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The three-toed woodpecker Picoides tridactylus is one of the rarest bird species in Serbia. Its distribution
is limited to high-altitude forests in South-Western Serbia, where it represents a glacial relict. As a habitat
specialist, it is vulnerable to climate change impacts. The aim of this study was to evaluate the effectiveness
of Important Bird and Biodiversity Areas in conserving suitable habitats for P, tridactylus in the present and
the future (2050) under the moderate SSP2-4.5 and extreme SSP5-8.5 greenhouse gas emission scenarios.
To accomplish this, a gap analysis was performed in QGIS by overlapping species distribution maps in
the present and the future with the distribution of Important Bird and Biodiversity Areas in South-Western
Serbia. Future projections were created using the warm/dry global climate model HadGEM3-GC31-LL,
which had the greatest negative impact on the studied species and could, therefore, provide insight into the
effectiveness of the Important Bird and Biodiversity Areas under the high climatic pressure. The results
indicated that this network would encompass > 90% of species suitable habitats by 2050. Nevertheless,
moderately and highly suitable habitats for this species were shown to have a drastic reduction and/or a
complete loss by 2050, both within and outside the network, indicating that it will probably become less
suitable for P, tridactylus in the future. To mitigate the expected changes, it is necessary to provide adequate
protection measure now by preserving the suitable habitats for this species. Currently, there are still 52.41
km? of moderately suitable habitats outside the network that should become conservation priority. Given
that Important Bird and Biodiversity Areas in Serbia face various threats, | recommend an adaptive man-
agement measures as a way to maintain the habitat of this endangered woodpecker in Serbia.
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Introduction

the basis for biodiversity conservation and they in-
clude a variety of benefits (Chape et al. 2008) but

The effectiveness of protected areas in represent-  several disadvantages as well. Protected areas are
ing and maintaining biodiversity is an ongoing  often not sufficiently large and face several human-
topic of academic discussions. Protected areas are  induced pressures within their boundaries and in
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the surrounding landscape (Crofts 2004). Tradi-
tionally, many protected areas were created ad hoc,
often for different reasons (historical, aesthetic,
economic, etc.), whereas the presence of particular
species or populations was not really the focus in
their designation (Chape et al. 2008, Radisi¢ et al.
2019). They tend to be biased towards sites that lack
values for commercial uses (Margules & Pressey
2000) and even in some cases have lower species
richness, more generalist species and fewer species
of conservation concern (Rayner et al. 2014). In ad-
dition to traditionally protected areas, the Natura
2000 network of protected sites was established in
the European Union (EU) for selected species and
habitats under the Birds and Habitats Directives; it
comprises Special Protection Areas (SPAs) for birds
and Special Areas of Conservation (SACs) for natu-
ral habitats, flora and non-avian fauna (Evans 2012).
There is sufficient evidence of the importance of the
Natura 2000 network (Donald et al. 2007, Gruber
et al. 2012, Trochet & Schmeller 2013, Maiorano
et al. 2015, Lison et al. 2015, Moran-Lopez et al.
2020), especially in relation to bird coverage (Maio-
rano et al. 2015). The Natura 2000 network can act
as an umbrella, protecting both the target species on
whose presence the designation was based (listed in
the Annexes of the Birds and Habitats Directives),
as well as non-target species (Trochet & Schmeller
2013, Lison et al. 2015, Moran-Lopez et al. 2020). It
can also improve conservation by providing a con-
nection between existing nationally protected areas,
thus complementing the traditional network (Maio-
rano et al. 2015). However, the representation of bi-
odiversity and the ability to mitigate anthropogenic
pressures is uneven among species, taxa and within
the European range (Gruber et al. 2012, Trochet &
Schmeller 2013, Kukkala et al. 2016a, Gavioli et al.
2023). The effectiveness of these sites is not uni-
form across the network and can depend on different
factors, such as current conservation management
(Lison et al. 2015) and designation methods (Gruber
et al. 2012, Moran-Lopez et al. 2020). For example,
there are no agreed EU criteria for the selection of
SPAs, which means that each country selects and
designates these sites often independently of each
other, while using criteria that may or may not be
based on systematic conservation planning (Evans
2012, Gruber et al. 2012, Kukkala et al. 2016a,
Moran-Lopez et al. 2020). Moreover, the designa-
tion of the Natura 2000 sites is strongly influenced
by factors such as the political, economic and cultur-
al aspects of a country (Trochet & Schmeller 2013).
This can be an issue because the effectiveness of
protected areas increases when systematic conser-
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vation planning methods are used to designate those
(Moran-Lopez et al. 2020).

The designation of conservation sites based
on quantitative criteria is of essential importance.
In this sense, the largest global network of system-
atically identified sites based on standardised data-
driven criteria is the Important Bird and Biodiversity
Areas (IBAs) (BirdLife International 2014, Walic-
zky et al. 2019). These represent areas of interna-
tional importance for the conservation of bird popu-
lations and other non-avian taxa which, while not
the focus of the initial designation, still tend to have
high representation, proving that birds are a good
umbrella taxon (BirdLife International 2014, Kuk-
kala et al. 2016b). IBAs are important for various
reasons. In different studies, the IBA network was
shown to improve and be more effective for species
habitat conservation than the network of protected
areas (Lopez-Lopez et al. 2007, Beresford et al.
2011, Radisi¢ 2019). They can guide the designation
of SPAs in the EU, which is evidenced by the cor-
relation of the coverage of national IBAs by SPAs
with the year of the country’s accession to the EU
(Kukkala et al. 2016b, Waliczky et al. 2019). Using
IBAs to create a preliminary list of SPAs in the non-
EU countries (Ministry of Agriculture and Environ-
mental Protection 2014, Kukkala et al. 2016b) and
then establishing them once the country officially
becomes the EU member is a good way to eliminate
the above-mentioned limitations of the Natura 2000
network and to ensure systematic and quantitative
location selection criteria (Kukkala et al. 2016a).
Identification of IBAs can, therefore, facilitate the
expansion of existing protected areas and the des-
ignation of new protected areas, both at the national
and EU level (BirdLife International 2014, Waliczky
et al. 2019). This is particularly important because
results suggest that the IBA network will retain fa-
vourable climate conditions for the survival of many
priority species under the projected global warming
and can, therefore, be important for mitigating the
impacts of climate change (Hole et al. 2009). The
key limitation of these areas is that their identifica-
tion does not necessarily imply legal protection or
proper management. This represents a threat, con-
sidering that IBAs inside protected areas are usually
in better conditions than unprotected ones (Mwangi
et al. 2010). Furthermore, greater coverage of IBAs
by protected areas was shown to reduce the increase
in species extinction risk (Butchart et al. 2012).

