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Abstract

As treelines are among the key ecotones expected to undergo dramatic change as a
result of global warming, it is vitally important that such locations be monitored to track
their development. To this end, we set up a treeline monitoring system at a small spatial
scale and medium-term temporal scale in the Pirin Mountains in south-eastern Europe.
Rising over 400 m, the test slope features a closed Pinus heldreichii forest gradually
leading to park-like scattered forest islands and then to open alpine meadows and some
dwarf pine patches up to/above the treeline. Tree coverage, successional stages, tree
species, tree growth, growth forms, age classes, seedling establishment and, in partic-
ular, survival rate, were mapped in relation to site conditions in the autumns of 2008
and 2023. The first and second baseline datasets documented in this report are used
to describe the composition and structure of the current vegetation within the treeline
ecotone. Overall, our data shows good vegetation development despite the harsh con-
ditions in the high mountains. AlImost no change was observed in the closed forest: the
trees are ageing, and no seedlings were found. The greatest developmental dynamics
were evident in the park-like, thinned-out middle section of the slope, where the forest
transitions to the treeline. This is where the “future forest” is growing. The “battle zone”
further up is changing extremely slowly, and an upwards shift in the forest/treeline is
likely to take many decades.

Key words: Global warming, forestline, regeneration, Pinus heldreichii, seedling mapping,
test slope, tree growth

1. Introduction

Mountain ecosystems are particularly vulnerable to the impact of climate
change (IPCC 2023). Rising temperatures, the melting and shrinking of glaciers,
extreme precipitation events or droughts, delayed freezing and early ice melt-
ing on rivers and lakes can all impact biodiversity by putting pressure on local
species and their habitats (Schickhoff et al. 2022).

By definition, alpine areas do not support long-term tree survival due to cool
summer temperatures or truncated periods of summer heat. The “upper alpine
treeline” ecotone is the maximum line of elevation that connects groups of trees
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growing to a height of 3 m or more (Kérner et al. 2011). Scholars believe that the
treeline is highly sensitive to environmental change, in particular rising tempera-
tures (Cudlin et al. 2017; Holtmeier and Broll 2018). For this reason, a growing
number of scientific studies are investigating changes in treelines around the
world. However, few of these have attempted to understand treeline dynamics
via a mechanistic, multi-factorial approach based on long-term field studies.

The alpine-treeline ecotone is the transition zone that stretches from the up-
per limit of closed subalpine forest (forestline) to the outliers of tree growth
in alpine areas (treeline) (Bader et al. 2021). With increasing altitude and thus
harsher conditions, the ecotone is characterised by a mosaic of scattered and
stunted groups of trees and solitary specimens, interspersed by patches of
subalpine vegetation (Harsch and Bader 2011; Holtmeier and Broll 2018). Only
a small number of tree species can grow at such high altitudes (Kérner and
Hoch 2023). Viewed from low-lying areas at a distance of several kilometres, the
upper alpine treeline appears to be a clear, relatively continuous line. In reality,
the treeline is actually a gradual transition from closed forest to scattered tree
groups or individual trees.

Treeline displacement is caused by various drivers of tree recruitment,
growth and mortality, for instance, stress or competition between species (Li-
ang et al. 2016). The projected upwards shift in the alpine treeline under glob-
al warming will occur if tree seedlings are able to survive beyond the current
treeline. Research, however, has shown that treelines often fail to respond to
increased temperatures, and thus it is likely that other environmental factors
are also behind seedling establishment and development (Lett and Dorrepaal
2018). Disturbances such as avalanches or wildfires may also strongly impact
the process (Holtmeier and Broll 2018). In this context, it is important to con-
sider the local environmental response to climate change (abiotic and biotic
factors), as the reaction of the climatic system at this spatial scale may not
follow global trends (Nojarov et al. 2019).

In this paper we focus on a test slope in the northern Pirin Mountains of Bul-
garia (Figs 1, 4). This slope is ideal for an investigation into recent natural treeline
change as the area has been a national park for over 60 years and with restricted
regime of use. Due to this and the fact that the slope is steep and hardly acces-
sible it has been protected from sheep grazing or other major anthropogenic im-
pacts in the last decades. In 2008 we established a test plot covering an altitudi-
nal change of approx. 200 meters and performed detailed initial measurements.
Our main aim was to create a site-based long-term monitoring system to capture
arepresentative treeline ecotone in this mountain region. To this end, we precise-
ly described and documented the geographical parameters of the test plot and
the methods used to collect the baseline data to assist any future investigations
using the same methodological approaches (Grunewald and Scheithauer 2011).

The objective of this paper is to document the new collected data and evalu-
ate it in terms of causality. The results of this long-term field observations from
an alpine treeline site that is difficult to access allow first interpretation con-
cerning changes of the treeline ecotone, the main vegetation elements there,
and the possible factors that drive these changes.

The specific research tasks were to provide site-based information on:

+ the nature of the structural transition in the vegetation between forest and

alpine areas;
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+ the potential identification of the forestline and treeline as well as meth-

ods which might help monitor changes in their locations over time;

+ any corresponding changes in species composition, richness or diversity

above the forestline and the treeline;

+ any changes in tree density, height, health and dominance as well as seed-

ling growth that can be correlated to increasing altitude;

+ any early indications of shifts in the forestline/treeline.

