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The conservation of Serbian spruce (Picea omorika (Panci¢) Purk.), a rare, protected, and internationally recognised
endangered species, is an important responsibility at both local and global levels. Along with numerous, mostly less
successful attempts at in situ conservation, the development of effective ex situ conservation measures has become a
priority for safeguarding this species. This study introduces a novel metapopulation-based approach for designing ex situ
conservation plantations, applied for the first time in Serbian spruce, through the establishment of three plantations
containing 70 half-sib lines representing seven endangered natural populations. The planting schemes are based on
the concept of metapopulation structure, taking into account previous knowledge of genetic variability, population
fragmentation, and patterns of gene flow in this species. Such an arrangement of populations and half-sib lines is
expected to ensure not only the preservation of individual genotypes but also the maintenance of evolutionary processes
characteristic of the natural range of Serbian spruce. At the same time, plantations organised in this way can serve
multiple functions, including genetic resource conservation, progeny testing, future production of reproductive material,
and potential application in breeding programmes. The metapopulation structure is expected to support these functions
while reducing the negative impacts of environmental variability and climate change. The presented planting schemes
provide a practical framework for the long-term ex situ conservation of Serbian spruce and a basis for future research on

the adaptive potential, genetic stability, and reproductive biology of this endangered species.
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INTRODUCTION

Serbian spruce (Picea omorika (Panci¢) Purk.) is endemic
to the Balkan Peninsula and a Tertiary relict that naturally
inhabits very small areas in the Republic of Serbia and Bosnia
and Herzegovina (Republic of Srpska), in a narrow area
around the middle course of the Drina River. The number
of Serbian spruce populations and adult trees has declined
over time (Mataruga and Milanovi¢ 2020, Milanovi¢ and
Mataruga 2025). In its natural range, it inhabits altitudes
from 500 to 1500 m a.s.l. and exclusively colder exposures:
northwest, north and northeast (Mataruga 2025). The
International Union for Conservation of Nature (IUCN)
categorises the species as "Endangered" (EN).

In Bosnia and Herzegovina, the presence of Serbian
spruce was recorded in 26 localities, while individual
trees were registered in three localities (Mataruga and
Milanovi¢ 2020). Frequent fires (Mataruga and Milanovic¢

2025), climate change (lveti¢ and Aleksi¢ 2016, Dell'Oro et
al. 2020), anthropogenic factors (Mataruga and Milanovic¢
2024), as well as numerous other factors contribute to a
reduction in the number of populations and individuals of
this species in its natural habitat. Their small size makes
these populations vulnerable to local environmental
pressures, stochastic events, inbreeding and demographic
challenges. The species has long been known to exhibit poor
natural regeneration (Coli¢ 1957, Dini¢ 1989, Ostoji¢ 2005).
One of the causes is poor seed germination, especially in
natural populations (Prodanovi¢ et al. 2007, Cvjetkovi¢ et
al. 2013). Several interacting factors affecting key biological
processes contribute to reduced and temporally variable
seed germination in Serbian spruce (Mataruga et al. 2025).
It does not tolerate complete shading, especially that
created by deciduous species (Tuci¢ and Stojkovi¢ 2001).
Serbian spruce has also demonstrated an ability to establish
and persist outside its natural range, as evidenced by its
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successful growth in plantations (lveti¢ and Aleksi¢ 2016)
and, more recently, by the documented naturalisation of
an uneven-aged population in the Brembana Valley in the
Italian Alps (Giupponi et al. 2026).

The structure of its small, almost isolated natural
populations, with very limited gene flow, can be described
as a metapopulation in conservation genetics. According
to Levins' descriptions, a metapopulation is: "a set of
spatially separated populations of the same species that
are interconnected by occasional migration of individuals
or gene exchange". In the simplest terms — it is not one
large population, but a "network" of smaller populations
that live in different localities, but are not completely
isolated. This concept can be translated into the design
of ex situ plantations, with the aim of preserving broad
genetic representation.

Each metapopulation changes continuously by
increasing (births and immigration) and decreasing
(death and emigration), as well as by the appearance and
disappearance of local populations contained in it. Typical
characteristics of a metapopulation are: fragmented
habitats, small local populations, local extinctions,
recolonisation, and gene flow between populations. This
concept is important because even if a (sub)population
disappears, the species can survive if there are other
related populations. This genetic exchange reduces
inbreeding and habitat connectivity becomes crucial for
the preservation of the species.