Adequate protection is particularly important
in environments that are highly sensitive to cli-
mate and land-use changes, e.g. mountains. High
mountains are warming faster than the surrounding
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lowland area (Mountain Research Initiative EDW
Working Group 2015) and changes in temperature,
precipitation, duration of snow cover, relative hu-
midity and an increase in the frequency of extreme
events can have severe consequences for mountain
biodiversity (Payne et al. 2017, Scridel et al. 2018).
Species that inhabit higher altitudes are highly vul-
nerable to these changes because of their adaptation
to the cold environment and limited suitable condi-
tions, which are the result of the specific physical-
geographic characteristics of the mountains (i.e.,
steep altitudinal and environmental gradients) (Diaz
etal. 2003, Brambilla et al. 2022). Birds can respond
to climate change by adaptation, migration or ex-
tinction (Huntley et al. 2006); impacts have already
been observed on their distribution (latitudinal and
altitudinal shifts), phenology (earlier breeding and
arrival of migrants), survival and abundance (Parme-
san & Yohe 2003, Chamberlain et al. 2012, Scridel
et al. 2018). Such impacts are expected to continue
in the future (Scridel et al. 2018). Alongside climate
change, mountain ecosystems are also threatened by
changes in land use, which can have drastic impacts
on species and their habitats and make adaptation to
novel climate conditions more difficult (Scridel et
al. 2018). An example from the Alps shows a strong
potential future overlap between a suitable area for
high-elevation birds and an area suitable for skiing
development (Brambilla et al. 2016). The synergy
of these two factors endangers the future survival of
mountain birds.

Among the montane species threatened by
global warming there are boreal birds, such as the
three-toed woodpecker Picoides tridactylus (Lin-
naeus, 1758) (Piciformes: Picidae). This species is
widespread in the taiga biome of Eurasia, but the
subspecies Picoides tridactylus alpinus occurs in
isolated populations south of this zone, where it is
distributed in the mountain belt of Central, South-
ern and South-Eastern Europe (Rajkovi¢ & Vasi¢
2018, del Hoyo et al. 2020). It is an old-growth and
mature forest specialist (Pakkala et al. 2018) that
is associated with the presence of spruce (Vasi¢ et
al. 2009, Shurulinkov et al. 2012, Shurulinkov &
Fedchuk 2015). The species favours forests with an
abundance of dead or dying trees, which is closely
related to the insects on which it feeds (Biitler et al.
2004, Balasso 2016). Overall, P. tridactylus preferc
attributes of mature boreal forests that should be
preserved for the species’ successful conservation
(Pechacek & d’Oleire-Oltmanns 2004), but which
are threatened by changes in forestry practice and
land use. Intensively managed forests lack old and
mature stands and they are poorer in dead/dying

trees crucial for the presence of this woodpecker
due to sanitary logging (Kajtoch et al. 2013). Fur-
thermore, habitats of P. tridactylus are exposed to
urbanisation of mountains and ski-centres develop-
ment, with a worrying potential correlation between
the distribution of sport and leisure facilities and
coniferous forests (Popovi¢ et al. 2024). Alongside
direct human-induced pressures, climate change is
an important threat to this species, with a risk of
range contractions in Central Europe (Braunisch et
al. 2014) and on the Balkan Peninsula (Popovi¢ et
al. 2024). Whether a species will manage to colo-
nise new areas with favourable climate conditions
or continue being present in the current ones de-
pends on the habitat quality (Scridel et al. 2018). In
particular, the ability of species to adapt to climate
change largely depends on protected areas and their
management, including improving habitat structure,
landscape connectivity and reducing threats (Scridel
et al. 2018). So far, protected areas were shown to
be of high importance for P. tridactylus in Finland
because of the large habitat loss, i.e., clearcutting of
old-growth forests outside these reserves (Virkkala
et al. 1994a, Virkkala et al. 2022). Similar results
were obtained for the population of the species in
Québec, Canada (Lamarre & Tremblay 2021). Fu-
ture projections indicate that bird species of forest
and mountain habitats will have a slightly smaller
decrease in protected than in unprotected areas of
Finland (Virkkala et al. 2013). However, although
protected areas in Europe are likely to maintain
more suitable condition better than unprotected ar-
eas, climate conditions in them will still become less
suitable during this century (Aratijo et al. 2011), put-
ting many species at risk (Béssler et al. 2010). Some
studies suggest that proper adaptation management
has the potential to mitigate the negative effects of
global warming on species (Carrol et al. 2011, Boll-
mann et al. 2014, Braunisch et al. 2014, Brambilla
etal. 2018, Bowgen et al. 2022). Despite the project-
ed range reduction by 2050, providing adequate in
situ management, such as increasing the number of
standing dead wood and high (> 15 m) canopy pro-
portion, can potentially mitigate the negative effects
of climate change on populations of P. tridactylus in
Central Europe (Braunisch et al. 2014).

