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Abstract

The effects of climate change and biodiversity loss are global and not limited by 
national borders, with forest ecosystems, in particular, suffering under increasing 
pressure. To preserve and maintain species genetic diversity, well-considered 
in situ and ex situ measures are needed. We present a step-by-step guide outlining 
the key processes for structuring, performing, and selecting appropriate sustain-
able use and conservation measures for forest genetic resources (FGR). Two case 
studies focusing on European white elm (Ulmus laevis Pall.) and wild service 
tree (Sorbus torminalis (L.) Crantz), for which the guide was followed, demon-
strate that differences in the regional genetic pattern should be followed when 
designing FGR sustainable use and conservation efforts. The fact that seed 
orchards can maintain high genetic diversity and provide high-quality, geneti-
cally diverse seed material makes them an optimal supplement to in situ genetic 
conservation units. Especially for scattered or threatened tree species, ex situ 
measures are of utmost importance. In light of a severe pest outbreak, i.e., ash 
dieback, preserving less susceptible ash trees (Fraxinus excelsior L.) is crucial to 
enable their reproduction and facilitate gene flow among them to prevent crucial 
loss of genetic diversity and eventually the species itself. Therefore, forest 
genetic monitoring should be used more intensively to observe, measure, and 
assess the long-term FGR conservation efforts as genetic variation is an integral 
part of biological diversity, which requires special attention.
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�Introduction

The effects of climate change and biodiversity loss are global and not limited by 
national borders, with forest ecosystems, in particular, suffering under increasing 
pressure (European Green Deal 2019; Lefevre et al. 2024). According to the New 
EU Forest Strategy for 2030, the adaptation of forests to climate change will require 
large quantities of appropriate forest reproductive material (FRM) from in situ and 
ex situ forest genetic resources/conservation units. Therefore, coordinated efforts 
following “best practice” examples will be needed to conserve and sustainably use 
forest genetic resources (FGR) on which more climate-adapted forestry depends. 
Furthermore, to increase the production and availability of such FRM, policymakers 
will need to raise support for research to develop principles and application methods 
for in situ and ex situ conservation as well as for assisted forest species migration 
where needed (New EU Forest Strategy for 2030).
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Box 11.1 Definition of In Situ and Ex Situ
By definition, in situ conservation means “the conservation of ecosystems 
and natural habitats and the maintenance and recovery of viable populations 
of species in their natural surroundings and, in the case of domesticated or 
cultivated species, in the surroundings where they have developed their dis-
tinctive properties,” while ex situ conservation is defined as the conservation 
of components of biological diversity outside their natural habitats 
(Convention on Biological Diversity, Art. 2; https://www.cbd.int/convention/
articles/?a=cbd-02).

Thus, conservation of FGR can be in situ dynamic, allowing evolutionary forces 
such as selection, mutation, recombination, and gene flow to act; ex situ dynamic 
when species or populations are moved and planted outside of their original habitats 
or even outside of their natural distribution range (ex situ conservation stand and 
seed orchards); or static (ex situ) when genetic material (seed, pollen, or plant tis-
sues) is stored in gene banks (Forest Genetic Resources Strategy for Europe, 2021). 
Following the Forest Genetic Resources Strategy for Europe (2021), in situ conser-
vation should be a priority and the primary conservation strategy for FGR since it 
enables evolution and local adaptation.

However, effective conservation of FGR requires a combination of both in situ 
and ex situ (dynamic and static) methods to be applied, as outlined in the Forest 
Genetic Resources Strategy for Europe (2021). This strategy is integrated, for 
example, into the concept for the conservation and sustainable use of FGR in 
Bavaria (Generhaltungskonzept 2015), which is based on the “Concept for the 
Conservation of Forest Genetic Resources in the Federal Republic of Germany” 
(Paul et al. 2000). Coordination of forest genetic resources selection, use, and con-
servation efforts in the Federal Republic of Germany has been led by a federal state 
working group (BLAG-FGR) since 1985. With the development of the 
“Recommendations for the Designation of Gene Conservation Units, Taking 
Minimum Criteria into Account,” the procedure for recording and designating 
in situ gene conservation was defined (BLAG-FGR, status 01/2017). These recom-
mendations align with the guidelines set forth by the European Forest Genetic 
Resources Conservation Programme (EUFORGEN).

Both ex situ and in situ conservation measures require decisions on which popu-
lations to select or sample (Ledig 1986). To optimize the conservation network and 
its management activities, it is important to accumulate relevant knowledge on spe-
cies ecology, biology, distribution, and patterns of genetic variation (Ledig 1986 and 
references therein). According to Neel and Cummings (2003), if a selection of gene 
conservation units (GCU) is made without data on genetic variation, then larger 
sample sizes within each population and larger numbers of populations are needed 
to ensure the conservation of genetic diversity and representation of rare and com-
mon alleles. Thus, following Ledig (1986), a common method to select GCUs with-
out genetic information would be to select populations representing different 
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environments or habitats, which are most likely to contain most of the species’ 
genetic variation. However, this type of conservation requires intensive selection of 
larger conservation units from different environments, and the consent of different 
forest owners is often necessary. In addition, the protection of individual trees as 
well as small and marginal populations of scattered tree species should also be con-
sidered in the process of selection for conservation since they can possess specific 
genetic variants and are needed to ensure connectivity among population fragments 
(Ledig, 1986; Bednorz 2007).

Since biotechnologies including various genotyping techniques have become 
cheaper and more efficient, DNA analysis after systematic sampling from different 
environments can be used to map the patterns of spatial genetic structure (gene 
pools) across a species’ natural distribution range. Collected information and 
genetic diversity measures provide information on genetic variability within and 
among populations, allowing the optimized choice of populations for species con-
servation and the use of FGR to be optimized (Marshall and Brown 1975; Ledig, 
1986; Hettemer 1995; Petit et al. 1998; Rajora and Mosseler 2001; Caballero et al. 
2010; Koskela et al. 2013; Schueler et al. 2014; de Vries et al. 2015). Extensive 
sampling combined with DNA analysis can thus lead to a well-supported number 
and selection of populations needed for actual conservation measures (Ledig 1986 
and references therein). There are numerous such examples for various tree species 
in Europe, like Sorbus torminalis (Demesure et  al. 2000; Hoebee et  al. 2006; 
Bednorz and Kosiński 2006; Bednorz 2007; Kučerova et  al. 2010; Kavaliauskas 
et  al. 2021; etc.), Ulmus laevis (Collin and Bozzano 2015; Collin et  al. 2020; 
Kavaliauskas et al. 2022a; etc.), Taxus baccata (Šeho et al. 2022; Komárková et al. 
2022; Linares 2013; Klumpp et al. 2011; Dubreuil et al. 2010), Pinus spp. (González-
Martınez et al. 2004; Dzialuk et al. 2014; Pyhäjärvi et al. 2020; Kavaliauskas et al. 
2022b; etc.), Fagus sylvatica (Lefevre et  al. 2013; von Wuehlisch 2008; Vornam 
et al. 2004), and Quercus spp. (de Dato et al. 2018; Lefevre et al. 2013; Ducousso 
and Bordacs 2004).

