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Abstract

Numerous publications on forest genetic monitoring (FGM) and related topics in genetics
and gene conservation have been published over the past three decades. This paper
reviews the methods used in FGM and, more broadly, related scientific findings published
to date, of which general conclusions can be applied worldwide in FGM. In the strict
sense, long-term FGM projects have been established only in a few regions in Europe.
The methodological basis (guidelines) for FGM has already been developed, specifically
for European tree species and forest communities. In genetic analyses, traditional SSR
markers are predominantly used, but SNP markers from new-generation sequencing are
increasingly available. Nonetheless, there is a high level of variation in monitoring activities
such as biodiversity, forest health, and forest genetics, likely due to the efforts of national
(governmental) and international professional organizations. Early evaluation of the first
FGM projects has already been published. Scientific evidence for FGM has been limited
because of the low number of projects that represent a few geographic regions and species.

Keywords: forest genetic monitoring; genetic markers; forest genetic resources; monitoring
methods; manuals and guidelines; genetic criteria; overall value of FGM

1. Introduction
Forest ecosystems have been monitored for several decades and for various purposes.

In many countries, forest reserves have been monitored to record natural processes within a
forest stand and to collect data on changes in various biotic and abiotic factors. Forest health
monitoring began in earnest worldwide when the most severe diebacks were observed
across Europe due to industrial air pollution and acid deposition, beginning in the last
quarter of the 20th century [1–5].

In addition to forest health monitoring projects, forest reserves have also been widely
assessed in many countries to record natural processes within a forest stand and to collect
data on changes in various biotic and abiotic factors. The diversity of plant, animal,
and fungal species is a key focus worldwide [6,7]. However, most projects, especially in
tropical and subtropical regions, are limited to inventorying species diversity by listing the
biological components of forest ecosystems [8,9].

Forest genetic monitoring (FGM) is a novel and fundamental approach for the long-
term conservation and sustainable management of forest genetic resources [10–12]. Basi-
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cally, FGM projects aim to monitor relevant changes in a forest ecosystem, especially the
demographic, phenotypic, and genotypic changes in dominant and character tree species
within a forest community [10]. Forest genetic monitoring is a suite of methods to track
genetic diversity, phenotypic variation, and demographic structure of the major tree species
growing within a monitoring plot [12,13]. In conclusion, forest genetic monitoring is an
early warning system for assessing the tree species responses to environmental change at a
long-term time scale [13].

Phenotypic traits and phenological characteristics can be used as monitoring tools,
such as the timing of budburst [14], flowering, fruit ripening, and even autumn coloration
and leaf fall in deciduous tree species [10,13]. Phenotypic and phenological traits have
been used in provenance trials of forest tree species to evaluate the phenotypic variation
within and among provenances for more than 70 years [15–17]. Variation in phenotypic
traits is usually linked to specific adaptive genes and can be evaluated by establishing field
trials [17–21]. Reductions in genetic diversity and alterations in phenotypic traits within a
population may reflect adaptation, fixation in the population’s gene pool, or indicate the
intensity or direction of the modification. Consequently, phenotypic traits can be used to
monitor adaptive changes in population genetic diversity [13,20].

First population genetic studies of forest tree species began in the 1970s, when tech-
niques for protein and isozyme markers were available [22–24]. Firstly, gymnosperm taxa
were investigated when pine forests were severely damaged by acid rain and industrial
air pollution [1,25–30]. In general, population genetic studies at that time focused on
population differentiation, specifically on the correlation between resistance (vs. suscep-
tibility) and various genetic markers [31–33]. The isozyme markers were also used for
deciduous tree species, either to detect resistant and tolerant populations which had similar
genetic constitutions [34] or to highlight differences or similarities among populations in
provenance trials [10]. Later, at the end of the 20th century, DNA techniques replaced
isozyme-based methods, creating new opportunities for population studies.

Recently, the development of molecular genetic techniques has accelerated. Exploring
the genetic structure of forest species populations, even on a large scale and in previously
unexpected detail, is an achievable goal today. As the volume of genetic information on
forest tree species has increased, the population genetic functions of forest ecosystems
have become increasingly relevant. Any alterations in the genetic structure of stand-
forming forest tree species can, in a direct or indirect way, provide useful information on
the adaptiveness of tree populations [35–37]. Consequently, monitoring changes within
the gene pool of tree populations can also help in understanding adaptive responses to
environmental changes or alterations that affect populations.

Since the end of the last century, more and more studies have focused on forest tree
populations as complex ecosystems. Specific ecological factors, such as soil characteristics,
hydrology, and climatic parameters, are synthesized with the results of the genetic anal-
yses [38,39]. Principally, among abiotic ecological factors, changing climatic parameters
affected forest stands across all forest zones (temperate, Mediterranean, tropical, and sub-
tropical). For a few decades, rising air temperatures, fluctuating precipitation, and climatic
extremes have caused significant damage to forest ecosystems. In the context of climate
change, the use of genetic markers might be a useful tool for monitoring the adaptability of
the populations of forest tree species [40,41].

The challenges of the rapidly changing environment forced the forestry sector to re-
consider the general rules and requirements of forest management practices. In the context
of climate change, the forestry policies have particularly focused on the sustainability of
forest management. Sustainable forest management (SFM) was defined by the FAO, and
the concept has been well documented in various aspects of sustainable [42]. To a more
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precise definition of SFM, an expert team of the Center for International Forestry Research
(CIFOR) formulated a new criteria set, including genetic aspects as well [11]. This was later
accepted by the FAO [43].

The concept of forest genetic monitoring (FGM) was formulated about 20 years ago in
Germany [43–45]. The basis of the concept was laid down at the global level and previously
published by CIFOR and FAO [11,43], which included four essential indicators. The four
indicators include: (i) level of genetic variation, (ii) directional changes in gene or genotypic
frequencies; (iii) changes in mating system processes, and (iv) gene migration between
populations. Simultaneously, the first pilot studies were also started in Germany to test
principles of the concept, specifically, the genetic criteria and indicators adapted to a few
pilot tree species, such as Fagus sylvatica and Prunus avium [46,47].

Ten years after the publication of the FAO working paper [43], an early evaluation was
made on the results of FGM pilot projects in Germany [10], and the authors summarized
the most important outputs of the ‘German monitoring concept’. The essential verifiers
were also summarized for each indicator, primarily the commonly used genetic parameters
and values (e.g., F-value, number of alleles). The phenotypic traits and morphological
characteristics were also evaluated and listed, which can be measured and observed on
site and have an important role in the mating system of tree populations. The authors also
discussed and evaluated site and demographic parameters, e.g., optimal plot design and
size, minimum number of trees, etc., for two pilot species (Fagus sylvatica and Prunus avium,
anemogamous vs. zoogamous taxa) distributed across Europe [10].