These conservation implications are especially
important for the current and future conservation of
P, tridactylus on the Balkan Peninsula, where it rep-
resents rare and endangered species. Picoides tridac-
tylus had the greatest extent in the Balkan Peninsula
during the last glacial maximum, after which its dis-
tribution narrowed to areas where cold environmen-
tal conditions persisted, i.e., high altitudes (Popovi¢
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et al. 2024). Its distribution on the Balkan Peninsula,
including Serbia, is fragmented (Shurulinkov & Fed-
chuk 2015) and limited to high mountainous conif-
erous and mixed forests (Rajkovi¢ & Vasi¢ 2018),
where it represents a glacial relict (Spiridonov et
al. 2008). The species is protected in the EU by the
Birds Directive and the Bern Convention (Rajkovié¢
& Vasi¢ 2018) and there is a total of 25 Natura 2000
sites designated for the conservation of P. tridactylus
on the Balkan Peninsula: in Bulgaria, Croatia, Greece
and Slovenia (Biodiversity Information System for
Europe n.d.). As an EU member candidate, Serbia
has an obligation to implement the Birds Directive
(as well as the Habitats Directive) and ensure the
conservation of the target bird species listed in An-
nex I and of their habitats, which includes proposing
candidate sites for future SPAs (Donald et al. 2007,
Lopez-Lopez et al. 2007). A preliminary list of SPAs,
i.e., the Natura 2000 network, was made in 2014, us-
ing IBAs to inform them (Ministry of Agriculture
and Environmental Protection 2014). Currently, Ser-
bia has 79 IBAs, in five of which P. tridactylus is
one of the target species: “Tara Mountain”, “Zlatar”,
“Mokra Gora”, “Kopaonik™ and “Prokletije” (Bird-
Life International 2024).

Picoides tridactylus is one of the rarest and least
studied species in Serbia (Vasi¢ et al. 2009). It is a
sedentary breeding bird with an estimated population
size of 50-90 breeding pairs in Serbia and its popula-
tion trend has been assessed as stable (Rajkovi¢ &
Vasi¢ 2018). Picoides tridactylus is most common
in the Tara, Mojstirsko-Draske Planine, Jadovnik,
Jabuka, Zlatar (Rajkovi¢ & Vasi¢ 2018) and Kamena
Gora Mountains (Vasi¢ et al. 2009), all of which are
located in the Stari Vlah and Raska Region. Along
with the mountains in this region, the presence of the
species has also been recorded on the Kopaonik and
Prokletije Mountains (Vasi¢ et al. 2009). In Serbia, it
is listed as Endangered in the Red Book of Fauna of
Serbia (Rajkovi¢ & Vasi¢ 2018). Picoides tridactylus
is a strictly protected wild species by the Rulebook
on Proclamation and Protection of Strictly Protected
and Protected Wild Species of Plants, Animals and
Fungi (Institute for Nature Conservation of Serbia
n.d.). In a previous study we found that the projected
global warming will have a drastic impact on the dis-
tribution of P. tridactylus on the Balkan Peninsula,
with a 90% average loss of highly and moderately
suitable habitats (Popovi¢ et al. 2024). In order to
mitigate the impacts of climate change and to ensure
the easier adaptation of this cold-adapted species to
expected future changes, it is necessary to provide
adequate habitat conservation now. This is particu-
larly important because the region of Stari Vlah and

260

Raska (South-Western Serbia), where P. tridactylus
is most common in Serbia (Rajkovi¢ & Vasi¢ 2018),
is expected to face significant climate changes in the
future (Mihailovi¢ et al. 2015, Radisi¢ 2019, Duskov
et al. 2020). In the period 2071-2100, the currently
dominant mountain climate of the Stari Vlah and
Raska will be replaced by the moderate continental
climate, whereas the continental climate will replace
the moderate continental climate in the area of its
current distribution (Mihailovi¢ et al. 2015). Further,
the mountain climate is expected be limited to the ar-
eas with the highest altitude (Mihailovi¢ et al. 2015),
which represents a threat to mountain ecosystems.
As a consequence of global warming, significant
number of breeding birds, including the species of
coniferous and mixed forests, is expected to disap-
pear from South-Western Serbia by 2050 (Radisi¢
2019).

Although both protected areas and IBAs cover
a small percentage of suitable habitats for common
birds in Serbia, the IBA network is significantly
more effective in conservation than protected areas
(Radisi¢ 2019). This effectiveness results from bet-
ter representation of common bird habitats and cen-
tres of their diversity within the IBA network, rath-
er than any specific habitat management. In fact,
Serbian IBAs are exposed to many human-induced
threats, such as disturbances, inadequate manage-
ment, poaching, agricultural expansion, intensive
forestry, urbanisation and tourism development,
among others (Puzovi¢ et al. 2009). Ensuring their
adequate management and protection, as one of the
key objectives of the IBA programme (Puzovi¢ et
al. 2009), is especilly important in the light of ex-
pected global warming, where conservation efforts
could play a key role in mitigating adverse effects
of climate change. However, while Serbian IBAs
are effective for common birds, the question arises
whether suitable areas for habitat specialist like P,
tridactylus are also well represented within this
network and, consequently, potential new SPAs.
Moreover, if the network’s border is well defined
today, will it continue to encompass habitats suit-
able for the species even under novel climate con-
ditions? Serbia lacks large-scale systematic surveys
(Radisic¢ et al. 2019), which makes the present as-
sessment essential for timely and adequate conser-
vation and management. Identifying the coverage
of suitable habitats by this network represents an
important first step towards effective protection and
is key in understanding its potential impact (Kuk-
kala et al. 2016b). This study aimed to assess the
effectiveness of the IBA network in conserving
habitats of P. tridactylus in the region of Stari Vlah
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and Raska, i.e., South-Western Serbia, by perform-
ing gap analysis in the current and future period
(2050). The effectiveness of the IBA network is de-
fined here as the representation of the species habi-
tats within the network. The main research objec-
tives were to quantify the area of suitable habitats
for the species within the IBA network at present
and in 2050, the area of suitable habitats outside the
network and the network’s degree of formal protec-
tion. Along with this, to get a full overview of the
conservation effectiveness, gap analysis was also
performed for the two IBAs outside this region,
“Kopaonik™ and “Prokletije”, whose identification
was based on P. tridactylus as one of the target spe-
cies. Finally, conservation measures are proposed
as a way to maintain the habitat of this endangered
woodpecker in Serbia. This is the first study in Ser-
bia to evaluate the effectiveness of the IBA network
for the conservation of P. tridactylus.