IUCN has formulated different management categories for protected areas to 
comply with the purpose of protection (IUCN 1994; Dudley et al. 2010). Several 
conservation programs exist for forest trees (White et al. 2007). However, the selec-
tion of conservation strategies and GCUs for specific tree species depends on many 
factors such as species biology (e.g., pollination type), ecology (e.g., species rarity 
and scatteredness), genetic structure (e.g., genetic variation within and among pop-
ulations), and external factors including forestry policies, ownership, economic 
importance, risk of extinction, etc. The Forest Genetic Resources Strategy for 
Europe (2021) underlines that GCUs (in situ and ex situ together) are the key ele-
ments in the pan-European network for the dynamic conservation of FGR and that 
the distribution and coverage of GCUs must be expanded to cover as many species 
and their genetic diversity as possible, including rare tree species and marginal pop-
ulations at the boundaries of natural distributions. Furthermore, active GCU moni-
toring and maintenance through management, if necessary, must maintain 
evolutionary processes and increase the adaptability of selected tree populations. 
Regular genetic monitoring is needed to assess the effective population size and 
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Fig. 11.1  A step-by-step guide to conservation of FGR including the choice of measure (in situ or 
ex situ)

reproduction capabilities of GCUs and their ability to adapt under changing envi-
ronmental conditions (Fussi et  al. 2016; Bajc et  al. 2020, Liesebach et  al. 2024, 
Forest Genetic Resources Strategy for Europe 2021). In the following, we will dis-
cuss in situ and ex situ conservation measures with examples for dominant and scat-
tered tree species (Fig. 11.1).

Anthropogenic disturbances have negative consequences for genetic diversity 
and the adaptive potential of species (Aravanopoulos 2018; Kavaliauskas et  al. 
2018; Gautam et al. 2021, Lefevre et al. 2024). A high level of genetic diversity is 
the basis for the adaptation and adaptability of FGR and must therefore be main-
tained for the future. Conservation of FGR aims to improve the genetic diversity and 
adaptability of forest stands over time, and forest genetic monitoring (FGM) pro-
vides us with information on the conditions and changes in the forest genetic system 
(Fussi et al. 2016, Bajc et al. 2020). Modern forestry is based on the prudent use of 
FGR. The basis of silvicultural activity is the conservation and improvement of the 
various forest functions and the conservation of biological diversity at all levels. 
Assignment of a forest stand as a seed stand can enhance the usage and spread of a 
species, thereby increasing its distribution and preventing further fragmentation of 
its range.

Following the flowchart in Fig. 11.1, certain steps should be taken prior to mak-
ing decisions on species conservation. First, information on the existing populations 
of the target species should be gathered. Species distribution maps, data from forest 
inventories, and surveys among forest owners can help collect all the relevant details 
on the species in a certain area. Based on the collected data, stands should be sorted 
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according to minimum requirements and then visited and evaluated using a prede-
signed routine. Photographs of the potential stands facilitate comparison between 
them. Stand size and tree numbers depend on the tree species and the conservation 
objectives. Koskela et al. (2013) suggested minimum sizes of the GCUs to be set at 
500, 50, or 15 reproducing individuals for stand-forming scattered and endangered 
tree species, respectively. Potential stands should be vital and possess good to very 
good quality (e.g., height growth, form, and vigor), and a minimum of 50 individu-
als of the target species should be present in each stand or within gene flow distance. 
These 50 trees should be of reproductive age. If flowering or fructification cannot be 
assessed directly, the DBH or crown size can serve as a proxy (DBH > 20 cm for 
most tree species). The more reproducing trees are present, the higher the potential 
for new genetic genotypes/combinations. Gene conservation for forestry purposes 
may also include attributes like the ability to harvest seeds from the stand or a mini-
mum distance to poor phenotypes of 400 m (recommendations according to German 
FoVG, 2003). Information on the autochthony of the origin of the populations is 
also beneficial. Following this initial evaluation of the stands, populations to be 
sampled for genetic analysis should be preselected. In addition, species distribution 
should be considered for representative sampling. Sampling for genetic analysis 
should ideally be systematic to cover the entire population and include at least 50 
reproducing trees with a minimum distance of 30 m between sampled individuals. 
The genetic analysis provides an overview of the species’ genetic variation and 
spatial genetic structure and can help identify hotspots of genetic diversity. Several 
genetic diversity parameters can be used for comparison and prioritization of differ-
ent populations. Following Marshall and Brown (1975), Petit et al. (1998), Rajora 
et al. (2000), Rajora and Mosseler (2001), and Caballero et al. (2010), we consider 
the allelic richness (Ar) value (number of different alleles segregating in the popula-
tion) to be of key importance in conservation programs, especially for subdivided 
and scattered tree species. Therefore, we suggest Ar as the main parameter for GCU 
selection. In addition, the measure of effective population size (Ne) is a critical veri-
fier in the selection and conservation of forest genetic resources (Lande and 
Barrowclough 1987, Santos-del-Blanco et al. 2022, Hoban et al. 2023, Liesebach 
et al. 2024, etc.). Estimates of contemporary effective population size (Ne) can pro-
vide valuable information for genetic conservation and monitoring, pinpointing 
populations at higher risk of genetic erosion, decreased fitness, maladaptation, and 
ultimately, demographic decline (Santos-del-Blanco et  al. 2022 and references 
therein). In conservation genetics, Ne is important because it influences the rate at 
which genetic diversity is lost (e.g., due to genetic drift). Thus, small populations of 
scattered and threatened tree species are susceptible to genetic drift, leading to a 
faster loss of genetic diversity and an increased risk of inbreeding depression and 
the accumulation of deleterious mutations. Therefore, Ne should serve as a crucial 
measure for FGR selection and is essential for preserving genetic diversity, ensuring 
the long-term viability of populations, and formulating necessary action plans 
(Santos-del-Blanco et  al. 2022, Pérez-Pereira et  al. 2022 and references therein, 
Hoban et al. 2023).
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The required number of populations to conserve as GCUs within a species 
depends on how diversity is divided within and among populations, which measure 
of diversity is chosen, and how much of the total diversity is considered sufficient 
(Neel and Cummings 2003). According to Neel and Cummings (2003), a greater 
number of populations is required to conserve genetic diversity if GCUs are selected 
without genetic information. The selection of GCUs should therefore be based on 
collective data of genetic diversity, environmental data, and tree/population distri-
bution in certain regions to ensure gene flow among populations and sufficiently 
high genetic diversity. Moreover, genetic differentiation among populations may be 
used as one of the measures for GCU selection, even if some populations do not 
exhibit the required level of genetic diversity, since some of them may possess rare 
alleles and genotypes (Bednorz 2007; Jost et al. 2018). However, due to the high 
costs of genetic analysis, target areas and species might be prioritized and selected.