Although individual subpopulations have limited
lifespans, the metapopulation as a whole is often stable
because gene migrants from one population are likely to
recolonise habitat left open by extinction. They can also
immigrate to a small population and reduce the risk of
that population becoming extinct (the so-called "rescue
effect"). Such a rescue effect occurs when immigrants from
other populations increase the persistence of a declining
local population. Although no single population may be
able to guarantee the long-term survival of a given species,
the combined effect of many populations can do so.

Rojas-Castro and Araya-Criséstomo (2019) link this
concept to practical ex situ conservation measures. They
argue that many endangered species today cannot be
viewed as one continuous population, but as a system
of small, spatially separated local populations — that
is, metapopulations. Their central idea is that ex situ
conservation can be seen as artificial colonisation of
empty "patches" (local populations), that is, when natural
colonisation is no longer sufficient, humans can intervene
by introducing individuals into empty habitats and thus
prevent the collapse of the entire metapopulation. This
represents an important conceptual shift, because ex
situ measures are no longer understood only as botanical
gardens, gene banks or isolated collections, but as an
active part of a dynamic system of species conservation. In
this context, ex situ conservation represents an important
complement to in situ conservation, particularly for
fragmented and threatened forest populations for which
maintaining evolutionary potential and genetic diversity
under changing environmental conditions is a major
conservation objective (de Vries et al. 2015, Lefévre et al.
2020, George et al. 2026).
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Along with efforts to provide as many functions
as possible for conservation plantations of Serbian
spruce, the obligation to preserve the genetic diversity
and evolutionary processes of the species through the
principle of metapopulation structure is highlighted. The
theoretical framework and existing knowledge of the
genetic diversity of Serbian spruce were crucial for defining
the planting scheme within each plantation, as described
in detail below. The presented schemes completely define
the arrangement of seedlings in the field, which will allow
in the future to easily determine the identity of each
genotype, and thus further study, use and preservation of
the genetic resources of this valuable species.

The aim of this study was to develop and implement
a metapopulation-based framework for the design of
ex situ conservation plantations of Serbian spruce and
to demonstrate its practical application. This is the
first attempt to apply this framework to the design
of ex situ conservation plantations of Serbian spruce.
We hypothesised that ex situ conservation plantations
designed according to metapopulation principles can
contribute to the long-term preservation of population
structure and genetic diversity in Serbian spruce and other
similarly endangered species.

The present study integrates knowledge on population
genetics, gene flow and metapopulation ecology into a
practical framework for ex situ conservation. The resulting
plantation design seeks to preserve both the genetic
composition and evolutionary potential of Serbian spruce
while simultaneously providing a basis for future breeding,
seed production and adaptive research.

MATERIALS AND METHODS — ESTABLISHMENT OF
PLANTATIONS

The Serbian spruce conservation plantations were
established through the following activities:

- selection of populations in which seeds were
collected;

- collection, processing and sowing of seeds -
production of seedlings;

- habitat characteristics of
establishment of plantations;

- designing schemes for planting seedlings;

- habitat preparation;

- planting seedlings in the field.

locations for the

Selection of Populations in which Seeds were Collected
Seven natural populations were selected (Figure 1)
according to the following criteria:

- The most endangered populations with only a few
dozen trees without natural regeneration: Panjak
and Tesla;

- Population almost destroyed by fire in the summer
of 2021: Veliki Stolac;

- Marginal populations: Tisovljak - the northernmost
and Radomislja - the southernmost;

- Stable populations within the "Drina" National Park:
Sarena bukva and Grad.
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Figure 1. Distribution of localities from which seeds were collected (Source: Pordije Milanovic).

Collection, Processing and Sowing of Seeds — Production
of Seedlings

Cones were collected in the autumn—winter period
2022/2023. In total, seeds from 87 maternal trees or half-
sib lines were collected, namely: Veliki Stolac —21; Tisovljak
—17; Grad — 11; Sarena bukva — 10; Tesla — 11; Panjak — 9;
and Radomislja — 8. Seeds could not be extracted from
cones collected from 10 mother trees, and that of the
most endangered populations, because the cones of some
were empty, small or could not be opened (Mataruga et
al. 2025). HIKKO V-250 containers were used for seeding,
with a total of 280 cells per half-sib line. In the autumn of
2024, labels were placed around the seedlings, on which
for each seedling there was a population mark, half-sib
line, latitude and longitude of the mother tree and time
of seed collection. The procedure for establishing Serbian
spruce plantations was fully followed by identification at
the level of populations and lines of half-sibs.