In the present study, we document and present the data from the first and
second baseline datasets and use these to describe the composition and struc-
ture of the current vegetation within the treeline ecotone. Subsequent monitor-
ing at this and similar sites will enable future researchers to assess the impact
of changing conditions on these communities and determine whether the cli-
matic treeline is moving upwards and how this may affect the biodiversity of
areas previously located above the forest line.

In addition to dendrological parameters such as tree growth, data on regen-
erative factors (development of selected seedlings) and microclimatic param-
eters (air and soil temperature) were collected for more than a decade. After
a period of 15 years (ending in 2023), the trees and seedlings were mapped
again to document some initial changes in the vegetation, especially regarding
density, height and diameter of the main tree species, i.e. Bosnian Pine (Pinus
heldreichii). We also gathered data on tree regeneration.

Pinus heldreichii is the dominant tree species in the alpine treeline of our
study plot and similar neighbouring slopes as it is able to grow on the marble
bedrock. In addition, we discuss the observed environmental and meteorolog-
ical conditions over these 15 years in the three main parts of the test slope,
namely: 1) closed forest; 2) park-like thinned forest; and 3) treeline/alpine
grassland with individual trees and Pinus mugo bushes.

2. Materials and methods
2.1. Study area and regional treeline characteristics

Our study site is located on the wide eastern slope of Vihren peak in the north-
ern Pirin Mountains in southwest Bulgaria (41°42'N; 23°31°E) at altitude be-
tween 1975 and 2175 m a.s.l. (Fig. 1). The established transect encompasses
the transition from closed forest to alpine grasslands in a landscape dominated
by Bosnian pine (Pinus heldreichii Christ) (Fig. 4).

The Pirin Mountains are the third-highest range in the Balkan Peninsula, the
highest peak is the Vihren, which rises to 2,914 m. The range is a complex
horst with a roughly rhomboid shape (70x35 km) and largely running from NNW
to SSE. Geologically the mountains consist of three granitic intrusions from
the Mesozoic age, around and between which there are metamorphic areas of
gneiss, schists, amphybolites and marble (Ricou et al. 1998). Very thick marble
series are preserved in the northern part of the Pirin Mountains up to a height of
2,000 m (Gunn 2004) and also form the highest area of the mountains around
and to the north of the Vihren peak.

During the Pleistocene, a cirque-valley type of mountain glaciation developed
in the highest areas of the Pirin Mountains. The equilibrium line altitude (ELA)
during the maximum phase dropped to 2,200 m (Lilienberg and Popov 1966).
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Study Area in
Pirin Mountains

Geodata: © Natural Earth 5.0 (2024),
© OpenStreetMap-Contributors (2026),
© GMBA Mountain Inventory v2 (2022),
EuroDEM © Eurogeographics (2022)

Cartography: U. Schinke, IOER-Media 2025

Figure 1. Map of the study area: the Pirin Mountains, part of the Balkan range in southwest Bulgaria; the red drop indi-
cates the location of the test slope approx. 2 km ENE from Mt. Vihren (for the location of the test slope in the study area,
see Fig. 4).

The deepest cirques were carved on the northern slope of the highest moun-
tain area, which is composed of marble. Today, these cirques contain still very
small glaciers and several permanent snow patches, which have been inten-
sively observed in the interests of climate change, including an investigation of
permafrost and rock glacier formations (e.g. Grunewald and Scheithauer 2010;
Gachev et al. 2016; Nojarov et al. 2019; Gachev 2020; Georgieva et al. 2022).

The present high mountain climate of the Pirin Mountains is characterized by
low temperatures (sub-zero average temperatures above 2,650 m) and modest
precipitation (1,000—1,300 mm annually, of which 700 mm falls in November-
April) compared to the mountains along the Adriatic (Grunewald 2013; Nojarov
et al. 2019). In recent years lower precipitation and more frequent dry spells
have been observed, also a shift toward drier and more seasonally uneven con-
ditions in Bulgaria’s alpine zone (Nikolova et al. 2026).

Grunewald et al. (2009) summarised regional climate trends using data for
the period 1973-2006 from the Musala Peak environmental observatory at
2,925 m (please refer also to lvanov et al. 2026; Nikolova et al. 2026):

+ a significant shift from cold to warm days;

- an increase of days with frost change (temperatures below 0°C at night

and above 0°C during the day), especially in April and September/October;

- fewer days with temperatures below 0°C;

- a significantly longer growing season (>5°C);

+ atrend towards shorter winters and longer summers.