EUFORGEN is a Pan-European platform for discussing and summarizing scientific
results and evidence in forest genetics, with a focus on the dynamic conservation of forest
genetic resources. In Phase IV (2010–2014), the EUFORGEN established a specific working
group dedicated to forest genetic monitoring [48]. A science-based discussion started on
various aspects of the different forest genetic monitoring approaches and concepts, pri-
marily focusing on the effectiveness of monitoring projects, including economic efficiency,
rentability, and sustainability, and, nevertheless, the general expediency of the forest genetic
monitoring methods. The working group discussed and evaluated the existing monitoring
methods and specific approaches of various pilot projects. The working group’s experts
proposed and identified regions in Europe for genetic monitoring, along with the genetic
monitoring units within these areas. Furthermore, the most applicable indicators and
verifiers for genetic monitoring were selected and summarized, along with the technical
requirements for the practical implementation of FGM plots, e.g., design and minimum
size [49]. The EUFORGEN experts emphasized that the FGM recommendations were speci-
fied for Europe and implemented for European forests, but the outputs and conclusions of
the FGM projects can also be used at the global level.

Simultaneously, the FORGER project [50] (Towards the Sustainable Management of Forest
Genetic Resources in Europe) aimed to integrate and extend existing knowledge on the
management and sustainable use of forest genetic resources, particularly to develop a
standard protocol for measuring and monitoring the genetic diversity of forest tree species.
A couple of practice-based recommendations were published as scientific results of the
project, e.g., results from field trials measuring and evaluating phenotypic traits such as
bud bursting, crown parameters, and flowering phenology [14,51].

Based on EUFORGEN results and recommendations [49] and further synthesis pa-
pers [12,52,53], a regional Life project (LIFEGENMON) was launched in Europe to integrate
genetic monitoring into conservation programs and sustainable forest management. Based
on the indicators and verifiers, genetic monitoring is an effective tool for assessing changes
in adaptive and neutral genetic variation in tree species and populations over time. LIFE-
GENMON experts prepared manuals for forest genetic monitoring of seven tree genera
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(Abies, Fagus, Fraxinus, Pinus, Populus, Prunus, and Quercus) and, in addition, a decision-
support system for decision-makers to establish forest genetic monitoring systems across
different countries and regions in Europe [13].

The relevance of forest genetic monitoring was recognized and emphasized in the FAO
Second Report on the State of the World’s Forest Genetic Resources [54]. The progress made
on FGM projects was briefly reported since the first FAO Report (SoW-FGR1) was pub-
lished [55]. Besides Germany and the LIFEGENMON project-leading countries (Slovenia
and Greece), one European country (Lithuania) reported establishing a pilot FGM project,
and another (Sweden) reported starting discussions about potential FGM projects [54].
Nevertheless, the FAO report concluded the importance of forest genetic monitoring and
recommended ‘expanding genetic monitoring and characterization system at national
level’ [56].

In the current paper, the authors aimed to survey global levels of FGM:

(i) How the genetic concepts were implemented into the management of forest genetic
resources and consequently, developed forest genetic monitoring methods;

(ii) How forest genetic monitoring methods were adapted to local or regional circum-
stances and prospects;

(iii) Which kinds of genetic markers and phenotypic or morphological traits can be used
for genetic monitoring of forest trees and populations;

(iv) Which kinds of scientific evidence or practical consequences are summarized by
publications in the context of forest genetic monitoring.

2. Materials and Methods
Literature Review Methodology

The literature review was conducted using a range of international scientific databases
and scholarly search engines, including Google Scholar, Web of Science, Scopus, ScienceDi-
rect, SpringerLink, Wiley Online Library, and MDPI, as well as specialized forestry reposi-
tories such as FAO, EUFORGEN, FOREST EUROPE, and UNECE/FAO. During the prepa-
ration of this manuscript, both regular search (large-scale inclusion) and Boolean search
(fine-scale exclusion) were used. Searches were performed using targeted keywords, includ-
ing forest genetic monitoring, FGM, genetic diversity, provenance trials, adaptive variation,
molecular markers (e.g., SSR, SNP), forest biodiversity monitoring, climate adaptation,
genetic conservation, and assisted migration, in addition to species-specific terms (e.g.,
Liquidambar orientalis, Fagus sylvatica, Quercus spp.) For more details, see Table S1 in the
Supplementary. The searching timeframe was set from the 1970s to the present day, with a
closing date of 31 October 2025.

The search process yielded more than 100 relevant publications, comprising peer-
reviewed journal articles, books and book chapters, international technical reports, con-
ference proceedings, and methodological guidelines. First, publications were screened
by removing duplicates, then reviewing titles and abstracts for relevance to forest genetic
monitoring, empirical data availability, English-language proficiency, and journal publi-
cation; ineligible items (e.g., non-empirical reviews, book chapters, or off-topic ecological
studies) were excluded. Final inclusion required full-text assessment for methodological
rigor and contribution to key themes, with quality evaluated as high or moderate by expert
consensus on criteria like data robustness and peer-review status, prioritizing contempo-
rary (post-2000) and foundational works. The inclusion or exclusion of specific references
was decided separately by consensus among the authors. In the comparative analysis of
the referenced papers, the FGM publications (sensu stricto) were the primary focus. In the
case of specific aspects related to FGM topics sensu lato, e.g., molecular markers, surveys by
geographic region, comparison of forest monitoring approaches, many other ‘topic-specific’
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publications were also assessed. The publications included for the specific analyses were
referenced for each specific part.

To evaluate the applicability of genetic markers, a single SWOT analysis was conducted
to assess the Strengths, Weaknesses, Opportunities, and Threats of the markers for genetic
analyses intended for monitoring purposes.

3. Results
3.1. A Review of Methods of Forest Genetic Monitoring Published and Referenced at the Global Level

In this part, the reviewed publications were assessed and clustered, focusing on the
questions below:

1. What principles and methods are used for the field work of FGM studies, such as the
selection criteria and minimum size of monitoring plots, geographic location of the
plot, morphological and phenological parameters measured on trees, etc.?

2. What principles and methods are used in the molecular genetic analyses, specifically,
the types of genetic markers?

3. What principles and methods are used for measuring and recording the ecological
factors and parameters, e.g., soil types, hydrology, exposure, or others?

4. What principles and methods are used for the complex data evaluation (statistical
evaluation, descriptive models, algorithms, AI-based software, etc.)?

The most general and relevant information was summarized separately into para-
graphs and subparagraphs, depending on the context.

3.1.1. Forest Genetic Monitoring

The first and most critical step in FGM is identifying and selecting the monitoring
plots. These plots must reliably represent both the genetic resources of the target region
and the full natural distribution range of the species, to the extent possible.