Habitat Characteristics of Locations for the Establishment
of Plantations
Two key criteria were considered when selecting sites
for the conservation plantations: (a) the area should be
suitable in terms of climate, soil and site conditions, and
(b) it should be able to produce at some point a sufficient
quantity of seeds for the reproduction of the next
generation. Activities on the selection of the best location
for ex situ plantations began at the end of 2023 with the
selection of forest management units (FMUs) within the
Public Enterprise of Forestry "Sume Republike Srpske".
When choosing FMU, the following was taken into account:
- there are natural Serbian spruce populations in the
area of the FMU,
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- the FMU has suitable areas for afforestation,

- the climatic conditions are similar to those in natural
habitats (Mataruga and Milanovi¢ 2024),

- there is consent and interest of local foresters
and people for the establishment and subsequent
maintenance of plantations.

Following the mentioned criteria, three FMUs were
selected: "Panos" - ViSegrad, "Sjemec¢" - Rogatica and
"Drina" - Srebrenica. On the selected FMU, potential
bare areas were identified using Geographic Information
System (GIS), in which the spatial division was made into
departments and farm classes. All areas in the "bare"
category were singled out with the following selection
criteria: (a) areas with northern exposure, (b) altitudes of
700-1500 m a.s.l., where most natural populations occur
and (c) areas with deep soil.

Based on GIS analysis combined with the experiences
of local forestry engineers, three areas were selected; their
characteristics are presented in Table 1. At each location,
two soil profiles were excavated, edaphic conditions were
determined, and the type of habitat was determined based
on the flora and surrounding forest communities.

The size of the areas for the establishment of plantations
was determined solely by the available space, so the area
of the plantations is: in Rogatica — 11,743 m?, in Srebrenica
—30,473 m? and in ViSegrad - 10,435 m?.

Designing Schemes for Planting Seedlings

The surfaces were recorded with a drone and a Global
Positioning System (GPS) device, plotting the Digital Terrain
Model (DTM). A preliminary planting scheme was created
with the positioning of blocks, populations, half-sib lines
and the number of seedlings, which are conditional:
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Table 1. Description of localities, habitats and soil for the analysed areas (Bruji¢ J — unpublished results).

Location Mornicki do Sjemec Karacidi - Srebrenica
FMU "Panos" - Visegrad "Sjemec" - Rogatica "Drina" - Srebrenica
The coordinates of the centroid Al‘;i;"ii" igagzlg:" i;gi'gi"
Altitude (m a.s.l.) 1,580 1,240 880
Configuration valley gentle slope slope
Actual vegetation Festuco-Agrostidetum pinosum Cynosurion cristati Pteridietum

Surrounding vegetation Cardamino savensis-Fagetum

Potential vegetation Piceetum inversum
Soil profile Ol-f-Aoh-E-Bt-R

Soil type Luvisol

Geological Substrate (R) Limestone fragments

Abieti-Piceetum
Piceo-Abieti-Fagetum
Ol-f-Aoh-(B)v-C

Distrokambisol

Hornstones with some sandstone

and limestone

Luzulo-Fagetum
Abieti-Piceetum
Ol-f-Aoh-E-Bt-R

Luvisol

Quartz-phyllites with argillites

and micaschists

- irregular shape of the area for planting and to which
the planting scheme should have been adjusted;

- the number of seedlings produced was not the
same in all half-sib lines due to the different amount
of collected seeds and germination among the half-
sib lines;

- the presence of natural Serbian spruce populations.
Considering that the plantation in ViSegrad is very
close to the natural location of the Serbian spruce
— Veliki Stolac, only seedlings originating from this
population were planted here in order to prevent
"genetic contamination" of this natural population.

Habitat Preparation

In order to prepare for planting, the following was done
on the sites described above:

- removal of existing vegetation (mowing or mulching
and felling and removal of individual trees);

- ploughing, discing and shredding of the soil (in
the locations of Sjemeé-Rogatica and Karaciéi-
Srebrenica);

- marking the position for planting each seedling by
placing stakes;

- the coordinates of each seedling were recorded in
the field and transferred to the scheme.