Species and population prioritization consider endangerment status and allow 
decisions regarding the urgency of conservation measures. From an ecological or 
economic point of view, valuable populations of a species that are adapted to their 
site conditions and harbor high genetic variability should be the focus for genetic 
conservation. For dominant tree species, in addition to vitality and the presence of 
natural regeneration, above-average stem quality and growth characteristics can 
also be considered important criteria for selection for conservation. An assessment 
of conservation necessity should be conducted for populations at high risk of extinc-
tion or decline. Within the group of rare and ecologically important tree species, the 
focus lies on the assessment of conservation urgency at the species level. For exam-
ple, the guideline for the conservation and sustainable use of forest genetic resources 
in Bavaria (Germany) defines three priority levels:

	1.	 Species of high priority—gene conservation measures are urgently needed.
	2.	 Species of medium priority—gene conservation measures are needed but 

not urgent.
	3.	 Species of low priority—gene conservation measures are currently not needed.

The endangerment of a population can be determined by estimating the follow-
ing risk factors, some of which mutually influence each other or increase multiple 
risks when they coincide:

–– Actual population size, minimum viable population size, and effective popula-
tion size: For example, the minimum size for a viable population often has been 
used as a crucial measure in conservation practice to determine the extinction 
risks of populations and species. An effective population size of at least 50 unre-
lated and reproducing individuals (Ne = 50) is needed to minimize the risk of 
extinction due to inbreeding depression, and Ne of 500 individuals is required for 
a population’s long-term survival (Pérez-Pereira et  al. 2022 and references 
therein). The smaller the population, the higher the risk of extinction through 
drift effects (e.g., natural disaster and disease incidence).

–– Deviation from the potential natural vegetation: The further the current popula-
tion is from the optimal distribution (suitable ecological niche) for its species, the 
higher the risk of extinction (Aitken et al. 2008; Gougherty et al. 2021, etc.).
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–– Weakness in competition: Competition from precocious, more competitive spe-
cies increases the risk of decline.

–– Disposition to diseases/disasters: Species whose existence is threatened by dis-
eases/disasters are at increased risk.

–– Hybridization with cultivars: Plantations of cultivars in the immediate vicinity of 
gene conservation objects pose a threat to the gene resource through introgres-
sion (e.g., wild cherry, wild apple, wild pear, small-leaved lime, etc.).

–– Loss of forest areas leads to a reduction in effective population size, as well as 
making gene flow more difficult due to habitat fragmentation.

–– Browsing of natural regeneration limits the genetic preservation of GCU since 
establishing new tree generations becomes challenging.

Following the prioritization of populations, the appropriate conservation mea-
sures must be chosen. These can be in situ or ex situ measures or a combination of 
both depending on the circumstances; possible approaches are described in the 
following.

�In Situ Conservation Measures

Species with an adequate number of viable populations within their natural distribu-
tion range can be considered for in situ conservation. The objective should be to 
conserve the genetic variation, facilitate the natural regeneration of the GCU, or 
conduct artificial regeneration with reproductive material taken from the same pop-
ulation. In situ measures offer the advantage that they can be integrated into regular 
forest management (forest management planning corresponding to GCU conserva-
tion aims).

By contrast, rare tree species should generally be completely protected from 
exploitation, with only minor exceptions granted if populations meet specific crite-
ria, which ensures population continuity, such as the presence of natural regenera-
tion, compliance with viable population size standards, etc. Different populations of 
a rare species often have unique genetic compositions, making the loss of any popu-
lation an irreparable genetic loss (e.g., because of lost locally adapted genetic varia-
tion, interrupted connectivity, and gene flow). For most rare species, GCUs are an 
absolute necessity to protect the FGR, and additional ex situ preservation is also 
required to reduce the risk of sudden loss through drift effects (e.g., catastrophic 
events like fire or landslides). Common tree species are often genetically variable 
but are generally exploited more intensively, and population-specific (rare and pri-
vate) alleles can therefore be lost if management methods do not consider the spe-
cies’ genetic peculiarities (Danusevičius et  al. 2016; Kavaliauskas et  al. 2018, 
Danusevičius et al. 2023, etc.). Certain forest areas with populations of target tree 
species should be set aside to allow natural evolutionary processes to act (natural 
regeneration is mandatory, harvest techniques enhancing genetic diversity, repro-
duction, selection, etc.). GCUs may be influenced by undesirable pollen flow from 
surrounding plantations regenerated with seedlings of off-site parentage. However, 
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geneticists disagree strongly on the impact of pollen contamination (Nienstaedt, 
1980). While some reports show that wide buffer zones are necessary (Yeatman, 
1973), thus making GCUs impractically large, others report that pollen migration 
will be ineffectual if immigrants carry maladapted genes since proper harvesting 
can assure dense regeneration, and natural selection can be relied upon to eliminate 
unfit progeny (Adams and Burczyk 2000). On the other hand, if migration intro-
duces selectively advantageous genes, then contamination poses no problem for the 
preservation of adapted populations (Fitzpatrick et  al. 2015, Tigano and Friesen, 
2016). The substitution of neutral alleles may be a problem if the management unit 
is so small that pollen influx swamps the local pollen contribution. However, many 
management alternatives can be devised to reduce the problem of pollen contamina-
tion; they include surrounding the management unit with plantations of different 
species, resorting to mass pollination with appropriate pollen, or controlled pollina-
tion, and artificial regeneration with progeny known to have originated from cross-
ing among native trees (Ledig, 1986). Trees tend to have high levels of heterozygosity, 
but it is not clear whether they have the evolutionary potential to withstand climate 
change and whether their phenotypic plasticity enables them to respond to short- 
and medium-term climate shifts (Kelleher, 2018). Since only 1% of all tree species 
have been genetically analyzed, the use of indicators (e.g., allelic richness and effec-
tive population size) is needed to obtain a more comprehensive picture of global 
forest genetic resources. In any case, the best practice for the conservation of large, 
long-lived organisms like trees is a dynamic or near-natural in situ conservation 
approach facilitating evolution (Kelleher, 2018).