Material and Methods

Study Area

Stari Vlah and Raska is a geographic region located
in South-Western Serbia. It borders the Petinja and
West Morava Valleys in the north, the state border
with Bosnia and Herzegovina in the north-west, the
state border with Montenegro in the south-west, the
administrative border with Kosovo in the south and
the Ibar Valley in the east (Pavlovi¢ 2019). Based
on the QGIS 3.24 area calculation (QGIS Devel-
opment Team 2022), the region has an area of ap-
proximately 9,213.28 km?. Its terrain is part of the
Dinarides Mountains with the highest peak (1,833 m
a.s.l.) in the Golija Mountain (Pavlovi¢ 2019). The
largest part of the region has a mountain climate,
with a slightly smaller representation of a moderate
continental climate (Mihailovi¢ et al. 2015). The re-
gion is characterised by the dominance of mesophil-
ous forests with regard to horizontal zonation, while
boreal coniferous forests dominate in terms of the
altitudinal zonation (Stevanovi¢ 2022). There are 11
IBAs on its territory, nine of which are fully within
the region’s boundaries, whereas the territories of the
IBAs “Mokra Gora” and “Ovcar-Kablar Gorge” fall
partially within Kosovo and the region of Zapadno
Pomoravlje, respectively. Along with the IBAs, the
region’s territory contains several other areas of in-
ternational importance for biodiversity: Important
Plant Areas, Prime Butterfly Areas, the UNESCO-
MAB Biosphere Reserve “Golija-Studenica” and
Ramsar Site “Pestersko polje”. By 2021, 46 national
protected areas in the region have received formal
status (UNEP-WCMC & TUCN 2024).

Methodology

The gap analysis identifies gaps in the current net-
work of protection by comparing species distribu-
tion to the distribution of conservation areas (Jen-
nings 2000). It is often used together with the species
distribution modelling (SDM) (Lopez-Lopez et al.
2007, Campedelli et al. 2010, Brambilla et al. 2015,
Radisi¢ 2019), which is a method that determines
the statistical relationship between species data and
environmental variables. The modelling results into
a raster map of the species extent (areas with suit-
able environmental conditions) on which conserva-
tion areas can be overlaid. Gap analysis, along with
SDM, allows us to obtain the biogeographic knowl-
edge of spatial relationships necessary for long-term
biodiversity conservation, which can be used for ef-
fective management, planning and decision-making
(Scott et al. 1993, Jennings 2000).

To assess the effectiveness of the IBA network
in conserving the habitat of P. tridactylus, QGIS
3.24 was used to perform gap analysis by overlap-
ping the species distribution and distribution of the
IBA network. Shapefiles of the IBAs were obtained
from the Bird Protection and Study Society of Ser-
bia. Shapefiles of the national protected areas were
downloaded from the World Database on Protect-
ed Areas (UNEP-WCMC & IUCN 2024). As the
SDM basemap, this study used present and future
distribution models for P. tridactylus on the Balkan
Peninsula using Maxent version 3.4.4 (Popovi¢ et
al. 2024) and which were clipped to the bounda-
ries of the study region, using QGIS. To assess the
impacts of climate change at the country level, a
Balkan-level model was applied in order to capture
the climatic niche for this species, which was not
limited to Serbia. A model created at the Serbian
level would be biased because the glacial relict P.
t. alpinus is present in multiple Balkan countries,
not just in one. Therefore, distribution modelling
should be performed on a wider spatial scale. The
SDM methodology follows Popovié¢ et al. (2024)
and is briefly described here: for the present dis-
tribution model, 105 occurrence points from differ-
ent parts of the Balkans were used (16 in Serbia)
obtained from three sources (Institute for Nature
Conservation of Serbia, Global Biodiversity In-
formation Facility and personal data collected by
a co-author), whereas environmental variables de-
rived from the WorldClim database (n.d.), Euro-
pean Environment Agency (2020) and European
Space Agency (n.d.) were chosen based on their
ecological importance for the species (bioclimatic
variables, topographical variables and land cover).
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To perform gap analysis under the impacts of future
climate changes, distribution models created with
global climate model (GCM) HadGEM3-GC31-LL
for 2050 under the SSP2-4.5 (moderate) and SSP5-
8.5 (extreme) greenhouse gas (GHG) emissions
scenarios were used as a basemap. This GCM was
chosen for the analysis because it shows the great-
est warming on the Balkan Peninsula (Popovi¢ et
al. 2024) and can, therefore, provide an insight into
the IBA network’s effectiveness under the extreme
climate change scenario. Because P. tridactylus is
a habitat specialist, suitable habitats were divided
into poorly, moderately and highly suitable habitats
using the maximum test sensitivity plus specificity
threshold, which minimises errors of false positive
and false negative (Potts et al. 2013). First, the ob-
tained Maxent threshold values for the present and
future models were standardised to an average of
0.25758, meaning that anything above this value
represents a suitable habitat, whereas anything be-
low is unsuitable for the species. Suitable habitats
were then grouped into three categories using the
following ranges: 0.25758-0.65758 for poorly suit-
able habitats, 0.65758-0.85758 for moderately suit-
able habitats and 0.85758—1 for highly suitable hab-
itats (Popovi¢ et al. 2024). While some authors may
choose looser thresholds for habitats of moderate
and high suitability (Cerman et al. 2022), a stricter
criterion similar to Zhu et al. (2020) is applied here
in order to determine locations that contain the most
optimal conditions for the presence of this habitat
specialist (Popovi¢ et al. 2024).