The variety of tree species found at the treeline of the Pirin Mountains reflects
the regional transitional climate between moderate and Mediterranean moun-
tainous conditions, particularly characterised by summer dryness and a variabil-
ity in annual precipitation. Thus, the alpine treeline of the Pirin Mountains might
be drought-limited besides temperature-limited, at least on south-exposed car-
bonate slopes as local tree-ring studies have shown (Panayotov et al. 2010).
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The alpine treeline (Fig. 2), i.e. the upper border of tree life in the study area, is
especially influenced by the following stress and disturbance factors (cf. Kérner
1998; Brandes 2007; Holtmeier and Broll 2018; Panayotov et al. 2019):
+ frost and dryness, frost and water shortage depending on substrate prop-
erties and radiation climate;
+ wind exposition, ice blowing, snow breaking and avalanches, as well as
herbivores and pathogenic germs;
+ limited pollen formation, seed development, seed distribution, sprout or
seed development caused by unfavourable hydro-thermical conditions;
 wildfires, insect outbreaks.

cripples/dwarfism, shrubs/grasses, heavy ground insolation/radiation, day-night changing temperatures, windswept |

—_——— === treeline === -
2,100-2,300 m a.s.|.

with increasing altitude

* less matter yield

* slowly growing

minor increment

less shoot length and needles

less stem diameter

less storage capacity for water and nutrients
less root space and root amount

worse water supply and Nutrition

less seed production

lower chances for recruitments and spreading

tree height max. 10 m
park-like thinned out
summer-hot

windswept trees, damaged

timberline ecotone
= “Kampfwaldzone”

______ forestline — — — —
1,900-2,100 m a.s.l.

coherent tree community of 20-30 m height / summer-cool, well-shielded |

Figure 2. Terms and tree physiology at the treeline in the Pirin Mountains (Grunewald and Scheithauer 2011).

The zone of the upper treeline is predominantly situated between 1,900 to
2,300 m in northern Pirin (Fig. 2) with the 10°C July isotherm situated at 2,250
m a.s.l. Deforestation, slash-and-burn land clearance and overgrazing at the
treeline in the study area have been recorded since the Neolithic age, mainly
as a result of transhumance (Kahl 1999). These impacts, together with climate
change, have shifted the alpine treeline downwards. A similar trend is found in
many of Europe’s high mountain ranges (Cudlin et al. 2017). Since the estab-
lishment of the Pirin National Park in 1963, anthropogenic pressure on treeline
forests has diminished, improving ecological conditions and encouraging natu-
ral succession (Borisova et al. 2023).

Work done to map the vegetation in the study areas has shown a petro-
graphically effective dualism at the treeline (Fig. 3), namely, on the one hand,
Pinus peuce as well as numerous Pinus mugo on silicate rock along with plants
such as blueberries that thrive on acidic soil; and, on the other, Pinus heldrei-
chii and scattered Pinus peuce on marble (Panayotov et al. 2010; Grunewald
and Scheithauer 2011). All of these species are able to withstand dry, warm
summers as well as cold, snowy winters along with the typical short-term and
long-term cyclic precipitation variability.

Sub-alpine krummholz-shrubs can be found up to an altitude of approx.
2,200-2,600 m in the northern Pirin Mountains. These are dominated by Pinus
mugo, Juniperus sibirica and Vaccinium, sporadically accompanied by a few
willow species on moist shady slopes and in hollows with thicker soil sub-
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strates. These bush communities are adapted to a short growing period, strong
winds and the heavy snow load in winter.

Our research focuses on the Pinus heldreichii forest- and treeline in the
marble areas of northern Pirin. This tree species is native to the mountains
of Bosnia, Bulgaria, North Macedonia, Kosovo, Montenegro, northern Greece
and southern Italy, in which regions it often constitutes the local treeline (Nagy
2006; Vendramin et al. 2008). The species was first described as Pinus hel-
dreichii by the Swiss botanist H. Christ in 1863 from specimens collected on
Mount Olympus in Greece; only one year later it was described a second time
as P leucodermis by the Austrian botanist F. Antoine, who found it on Orjen
above the Bay of Kotor (Christ 1867; Antoine 1864). Some minor morpholog-
ical differences have been claimed between the two descriptions (leading to
the maintenance of both as separate taxa by a few botanists), but this is not
supported by modern studies of the species, which show that both names re-
fer to the same taxon. Genetic analysis of the isoenzymes, chloroplasts-micro
satellites (cpSSR) and DNA (cpDNA) markers have not found sufficient genet-
ic differences to support the separate taxa (Morgante and Vendramin 1990).
While the species is popular for its high adaptability to extreme climates, it
only occurs in very small, partly ancient communities, which are witnesses to
a previously much wider-spread distribution. Here we adopt the name Pinus
heldreichii as the English name “Bosnian Pine” is unfamiliar in Balkan countries
outside of Bosnia. The German names of “Schlangenhautkiefer” (“snake skin
pine” for young trees) or “Panzerkiefer” (“armoured pine” for old trees) refers to
the structure of the bark (Fig. 3).

Figure 3. Habitus of the dominant tree species at the alpine treeline in the northern Pirin Mountains. A Pinus peuce pri-
marily on silicate rocks B Pinus heldreichii on marble C with illustration of flowers D cones, and bark (E young / F old).
Photos: K. Grunewald, J. Scheithauer.

The optimum growing range for this species in the northern Pirin Mountains
is at an altitude of 1,500 to 2,100/2,200 m (maximum 2,270 m; minimum 950 m
for a single specimen). This winter-resistant pine is highly adapted to extreme
ecological conditions (Schiitt et al. 1994). Characteristic features are the thick,
scale-like bark pads and the twisted trunk growth. Spiral grain is very common
in members of the Pinaceae growing in stressful environments. Pinus heldre-
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ichii is able to settle on steep, erosion-endangered slopes with extremely thin
soils or often in thin cracks in rocks. It assumes a pioneer function, with its
pronounced taproot system giving the necessary stability. The tree generally
reaches a height of 15-20 m; some individuals can grow as high as 25-30 m.
On marginal sites, crippled growth and bush-like forms can be observed.