�Ex Situ Conservation Measures

In some specific cases, established in situ GCUs may not survive, particularly in 
areas where environmental conditions are changing rapidly. Moreover, there are 
species exhibiting highly fragmented populations like Sorbus torminalis, Sorbus 
domestica, or Pyrus pyraster, where traditional in situ conservation approaches 
might be ineffective because of low target tree species densities in certain areas 
(Forest Genetic Resources Strategy for Europe 2021). Thus, for such species with a 
low number of viable populations and low tree density per population, ex situ mea-
sures should be favored. Ex situ measures include the establishment of populations 
outside a species’ natural surroundings, conservation seed orchards, clone collec-
tions, ex situ conservation stands, storage of seeds and pollen, storage of plants and 
plant parts, and permanent vegetative and in vitro propagation.

Ex situ conservation is appropriate when a tree species is rare and grows only in 
small patches, when the habitat is threatened, or when natural regeneration is 
impeded (e.g., by game browsing or occurrence of clones). The principal method 
for ex situ conservation of forest tree species is the establishment of various tree 
collections (e.g., seedling or clonal seed orchards, clonal tree archives, ex situ con-
servation stands, and other tree collections). Individual trees are either propagated 
by grafting and the grafts moved to clone collections or by collecting seeds from the 
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Fig. 11.2  Long-term seed storage at AWG Teisendorf. (Photo: AWG/ Muhidin Seho)

original trees to establish so-called family collections with seedlings. In these fam-
ily collections, several seedlings of one family are planted near each other, and thin-
ning is carried out so that only one tree representing the family is ultimately left 
growing. The families representing the same forest are distributed within the collec-
tion so that they can also be used for seed production after thinning. One of the 
benefits of such tree collections is that a certain amount of selection takes place 
within them. They produce well-adapted and genetically variable seeds that can be 
used in forest regeneration or landscaping (Koskela et al. 2007).

In addition to ex situ conservation in living collections, mentioned in the para-
graph above, static ex situ conservation in gene banks is an important method among 
gene conservation measures. Thus, long-term seed storage is an effective tool for 
ex situ conservation, especially for conifer tree species and for most small-fruited 
deciduous tree species. For example, in Bavaria (Germany) this form of gene con-
servation has been practiced in a forestry gene bank at the Bavarian Office for Forest 
Genetics (AWG) since 1989. AWG gene bank is structured into two storage facili-
ties; in one of them, the temperature is −10 °C and in the other, −20 °C, with a total 
storage area of 55 m2 (Fig. 11.2, Generhaltungskonzept 2015). Currently (data from 
2024), AWG gene bank stores 158 seed lots of 24 tree species and 53 provenances, 
out of which 23.8 million plants can be produced, if necessary, in case of an 
emergency.

However, to reach the most effective gene conservation aims, both in situ and ex 
situ conservation methods must be combined and used depending on the threats to 
each population or species overall (Forest Genetic Resources Strategy for 
Europe 2021).
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Box 11.2 Forest Genetic Monitoring
Forest genetic monitoring (FGM) is used as a tool to measure and observe the 
long-term conservation of FGR. Safeguarding the sustainability of forest eco-
systems with their habitat variability and all their functions is of the utmost 
importance, and the long-term adaptability of forest ecosystems to a changing 
environment must therefore be secured, for example, through sustainable for-
est management. High adaptability is based on biological variation starting at 
the genetic level of each species. Monitoring of biological diversity over time 
allows changes that threaten biological resources to be detected. Genetic vari-
ation as an integral part of biological diversity requires special attention, and 
its monitoring can ensure effective conservation (Pearman et al. 2024). FGM 
is an important module of biodiversity monitoring and has been defined as the 
assessment of a forest population’s capacity to survive, reproduce, and persist 
in the long term despite rapid environmental changes (Fussi et al. 2016).

Long-term genetic monitoring of specific tree species in selected areas (so 
far, priority has been given to silver fir, beech, ash, and spruce in Germany) 
allows changes in the formation, preservation, and transmission of genetic 
information to the next generation to be assessed (Kätzel et al. 2005; Konnert 
et  al. 2011). A recent Germany-wide study reports on the transmission of 
genetic diversity to the offspring in 12 German beech and ten spruce stands 
(Liesebach et al. 2024). Effective population size values showed clear differ-
ences between the stands and generations studied. Natural regeneration was 
similar to adult trees, while seed samples revealed a clear bottleneck effect. 
Seeds were harvested from only 20 trees, which points to the fact that this 
number is too small to represent the genetic diversity of the stand. From these 
results, conclusions can be drawn for sustainable natural regeneration man-
agement in forest stands for the approval of seed stands and appropriate seed 
harvesting.

These observations fulfill the function of an “early warning system” for 
ecosystem changes at higher levels (e.g., stand composition, vitality, and 
regeneration success), which only occur much later but are determined by the 
genetic system. In Bavaria, multiple assessments are currently being con-
ducted at regular intervals (bud break and flowering intensity every year, seed 
testing every 5 years, and genetic analysis every 10 years) on four FGM plots 
(two beech, one silver fir, and one Norway spruce) (Fig. 11.3).