When it comes to SDM as a method, it is im-
portant to note that all models have limitations.
They are projections based on input data, but there
are many factors that can potentially impact spe-
cies distribution, such as rapid land use changes in
the future. The presence of a suitable habitat does
not necessarily imply that it is occupied by spe-
cies. That being said, there are ways to improve
and ensure the accuracy of the model. Detailed data
preparation consists of, but is not limited to, analys-
ing species occurrences to check for any potential
errors; identifying variables that affect species the
most by conducting a literature review; performing
spatial thinning to remove sampling bias using, e.g.,
the spThin package in R and removing collinear-
ity in bioclimatic data using, e.g., VIF analysis in
R (Popovic¢ et al. 2024). As long as their limitations
are acknowledged, models can be useful conserva-
tion tools, especially in countries lacking large-scale
systematic surveys like Serbia, where distribution
maps can help develop conservation strategies and
guide management (Radisic et al. 2019).
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Once the data were collected and prepared, a
gap analysis with several steps was performed for
the current and future periods: 1) the area of the
IBA network was calculated; 2) the area of suitable
habitats in the study region and the share of suit-
able habitats within the IBA network and individual
IBAs were calculated; 3) the percentage of suitable
habitats in the study region that are outside the IBA
network was calculated; 4) the IBA network and in-
dividual IBAs were overlapped with national pro-
tected areas in order to understand the degree of
their formal protection and 5) a gap analysis was
also performed for the two IBAs outside the study
region, “Kopaonik” and “Prokletije”. All calcula-
tions in this study were performed for the total area
of suitable habitats and at three levels of suitability:
poor, moderate and high.

Results

In the current period, 29.32% of the region’s terri-
tory was suitable for P. tridactylus. The largest area
(regarding suitability) was occupied by poorly suita-
ble habitats (85.60%), followed by moderately suit-
able habitats (13.34%) and highly suitable habitats
(1.06%). The rest of the region’s territory (70.68%)
consisted of habitats unsuitable for this species.
Both future models indicated a decrease in the total
area of suitable habitats in comparison to the cur-
rent period. According to the SSP2-4.5 (moderate
scenario), the total suitable area for P. tridactylus in
the region would decrease —88.99%, whereas under
the SSP5-8.5 (the worst scenario), the decrease of
suitable area would amount to —94.49% in 2050.
All three categories of suitability (poorly, moder-
ately and highly suitable habitats) showed a nega-
tive trend. Poorly suitable habitat was the only cat-
egory present in both future climate scenarios, with
a—87.20% change under the moderate and —93.56%
change under the worst scenario. On the other hand,
moderately suitable habitats for P. tridactylus would
remain only under the moderate scenario of 2050,
with a —99.58% change. The biggest change, as
compared to the current period was recorded for
category highly suitable habitats, for which future
projections indicated a complete loss on the region’s
territory by 2050, regardless of the GHG emissions
scenario (—100% change) (Table 1).

The IBA network of the region has an area of
3,633.17 km? (39.43% of its territory) and it cov-
ers 70.78% (1,912 km?) of the total area of suitable
habitats for P. tridactylus in the current period. Poor-
ly suitable habitats had the largest area within this
network (1,575.43 km?), whereas moderately and
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Table 1. Area of suitable habitats for P. tridactylus within the study region at present and for the future (2050) under

two climate scenarios, SSP2-4.5 and SSP5-8.5 (km?).

Period Poorly Moderately Highly Total
suitable habitat suitable habitat suitable habitat suitable habitat
Present 2,312.34 360.33 28.65 2,701.32
2050 SSP2-4.5 295.87 1.50 - 297.37
2050 SSP5-8.5 148.80 - 148.80
20.000 44.000
A / B
0 25 50 75 km A
Legend
[ study region
[] Important Bird and Biodiversity Areas (IBAs)
Habitat suitability
___| Unsuitable habitat
| Poorly suitable habitat
I Moderately suitable habitat
[77] Highly suitable habitat

T
20.000

Fig. 1. (A) The location of the study region in Serbia. Greyscale map represents the orography. (B) The effectiveness of
the IBA network in conserving suitable habitats for P. tridactylus in the current period: 1. “Tara Mountain”; 2. “Zlati-
bor”; 3. “Mucan;j”; 4. “Uvac”; 5. “Zlatar”; 6. “Ozren-Jadovnik™; 7. “Pester”; 8. “Golija”; 9. “Cemerno”; 10. “Mokra
Gora”; 11. “Ovcar-Kablar Gorge”; 12. “Kopaonik™; 13. “Prokletije”.

highly suitable habitats had areas of 307.92 km? and
28.65 km?, respectively. However, when it comes
to their representation in the IBA network, highly
suitable habitats had the highest percentage of IBA
coverage (100%), followed by moderately suitable
(85.45%) and poorly suitable habitats (68.13%).
There were 52.41 km? (14.55%) of moderately suit-
able habitats and 736.91 km? (31.87%) of poorly
suitable current habitats for the species not included
in the IBA network (Fig. 1).

Although the area of suitable habitats within
the IBA network in 2050 was smaller compared to
the current period, this network would contain near-
ly all of the remaining suitable habitats for the spe-
cies in the study region. Under both future climate
scenarios, the IBA network of South-Western Serbia

covered > 90% of the total area of suitable habitats
for P. tridactylus (287.19 km? i.e., 96.58% under
the moderate and 147.49 km?,i.e., 99.12% under the
worst scenario). The boundaries of the IBA network
completely covered (100%) the remaining area of
moderately suitable habitats, which showed a dras-
tic reduction, with only 1.50 km? in 2050 according
to the moderate scenario. Coverage of poorly suita-
ble habitats by the network was also high under both
scenarios (285.69 km?, i.e., 96.56% under the mod-
erate and 147.49 km?,i.e., 99.12% under the worst
scenario). An important difference compared to the
present was that highly suitable habitats would not
be present within the IBA network in any of the cli-
mate scenarios, as a consequence of their expected
loss from the region’s territory (Fig. 2).
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Fig. 2. The effectiveness of the IBA network in conserving suitable habitats for P. tridactylus in 2050.