All sub-processes of regeneration, specifically bloom and seed development,
germination and the growing of juvenile trees, require the interplay of favour-
able micro-climatic conditions such as a sufficient rainfall.

Due to its extremely slow rate of growth at treeline, Pinus heldreichii can
live an astounding 1,000 years and more. Consequently, the tree species has
also been the focus of dendrochronological studies to reconstruct the climatic
development in the region over the past centuries (e.g. Scheithauer et al. 2009;
Panayotov et al. 2010; Tsvetanov et al. 2020; Xu et al. 2024).

Trees near the alpine treelinewere also of economic interest in the past
(Grunewald and Scheithauer 2011; Christopoulou et al. 2022). Pinus heldrei-
chii is highly resinous (mainly the hardwood), making harvested timber highly
durable even without impregnation or other treatments; it is also resistant to
woodworm infestation. The beams of old houses from the 17th to the 20th
centuries in the towns of Bansko and Razlog at the foot of the Pirin are mostly
constructed from the timber of high-growing Pinus heldreichii. The wood was
used also for building construction in other areas such as Albania and Northern
Greece (Christopoulou et al. 2022). The harvesting of timber in the study area
stopped with the establishment of the Pirin National Park in 1963, after which
natural forest development resumed.

2.2. Monitoring approach and sampling methods

In September 2008, a monitoring project was launched in the Pirin Mountains to
study a section of the treeline. The goal was to systematically record (measure
and document) conditions and processes in a high-mountain ecotone. Relevant
parameters that provide important evidence for understanding the interrelation
between climate change, vegetation, and ecosystems in this mountain land-
scapes should be observed over longer periods of time. The main components
of the monitoring program—soil conditions, local climate parameters, and trees
(tree physiology, growth and regeneration, dendrochronology)—are described
in sections 2.3 to 2.5 and illustrated in Figs 5, 6. The nature of this research is
observational, and it was not designed to fully capture all potential processes.

The test-slope was established between the forestline and treeline in north-
ern Pirin, not far from the Banderica Hut and the cirque Malkya Kazan (Fig. 4).
Initially, a representative slope was selected. The relatively elongated area was
suitable for long-term monitoring and little affected by tourism. Hereafter, we
will refer to it as the “test slope”. It was measured and topographically surveyed
by a two- or three-person team using GPS, slope inclinometer, tape measure,
camera, labelling material, etc (Fig. 5A).

A transect with length 400 m and width 10 m covering an altitude of 1,975-
2,175 m a.s.l. was established and marked. This was divided into eight 50 m
sections (VIA-VIH), each subdivided into five 10 m segments (A-E, Suppl.
material 1). The exposure varied from southeast (VIA) to east-southeast (VIH)
(Figs 4, 6).
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Vihren

Kutelo
2914 ma.s.l. 2,908 ma.s.l.

Figure 4. The test slope (dashed line, part A) within the Vihren—Kutelo. A panorama;
B zoom into it (marked with VIA, VIE, VIH), viewed from the opposite ski piste nearby
Todorin peak (41°46'22,120"N,23°26'23,176"E). Photo: J. Scheithauer.

2.3. Soil investigation

In September 2008, soil profiles were dug up and mapped for each section (VIA
to VIH), i.e. at every 50 m (Fig. 5B; Table 1). The studied soils were described
and sampled according to the Guidelines for Soil Description (Jahn et al. 2006).
The colour of fresh soil was determined by checking Munsell colour charts.
Soil samples were analysed to monitor the chemical-trophic characteristics
(pH-value, humus content, C/N-ratio) of the sites.

As far as applicable to alpine soils, the German system of the “Ad-hoc Ar-
beitsgruppe Boden” (Arbeitsgruppe Boden 1994) was used to classify the soil
and humus types along with the World Reference Base for Soil Resources (IUSS
Working Group WRB 2007) and other guidelines for describing soils in moun-
tain ecosystems (Retzer 1974; Green et al. 1993; Broll et al. 2005). In addition
to this classification of geomorphological and vegetational properties of the
sites, samples were collected. Living roots were removed from the soil samples
before further laboratory analyses.

The air-dried fine soil (grain size < 2 mm) was investigated to determine pH
level (electrometric in KCI solution), nitrogen content (N, acc. to Springer/Klee
with BUCHI instrument), organic carbon content (Corg, wet combustion acc. to
Springer/Klee) and lime content by Scheibler Calsimeter (Soil Survey Staff 1993).
Phosphorus was photometrically measured as P total. Analyses of the elements
Fe, Al, Mn and Ca were done by HNO/HF-extraction and measured by atomic ab-
sorption spectrometry (AAS). The corresponding methods for all these analyses
are described in Barsch et al. (2000) and Schlichting et al. (1995). The humus
content was derived from the carbon content by a conversion factor of 1.72.

Soil sampling and the subsequent laboratory analyses have so far only been
carried out in 2008 and have not yet been repeated. The data analyses there-
fore describe the initial condition. However, structural soil parameters remain
relatively stable over time.