The direction of the rows in the plantation is determined
by the direction of the installation of the potential irrigation
system and the movement of the machine in the plantation
during their maintenance (Figure 2). The distribution of
half-sib lines, populations within the plantation was done
in such a way that each line/population has similar habitat
conditions in the plantation (equal central or marginal
participation of each line). In the Rogatica and Srebrenica
plantations, the planting spacing is 3 x 2.5 m, with a
distance between blocks of 4 m. In the Visegrad location,
the distance between the seedlings is 3 x 3 m with the
distance between the blocks 4 m.

Planting Seedlings in the Field
Seedlings were planted in autumn 2024, namely:
- locality Sjemec¢ - Rogatica — 10 October 2024;
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- locality Karacici - Srebrenica, 19 October 2024;
- locality Mornicki do - ViSegrad, 21 October 2024.

RESULTS AND DISCUSSION

Metapopulation Structure for Gene Pool Conservation

Metapopulation modelling is an important tool in the
conservation of endangered species in fragmented regions,
especially those that depend on climate-influenced
resources. Essentially, a metapopulation comprises a set of
interdependent subpopulations, each of which experiences
asynchronous extinction and recolonisation (Levins
1969, Hanski 1999). Early models of metapopulations
were mathematically comprehensible and intuitive, but
probably inadequate to explain the dynamics in most
natural systems (Harrison 1991).

The metapopulation concept was initially developed
primarily in animal ecology but was subsequently applied
widely to plant species, such as: Gentiana pneumonanthe
(Oostermeijer 2000, Volis et al. 2005), Silene regia (Menges
1991, Menges and Dolan 1998), Primula veris (Antrobus and
Lack 1993, Deschepper et al. 2017) and similar. In woody
species, the metapopulation concept is used somewhat
more cautiously than in herbaceous plants, mostly
indirectly in: Taxus baccata (Dubreuil et al. 2010, Chybicki
et al. 2011, Chybicki and Oleksa 2018, Stefanowska et al.
2021, Chybicki et al. 2024) and Pinus albicaulis (Warwell
and Shaw 2017). Today, this concept is gaining more and
more importance due to: climate change, loss of habitat,
anthropogenic pressure or natural relict.

The metapopulation structure was also applied when
establishing a black pine seed plantation in Serbia (Tucovi¢
and lIsajev 1991). This plantation consists of several
repeated, more or less related structures (subplantations
or blocks) that ensure higher fertility, better economy,
genetic diversity, better adaptability to all environmental
adversities, as well as stability and the possibility of
producing varietal seeds (Mataruga 1998).

When defining planting schemes of Serbian spruce, the
following aspects were considered:

https://www.seefor.eu
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- metapopulation design,

- importance of ex situ conservation for endangered
Serbian spruce,

- plantings as progeny tests,

- potential function as seed plantations,

- equal number and random planting arrangement
within half-sib lines and populations,

- seedling arrangement to promote outcrossing
without excluding selfing,

- emphasis on intra-population
crossing.

combinatorial

Metapopulation Design

The establishment of ex situ conservation plantations
is primarily driven by the assumption that the long-
term survival of Serbian spruce depends not only on
the preservation of individual genotypes, but also on
the maintenance of relationships between populations,
half-sib lines and gene flow patterns characteristic
of the species within its fragmented natural range.
Although geographically fragmented, previous studies
have shown that these populations cannot be described
as completely independent genetic systems because
historical and contemporary pollen-mediated gene flow
still somewhat connects them (Aleksi¢ and Geburek 2010,
Aleksi¢ et al. 2022). Such an organization fits well with
the metapopulation concept originally defined by Levins
(1969) and later widely applied in the conservation biology
of fragmented plant species.

Following this principle, the planting scheme is not
designed as a classic ex situ collection with randomly
distributed seedlings, but as a structured system intended
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to mimic the key components of the species' natural
metapopulation organization. The primary goal is therefore
the preservation of evolutionary and reproductive
processes that can contribute to future adaptive potential.

The decision to arrange seedlings in blocks (replicates)
within each plantation also reflects one of the central
principles of metapopulation theory—reducing the risk of
extinction through spatial replication. In practical terms of
conservation, the establishment of several subplantations
reduces the probability that stochastic disturbances such
as drought, fire, pests or unfavourable local conditions
will eliminate the included gene pool. Instead, individual
blocks may function analogously to local subpopulations
within a broader metapopulation system.