Table 2. Coverage of suitable habitats for P. tridactylus by the individual IBAs of the study region at present (km?). The
values for IBAs “Ovcar-Kablar Gorge” and “Mokra Gora” refer to the parts of their territories within the study region.

IBA Poorly Moderately Highly Total
suitable habitat suitable habitat suitable habitat suitable habitat

“Golija” 327.33 123.75 18 469.08
“Tara Mountain” 194.78 84.94 7 286.72
“Zlatibor” 231.59 18.14 - 249.73
“Pester” 237.19 4.75 - 241.94
“Ozren-Jadovnik” 165.95 17.28 - 183.23
“Cemerno” 126.06 4 - 130.06
“Uvac” 125.05 1.35 - 126.40
“Zlatar” 86.14 28.47 - 114.61
“Mokra Gora” 63.74 24.24 3.65 91.63
“Mucan;j” 15.60 1 - 16.60
“Ovcar-Kablar Gorge” 2 - - 2

When it comes to the distribution of suitable
habitats within individual IBAs, “Golija” (123.75
km?) and “Tara Mountain” (84.94 km?) contained
the largest areas of moderately suitable habitats for
the present. Only three out of 11 IBAs in the re-
gion had the highest environmental suitability for
P. tridactylus: “Golija” (18 km?), “Tara Mountain”
(7 km?) and “Mokra Gora” (3.65 km? in the study
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region and 10.12 km? on the territory of Kosovo)
(Table 2). Concerning the two IBAs outside the
region, which were identified based on the popula-
tions of P. tridactylus as one of the trigger species,
“Kopaonik™” had 50 km? of moderately and 24 km?
of highly suitable habitats, whereas “Prokletije” had
87.99 km? of moderately and 21.88 km? of highly
suitable habitats.
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Table 3. The degree of formal protection of IBAs in the
study region (%). The values for IBAs “Ovcar-Kablar
Gorge” and “Mokra Gora” refer to the parts of their ter-
ritories within the study region; their total formal protec-
tion is 75.82% and 0.08%, respectively (see the Discus-
sion for updated information about the protection of IBA
“Mokra Gora”).

IBA %
“Golija” 99.59
“Tara Mountain” 97.72
“Ovcar-Kablar Gorge” 88.78
“Zlatibor” 78.92
“Ozren-Jadovnik” 39.28
“Uvac” 27.42
“Cemerno” 11.33
“Pester” 3.50
“Zlatar” 0.47
“Mokra Gora” 0.28
“Mucan;j” 0

Seven individual IBAs were projected to retain
the presence of suitable habitats for P. tridactylus
by 2050, regardless of the GHG emissions scenar-
i0: “Golija”, “Tara Mountain”, “Ozren-Jadovnik”,
“Pester”, “Zlatar”, “Mokra Gora” and “Kopaonik”.
Under both future scenarios, IBAs “Mokra Gora”,
“Tara Mountain”, “Ozren-Jadovnik™ and “Kopaon-
ik had the smallest percentage of change (< —90%)
in the total area of suitable habitats compared to
the present. Under the moderate scenario of 2050,
“Mokra Gora” (—93.81% change) and “Kopaonik”
(=78% change) were the only remaining IBAs with
the presence of moderately suitable habitats, where-
as IBA “Prokletije” would retain this category under
the worst scenario (—77.20% change). No IBA will
keep the category of highest suitability for this spe-
cies.

The network of nationally protected areas cov-
ers 20.30% of the region’s territory (1,870.16 km?).
The overlap analysis between the two conservation
areas indicates that 47.19% (1,714.47 km?) of the
IBA network in the study region is protected (Table
3). The IBA “Kopaonik™ has 16.20% formal protec-
tion, whereas the IBA “Prokletije” is almost com-
pletely unprotected.

Discussion

South-Western Serbia has limited area for the pres-
ence and survival of P. tridactylus. Compared to the
mountains of Central Europe, where a decrease in
this species distribution of 22% was also expected

by 2050 (Bollmann et al. 2014), the changes in
South-Western Serbia would be greater and they are
in agreement with a significant decrease of suitable
habitats in the wider area of the Balkan Peninsula
(Popovi¢ et al. 2024). Such results, especially re-
garding the loss of highly and moderately suitable
habitats for P. tridactylus, can be linked to its ecol-
ogy, i.e., the fact that the cold-adapted species and
specialist species are particularly vulnerable to cli-
mate change (Trautmann 2018). In addition, species
that are located on the edge of their distribution,
such as P. tridactylus in Serbia (Vasi¢ et al. 2009),
show a lower tolerance to global warming (Jiguet et
al. 2007). This study contributes to a broad group of
regional assessments in Serbia by providing quanti-
tative data on the relationship between the distribu-
tion of endangered species and distribution of con-
servation areas, necessary for the design of proper
management actions at the local (i.e., municipality),
regional (i.e., Stari Vlah and Raska) and national
levels with the aim of preventing major habitat and
species losses in this area. It provides a basis for
the conservation, monitoring, fieldwork and imple-
mentation of impacts of projected climate change in
forestry practices, plans and strategies across sec-
tors, which should take into account the obtained
knowledge, especially in those IBAs that are still
insufficiently protected and exposed to habitat deg-
radation.