Several genetic monitoring concepts have been proposed during the past 
decade, with a major step forward being achieved within the LIFEGENMON 
project, in which a comprehensive manual for forest genetic monitoring and 
detailed practical guidelines for seven species have been developed (Bajc 
et  al. 2020). Within the project, several indicators and verifiers for forest 
genetic monitoring on three levels (basic level, standard level, and intensive 
level) have been defined, and the appropriate level can be applied depending 
on capacity and financial support.
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Fig. 11.3  Assessment 
intervals of forest genetic 
monitoring in Bavaria

�Case Study of Species Genetic Conservation 
and Sustainable Use

In the following chapter, we are presenting two case studies focusing on the 
European white elm (Ulmus laevis) and wild service tree (Sorbus torminalis) in 
Bavaria (Germany), where a step-by-step guide outlining key processes for structur-
ing, performing, and selecting appropriate forest genetic resources (FGR) for con-
servation and sustainable use is introduced. Field inventories and DNA-based 
results on U. laevis and S. torminalis revealed distinct genetic clusters in each spe-
cies, guiding both in situ and ex situ FGR use and conservation strategies. In addi-
tion, our results are emphasizing the critical role of seed orchards in generating 
high-quality seed material due to the observed higher genetic diversity in seed 
orchards compared to natural populations.

�Ulmus laevis

The European white elm (U. laevis) has a large natural distribution range in Europe, 
extending from the Pyrenees in the west to their eastern limit of distribution in the 
Urals (Fig. 11.4). In Germany, the largest populations are concentrated in the north-
east of the country; in Bavaria, however, U. laevis is an ecologically important rare 
tree species. The main natural distribution of the species in Bavaria is along the 
main river systems (Main, Danube, and Isar). The preferred European white elm 
habitats are groundwater-affected soils, riparian forests, floodplain soils, and 
boggy soils.

In Bavaria, U. laevis covers only a small distribution area; its economic impor-
tance for timber production is low to medium, and its vulnerability is likewise 
medium. The European white elm is assessed as a tree species with high priority, 
with gene conservation measures rather urgently needed. However, until now, there 
has been a lack of knowledge on the genetic structure and diversity of European 
white elm populations in Bavaria. Kavaliauskas et al. (2021) designed a study to 
assess this genetic structure and diversity and select putative seed stands and gene 
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Fig. 11.4  Distribution map of U. laevis (European white elm) according to Caudullo et al. (2017). 
Legend: filled green area: Native range. Filled green X: Isolated population. Filled yellow triangle: 
Introduced and naturalized (synanthropic). Magnified (right): Distribution of sampled populations 
of European white elm in Bavaria. The size of each circle corresponds to the respective population 
size. (Kavaliauskas et al. 2021)

conservation units (GCU) for European white elm. Studies on the genetic variation 
of European white elm across Europe show a relatively low genetic variation 
(Venturas et  al. 2013), and the 18 populations analyzed in Bavaria confirm this 
moderate-to-low genetic diversity, e.g., mean expected heterozygosity He = 0.343, 
the mean number of effective alleles Ne = 1.77, and rarified allelic richness Ar = 2.72 
(Kavaliauskas et al. 2021).

Analysis of molecular variance (AMOVA) showed that 89% of the total genetic 
variation exists within populations and 11% between populations. This can be 
viewed as an indication of the isolation of individual populations when compared to 
other tree species (e.g., 4% for Sorbus torminalis). Bayesian cluster analysis using 
the STRUCTURE software revealed a possible structure of four genetic clusters 
(the highest delta K of 6.5 was K = 4, indicating four genetic groups) within the 
investigated European white elm populations in Bavaria (Fig.  11.5). One cluster 
follows the Main River basin (cluster K1) with the highest proportion of green. The 
other clusters (one main cluster and two subclusters) dominate the central part of 
Bavaria, following the basin of the Danube River and its tributaries. However, in all 
studied populations, an admixture with other genetic clusters was observed 
(Fig. 11.5).

In situ conservation is the favored protection measure for the European white 
elm. Due to the decline of suitable habitats, its natural distribution area became 
fragmented. The two identified main clusters should be considered for the future so 
that the existing gene pool can be retained. Different studies recommend using the 
allelic richness value (Ar) as the primary parameter for GCU selection (Petit et al. 
1998; Foulley et al. 2006), and Ar has therefore become the main value for GCU 
selection up to now. We suggest dividing European white elm populations into three 
categories. Populations with a value of Ar > 3 are recommended for in situ conser-
vation (populations 1, 2, 11, 14, and 18  in Fig.  11.5.). For these most precious 
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Fig. 11.5  Population genetic structure of U. laevis populations in Bavaria based on STRUCTURE 
clusters

populations, regeneration should only be carried out with their respective own 
reproductive material. Within the second category with Ar > 2.6, which is worthy of 
conservation in terms of forest genetics, the same procedure should be applied to 
populations 6 and 17 in Fig. 11.5. With this selection of GCUs, all relevant genetic 
conservation zones in Bavaria are represented. For populations, which are at the 
lower limit of this value, enrichment planting by introducing forest reproductive 
material (FRM) from suitable source populations should be considered. In addition 
to the genetic diversity parameters, gene flow between populations is particularly 
important. For this reason, the establishment of stepping-stone populations should 
be considered in the long term. Furthermore, additional GCUs should be registered 
at the European level; only two German populations of U. laevis are included in the 
European Information System on Forest Genetic Resources database (EUFGIS, 
http://portal.eufgis.org/). These data fill existing gaps regarding the sustainable use 
and conservation of rare and scattered tree species by providing insights into the 
genetic variation and genetic structure of these species, thereby allowing us to better 
plan genetic conservation measures and select GCU in Bavaria. We, therefore, sug-
gest that all gene conservation units should go through all the steps in Fig. 11.2. As 
ex situ measures, the establishment of conservation seed orchards, which can simul-
taneously be used for conservation and the production of high-quality reproductive 
material, are planned. Therefore, at least 80–100 clones should be selected and a 
seed orchard established to maintain a large effective population size.
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�Sorbus torminalis

Ongoing changes in environmental conditions and climate are prompting forest 
owners to reconsider their methods of forest management and enhance the adapta-
tion and resilience of their forest stands through the establishment of mixed forests 
(Dorren et al. 2004; Knoke et al. 2008; Bauhus et al. 2017). In recent years, the wild 
service tree (Sorbus torminalis (L.) Crantz) has been one of the species of increas-
ing interest among forest owners in Europe owing to its highly valuable wood, high 
tolerance for drought and pathogens, and relatively fast growth. Despite its wide 
distribution, it is considered a rare forest tree species; it is light-demanding and has 
low competitive capability (Demesure-Musch and Oddou-Muratorio 2004; Bednorz 
2007; Hemery et al. 2010; Welk et al. 2016). The wild service tree is a post-pioneer 
tree that colonizes disturbed areas and forest edges and can grow on all types of soil 
(Demesure et  al. 2000; Welk et  al. 2016). Many researchers (Spiecker 2006; 
Angelone et  al. 2007; Paganova 2007; Pyttel et  al. 2013 and references therein) 
claim that the formation of high forests and the transformation of coppice forests 
into high forests are reasons for continuing species loss. Overall, there is a lack of 
knowledge on the distribution and genetics of scattered broadleaves such as the wild 
service tree. Furthermore, there is a lack of legal guidelines for the sustainable use 
and protection of rare and scattered tree species such as Sorbus torminalis in the 
FRM regulations in Germany based on the German Act on Forest Reproductive 
Material (FoVG, 2003).