Journal of the Bulgarian Geographical Society 55: 1-30 (2026), DOI: 10.3897/jbgs.e181481 )



Karsten Grunewald et al.: Monitoring of an alpine treeline ecotone in the Pirin Mountains

2.4. Micro-climate studies

In the autumn of 2008, 14 temperature data-loggers from the company
Greisinger (Fig. 5C) were installed at representative sites below, in and above
the treeline ecotone. These registered hourly air temperature and moisture at
a height of 2 m and soil temperature to a depth of 10 cm. The loggers were
calibrated for one month before deployment.

The data was regularly read out and transferred to an Excel file. The tempera-
tures were compared with the only reliable long-term regional reference series
from the Musala mountain station (at altitude 2,925 m) in the neighbouring Rila
mountains. Statistical analyses of the data were carried out using the SPSS
software package.

2.5. Tree measurements

All trees in each segment of the studied ecotone were mapped and measured
in September 2008 and again in October 2023. The tree species were deter-
mined and tree height estimated in 2008 and measured in 2023 (only for small-
er trees). The diameter at breast height (DBH) was measured via perimeter
measurements. Growth characteristics were evaluated (bole sweep, cripple
growth, etc.) and detailed photos taken. All data was stored in Excel sheets.

In 2010, growth in tree circumference (Fig. 5D) was monitored by placing
dendrometers from the company UMS on seven trees in different sections of
the ecotone. These devices, made of Astralon, have scaling it to measure the
tree diameter around the circumference. The key parameter here is DBH (Diam-
eter at Breast Height).

Tree-ring cores were taken from individual specimens of different diameter
to determine the annual increment and age. For the latter, it was necessary to
drill down to the pith (Fig. 5E). The trees were selected at different locations on
the test slope and documented in the field book. The cores, which were taken
in 2008, 2009 and 2017, were air-dried, sanded and stored at around 20°C with
a relative humidity of 65%. The tree ring-width measurements were performed
using LINTAB (RinnTech) and TSAPWin version 0.55 (Rinn 2005) with an accu-
racy of 1/100 mm. The individual tree ring-width series were investigated using
the statistical quality control software Cofecha (Holmes 1983; Grissino-Mayer
2001), enabling the identification of missing or false tree-rings and hence seg-
ments with flawed cross-dating. The descriptive statistics reflect the quality of
the individual series and of the sampling group.

Seedling recruitment was recorded by counting the seedlings in each subplot
in 2008 and again in 2023. The definition here of seedling is a very young tree
with a stem diameter < 1 cm and height < 1 m (Fig. 5F). While Weigel (1988) de-
fines seedlings as plants of age 1-3 years, the factor of age alone is difficult to
transfer to the alpine treeline because of the extremely slow growth rate. There-
fore, we follow the recommendation of Martini (2024) to set a height of < 1 m
(frequently even < 50 cm).

In 2010, eight seedlings of different heights were randomly selected and indi-
vidually marked, after which their development was regularly monitored. Their
vitality was assessed, any damage documented and seedling height measured
using a hand ruler.
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% Say | s 6
Figure 5. lllustration of selected measurement setups on the test slope. A mapping
team B soil sampling C temperature logger D dendrometer E drilling for dendrochrono-
logical analyses F example of an observed seedling. Photos: K. Grunewald.

Between 2008 and 2023, the test slope was usually inspected once or twice
a year to capture data from the temperature loggers and dendrometers, as well
as on seedling development.

3. Results of the test slope investigations

3.1. Basic parameters and soil characteristics

Fig. 6 details the eight sections of the test slope with some key data and photos
to illustrate the three main habitats of the forest-/treeline ecotone in the study
area. The investigated transect runs next to a depression or avalanche track and
is predominantly characterized by an elongated slope which is partly convex (Fig.
4). The slope is relatively steep, with an inclination of 20—-45° (20—25° in the lower
part and 30—-40° from the middle section VIB). A detailed description of the eight
50 m sections (“fact sheets” for VIA to VIH) can be found in the Suppl. material 1.

The structure of the treeline ecotone shifts from an initially closed Pinus
heldreichii forest (VIA-VIC) to a park-like character with seedlings and natu-
ral regeneration (VID-VIE). Above this belt, the trees and shrubs reflect the in-
creasingly harsh conditions near the treeline: they are windswept, wind and ice
scoured, have partly dead crowns, torn trunks and a spiral grain with indications
of rock and soil movement and even lightning strikes. This elevation is domi-
nated by low, crippled Pinus heldreichii (VIF-VIH), which are finally replaced by
Pinus mugo and grass communities.

The results of the soil survey are summarised in Table 1. We found a typi-
cal hillslope mosaic of soils (soil types). The mapping showed relatively thick
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Figure 6. Schematic view and pictures of the test slope arranged in 2008 in the Pi-
rin Mountains (*main measuring point — soil, data-logger, tree growth). Photos: K.
Grunewald.

soil layers of up to 30 cm in section VIA (forest) (rendzinas), in contrast to the
shallow soils and bare areas of rock from the mid- to higher areas of the slope
(dominated by alpine Lithosols resp. Folic Histosols, cf. LaRiger et al. 2008).
Raw humus is created by coniferous trees, where the formation of an organic
top layer is typical (Oh-horizon). If the humus layer is less than 10 cm, we define
the soils as shallow (Suprafolic Leptosols). Due to slight bioturbation, the hu-
mus horizons are in part clearly subdivided. Comminution and decomposition
of the plant remain increase from upper to lower in the (mostly) three humus

Table 1. Soils of the test slope - field survey (2008), substratum marble.