Following the distribution of natural populations (Figure
1), taking into account the fact that almost all populations
are in a highly interspersed canyon relief, Serbian spruce
can be taken as a representative of the concept of
metapopulation structure. Its survival after the last ice age
in a very limited area can be explained precisely by the
fact of the existence of gene flow among these, one would
say, completely isolated populations. This is supported by
recent research of Aleksi¢ et al. (2022).

The alternation of half-sib lines within populations
and the replication of populations across multiple blocks
and microhabitats provide both genetic and ecological
safeguards for maintaining the species' gene pool. That
is why seedlings of the same lines and populations were
planted in: Rogatica in three, Srebrenica in eight, and
Visegrad in six blocks. Following the dynamics of growth
and survival of seedlings in different localities (Srebrenica,
Rogatica and Visegrad), as well as microhabitats within
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one locality, answers will be obtained in the reaction of
individual genotypes, half-sib lines and populations.

Importance of ex situ Conservation for Endangered Serbian
Spruce

Ex situ plantations represent an important conservation
measure for maintaining the genetic resources of this
species. Such plantings enable: (a) protection of populations
or individuals that are at risk of physical destruction;
(b) preservation of populations that are at risk of losing
genetic diversity; (c) readily available, continuous supply
of reproductive material; (d) commercial improvement
of species through breeding activities (FAO 1989). The
establishment of a metapopulation structure in several
localities (Rogatica, Srebrenica and Visegrad) is precisely
aimed at achieving all the goals defined above.

Plantings as Progeny Tests

These plantations, comprising multiple half-sib lines
and sub/populations, can serve as progeny tests for
assessing parental performance and identifying individuals
suitable for breeding populations or seed orchards. They
are established from seedlings of known maternal origin.
Relationships of half-sib lines are important for determining
survival percentage, growth dynamics, variability in
habitus, but also for identification of low frequencies or
recessive alleles. As in breeding trials, many of these tests
are designed to provide genetic information over a short
period of time (10-20 years).

Potential Function as Seed Orchards

In addition to preserving the original genetic variability,
these plantations can be a source of reproductive material
for commercial use. They can preserve or even increase
the genetic variability of collections of individual trees
or small populations that have an endangered status,
insufficient fructification or undesirable pollination in
their natural environment (El-Kassaby 2000). Collecting a
sufficient number of half-sib lines scattered over a large,
but ecologically similar area, in this case will represent a
new population that will produce seeds with high genetic
diversity through crossing.

Comparative analyses of seeds, planting material, and
genetic composition from these plantations will support
the selection of superior parent trees. Selected individuals
will possess high general and specific combining ability.
They will serve as the basis for establishing second-
generation seed plantations or specialised clonal seed
plantations. The best mother trees will be used to ensure
the production of genetically superior seed and high-
quality planting material. The selected planting scheme
ensures the possibility to clearly define what genotype
"variety" we want to create already at the beginning of the
production of seeds or seedlings.

Equal Number and Random Planting Arrangement within
Half-Sib Lines and Populations

It is very important that the number of planted
individuals should be large to ensure a sufficient number
of representatives even in the case of seedling mortality
due to a series of biotic and abiotic factors. Therefore,
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each half-sib line is presented with a larger number of
seedlings planted in different microhabitat conditions so
that the influence of the external environment is equally
distributed.

Current findings support the unequal participation
of Serbian spruce trees in seed distribution and pollen
dispersion (Aleksi¢ et al. 2022), which at this moment
cannot be known until the moment of fructification of
the incorporated genotypes. By representing each half-sib
line with the same number of seedlings, each line has an
approximately equal opportunity to contribute to future
generations through open pollination. That is why each
half-sib line is represented by the same number (seven) of
seedlings (genotypes) in one row, and the rows as lines of
half-sib alternate within one population in equal numbers.
The number of repetitions (blocks) is defined by the area
on which the plantation is established. At the Visegrad
location, only half-sib lines originating from Veliki Stolac
with a larger number of seedlings were planted.