Therefore, in 2016, the AWG implemented a project on the wild service tree in 
southern Germany (Bavaria [BY] and Baden-Württemberg [BW]), which aimed to 
analyze the genetic structure and diversity of the species, delineate provenance 
regions, identify and propose new seed stands, and discuss GCU selection based on 
its distribution as well as the structure and extent of its genetic variation. The work-
flow for FGR selection and conservation for other rare tree species (see Fig. 11.2) 
was followed.

During the project, 998 trees from 34 natural wild service tree populations were 
sampled in BY and BW (Fig. 11.6). In addition, natural wild service tree popula-
tions were compared with a seedling seed orchard of 93 trees in Neudorf (BY) and 
a cohort of 56 plus trees (e.g. Fig. 11.6) selected from the 34 natural populations (46 
plus trees in BY and ten in BW; Kavaliauskas et al. (2021)).

The results for the wild service tree populations in Southern Germany revealed 
medium differentiation among studied populations (FST = 4%), probably because of 
the fragmented distribution across the sampled area. The level of overall genetic 
diversity within stands was comparatively high (He = 0.782) (Kavaliauskas et al. 
2021). Other studies also found relatively high genetic diversity within wild service 
tree populations in the species’ main distribution range in Western and Central 
Europe, but certain populations may be endangered due to spatial isolation and low 
connectivity resulting in a lack of gene flow between them (Demesure et al. 2000; 
Bednorz 2007; Angelone et  al. 2007). Therefore, active conservation measures 
should be considered to protect and maintain the level of genetic diversity among 
natural wild service tree populations.
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Fig. 11.6  Selected plus 
tree of Sorbus torminalis in 
Bavaria. (Photo: AWG/
Muhidin Šeho)

Half of the sampled populations (nine in BY and eight in BW) exhibit higher 
than average allelic richness (Ar ≥ 9.2) and were thus considered potential GCUs. 
We ultimately proposed approving the five populations with the highest allelic rich-
ness (Ar ≥ 10.0) as GCUs.

Further analysis of our data showed evidence of isolation by distance (IBD) 
based on the Mantel test, which is in line with other studies conducted in Poland 
(Bednorz and Kosiński 2006), Switzerland (Angelone et  al. 2007), and France 
(Demesure et  al. 2000). The Bayesian clustering method implemented in 
STRUCTURE 2.3.3 (Evanno et  al. 2005) revealed the existence of four genetic 
clusters within the 34 studied wild service tree populations in Southern Germany 
(Fig. 11.7). We used genetic data based on genetic markers to infer population clus-
tering and delineated four regions of provenance for the wild service tree in Southern 
Germany. The final decision regarding the number and distribution of provenance 
regions resulted from a synthesis of species distribution, genetic differentiation, and 
clustering and geographical proximity in Southern Germany. Thus, our results and 
identified provenance regions enabled us to select seed stands in a similar way as for 
the species regulated under the FoVG (2003), following the distribution of genetic 
diversity and phenotypic quality in a representative manner within a given prove-
nance region. A total of 12 forest stands (three in BW and nine in BY) fulfilling 
genetic diversity and phenotypic quality selection parameters were proposed as 
potential seed stands. In addition, a comparison of genetic variation among natural 
wild service tree populations (34 populations) with the already existing Neudorf 
seedling seed orchard and the newly selected cohort of plus trees (56 trees) revealed 
a higher genetic diversity in the seed orchard and the cohort of plus trees than in 
natural populations (Kavaliauskas et al. 2021). In Tilia platyphyllos, the comparison 
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Fig. 11.7  Population genetic structure based on Bayesian clustering (STRUCTURE 2.3.3). The 
pie charts show the relative proportions of the four genetic clusters within the studied wild service 
tree populations. (Kavaliauskas et al. 2021)

of genetic variation of natural stands and seed orchards revealed that all parameters 
of genetic diversity were higher in seed orchards (Rau et al. 2023, Kavaliauskas 
et  al. 2024). This confirms that seed orchards are highly important as an ex situ 
measure for ensuring high genetic diversity in wild service tree seeds. A new seed 
orchard including 93 selected plus trees to ensure high-quality FRM production and 
use in Southern Germany was established in 2022. Our study thus provides a 
straightforward approach for FGR selection from the delineation of provenance 
regions to the selection of seed stands, GCUs, and plus trees, enabling us to create 
a network of in situ and ex situ sites for wild service trees in different environments 
as a basis for further FGR use and conservation. The sustainable use of GCUs for 
moderate seed harvest allows the species’ distribution to be increased and eco-
nomic, as well as ecological goals to be reached.

�Case Study of Species Genetic Conservation After 
Pathogen Outbreak

�Fraxinus excelsior

The common ash (Fraxinus excelsior L.) is an important component of mixed forest 
ecosystems in Europe and can be found across a wide range of growing conditions 
from nutrient-rich floodplain forests to calcareous drier sites (Pautasso et al. 2013; 

11  In Situ and Ex Situ Conservation Measures



230

Fig. 11.8  Long-term observation plot with ash trees of varying susceptibility levels. (Photo: 
AWG/B. Fussi)

Kölling and Walentowski, 2002). It was therefore considered a promising tree spe-
cies under climate change. Ash trees account for 1–2% of the forest area in Europe, 
with higher densities in some regions (Enderle et al. 2019). In Bavaria, more than 
120 ash seed stands are registered, which confirms the high relevance of the species. 
Seeds were harvested regularly until ash dieback (caused by the pathogen 
Hymenoscyphus fraxineus introduced from Eastern Asia) appeared; disease impact 
nearly resulted in the loss of this economically and ecologically valuable tree spe-
cies (Enderle et al. 2017). As an ecological keystone species in floodplain forests, 
loss of ash would mean a loss of habitat for several other species and, potentially, 
the extinction of species dependent on ash trees (Pautasso et al. 2013); e.g., larvae 
of Euphydryas maturna feeds exclusively on ash leaves. Ash trees are hosts to a 
wide range of taxa: in the UK, it was estimated that 953 species are associated with 
European ash and that the 69 most strongly associated species might rapidly become 
extinct if the ash populations were to decline (Mitchell et al. 2014).