The selection process for monitoring plots should integrate gene–ecological criteria, typi-
cally including ecological zoning, biogeographical regions, and species distribution patterns,
to ensure that all major environmental and evolutionary contexts are included [12,49].

Whenever possible, monitoring units should be located within existing conservation,
management, or long-term monitoring areas, as these sites offer logistical advantages, estab-
lished infrastructure, and complementary ecological or demographic datasets. Furthermore,
monitoring networks should capture all ecological conditions in which the species occurs,
with particular emphasis on areas known for elevated genetic diversity—such as range
margins, refugial zones, and environmentally heterogeneous regions [10].

3.1.2. Design of Monitoring Units and Sampling Strategy

Monitoring units are spatially delineated areas that include a sufficiently large popula-
tion to allow reliable genetic assessment, typically comprising both reproductively mature
individuals and natural regeneration [49]. The appropriate sampling strategy depends on
the species’ reproductive biology. For monoecious species, sampling generally requires
at least 50 unrelated mature trees, whereas dioecious species—such as Fraxinus excelsior—
necessitate the collection of genetic material from a minimum of 25 reproductively mature
males and 25 females [10,49].

To reduce the risk of sampling closely related individuals and thus avoid kinship bias,
a minimum spacing of approximately 30 m between sampled trees is recommended [49].
Monitoring units should also incorporate natural regeneration areas, as these enable the
assessment of recruitment patterns, gene flow, and ongoing evolutionary processes within
the population [12].
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3.1.3. Morphological, Demographic, and Phenological Parameters

Forest genetic monitoring relies on systematic, long-term recording of morphological,
demographic, and phenological traits to detect selective pressures and assess the adaptive
potential of tree populations [10,12]. Mortality and survival of permanently tagged indi-
viduals are recorded at decadal intervals or after major climatic disturbances, enabling the
identification of genetic and environmental stress responses.

The density of natural regeneration—typically expressed as the number of seedlings
per unit area—serves as a key indicator of reproductive success and the strength of selective
forces acting on early life stages [49]. Population structure is described using age and
size-class distributions, often quantified with measurements such as diameter at breast
height (DBH) and total height, which provide insight into past disturbance regimes and
long-term recruitment patterns [10].

Reproductive performance is evaluated using metrics such as fructification intensity, seed
fill percentage, and germination rate [49]. Phenological monitoring encompasses observations
of flowering abundance, the onset and duration of flowering, budburst timing, and leaf
senescence—all traits known for their high sensitivity to climatic variation [49]. More advanced
assessments, such as monitoring flowering synchrony, provide valuable information on mating
dynamics and potential shifts in gene flow patterns under changing environmental conditions.
In general, phenological and phenotypic traits are often species-specific and are encoded by
highly variable adaptive loci. Therefore, the monitoring manuals focus on species-specific
parameters, and general rules for forest tree species are rarely formulated [13].

3.1.4. Genetic Marker Types and Applications

FGM uses a broad spectrum of molecular markers, generally selected based on the
required resolution and specific monitoring objectives. Earlier monitoring programs com-
monly employed biochemical markers, particularly isozymes, due to their low cost and
ease of use in large-scale assessments [10]. In modern applications, however, DNA-based
markers have become standard. As stated in the Introduction, a small number of FGM
projects have been established, and the number of tree species in these projects is also
limited; therefore, the use of genetic markers was surveyed broadly, including various
studies on the genetic diversity of forest tree species.

Cytoplasmic markers, including chloroplast SSRs and mitochondrial variants, enable
differentiation of maternal and paternal gene movement, offering insights into sex-specific
dispersal patterns [57]. Nuclear microsatellites (nSSRs)—typically involving around 20
loci—remain widely used for detecting genetic drift, assessing population structure, and
quantifying gene flow [49,57]. Single-nucleotide polymorphisms (SNPs) provide higher
genomic resolution. They are particularly effective for reconstructing demographic history
and identifying genomic regions under selection, especially when SNPs occur within or
near functional genes [12].

Next-generation sequencing (NGS) technologies have significantly expanded FGM ca-
pabilities by enabling the analysis of thousands of loci simultaneously and the detection of
signatures of adaptive variation at genome-wide scales [12,58]. The emerging RNA-based
approaches and molecular techniques—such as exon-primed intron-crossing (EPIC) markers—
can also offer considerable potential for future adaptive genetic monitoring, particularly for
linking gene expression patterns to environmental selection pressures [59–61].

Nevertheless, the applicability of the most frequently used molecular markers is
different, and the accelerating development of molecular techniques can rapidly replace
some of the recently used genetic markers. Therefore, the 11 most relevant marker types
were analyzed using SWOT factors (Strengths, Weaknesses, Opportunities, and Threats),
detailed and summarized in Table 1, including brief descriptions and references.
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Table 1. The list of molecular markers commonly used for FGM analyses and in population genetic
studies to monitor the genetic diversity of forest tree species. All the markers were described and
assessed by SWOT factors. As a source of information, the most relevant publications were referred
to the given markers and to tree taxa distributed in Europe.

Genetic
Marker

Name/
Synonyme

Short
Description

SWOT Factors
(Strengths, Weaknesses, Opportunities,

Threats)

Species
Investigated in
FGM Projects

References

isozyme isoenzyme,
allozyme

“first-
generation”
biochemical
marker;
mostly neutral
for evaluating
broad-scale
genetic
patterns

S: Very low cost; requires minimal
equipment; codominant markers enable
estimation of heterozygosity; historically
comparable datasets across decades.
W: Limited genome coverage; low
polymorphism reduces resolution;
requires fresh or well-preserved tissues;
sensitive to enzyme degradation; cannot
detect fine-scale structure.
O: Useful for long-term baseline
monitoring in low-income regions;
suitable for training and rapid
assessments.
T: Largely displaced by DNA-based
markers; lack of standardization across
labs threatens comparability.

Quercus robur;
Quercus petraea;
Fagus sylvatica;
Abies alba;
various tree
species

[62–66]

cpSSR

chloroplast
microsatellite
(syn. Simple
Sequence
Repeat)

uniparental
marker type
for broad-scale
phylogeo-
graphical
analyses

S: Maternal inheritance allows
seed-dispersal inference; useful for
reconstructing colonization routes; low
cost; suitable for cpDNA haplotype
studies.
W: Typically low polymorphism in
conifers; limited power for fine-scale
diversity; dominant scoring possible.
O: Integration with cp-genome
sequencing; complementary to nuclear
markers in landscape genetics.
T: Declining use due to complete
plastome sequencing becoming
affordable.