Site

VIH

VIG

VIF

VIE

VID

ViC

VIB

VIA

thickness

10

20

20

10

25

30

Soil

[cm]

Soil type Soil horizons Colour Position, characteristics
(Munsell)

Skeleton- L/Oh/Cc (Humus 10YR 3/1 | Treeline, open, rocky, grassy mats, juniper,

humus-soil compact/solid) very dry

Skeleton- L/0Oh/Cc (Humus T10YR 2/1 | open, rocky, solifluction bulges, hardly any

humus-soil compact/solid) roots

Skeleton- L/Oh/Cc (Humus 10YR 2/1  open, rocky, shrubs (juniper)

humus-soil compact/solid)

Pararendzina L/0f/0Oh/Ah/Cc 10YR 3/2  Forestline, stones, grass/needles; 0-10
(Humus loose to firm) |10YR3/2  cm dry root felt

Pararendzina L/0f/0Oh/Ah/Cc 10YR 3/2  Big trees, stones, grass/needles; 0-10
(Humus loose to firm) cm dry root felt

Skeleton- L-Of/Oh/Cc (Humus | 10YR4/1  Rocky outcrop, rock in place

humus-soil solid)

Pararendzina L-Of/Oh/Ah/Cc 10YR 3/2 | Forest, round-angular stones in profile;

heavily rooted
Cambisol L-Of/Ah/Bv/C 10YR 4/4  Forest, rounded stones in the soil profile

10YR 4/3
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layers (L-Of-Oh; for a detailed characterization of such horizons, see Bolli et al.
2007, p. 58). At the bottom, we find fine humus, which looks in part like coffee
grounds. Dryness and compactness of the soil/humus horizons increase at
higher altitudes (Table 1).

Table 2 summarises the analysed lab data for the soil samples. Considering
the subsurface (marble, well-drained) and the altitude (alpine forest-/treeline),
we note the following findings for sections VIA through VIE to VIH:

pH values are slightly acidic; more acidic values are found in the Oh-horizons
(VID 0-10 cm pH 4.7).

C__contents is 7-13% and humus contents 11-22% in soils of VIA/VIB; the

org

level increases in the middle test slope area (park-like landscape) to Co 13-
29% and 21-50% humus content before decreasing again towards the treeline
(VIG/VIH); a similar picture, with the highest values in the middle slope area,

can be observed for C:N ratios.

Table 2. Lab results of the soil samples from the test slope (2008).

Site

VIH
VIG
VIF
VIE

VID

VIC
VIB

VIA

Depth
[cm]

0-4
0-8
0-10
0-10
15-20
0-10
10-20
0-10
0-10
15-20
0-10
20-30

pH
[in KCI]

6.5
6.2
6.4
5.6
6.4
4.7
5.4
6.2
6.5
6.7
5.2
6.4

Cory [%] | Humus N, C:N P[mg/kg] Felg/kg]l @ Allg/kgl Mn[mg/kg]
[%] [%] ratio
15.1 26.0 1.24 12.2 2,086 42.5 89.1 824
15.9 27.4 1.22 13.0 1,668 40.5 93.1 870
22.8 39.3 1.54 14.8 1,676 32.9 65.7 712
18.4 31.8 0.97 19.0 1,315 37.0 79.8 898
11.9 20.6 0.75 15.9 1,050 46.1 1141 1,015
22.5 38.8 0.91 24.7 1,063 304 57.5 1,236
13.4 23.1 0.61 22.0 1,036 41.8 85.4 1,424
28.9 49.7 1.07 27.0 1,095 21.0 39.8 977
12.8 22.1 0.62 20.7 1,181 39.9 85.2 1,296
10.7 18.5 0.56 19.2 1,018 404 92.2 1,364
11.0 19.0 0.56 19.7 1,012 44.5 954 1,122
6.6 11.4 0.39 16.9 1,047 452 98.1 1,262

The total nitrogen content N, is 0.4-0.6% in the humic top-layer horizon (0-
10 cm) of the VIA and VIB sections; N, is up to 1.5% in all higher sections.
The manganese content of the soils decreases with altitude, while the iron

and aluminium contents are not related to altitude.

The phosphorus content of the analysed samples is 1,000-1,100 mg/kg
from VIA to VIE, rising above this section to around 1,670 mg/kg before reach-
ing 2,085 mg/kg in the uppermost parts of the VIH site.

3.2. Trees on the test slope

3.2.1. Tree mapping results

No drastic negative changes could be detected by visual inspection of the site
in 2023 compared to 2008. No widespread extreme events such as wildfire,
wind or calamities were observed, which suggests a vital, relatively stable eco-
system in the forest-/treeline zone during this period.
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All trees on the test slope were recorded on field maps and described in tables
(species, circumference, height, see “fact sheets”, Suppl. material 1). Up to 95% of
the tree stock was Pinus heldreichii. The remainder was predominantly made up
of young Picea abies, Abies alba, Pinus sylvestris (especially in sections VIA, VIB),
Pinus peuce (mainly in VID, VIE) and Pinus mugo (mainly in VIG, VIH) trees, of vary-
ing vitality and with no significant changes between the two surveys (specimens
dying in 2023 will probably have disappeared by the next survey in 2038).