In recent decades, ash populations in Europe have been threatened by ash die-
back caused by the fungus Hymenoscyphus fraxineus (T. Kowalski) (Baral et  al. 
2014). The disease has already led to massive salvage felling and mortality and 
endangers the future utilization of ash in European forestry as a whole (Enderle 
et al. 2017). A comprehensive survey with a pan-European perspective (data from 
ICP Forests Level I) found a substantial increase in defoliation and mortality over 
time, indicating that crown defoliation has almost doubled during the past three 
decades; the study forecasts that the overall mean defoliation will likely reach 50% 
as early as 2030 (George et  al. 2022). However, lower susceptibility toward ash 
dieback has been found to be present in a small fraction of ash individuals, which 
exhibit few symptoms, possibly providing a solution to sustaining the species in 
European forests (e.g., McKinney et al. 2014; Rigling et al. 2016; Enderle, 2019) 
through intensive selection and breeding efforts. Observations in a clonal and a 
progeny trial in Bavaria since 2014 (Fig. 11.8) have revealed that about 30 percent 
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of all offspring showed high resilience to ash dieback (Seidel et  al. 2025). The 
genomic basis of ash dieback tolerance in F. excelsior is more and more understood 
and can complement phenotypic selection and breeding efforts. Found SNPs with 
the highest predictive power located within genes related to plant defense and phe-
nology and provided insights into a multifaceted defense response, according to 
which a combination of direct defense mechanisms and phenological avoidance of 
pathogen spread constitutes tolerance to ash dieback.

Resistance can be controlled by only a few genes, but it more often involves 
numerous genes, each with a small effect (White et al. 2007). Low-frequency alleles 
unevenly distributed across the species range are a major challenge for conservation 
considerations (White et  al. 2007). Less susceptible genotypes need to be tested 
under heavy disease pressure in the field or with artificial inoculations and planted 
together in seed orchards or artificial populations (gene reserves). In natural popula-
tions, less susceptible genotypes should be conserved and their reproduction and 
natural regeneration stimulated. The overall goal is to maintain several forms of 
resistance as well as high genetic diversity to withstand the disease in the long term 
(Jump et al. 2009). Static ex situ conservation measures like cryopreservation of 
genetically diverse and less susceptible genotypes (tissue, seed, and pollen) might 
complement conservation efforts (Mirjani et al. 2022).

In Southern Germany, genetic variation between damaged and undamaged sub-
populations was compared to see whether genetic differences between these two 
collectives exist (Fussi and Konnert, 2014). The authors detected higher proportions 
of heterozygotic individuals (observed heterozygosity) among less susceptible trees 
compared to susceptible ones, indicating that heterozygotic individuals might be 
able to withstand ash dieback better than homozygotic individuals. This means a 
higher variability at the individual level for heterozygotic individuals, which might 
therefore possess higher plasticity and responsiveness against the disease. Namkoong 
et al. (1998) and Tessier du Cros et al. (1999) have previously also suggested that 
heterozygotic individuals could be more resistant to environmental stresses.

Several studies based on genetic markers have revealed high genetic variation 
within stands (e.g., for Italy: Ferrazzini et  al. 2007; for Germany: Höltken et  al. 
2003; Heuertz et al. 2004a, 2004b; Hebel et al. 2006; Fussi and Konnert, 2014; and 
for Austria: Heinze and Fussi, 2017), and a generally higher level of genetic varia-
tion was detected in Central and Western Europe than in Southeastern Europe 
(Heuertz et al. 2004a). By contrast, genetic differentiation was greater among popu-
lations in Southeastern Europe than in Central Europe (Heuertz et al. 2004a). Levels 
of genetic differentiation in Austria were low, with some clustering of stands along 
the Danube River compared to two stands in the Alps (Heinze and Fussi, 2017) and 
higher in Germany (Hebel et al. 2006b; Fussi and Konnert, 2014). Different gene 
flow intensities during postglacial recolonization likely explain these patterns 
(Heuertz et al. 2004a).

Using chloroplast haplotypes, distinct regions within Europe were identified, 
with certain haplotypes found to be typical for different regions (Heuertz et  al. 
2004b). Higher chloroplast variation with four haplotypes was detected in Southern 
Germany (Heuertz et  al. 2004b), especially in populations from southeastern 
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Bavaria (Fussi and Konnert, 2014); this is caused by historical contact between 
chloroplast lineages from different refugia in Italy, the eastern Alps, and the Balkan 
Peninsula (Heuertz et al. 2004b).

Habitat fragmentation can reduce the genetic connectivity of plant populations. 
Therefore, pollen and seed dispersal patterns must be studied to understand and 
prevent the consequences of reduced habitat size and spatial isolation (Sork and 
Smouse, 2006). Ash has wind-dispersed pollen and seeds. Studies on Fraxinus 
pennsylvanica estimated mean seed dispersal distances between 47 and 60 m, with 
long-distance dispersal reaching up to 150  m (Schmiedel et  al. 2013). Semizer-
Cuming et al. (2017) examined the genetic connectivity of ash trees in an isolated 
forest area where only individual ash trees occurred within a radius of 5 km around 
the study site. It was found that most analyzed seeds and seedlings descended from 
local ash trees (no seed transport beyond 100 m) (Semizer-Cuming et al. 2017).

Pollen was found to be more mobile, with 50% of pollen dispersed within 
approximately 270 m, while 10% can be dispersed further than ca. 1400 m and 1% 
can reach distances of more than 4400 m (Semizer-Cuming et al. 2017). Landscape 
structure and wind speed influenced this pattern more strongly for ash seed than for 
pollen dispersal (Semizer-Cuming et al. 2017). However, the cardinal wind direc-
tion associated with the highest pollen impaction was also identical to the predomi-
nant wind direction (Eisen et al. 2022).