The results of gap analysis emphasised the im-
portance of the IBA network for the conservation of
P tridactylus, with special emphasis on the IBAs
“Golija”, “Mokra Gora”, “Ozren-Jadovnik™, “Tara”
and “Kopaonik”, whose territories have been recog-
nised as important for this species in the present and
which have the potential to be important in the future,
regardless of the GHG emissions scenario, but only
with proper conservation measures taken to mitigate
expected habitat losses. The percentage of suitable
area for P, tridactylus in the IBA network is expect-
ed to increase from current 70.78% to over 96% by
2050. Nevertheless, the potential regional distribu-
tion of P. tridactylus will suffer drastic reduction by
2050, both within and outside the IBA network. The
IBAs will become less suitable for this woodpecker,
which follows a similar future conservation trend of
another two cold-adapted birds within Natura 2000
in the Alps (Brambilla et al. 2015). Does this imply
that the regional IBA network will not be able to
retain suitable conditions for P. tridactylus under the
climate change impacts? Based on the existing stud-
ies (Carrol et al. 2011, Bollmann et al. 2014, Braun-
isch et al. 2014, Brambilla et al. 2018, Scridel et al.
2018, Bowgen et al. 2022), the future effectiveness
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of these important areas will depend largely on the
human role in conservation. Nearly all remaining
suitable habitats in South-Western Serbia are pro-
jected to be concentrated within this network, but
for an increase in the effectiveness, it is necessary
to preserve a much larger habitat area than what was
shown by this study. To ensure that IBAs reach their
potential of contributing to species conservation and
to avoid the projected level of habitat loss under cli-
mate change, appropriate mitigation measures need
to be taken in now.

Unlike the traditional management of ecosys-
tems, which is usually static, adaptive management
refers to an iterative decision-making process that
acknowledges uncertainties (e.g., future climate
change) and aims to reduce them by implementing
management actions, monitoring, evaluation and
adapting when necessary (Climate-ADAPT 2019).
Adaptive management aims to increase the abil-
ity of species, habitats and ecosystems to adapt to
climate change (Climate-ADAPT 2019) through
various measures related to maintaining the het-
erogeneity of ecosystems, reducing or eliminating
pressures, improving connectivity, preventing the
negative impacts of hazards and extreme events and
more (European Commission: Directorate-General
for Environment 2013). Some of the most common
actions (measures) for adaptive management and
their conservation implications for P. tridactylus in
South-Western Serbia are:

Expanding protected areas (Secretariat of the
Convention on Biological Diversity 2009, Spehn
2011, European Commission: Directorate-General
for Environment 2013, Climate-ADAPT 2019):
Protected areas are the only long-term mechanism
for conserving strictly protected species in Serbia
(Radisi¢ et al. 2019). While some IBAs (“Golija”
and “Tara Mountain”) have a high degree of formal
protection, most of the other IBAs that would be po-
tentially important for the future conservation of P,
tridactylus do not, although the formal protection of
IBA “Mokra Gora” has recently been updated. At
the time of this study, it barely had any legal protec-
tion; however, on 7 November, 2024, the Govern-
ment of the Republic of Serbia declared new Special
Nature Reserve “Mojstirsko-Draske planine”, which
has an area of 108.22 km? (Ministry of environmen-
tal protection 2024), thereby enhancing the formal
protection of this IBA. The existing regional IBA
network can be used to inform the expansion of pro-
tected areas, which can provide better control over
activities in these locations than it would be possible
in unprotected areas. That being said, it is crucial to
prevent the continuation of anthropogenic pressures
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in some protected areas, as is the case with National
Park “Kopaonik”. While it is one of the most im-
portant IBAs for P. tridactylus, it also represents the
largest ski resort in Serbia and it is highly threatened
by logging, construction of ski slopes, urbanisation
and other factors (Cur¢ié et al. 2019), which can en-
danger species both now and in future (Brambilla et
al. 2016).

Establishing ecological corridors (Spehn 2011,
European Commission: Directorate-General for En-
vironment 2013, Climate-ADAPT 2019, Arcilla &
Strazds 2023): Habitat fragmentation can reduce the
ability of species and ecosystems to adapt to climate
change (Spehn 2011). Habitats of moderate and high
suitability for P. tridactylus mostly have a patchy
distribution in South-Western Serbia and it is par-
ticularly important to improve their connectivity be-
cause this species prefers larger forest areas (Virk-
kala et al. 1994b). Moreover, connectivity should be
enabled both in the latitudinal and altitudinal direc-
tions (Spehn 2011). Spatial planning that takes this
measure into account, among other adaptive meas-
ures, can facilitate better connection between habi-
tats (European Commission: Directorate-General
for Environment 2013).

Maintaining ecosystems heterogeneity (Eu-
ropean Commission: Directorate-General for En-
vironment 2013, Braunisch et al. 2014): Proposals
to enhance the structural variation in vegetation
and allow natural processes (European Commis-
sion: Directorate-General for Environment 2013)
are in agreement with the ecology and habitat re-
quirements of the three-toed woodpecker. Natural
disturbance regimes, characteristic of northern bo-
real forests, could also contribute to conservation
of P. tridactylus in mountain forests (Pechacek &
d’oleire-oltmanns 2004). Namely, one of the adap-
tive approaches to climate change is to prevent haz-
ards such as fire by practising a controlled burning
(European Commission: Directorate-General for
Environment 2013), which, in turn, can have posi-
tive impacts on P. tridactylus by creating supply
of dead wood (Hoyt & Hannon 2002, Pechacek &
d’oleire-oltmanns 2004). High volumes of dead
wood in a forest can positively affect the popula-
tion trends of this species (Biitler et al. 2004). Main-
taining structural diversity in managed forests by,
e.g., avoiding short-rotation logging, is one of the
ways to increase forest resilience to extreme climate
events (Secretariat of the Convention on Biological
Diversity 2009), which, again, has positive impacts
for P. tridactylus as well (Hoyt & Hannon 2002).
Intensive forest management, which is one of the
main threats in Serbian IBAs (Puzovi¢ et al. 2009),
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is detrimental to this species and can lead to it disap-
pearing from a certain locality if the characteristics
of natural forests are not preserved (Spiridonov et
al. 2007, Roberge et al. 2008). Under the influence
of global warming, the preservation of old-growth
forests and their structural attributes (like significant
amount of dead wood, tree size and age diversity,
large trees or, in general, the preservation of the het-
erogeneous structure of the landscape as opposed
to uniform stands) is of key importance for the sur-
vival of cavity-nesting birds on the southern edge
of their distribution (Bouget et al. 2014, Barbaro
et al. 2016), such as P. tridactylus in Serbia (Vasi¢
et al. 2009). In fact, intact forests are more resist-
ant to climate change than plantations and modified
forests, which is why it is recommended to practice
closer-to-nature forest management (Secretariat of
the Convention on Biological Diversity 2009).