The 2008 survey mapped 462 individual trees; by 2023, this number had ris-
en significantly to 555 (+20%). The increase is partly due to natural succession,
especially in the park-like middle sections of the transect, and partly due to the
growth of “oddballs”, mainly found in section VIC and higher. These “oddballs”
are individuals with special or complex growth forms that are difficult to clas-
sify and count due to their branching trunks, protrusions, forks and complex
branching systems (Fig. 7A). The re-evaluation of some of these specimens in
2023 affected the total number of trees as recorded in the two mappings.

Fig. 8 compares the tree numbers in the mapped sections in 2008 and 2023.
In both years, the highest number of individuals was seen in sections VIC and
VID and the lowest number in VIF and VIH. In the closed forest stand (sections

Figure 7. Specific growth characteristics of Pinus heldreichii. A tree with several trunks
near the treeline B root of a Pinus heldreichii seedling. Photos: K. Grunewald.
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Figure 8. Number of mapped trees (without special specimens) in the slope sections in
the years 2008 and 2023.
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VIA, VIB), the number of individuals remained relatively constant (+2.2% during
the observation period). At the treeline (sections VIG, VIH), the number of trees
increased slightly (+15%). The strongest increase in the number of trees was
seen in the park-like sections VIC and VID, followed by VIE and VIF (up to +34%).
Here, there are usually groups/islands of trees, i.e. individual hotspots within
the segments.

3.2.2. Tree growth (DBH, annual ring widths, size/growth classes)

The dendrometers were measured 18 times in the period September 2010 to
October 2023 (Suppl. material 2). The average growth of the seven observed
trees was 3.5 cm DBH over the 13 years. The lowest growth was recorded at
1.6 cm DBH by the young tree no. 172 (section VIA). The highest diameter in-
crease was 6.0 cm for a medium-sized tree near the treeline (section VIH). No
trend is apparent in the relationship between growth, tree thickness and age.
Overall, growth is relatively synchronous and uniform across the studied indi-
viduals. In general, growth was relatively slow: the range of diameter increase
was 0.1-0.5 cm (average 0.27 cm) per year.

Additional insight in the growth of trees was provided by the dendrochrono-
logical analysis. Table 3 compares our tree-ring data with previous dendrochro-
nological studies of Pinus heldreichii. Statistical parameters of the tree-ring
width series in Scheithauer et al. (2009) and Panayotov et al. (2010) show very
similar data for the tree-ring chronologies from the older treeline-zone loca-
tions in Pirin. Trees in the study area often reach an age of more than 700 years.
Some individual specimens of this species were found to be more than 1000
years old (Seim et al. 2012; Konter et al. 2016).

Table 3. Dendrochronological studies at the treeline in the Northern Pirin Mts.: parameters from annual tree ring width
measurement analysed by using quality control software COFECHA.

Parameter Test slope Treeline (Panayotov et Location G1 (Scheithauer et

al. 2010) al. 2009)
No. of dated series 19 50 45
Time span of the master dating series | 1698-2017 1250-2008 1285-2006
Series intercorrelation 0.571 0.564 0.67
Sensitivity 0.188 0.210 0.23
Segments, possible problems 4 n.d. 3
Average series length (years) 98 361 353

Based on tree size, we defined three size/growth classes (GCs) according
to the diameter at breast height (DBH) of the studied transect. The first growth
class, GC1, largely consists of saplings with diameters of up to 8 cm. According
to Brodersen et al. (2019), saplings are young trees with multiple branch nodes
but which do not yet produce seeds and have a DBH generally less than 8 cm.
Smaller trees with a DBH of less than 1 cm or shorter than 1 m were defined as
seedlings (S). Trees with BDH of 8—30 cm were included in GC2. All large trees
(DBH > 30 cm) were placed in growth class GC3 (Suppl. material 1).

The results of the mapping are shown in Table 4. The number of trees in
size/growth class GC1 grew from 146 to 234 in the period 2008-2023, with the
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relative share of the total number of trees rising from approx. 32% to 42%. The
strongest increase (19 to 71 specimens) was recorded in section VID, followed
by VIC and VIE. It can be assumed that some seedlings mapped in 2008 had
become saplings (GC1) by 2023. VIA and VIB are characterised by a slight de-
crease in the number of specimens.

Table 4. Mapping tree size/growth classes (GC1-3, DBH) and seedlings (S) 2008 and 2023.

Segment
VIA
VIB
VIC
VID
VIE
VIF
VIG
VIH

total

2 2008
67
69
86
79
53
24
55
29
462

S

GC1l GC2 GC3 Y2023 S GC1 GC2 GC3 Biggesttree, DBH [m]

16 28 20 67 5 14 24 24 1.63
28 15 19 72 11 24 18 19 0.95
26 31 14 119 16 = 43 44 16 0.83
19 6 5 108 21 71 10 6 1.12
21 6 11 67 12 36 8 11 0.88
9 12 1 32 1 12 18 1 0.31
14 31 3 60 6 18 28 8 1.36
13 7 3 30 0 16 8 6 0.51

146 136 76 5585 72 234 | 158 91

The tree class GC2 accounts for less than 30% of the tree population in both
2008 and 2023, showing a relatively heterogeneous development pattern. The
overall trend is a slight increase from 136 to 158 specimens, with the strongest
numerical increase in VIC, followed by VIF and VID.