Seedling Arrangement to Promote Outcrossing without
Excluding Selfing

The quantity and quality of seeds, as well as success in
breeding through the effect of selection, largely depends
on the fertilisation system, i.e. methods of propagation of
parent trees. Kuittinen and Savolainen (1992) indicate that
Serbian spruce is a self-pollinated and cross-pollinated
species, while Aleksi¢ (2008) indicates a negligible share
of self-pollinated seedlings. Seed quantity and quality
are characterised by annual, population and individual
oscillation (Jevti¢ 1960, Mataruga et al. 2025). The results
so far in the study of the effects of self-fertilisation of
Serbian spruce test trees (Tucovi¢ and Isajev 1982), as well
as the knowledge of the full importance of inbreeding as
a strategy in plant breeding, allow a closer understanding
of the genetic potential of this species. Contrary to the
advantages of inbreeding, a number of facts are presented
in favour of the promotion of outcrossing among unrelated
individuals (allogamy), which leads to the effect of
increasing heterozygosity.

Completely preventing inbreeding in small ex situ
populations is neither realistic nor necessarily desirable,
especially when considering the preservation of rare alleles
and local genetic structures. Therefore, the applied design
attempts to favour pollen flow among unrelated half-sib
lines while preserving the natural reproductive flexibility
characteristic of the species. Seven seedlings of the same
line in one row and the alternation of rows of different
half-sib lines within the same population leave "room" for
further study of the nature of the structure and functionality
of the crossbreeding system in Serbian spruce.

Emphasis on Intra—Population Combinatorial Crossing
Special emphasis is placed on preserving the integrity
of individual populations through the principle of "one
population—one genetic conservation unit (GCU)".
Previous genetic studies have revealed significant
differentiation among Serbian spruce populations, despite
their relatively narrow geographic distribution (Sijacié-
Nikoli¢ 2001, Ballian et al. 2006, Aleksi¢ 2008, Nasri et al.
2008, Aleksi¢ and Geburek 2010, Mataruga et al. 2020).
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Some geographically distant populations showed strong
genetic similarity, while others, separated by only short
spatial distances, showed marked differentiation, probably
as a consequence of historical bottlenecks, founder effects
and long-term demographic isolation. Therefore, extensive
mixing of populations within a planting design could
potentially mask locally differentiated gene pools. At the
same time, the metapopulation framework applied in this
study does not imply strict isolation between populations.
Replication across several localities and environmental
conditions was intended to preserve opportunities for
future pollen exchange and adaptive responses under
changing environmental conditions. Such an approach
follows the concept of dynamic conservation, where
evolutionary processes are allowed to continue under
controlled but ecologically realistic conditions.

Planting Schemes in Plantations as a Result of the Above
Principles

The planting plan should be viewed as a dynamic
conservation framework rather than a static plantation
design. Its main value lies in integrating the principles
of conservation genetics, metapopulation ecology and
practical advantages. The planting scheme is an attempt
to transfer the metapopulation structure from natural
populations to three conservation plantations (Figure 3).

NATURAL POPULATIONS

(fragmented habitats with more or less gene flow between populations)

Population
TISOVLJAK

i % .fﬂ

. Population
SARENA BUKVA

Population
PANJAK

Population
TESLA

B T €%
Population
RADOMISLJA

TRANSFER TO EX SITU
CONSERVATION PLANTATIONS

)

-
- el
A 8"

Selection of natural populations
and seed collection

with a metapopulation structure
DYNAMIC CONSERVATION

Plantation in Rogatica

The number of planted seedlings is shown in Table 2.
Characteristic of this scheme is that each line is represented
by seven seedlings in three blocks (repetitions), which
means that the largest number of half-sib lines is
represented by 21 seedlings (Supplementary Material
S1). In Rogatica, 1,500 seedlings of 70 half-sib lines from
7 endangered populations were planted on an area of
11,743 m2,

Plantation in Srebrenica

The number of seedlings planted by half-sib lines is shown
in Table 2. The limited space on the field caused the first
and eighth repetitions to be with a reduced number of half-
sib lines. Also due to the insufficient number of seedlings in
certain lines (Radomislja 8; Tisovljak 13; Sarena bukva 3 and
8), the scheme was adjusted in such a way that these lines
are not present in every repetition. The scheme of planted
seedlings by lines is shown in Supplementary Material S2.
In Srebrenica, 3,007 seedlings of 66 half-sib lines from 7
populations were planted on an area of 30,473 m2.

Plantation in Visegrad

The number of seedlings planted per line is shown in
Table 2, and the scheme of the planting in Supplementary
Material S3. In ViSegrad, 983 seedlings from 19 half-sib
lines, all from the Veliki Stolac population, were planted on
an area of 10,435 m2.

