P

F1



1. Estimate of phenotypic mean and variance in 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).

F1

P

Lstibůrek 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.
https://en.wikipedia.org/wiki/Karl_Pearson



F1

PEstimates ℎ2 = 0.71 - 0.73, statistically equivalent 
with linear regression.

Lstibůrek 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 
narrow environmental window. Selection decisions make 
decades later, implicitly assuming GxE effects are 
stationary across time.

Discrete generations, 
static environment

• Because climate is shifting, each discrete cohort only 
reflects a snapshot of past conditions. When breeding 
values are estimated within that static cohort, the 
estimates may be biased toward adaptation to an 
environment that may never recur.

Climate blind spot



Rolling-front landscape breeding

• Instead of one large recombination event per 10-30 years, 
recombination is recurrent. Each cohort is exposed to unique 
environmental conditions (drought years, frost years, pest 
outbreaks, heat waves).

Frequent staggered 
recombination

• Simultaneous genetic evaluation across all sites and ages under a 
mixed-model framework.

• If one cohort encounters a severe drought or frost event, the 
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.

Joint multi-cohort 
evaluation





Chludil, D., Čepl, J., Steffenrem, A., Stejskal, J., Sagariya, C., Pook, T., ... & Lstibůrek, M. (2025). A Pollen‐Based Assisted Migration for 
Rapid Forest Adaptation. Global Change Biology, 31(1), e70014.



Chludil, D., Almqvist, C., Berlin, M., Steffenrem, A., McKeand, S. E., Korecký, J., ... & Lstibůrek, M. (2025). Alleviating the 
Concerns About Pollen‐Based Assisted Migration. Global Change Biology, 31(6), e70262.



Chludil, D., Čepl, J., Steffenrem, A., Stejskal, J., Sagariya, C., Pook, T., ... & Lstibůrek, M. (2025). A Pollen‐Based Assisted Migration for 
Rapid Forest Adaptation. Global Change Biology, 31(1), e70014.



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

Fastest gain in today’s 
conditions: stable training set, 

short rotation → lean to GS, 
keep multi-environment 

training updated

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



Christi Sagariya: 
• Impact of erroneous marker data on 

the accuracy of narrow-sense heritability

David Chludil:
• Pollen-based assisted migration
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