Fagaceae spp.
universal for
various
tree families

[67–69]

nSSR

nuclear
microsatellite
(syn. Simple
Sequence
Repeat)

genetic
fingerprinting;
neutral
marker type
for evaluating
both fine- and
broad-scale
genetic
patterns

S: High polymorphism; codominant;
excellent resolution for population
structure, gene flow, relatedness, and
hybridization; widely validated in forest
trees; moderate lab cost.
W: Requires primer development; allele
scoring can be subjective; capillary
electrophoresis instruments required;
potential scoring inconsistencies across
labs.
O: Strong candidate for long-term forest
genetic monitoring (FGM) time series;
harmonizable reference loci;
cross-country comparability.
T: Being gradually replaced by
genome-wide SNP assays; PCR stutter
and allele dropout may affect datasets.

Quercus spp.;
Fagus sylvatica;
Pinus sylvestris

[49,70–73]
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Table 1. Cont.

Genetic
Marker

Name/
Synonyme

Short
Description

SWOT Factors
(Strengths, Weaknesses, Opportunities,

Threats)

Species
Investigated in
FGM Projects

References

EST-
SSR

expressed
sequence tag
SSR

potentially
linkage to
adaptive traits

S: Targets (linked to) expressed genes;
highly transferable across related
species; informative for functional
diversity and stress response.
W: Lower polymorphism compared to
genomic SSRs; dependence on EST
database quality; locus dropout possible.
O: Linking genetic diversity to
phenotypic traits and adaptive potential.
T: EST resources are disappearing with
the shift to full transcriptome
sequencing (RNA-seq).

Quercus spp.;
Picea abies;
Fagus sylvatica

[74–76]

ISSR
inter simple
sequence
repeat

highly
polimorhic
marker;
detects poly-
morphisms in
inter-
microsatellite
DNA regions

S: Simple; no prior genomic information
required; more stable than RAPD.
W: Dominant scoring, moderate
reproducibility; limited genome
coverage; moderate resolution
O: Practical for rapid screening of
variability in understudied species.
T: Limited use in high-quality genetic
monitoring due to lack of comparability
across studies.

Quercus suber;
Fagaceae;
Pinus sylvestris

[77–79]

RAPD

randomly
amplified
polymorphic
DNAs

simple
PCR-based
marker type
producing
dominant
pattern

S: Very low cost; simple workflow; no
sequence information needed; useful for
initial exploratory studies.
W: Extremely poor reproducibility;
dominant marker; highly sensitive to
primer and PCR conditions; limited
scientific acceptance.
O: Educational purposes or low-budget
preliminary variability scans.
T: Considered obsolete; nearly fully
replaced by modern sequencing-based
methods.

Fagus sylvatica;
Quercus spp.;
universal for
various
tree species

[66,80,81]

AFLP

amplified
fragment
length poly-
morphism

dominant
molecular
marker
combining
restriction
enzyme
digestion and
selective
amplification
steps

S: Genome-wide representation without
prior sequence; high reproducibility
when standardized; suitable for species
delimitation and broad-scale
assessments.
W: Dominant markers; high sensitivity
to lab conditions; requires fluorescent
capillary systems; limited repeatability
across labs.
O: Useful for rapid pre-screening of
diversity; applicable to understudied
species.
T: Superseded by next-generation
sequencing (SNP-based) methods;
inter-lab comparability issues limit
long-term monitoring use.

Prunus avium;
Fagus sylvatica; [10,82,83]
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Table 1. Cont.

Genetic
Marker

Name/
Synonyme

Short
Description

SWOT Factors
(Strengths, Weaknesses, Opportunities,

Threats)

Species
Investigated in
FGM Projects

References

SNP
array

type of DNA
microarrays

studying
subtle
variations
between
whole
genomes; used
for
genome-wide
association
studies

S: Highly standardized; extremely
reproducible; low missing data; ideal for
long-term monitoring series.
W: Limited to predefined SNPs;
ascertainment bias affects diversity
estimates; arrays age quickly.
O: Creation of international reference
SNP panels for FGM.
T: Obsolescence as genomic resources
expand; may miss novel adaptive
variants.

Quercus robur;
Pinus sylvestris [84–86]

KASP
Kompetitive
allele specific
PCR

SNP
genotyping
platform

S: Extremely cost-efficient per SNP;
high-throughput; highly reproducible
across labs; excellent for targeted
genotyping panels.
W: Only evaluates known loci; requires
pre-designed assays; unsuitable for
discovery.
O: Routine monitoring.
T: Less informative than sequencing
when genome-wide variation is needed.

Fagus sylvatica;
Quercus suber;
Quercus ilex;
Pinus sylvestris

[87–89]

ddRA-
Dseq

Double digest
restriction-
site
associated
DNA

generates a
large set of
SNP markers;
can be used to
infer very
precisely the
genetic
diversity and
population
structure

S: Reproducible reduced-representation
sequencing (genome complexity
reduced by restriction enzyme
digestion); strong SNP density; good for
population structure and gene flow.
W: Sensitive to enzyme selection;
moderate missing data; requires
consistent lab workflow.
O: Comparative and multi-species
monitoring.
T: Protocol inconsistency reduces
long-term comparability across labs.

Fagus sylvatica;
Quercus robur;
Quercus petraea;
Pinus sylvestris

[90–94]

GBS
Genotyping
by
sequencing

using next-
generation
sequencing
(NGS) for
genotyping; a
screening
method for
discovering
novel SNPs

S: Genome-wide SNP discovery without
reference genome;
reduced-representation sequencing
method; cost-effective; high data
density; suitable for non-model species.
W: High missing-data rate; batch effects
common; requires harmonized pipelines;
sensitive to DNA quality.
O: Monitoring adaptive variation,
species-wide scans.
T: Comparability across years/labs may
be reduced by library prep variation.

Fagus sylvatica;
Quercus robur;
Alnus glutinosa

[90,91,95,
96]

3.1.5. Genetic Metrics and Data Analysis

FGM relies on a suite of standard population-genetic metrics to quantify genetic
diversity, structure, and evolutionary processes within monitoring units. Core diversity
indicators include the number of alleles (Na), the effective number of alleles (Ne), Shannon’s
diversity index (I), observed heterozygosity (Ho), and expected heterozygosity (He). The
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Latent Genetic Potential (LGP) index, which emphasizes the contribution of rare alleles to
evolutionary resilience, is particularly valuable for long-term monitoring [10].

Population differentiation is typically measured using FST, while deviations from
random mating are assessed using inbreeding coefficients (FIS) [12]. Characterization of
the mating system and estimation of gene flow commonly involve multilocus outcrossing
rates (tm) and the effective number of migrants (Nm), metrics frequently computed with
dedicated software such as MLTR [10,12].

Genetic datasets are processed using a range of specialized tools, including GSED,
PopGene, MacGen, GenAlEx, FSTAT, NEESTIMATOR, MLTR, and STRUCTURE, the latter
of which supports Bayesian clustering and admixture inference [12]. These analytical
capabilities are increasingly complemented by R-based packages such as adegenet and
poppr, which facilitate flexible and reproducible data analysis workflows.