EX SITU CONSERVATION PLANTATIONS
(three localities)

1. Plantation - Rogatica

B ranaak

VELIKI STOLAC

2. Plantation - Srebrenica . SARENA BUKVA

TISOVLJAK

et ' i [ racomisLIA

3. Plantation - Viiegrad

I crap

I testa

Conservation of Conservation of ev

genetic diversity

Conservation of population
relationships and gene flow

and adaptive processes

Tolerance to habitat
and climate change

Future pr of forest

Progeny testing
reproductive material

and future research

Figure 3. Transfer of metapopulation structure from natural populations to conservation plantations.
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Table 2. Number of seedlings planted in three plantations at the time of establishment in 2024.

Half-sib Rogatica Srebrenica Visegrad Half-sib Rogatica Srebrenica
Vs/1 22 49 54 TE/1

VS/2 22 49 11 TE/2

VS/3 22 49 54 TE/3 21

VS/4 22 49 23 TE/4

VS/5 22 49 69 TE/S 21 49
VS/6 22 49 68 TE/6 21 49
VS/7 22 49 54 TE/7

VS/8 TE/8

VS/9 22 49 69 TE/9

VS/10 21 49 65 TE/10

VS/11 21 49 68 TE/11 21 49
VS/12 21 49 65 TI/1 21 42
VS/13 21 42 69 TI/2 21 42
VS/14 21 42 57 TI/3 21 42
VS/15 21 42 23 TI/4 21 42
VS/16 TI/5 22 42
VS/17 21 19 TI/6 22 49
VS/18 21 42 54 TI/7 22 42
VS/19 21 42 69 TI/8 22 42
VS/20 21 42 46 TI/9 22 42
Vs/21 21 42 46 TI/10 22 42
GR/1 21 50 TI/11 22 42
GR/2 21 50 TI/12 22 49
GR/3 21 50 TI/13 22 28
GR/4 21 50 TI/14 22 42
GR/5 21 50 TI/15 22 42
GR/7 21 50 TI/16 22 42
GR/8 21 50 TI/17 22 42
GR/9 21 50 SB/1 22 49
GR/10 21 50 SB/2 22 49
GR/11 21 50 SB/3 14
GR/12 21 50 $B/4 22 49
PA/1 SB/S 22 49
PA/2 21 SB/6 22 49
PA/3 21 49 $B/7 22 49
PA/4 21 SB/8 22 42
PA/5 SB/9 22 49
PA/6 $B/10 22 49
PA/7

PA/8 21

PA/9

RD/1 21 49

RD/2 21 49

RD/3 21 49

RD/4 21 49

RD/5 21 49

RD/6

RD/7

RD/8 21 21

Total number of lines 70 66 19
Tmizgmqk;ir of 1500 3007 983

Legend: The letters indicate the population of origin (VS — Veliki Stolac, GR — Grad, PA — Panjak, RD — Radomislja, TE — Tesla, Tl — Tisovljak, SB
— Sarena bukva), while the number following the slash indicates the sequential number of the half-sib family within that population.
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CONCLUSIONS

The establishment of ex situ conservation plantations for
endangered endemic species with restricted and disjunct
distributions represents both a priority and a significant
challenge. Serbian spruce occurs in a network of spatially
isolated populations linked by limited gene flow, where
long-term species persistence depends on the interplay
between local extinction and recolonisation dynamics.
Such a population structure provides a strong theoretical
foundation for the application of the metapopulation
concept in the design of ex situ conservation strategies.
The transfer of the concept of natural metapopulation
structure to the design of conservation plantations is based
on the assumption that the long-term preservation of
Serbian spruce does not depend exclusively on the number
of preserved genotypes, but also on the preservation of
functional relationships between populations. Applying
this principle in planting schemes attempts to preserve
not only the existing genetic variability, but also the
potential of future evolutionary and adaptive processes.
Thus, ex situ plantations become a dynamic system of
preserving the gene pool, and not just a static collection
of reproductive material. The applied approach enables
combining the conservation of genetic resources with
progeny tests, future production of reproductive material
and the study of adaptive responses of the species to
different habitat and climate conditions. At the same time,
the spatial replication of populations and half-sib lines can
contribute to reducing the risk of loss of genetic diversity
due to stochastic disturbances or climate changes. Such

an approach can be widely used in other rare, relict and
fragmented conifer species.
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