Pollen flow studies using pollen traps in two seed orchards revealed that 50% of 
pollen was found within 200 m and more than 10% at 500 m (Eisen et al. 2022). To 
ensure the cross-pollination of healthy ash trees, the distance between ash individu-
als or stands should not be too great, and barriers like large conifer stands should be 
avoided. In years with little flowering, more intensive gene flow from outside trees 
to the seed orchard was detected (Eisen et al. 2022), and it is thus recommended to 
conduct seed harvesting from ash trees in the orchards preferentially in full-mast 
years. Based on parentage analyses in a seed orchard and a floodplain forest, polli-
nation success decreased substantially with increasing distance to the mother tree 
(mean distance of 76  m and 166  m, respectively) (Eisen et  al. 2023). However, 
despite the dense tree cover in the floodplain forest, pollen was transported over 
long distances there as well (greater than 550 m), suggesting that nonlocal sources 
also play a role in pollination. This is supported by the amount of foreign pollen 
input identified in the seed orchard (66.5%) (Eisen et al. 2023).

Heuertz et al. (2004a) indicated that from a historical perspective, effective seed 
dispersal occurred mainly over short distances, whereas pollen dispersal seemed to 
be effective over longer distances as well. In some cases, gene flow by pollen into 
fragmented populations can be extensive; 46–95% were detected in each of the 
three remnant populations (Bacles et al. 2005) with a very localized and restricted 
part and another part extending over long distances, with dispersal occurring over 
several kilometers (Bacles et  al. 2005). Effective dispersal distances (average: 
328 m) were greater for fragmented populations than the values reported for con-
tiguous populations (Bacles et al. 2005).

Self-pollination was detected only to a very small extent, with no major influence 
on reproduction (Eisen et al. 2023). Common ash trees with low susceptibility to 
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ash dieback have higher reproductive fitness compared to highly susceptible trees, 
as determined for males (Eisen et al. 2023), and in an even more pronounced fash-
ion for female success (Semizer-Cuming et al. 2019). Overall, this leaves healthy 
ash trees overrepresented as seed and pollen parents for next-generation seedlings 
(Semizer-Cuming et  al. 2021). Long-distance pollen transport contributes to the 
connectivity between ash trees in the landscape. Additionally, both healthy and 
slightly diseased fathers/pollinators provide a greater contribution to pollination, 
thus potentially improving the health of the next generation of ash trees. Moreover, 
gene flow between stepping-stone populations is necessary to ensure a positive 
impact on the genetic diversity of ash populations in the future. However, the ash 
dieback disease itself causes major loss of ash (through natural death and active 
withdrawal), leading to declining populations with restricted effective gene flow 
between the remaining—and possibly less susceptible—trees.

European ash usually regenerates very successfully and can be very competitive 
on suitable sites. This should be considered for in situ conservation when silvicul-
tural management options are developed with the aim of increasing resistance 
against ash dieback in future ash populations. Once there is enough natural ash 
regeneration, basically, no further management actions are necessary for the next 
10–15 years. Regular thinning of older stands is still strongly recommended, along 
with the promotion of complementary tree species and sound-looking ash individu-
als (Enderle et al. 2019). Individual tree vigor, crown defoliation, and epicormic 
shoots as measures of individual vitality are the most important criteria in the selec-
tion of ash trees for thinning. Foresters tend to clear-cut heavily affected stands 
because they look for ash trees without any symptoms; however, such trees rarely 
exist. Instead, the focus should be on less affected individuals (Fig. 11.9), and these 
should be maintained as it is essential for the long-term conservation of ash to allow 
these trees to reproduce. Otherwise, fragmentation of ash populations and a crucial 
loss of genetic diversity must be expected.

Selection against the most susceptible genotypes at generation turnover repre-
sents good news for the potential recovery of ash forests, facilitating the establish-
ment of dieback-resistant ash and—together with substantial gene flow over longer 
distances—generating hope for the species’ future in European forests (Semizer-
Cuming et al. 2019, 2021; Eisen et al. 2022, 2023). However, removing trees that 
appear less affected and eliminating natural regeneration will promote the ongoing 
fragmentation of ash populations caused by ash dieback and eventually could lead 
to the loss of the species. As an ex situ measure, healthy and less damaged plus trees 
are being collected in Germany to be grafted and planted as gene banks in several 
places (FraxGen-Project, https://www.fraxforfuture.de/). Overall, around 600 trees 
have been collected. Compared to the total area of ash in Germany, however, this 
can only be a first step, and further efforts will need to be undertaken to secure as 
many healthy ash trees as possible. The overall goal is to establish seed orchards of 
healthy ash trees to produce high-quality seeds and restore healthy ash forests. This 
must be considered in the light of potential new threats. For a few years, Agrilus 
planipennis (emerald ash borer, EAB), a wood-boring beetle native to East Asia, has 
been on its way from Russia toward Eastern Europe (Valenta et al. 2017). All ash 
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Fig. 11.9  Less susceptible 
plus tree grafted for the 
newly established seed 
orchard in Bavaria. (Photo: 
AWG/H. Seidel)

species native to Europe and North America are known to be susceptible to EAB 
attacks, which cause high tree mortality even among formerly healthy trees. Given 
current expansion rates, EAB is expected to reach Central Europe within 15–20 years 
(Valenta et al. 2017). Most likely, EAB will become a major pest in Europe; there-
fore, early and dedicated response is needed to reduce the level of ash mortality and 
cope with this new pest in the future.

�Conclusion and Outlook

Both foresters and society, policymakers, conservation actors, and the scientific 
community need to be concerned about in situ and ex situ conservation of FGR due 
to environmental and climatic changes that may increase forest susceptibility to 
pests and stochastic events. It is crucial to recognize that forest genetic diversity and 
variability are vital because of their importance for adaptation and fulfilling eco-
logical and economic forest functions now and in the future. The increasing loss of 
biological and genetic diversity threatens the stability of entire forest ecosystems. 
These concerns can promote efforts to evaluate, monitor, and conserve genetic vari-
ability (in situ and ex situ) and protect endangered species and their genetic 
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resources. The examples provided in this chapter offer insights into the develop-
ment of in situ and ex situ conservation measures for different species groups, such 
as rare species or those suffering from diseases.
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