Temporal comparisons of genetic or phenotypic traits employ statistical models suited
to the data structure: linear regression for continuous traits, ordinal or non-parametric tests
for ranked or categorical variables, and Poisson regression for count-based datasets [12].

3.1.6. Integration of Environmental and Ecological Data

Integrating environmental and ecological variables into FGM is essential for interpret-
ing patterns of genetic variation and assessing the adaptive capacity of forest populations.
Key environmental factors include climatic variables, soil properties, hydrological condi-
tions, site exposure, and geographic coordinates, all of which shape selective pressures
across the species’ range [13,49,52].

Comprehensive ecological characterization—encompassing forest community compo-
sition, stand age structure, regeneration dynamics, and management history—provides
critical context for understanding observed genetic patterns. These ecological descriptors
support the evaluation of long-term demographic trends, disturbance regimes, and the
influence of habitat on genetic diversity and evolutionary processes [97].

3.2. A Review of Results Published at the Global Level by Continents or by Geographic Regions

In this part, the reviewed publications were analyzed and clustered by geographic
regions. Firstly, publications related to specific keywords, such as genetics and genomics,
monitoring of any kind of diversity, and economically important tree species by geographic
region, were assessed in terms of the bullet-point paragraphs detailed in the previous
parts. Secondly, the main elements and potential synergistic factors of FGM projects were
listed and evaluated, with those already in action or essential for future FGM activities.
For the most comprehensive evaluation, historical perspectives were also considered,
e.g., the general status of forest genetic resources, especially the state of conservation of
FGRs; furthermore, the findings and scientific evidence of recent genetic studies on forest
tree species, and additionally, the level of national policies or initiatives of international
organizations and platforms.

3.2.1. Europe & Turkey

The monitoring of European forests primarily aims to conserve forest ecosystems,
ensure the sustainable use of resources, and implement adaptive management strategies
in response to environmental change [10,49,98]. A key component of this framework is
forest genetic monitoring, which functions as an early-warning system by detecting genetic
changes that may signal declining population viability, biodiversity shifts, or increasing
vulnerability to climate impacts [11,12,49,99]. Across the continent, forests—covering
approximately 215 million hectares—face diverse pressures, including climate change, air
pollution, unsustainable management, invasive species, land-use conversion, and habitat
fragmentation [98,100].
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These monitoring efforts build on long-standing initiatives such as ICP Forests,
launched under the Convention on Long-range Transboundary Air Pollution. ICP Forests
developed harmonized pan-European protocols for assessing forest condition, crown
health, deposition, and soil chemistry, forming the backbone of environmental and genetic
monitoring in European forest ecosystems [101,102].

Monitoring encompasses many ecologically and economically important species. De-
ciduous taxa frequently included are Fagus sylvatica, Quercus robur, Quercus petraea, Fraxinus
excelsior, Populus nigra, and Prunus avium. Coniferous species include Picea abies, Abies alba,
Pinus sylvestris, and Pinus nigra [10,103]. Sampling is stratified across diverse biogeographic
and climatic zones to capture the full spectrum of adaptive and ecological variation across
Europe [49].

Complementary to phenotypic monitoring, a continent-wide network (EUFORGEN)
of Genetic Conservation Units (GCUs) supports dynamic in situ conservation. These units
are designed based on species-specific ecological requirements and evolutionary processes,
enabling the maintenance of genetic diversity and evolutionary potential under changing
environmental conditions [49].

Europe has also established large-scale provenance trials, which provide essential
insights into adaptive genetic variation and climate-related responses. A notable example
is the Hucking Provenance Trial in the United Kingdom, testing multiple provenances of
Quercus robur, Prunus avium, Castanea sativa, and Corylus avellana from across the UK, France,
and Italy. Analyses reveal strong provenance effects for survival, growth, phenology, and
biotic resilience, with Mediterranean provenances showing enhanced drought tolerance—
findings that align with assisted migration and climate-matching strategies [53,104].

Similarly, the BeechCOSTe52 network comprises one of Europe’s most extensive sets
of Fagus sylvatica provenance trials, involving 217 provenances across 38 sites. Results
demonstrate pronounced population differentiation in traits such as budburst phenology,
drought resistance, and growth plasticity, highlighting the species’ adaptive capacity and
sensitivity to climatic variation [105,106].

Additional evidence comes from the UK Native Tree Species Provenance Trials, which
examine species such as Pinus sylvestris, Sorbus aucuparia, and Fraxinus excelsior. These
trials show strong local adaptation—particularly in cold tolerance, budburst timing, and
photosynthetic efficiency—emphasizing the importance of regionally appropriate seed
sourcing for restoration and afforestation initiatives [103].

In the eastern Mediterranean, the relict tree Liquidambar orientalis, native primarily to
southwestern Turkey, is increasingly threatened by habitat loss, fragmentation, and land-
use pressures such as overgrazing, tourism, and agricultural expansion. Climate change
poses additional risks: recent modeling indicates a significant contraction of climatically
suitable habitat, with limited potential northward or upward expansion despite warming
trends [107]. Habitat degradation remains a primary threat, and conservation strategies
emphasize strict habitat protection, in situ management, and safeguarding seed sources
within GCUs [108,109].

3.2.2. North America (USA & Canada)

North America’s forest monitoring programs cover approximately 677.5 million
hectares and place strong emphasis on maintaining forest health, productivity, and re-
silience to both biotic and abiotic stressors [100,110]. In the United States, the Forest Health
Monitoring (FHM) program represents one of the central frameworks for long-term forest
assessment. The program includes targeted evaluations of high-elevation conifer species,
as well as systematic monitoring of insects, diseases, and climatic stressors, to support early
detection and management of emerging threats [110].
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Canada employs an integrated forest monitoring system that combines national forest
inventories with a National Early Warning System, enabling the detection of anomalies
in temperature, pest outbreaks, and regeneration dynamics across vast boreal ecosystems.
This system provides key insights into disturbance regimes and forest ecosystem responses
to environmental change [6].

Genetic and provenance assessments in North America focus on ecologically and econom-
ically critical temperate and boreal tree species, including Acer saccharum, Fraxinus americana,
Quercus rubra, and Populus tremuloides [111]. These assessments align with international
sustainability frameworks such as the Montreal Process, which emphasize biodiversity con-
servation, ecosystem integrity, and long-term productive capacity [Montreal Process, 2010].