Limiting stresses (Spehn 2011, European
Commission: Directorate-General for Environment
2013): Picoides tridactylus is negatively correlated
with the presence of anthropogenic objects (Biitler
et al. 2004, Romero-Calcerrada & Luque 2006, Kaj-
toch et al. 2013). Any further planning of ski-centres
(e.g., on the Kopaonik Mountain) and forest road
constructions should be carefully examined, poten-
tially using the results of this study as a basis, to
avoid overlapping with species habitats, especially
in still unprotected parts of IBAs. Stress reduction
also facilitates forest regeneration. Potential distur-
bances during the breeding period can be limited
by banning activities like logging or visits near any
known or potential nesting site (Rajkovi¢ & Vasi¢
2018).

Currently, aside from formally protecting the
area, no specific measures for the conservation of
P tridactylus in Serbia have been implemented
(Rajkovi¢ & Vasi¢ 2018). The main threats to the
species in Serbia are modern forestry, i.e., the sani-
tary removal of dead/dying trees (Spiridonov et al.
2008) and the logging of forests (Rajkovi¢ & Vasi¢
2018), as well as land-use changes (Spiridonov et
al. 2008, Rajkovi¢ & Vasi¢ 2018). This synergy
of habitat degradation/loss and projected climate
change poses a challenge for the regional survival
of P. tridactylus. Proposed adaptive management
measures can be used as guidance on how to man-
age IBAs (as well as area outside of it) in order to
increase their resilience to expected climate change,
as is also recommended for the Natura 2000 sites
(European Commission: Directorate-General for
Environment 2013). To ensure effective manage-
ment, it is of key importance to integrate climate
change projections and adaptive measures into plans

and strategies across sectors (e.g., forestry, spatial
planning), raise awareness of ecosystem services,
cooperate with different stakeholders (e.g., policy-
makers, NGOs, landowners) and get the support and
engagement of the local communities (Scridel et al.
2018, Climate-ADAPT 2019). One of the ways to
facilitate the implementation of adaptive measures
is through Payments for Ecosystem Services, which
are economic incentives to encourage sustainable
practices (Salzman et al. 2018), such as partial cut-
ting instead of clear-cutting (Esseen et al. 1997) and
avoiding frequent cutting (Rassati 2014). If properly
implemented, the proposed measures can potentially
help preserve a larger area of suitable habitats under
global warming than what is projected by this study.
Moreover, forest ecosystems are known to play an
important role in carbon sequestration and storage
and they also have a cooling effect, can reduce soil
erosion, enable gradual discharge of water over time
(therefore, help prevent floods) and have other bene-
fits (European Commission: Directorate-General for
Environment 2013). The sustainable use, conserva-
tion and restoration of forests in the IBA network
and a wider area are essential not only for P. tridac-
tylus but also have a broad positive impact on nature
and society and this is similar in other ecosystems,
such as upland wetlands (Secretariat of the Conven-
tion on Biological Diversity 2009).

Special emphasis in the present should be
placed on the preservation of highly and moderate-
ly suitable habitats that already fall within the IBA
network and on preserving 52.41 km? of moderately
suitable habitats outside the network. As P. tridac-
tylus is a habitat specialist, these two categories
should be conservation priorities, especially bearing
in mind that modelling suggests their drastic reduc-
tion/complete loss by 2050 due to the global warm-
ing. Although it is not certain that this species could
successfully survive in areas with poorly suitable
habitats without any additional conservation activi-
ties (Popovi¢ et al. 2024), this category should not
be ignored. Future projections show that these habi-
tats will have a larger area and slightly milder per-
centage of change compared to the other two cate-
gories and, therefore, may be crucial for the survival
of P. tridactylus. In agreement with this is an exam-
ple from the southern Alps, where P. tridactylus has
colonised areas with poor suitability, probably as a
consequence of the marginal character of its distri-
bution (Rassati 2014). The conservation of this spe-
cies has a range of benefits. Because P. tridactylus is
a primary cavity excavator, by protecting the habitat
of this woodpecker, one can also help in the protec-
tion of some other species that use its abandoned
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tree holes (Doyon et al. 2000) and that inhabit the
same habitat, such as Glaucidium passerinum and
Aegolius funereus (Kajtoch et al. 2013). Due to its
sensitivity, P. tridactylus can indicate environmental
changes in natural forests and it is considered one
of the indicator species of boreal forest biodiversity
(Virkkala et al. 2022). It also plays an important role
in regulating saproxylic insect populations, which
numbers can largely increase on dead and dying
trees after e.g., forest fires or storms (Biitler et al.
2004).

This study demonstrated the importance of
IBA network in conserving the habitat of P. tridac-
tylus at present and with the potential to stay impor-
tant under the projected global warming if proper
conservation measures are implemented to mitigate
drastic habitat loss. Improving the conservation of
species included in the Birds Directive Annex I,
such as P. tridactylus, through the adaptive manage-
ment of the IBA network (potential future SPAs) can
also contribute to the conservation of species at Eu-
ropean level. The obtained results can have practical
applications and serve as a reference for improving
the conservation of this rare and endangered wood-
pecker species in Serbia.
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