A large number of provenance trials have been established in the region since the mid-
20th century. In general, economically important tree species in the northern regions were
in focus, such as Pinus strobus [112,113], Pseudotsuga menziesii [23], or Quercus rubra [114].
Subsequently, provenance research on southern pines, e.g., Pinus taeda, Pinus elliotti, was
also initiated [15], taxa that were widely planted not only in the USA but also in other
continents (South America, Africa) [115,116]. A continent-wide synthesis by Risk et al. [111]
evaluated results from 773 provenances across 62 test sites for seven major species, in-
cluding Picea glauca, Picea mariana, Pinus banksiana, Pinus strobus, Larix laricina, Quercus
rubra, and Betula alleghaniensis. The results reveal strong adaptive population differentiation
and clinal adaptation in phenotypic traits, which is common in most species. In specific
cases, e.g., Picea glauca, provenances from southern Ontario demonstrated a higher survival
rate and height growth when transferred northward. On the contrary, underperformance
was recorded for the provenances from colder and drier continental regions. The trend
can be explained by integrating the effects of different postglacial migration routes and,
consequently, by the diverse genetic background of Picea glauca [117].

Long-term experiments involving Pinus ponderosa, Pinus contorta, and Pseudotsuga
menziesii highlight the potential of assisted migration, showing that populations originating
from warmer climates often outperform local genotypes. These results underscore the
potential role of genetic transfer and assisted migration in climate adaptation strategies for
North American forests [118].

3.2.3. Central Asia

Countries in temperate Asia demonstrate extensive efforts to monitor forest biodi-
versity and genetic resources, integrating ecological and genetic approaches to support
conservation and sustainable forest management strategies.

Within Central Asia, countries such as Azerbaijan, Turkey, and Uzbekistan face severe
anthropogenic pressures, including unsustainable logging, overgrazing, and habitat degra-
dation. These challenges have prompted the development of regional guidelines to improve
forest monitoring capacities and reinforce genetic conservation systems [49,97,109,119].
Conservation priorities focus on threatened tree species with fragmented populations and
declining genetic diversity, such as Liquidambar orientalis and Pistacia atlantica [120]. Contem-
porary forest monitoring frameworks in countries in temperate Asia emphasize not only
biodiversity assessments but also evaluations of management effectiveness, integrating
ecological and genetic data to support adaptive responses to environmental change [8,120].

Asia also hosts several notable provenance trial programs, many of which were
historically coordinated by FAO and UNEP. The global provenance trials initiated by
FAO during the 1970s and 1980s for species such as Eucalyptus camaldulensis, Eucalyptus
tereticornis, Acacia auriculiformis, and Prosopis spp., spanned 17 countries and revealed
substantial adaptive variation in traits, including drought tolerance, growth performance,
and pest resistance. For Eucalyptus camaldulensis, provenances originating from arid interior
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regions of Australia consistently outperformed coastal provenances in drought-prone
plantation environments in India, Thailand, and Sudan.

In Central Asia, provenance trials for Liquidambar orientalis demonstrated that western
Turkish populations exhibit enhanced growth and survival under heat and water stress,
indicating strong suitability for climate change–oriented restoration efforts [121].

3.2.4. Countries in Tropical & Subtropical America

Tropical forests in the Americas exhibit exceptionally high species diversity, which
poses significant challenges for biodiversity monitoring due to taxonomic complexity and
the difficulty of accurately identifying species [122,123]. Monitoring programs across South
America predominantly address key threats such as deforestation and climate change,
with studies indicating that more than 70% of ecogeographic range segments for priority
species are considered threatened [123,124]. Conservation efforts focus on biodiversity
hotspots such as the Atlantic Forest and the Amazon Basin, where habitat fragmentation
and land-use pressures heighten the risk of genetic erosion [123]. Plantation forestry is
one of the threats to the degradation of the biodiversity of the region’s natural forests.
Therefore, provenance trials of non-native tree species are often in the focus of regional
breeding programs, such as in the case of Eucalyptus urophylla originating from Flores Island,
Indonesia [125]. The use of non-native tree species in plantations, however, minimizes
the risks of hybridization with native woody taxa and closes out the introgression or
degradation in the gene pool of native species.

3.2.5. Countries in Tropical & Subtropical Africa

In Africa, community-based forest monitoring approaches blend indigenous knowledge
systems with formal biodiversity assessments to address region-specific threats such as
unsustainable harvesting and climatic variability [9]. Climatic zones in the region are predicted
to be intensively modified due to desertification from the Saharan region. Prunus africana is
among the most critically threatened species, with overexploitation and habitat loss driving the
need for targeted conservation and monitoring initiatives [126]. Forest monitoring frameworks
span a broad range of ecological zones—from savannah landscapes to montane forests—and
prioritize genetic conservation within community-managed areas [127].

Provenance trials of Prunus africana in Cameroon, Kenya, and Ethiopia indicate that mon-
tane populations exhibit superior survival under extreme temperature fluctuations, supporting
their use in climate-resilient restoration and assisted population management, probably for
the Sub-Saharan region as well [128]. Similar to other tropical and subtropical regions, the
biodiversity of natural forests is also threatened by plantation forestry. Most of the provenance
trials are in the focus of breeding programs, including many introduced species [116].

3.2.6. Countries in Tropical & Subtropical Asia

Tropical Asia benefits from regional collaborations such as the APFORGEN network,
which coordinates conservation and sustainable management of forest genetic resources
across Southeast Asia, with special emphasis on dipterocarp species that dominate many
lowland forests [97,120]. However, extensive deforestation driven by agricultural expan-
sion, logging, and urbanization underscores the need for integrated in situ and ex situ
conservation strategies, including seed banking and ecological restoration [97].

In Malaysia and Indonesia, provenance trials, involving dipterocarp species such
as Shorea leprosula and Shorea parvifolia, documented strong population differentiation
in drought responses, offering practical guidance for regionally tailored conservation
actions [120]. Tropical provenance trials have played a central role in understanding the
adaptive traits of fast-growing tree species. FAO-coordinated international provenance
trials involving Eucalyptus and Acacia species have revealed substantial genetic variation
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in drought tolerance, salinity resistance, and stem form across tropical and subtropical
populations [129,130].

In China, the Chinese Forest Biodiversity Monitoring Network (CForBio) conducts
systematic assessments across a broad latitudinal gradient spanning tropical to boreal
biomes. Its studies evaluate the influence of topography, historical climate variability, and
environmental heterogeneity on forest community composition [8]. Subtropical evergreen
species, including Quercus spp., receive substantial attention in genetic conservation due to
their ecological importance and sensitivity to climate change [58,131]. Similarly, provenance
trials in China for subtropical oak species have identified pronounced elevational clines in
drought and heat tolerance, with high-elevation populations showing greater resilience to
temperature extremes. These findings underscore the importance of provenance trails and
the use of the results in genetic conservation and in climate-resilient forestry [132].

3.2.7. North and Sub-Saharan Africa

Sub-Saharan Africa’s forests face severe pressures from deforestation and climate
change, with over 2000 tree species at risk and many genetically uncharacterized. SAFOR-
GEN, launched in 1999 after Dakar 1997 and Ouagadougou 1998 consultations, targets 302
priority species through genetic diversity assessments, conservation tools, and exchange
via four Working Groups (Food, Medicinal, Fodder, Wood/Fibre Species).

To improve the management of forest genetic resources, achievements, which are
usually managed and coordinated by international organizations and NGOs, include
workshops (Burkina Faso 1998; Kenya 1999; Ethiopia 2008), fellowships or local projects
involving assessments of endangered species such as Prunus africana [128]. Mediterranean
tree species also play an important role in the countries across the region, such as Quercus
suber. An international provenance trial of Quercus suber was organized by EUFORGEN
in 1997 and established in Tunisia to test the adaptability of the provenances representing
the whole distribution area [133]. Recently, populations of Cedrus atlantica were tested to
evaluate the spatial genetic structure of provenances from their natural distribution range
in North Africa [134].

These pan-African efforts emphasize coordinated provenance testing and genetic
monitoring to preserve diverse, threatened tree resources amid global change. SAFORGEN
has not been mentioned in ongoing projects, events, or funding as of 2025. Recent discus-
sions of forest genetic resources focus on European networks such as EUFORGEN’s Phase
VII (2025–2029), suggesting that SAFORGEN may be dormant or integrated into broader
FAO/Bioversity efforts [134,135].

3.2.8. Australia & New-Zealand

Australia’s forest monitoring is embedded within national sustainability frameworks
that emphasize biodiversity conservation, ecosystem health, and adaptive management
measures designed to address climate change impacts [136]. The country contains approxi-
mately 134 million hectares of forested land, dominated by Eucalyptus and Acacia species.
Major threats to these ecosystems include invasive species, pest outbreaks, pathogenic
diseases, and increasingly frequent, high-intensity wildfires driven by climatic variability.

Genetic structuring in Australian tree species is strongly shaped by biotic pollination
systems mediated by animals and insects, differing from the predominantly anemogamous
(wind-driven) pollination systems of many Northern Hemisphere taxa [10]. This reliance
on biotic vectors influences gene flow, maintains high genetic diversity, and contributes to
the adaptive potential of native species.

Australia has a long-established tradition of tree improvement and breeding programs,
particularly for economically and ecologically important genera such as Eucalyptus and
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Araucaria. These initiatives aim to strengthen adaptive capacity, enhance resilience in both
plantation and native forests, and support sustainable resource management [136].

The country also maintains provenance trial networks. Provenance trials of Eucalyptus
globulus reveal pronounced adaptive differentiation: Tasmanian populations exhibit strong
cold tolerance, while Victorian mainland provenances display rapid early growth but
reduced drought resistance [137]. Similarly, trials of Eucalyptus camaldulensis across semi-
arid regions have consistently demonstrated the superior heat and drought tolerance of
inland populations [138]. For Araucaria cunninghamii, provenance evaluations indicate
that northern Queensland populations possess greater tolerance to thermal stress and
nutrient-poor soils, informing seed transfer and deployment decisions for plantations in
climatically vulnerable regions [139,140].

3.3. Comparison

Comparative analysis of forest monitoring practices across world regions reveals
a shared emphasis on sustainable forest management and forest genetic conservation.
Provenance trials constitute a central component of these efforts by elucidating adaptive
genetic variation fundamental to long-term ecosystem resilience. However, region by
region, a high level of variation was observed in the approaches and programmes related
to forest genetic resources. For better comprehensibility, the geographic regions were
classified according to three criteria: ‘type of biological monitoring’, ‘mode of conservation
and use of forest genetic resources’, and ‘organizational impacts’, which are considered
relevant to recent or future forest genetic monitoring activities. The three main criteria
were further divided into subgroups, and the geographic regions were assessed across 11
aspects in total. For this comparison, all publications on FGM, sensu stricto or sensu lato,
referenced in previous parts were assessed. The classification by region is presented in
Table 2, and the overall results are visualized in a color-coded map (Figure 1). The criteria
were summarized but not ranked.

 
Figure 1. The map of geographic regions and continents assessed for the overall value of the state
and the level of forest genetic monitoring. The color code refers to the overall values summarized
for the given regions in Table 2. Areas in grey color are excluded in the assessment. The map was
constructed by use of https://docs.google.com/spreadsheets (accessed 15 January 2026).
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Table 2. The overall value of the state and level of forest genetic monitoring (FGM), assessed
by geographic regions and continents. For the assessment, the type of biological monitoring, the
mode of conservation and use of the forest genetic resources, and, furthermore, the organizational
impacts related to FGM were reviewed. Referenced impacts or effects of the assessment based on the
publications reviewed for geographic regions were marked by * to the given factor and the overall
value of forest genetic monitoring was summarized in column “Overall value of FGM”.
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Europe & Turkey * * * * * * * * * * * 11
North America (USA &

Canada) * * * * * * * * * 9

Tropical & subtropical
America * * * * * * * * * 9

Sub-Saharan Africa * * * 3
Tropical & subtropical

Africa * * * * * * * 7

Tropical & subtropical
Asia * * * * * * * * * * 10

Central Asia * * * * * 5
Australia & Oceania * * * * * * * * * * 10

4. Discussion and Conclusions
4.1. General Conclusions of the Publications Reviewed, at the Regional and Global Level

As discussed in the Introduction, the first forest genetic monitoring projects were
established in Europe, based on the genetic criteria for sustainable forest management laid
down by CIFOR experts [11,43] and implemented into the management and policies of
forest genetic resources at the national and pan-European levels. Historically, the driving
forces of FGM projects in Europe were made up of various elements such as;

1. Forest biodiversity threats, basically by forest fragmentation, urbanization, air pollu-
tion, invasive species, and, recently, by climate change effects;

2. Policies that support general principles of the conservation of forest genetic resources
have been laid down and implemented at the pan-European and national levels;

3. National institutions and international platforms have existed, and simultaneously,
FGRs have been actively managed, supporting the establishment and maintenance of
FGM projects;

4. Genetic background has been explored for the most important forest tree species;
5. The forests, and in general the biodiversity in Europe, have been in focus for political,

economic and social aspects, and consequently, have a great impact on the public.

Forest genetic monitoring projects, both at the local and regional levels, were estab-
lished, where the availability of all or most of the above-mentioned aspects and require-
ments produced synergistic overall effects [10,13,49]. The synergistic effects must play a
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crucial role, since, despite the availability of all the required background and resources,
long-term FGM projects have not yet been established in many European countries.

In addition, the FGM projects exhibited a historical progression, e.g., the forest diebacks
in the 1980s–1990s caused ecological damage. Therefore, the genetic structure of many
forest species was later analyzed through provenance tests and molecular genetic stud-
ies. Simultaneously, conservation programmes were initiated to preserve forest genetic
resources at the national or regional level, and the monitoring of forest genetic resources
became more acceptable to the public, including local and regional communities and eco-
nomic and political actors. Retrospectively, the first FGM projects were established in
European countries where the forests have undergone similar processes in the last 50 years.
The importance of forest genetic resources has long been a focus, not only for scientists but
also for the public at large [10,13,49].

FGM activities show substantial variation across geographic regions. For each geo-
graphic area, the cited scientific publications were surveyed for the types of monitoring
projects established and the activities reported, the current status of conservation FGRs
(e.g., ex situ collections, in situ conservation stands), and the institutional background
(governmental vs. non-governmental organizations, national and international actors, etc.).
As a summary of the analyzed data and information from the publications referenced in
this study, the FGM projects have been at varying levels of progress and have produced
different outputs across continents and geographic regions, as shown in Table 2 and in
Figure 1.

The color codes on the constructed map corresponded to the overall values of the
regions, which were aggregated based on factors such as the progress of FGR management,
the actual level of scientific activity, and, in general, the importance of FGRs. International
organizations and actors, such as the FAO, Bioversity International (formerly IPGRI), and
most effectively, the EUFORGEN platform, obviously play a relevant role in promoting
the active management and conservation of forest genetic resources. For almost 30 years,
the EUFORGEN platform in Europe has successfully promoted forest genetic conservation
projects and supported numerous scientific projects focused on active FGR management.
As a result, FGM projects were established at the regional level in Europe, such as the
LIFEGENMON project for Central and Southern European countries (Germany, Slovenia,
and Greece).

In addition, regional platforms supported by FAO and Bioversity International, such
as LAFORGEN, SAFORGEN, and APFORGEN, have successfully promoted and initiated
FGR-related projects across many tropical and subtropical countries. As a result of regional
co-operation, significant progress in the conservation and active management of FGRs can
be observed in tropical-subtropical Asian countries. Simultaneously, significant efforts were
invested in research projects on economically important forest tree species (provenance
trials, genetics and genomics, etc.), and the scientific outputs and findings also contributed
to the active management of FGRs in the region.

4.2. Quo Vadis Forest Genetic Monitoring?
4.2.1. General Consequences of FGM Results

As a general consequence, forest genetic monitoring projects, in the strict sense of
the term, have been established and managed primarily in a few European countries.
In a broader sense, monitoring projects, long-term studies, and analyses focusing on
biodiversity, or specifically on forest health conditions, have been established in other
continents and geographic regions as well, such as North America, Tropical and subtropical
Asia, and Australia & Oceania. Recently, more and more countries have recognized the

https://doi.org/10.3390/f17020165

https://doi.org/10.3390/f17020165


Forests 2026, 17, 165 18 of 26

importance of forest genetic resources. Forestry policies have focused on the conservation
and active management of genetic resources not only in Europe but worldwide.

The first FGM projects were established decades ago, based on practical experience and
the outcomes of provenance trials. This specific experience and knowledge were adapted
and transmitted into the first FGM projects, mainly focusing on autochthonous species in
Europe with a specific, relevant role within forest ecosystems, as model or pilot species.
The first results were published after a few years of monitoring period, and those may be
regarded as preliminary results of the pilot FGM projects. As a consequence, those should
be re-discussed when additional monitoring data and information are published later.

Besides the preliminary results of FGM projects, notable progress was evident in the
methods and science-based approaches of FGM. The LIFEGENMON project, one of the
first international projects in Europe, has developed and compiled FGM manuals and
guidelines for seven species, which were the focus of the project participants. The project
evaluated and summarized results and field experiences, and the LIFEGENMON manuals
include species-based approaches and guidelines for implementing FGM principles, as
well as species-specific indicators and verifiers [13].

In general, the recently established forest genetic monitoring projects have made
progress since CIFOR experts formulated the indicators and verifiers for actively managed
forest genetic resources and forest genetic monitoring. The latest FAO report has also
emphasized the relevance of forest genetic monitoring and recommended exploring FGM
projects [56]. In this paper, we have reviewed the progress of forest genetic monitoring
activities and summarized and evaluated the general trends in this field.

4.2.2. What Kind of Short-Term and Long-Term Prospects Could Be Realistic for FGM?

1. In the short term (5–10 years), there will likely be no expansion or significant progress
in forest genetic monitoring. Based on the conclusions of the latest FAO report,
most member states have reported no intention of establishing FGM projects [54,55].
Actually, those will typically be restricted to just a few tree species and forest ecosys-
tems in Europe, since FGM projects (sensu stricto) have been initiated only in some
regions. However, the continuous processing and evaluation of the results of FGM
projects have been intended.

2. The social, economic, and scientific foundations and criteria discussed earlier are in
place for the launch of new FGM projects in North America, Southeast Asia, and
Australia. The question is whether a critical mass will be reached that shifts and
accelerates the current situation and launches FGM activities similar to those reported
in Europe.

3. In the longer term, it is likely that FGM projects will expand not only in Europe but
also in other regions, presumably in the case of pilot species, where extensive and
complex research and monitoring activities may be launched in which FGM indicators
and verifiers appear in part or in whole. Those may not necessarily use the term FGM,
but can utilize or adapt the elements of FGM projects.

4. Historically, the new methods and techniques in genomics were relevant driving
forces in the conservation and management of forest genetic resources, which have
expanded the baseline of genetic knowledge on forest tree species since the end of the
20th century. Innovation and development in genomics, especially the development
of new molecular markers, such as RNA-based technologies (e.g., EPIC markers), can
also support the launch of new FGM projects [59–61].

5. An interesting alternative to the monitoring projects, which are generally time-
consuming and expensive, could be the utilization of simulation models optimized
for various ecological factors [141–144], and provided that the simulation models
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correlate or represent genetic composition and shifts. These initiatives, which are
still in their early stages, may be able to replace FGM projects in many cases. FGM
projects usually provide conclusions restricted to the monitored tree species and forest
communities, and even their scientific outputs can be interpreted only for the given
geographical region [141–144]. Additionally, the use of complementary or substitute
simulation models can facilitate the adaptability of FGM project results, e.g., to other
unmonitored tree species or forest communities. Nevertheless, the prospects and
opportunities opened by artificial intelligence or AI-based models are also difficult to
assess at this stage.

Consequences of the current ecological challenges affecting forests, such as climate
change, the reduction in natural forests, and other human impacts, such as urbanization,
forest fragmentation, the appearance of invasive species, etc., can be analyzed and inter-
preted on a scientific basis by using ecological models, based on past and present natural
responses of the ecosystems. However, experience over recent years shows that the accu-
racy and reliability of the analytical and predictive ‘big-data models’ have been constantly
improving, and the models will probably open a new perspective for AI-based research.
Regardless of this, experimental research, provenance trials, or monitoring studies carried
out in the real, existing natural environment will still be necessary for a long time to come.
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