The trees in size class GC3 accounted for only about 16% of the total tree
population in both surveys. From 2008 to 2023, their total number increased
from 76 to 91, particularly in sections VIA, VIG and VIH. Otherwise, the old-
growth population was more or less stable. Only three very large trees (with
DBH > 1 m) were found on the slope, one each in sections VIA, VID and VIG.

3.2.3. Regeneration

All seedlings, i.e. individuals with a stem diameter of up to 1 cm and a height
of less than 1 m, were mapped and measured. Here too, these are generally Pi-
nus heldreichii. In 2008, 104 seedlings were counted on the test slope; by 2023,
the figure was 72. Table 4 shows a steady increase in occurrence from VIA to
VID before the numbers drop again at higher altitudes from VIE to VIF. Only 1-6
seedlings were found in the VIF and VIG sections, while no specimens were
found in VIH at the upper treeline in 2023.

Between 2010 and 2023, we monitored regularly the growth of eight seedlings
on the test slope (results in Suppl. material 3). The following was observed for
these and includes other seedlings at the forest-/treeline in the surrounding area:

Around one third of the seedlings developed well, especially those already larg-
er or well established and with good site conditions (exposure to sunlight, good
soil, avalanche protection). Examples include S2 and S5 from the regularly mon-
itored, which roughly doubled in height and stem thickness to become saplings.

Approximately another third of the seedlings showed extremely slow/low
growth, especially near the treeline or in locations prone to avalanches or rock-
falls. Environmental conditions in such “battle zones” are poor, and develop-
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ment is repeatedly disrupted. For example, the seedlings have broken branches,
partly yellow needles and little (or in some cases no) spring growth. In excep-
tional cases, it is therefore possible that seedlings mapped in 2008 could still
be found as seedlings in 2023.

The last third of the seedlings died/disappeared during the observation peri-
od. This can be attributed to localised events such as avalanches, geomorpho-
logical mass movements (soil displacement on steep slopes due to specific
climatic conditions) and chamois (Rupicarpa rupicarpa) grazing. A picture of
specimen S1 in Suppl. material 3 is illustrative. In 2010, this vigorous seedling
had a stem thickness of 1 cm and a height of 60 cm; in 2015, its stem thickness
was measured at 1.3 cm and its height at 75 cm. From 2017 onwards, damage
was observed (the tip was broken off, there were hardly any needles and a dis-
tinct lack of growth): the seedling was dying. By 2022, the seedling was only a
dry stem with no branches or needles.

3.3. Local-/microclimate

In the mountainous regions of south-west Bulgaria, the only reliable long-stand-
ing meteorological station is on Musala peak (2,925 m) in the Rila Mountains,
approximately 55 km north of the study area (Fig. 1). This station is a suitable
repository of reference data as the temperature correlates closely with shorter
local records from the northern Pirin Mountains (Grunewald et al. 2009; Noja-
rov et al. 2019; Ivanov et al. 2026).

The series of annual mean temperature data from the Musala station re-
mained stable since its establishment in 1931 until 1990 (Fig. 9), after which
two jumps of 0.75 K each were observed. The temperature curve is similar
to that of many European mountains (Cudlin et al. 2017), in particular alpine
mountain stations such as Davos in Switzerland, which lies at 1,594 m (Frei
et al. 2023). This temperature rise is likely to boost growth at the investigated
alpine treeline in the Pirin Mountains, although not necessarily for all species,
as confirmed by Oberhuber et al. (2020).

3,50
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Voo N VOO N OWOONTWOWODONT OWOVMONT WO ANT WDONT WO NT WOWON
M MO g T I T DWW WONWMOWOOO OSSNSO OEOOQQEOOO OO O O 000 ™ — ™ ™ ™ o o
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Figure 9. Evolution of annual mean air temperature at Musala Peak for the period 1936—-2023 (mean 1936-1989:-3.07°C;
mean 1990-2007: -2.53°C; mean 2008-2023: -1,67°C).
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Precipitation measurements are uncertain in high mountain areas due to the
relief effect, high winds and extensive snowfall. In the upper mountain regions
of southwestern Bulgaria, the average annual precipitation can range from
1,000 mm per year up to 1,300 mm per year at specific sites (on north-facing
slopes and/or summits; cf. Grunewald et al. 2009).

Nojarov et al. (2019) analysed the annual variation in temperature and pre-
cipitation for the area under investigation. They found that the maximum tem-
perature occurs in July/August and the minimum in December/January. The
precipitation distribution was characterised using data from the Musala station
for the period 1993-2016. Here, the maximum is in April, after which rainfall
gradually decreases to a minimum in November, followed by a secondary max-
imum in January and a minimum in February.

The air temperatures measured at the Musala station correlate well with the
data from the temperature loggers on the test slope. This was verified for the
study period with documented data for VIA, VIE, and VIH (complete air tempera-
ture series for the years 2010, 2011, 2014). R? = 1 for the monthly data and R?
= 0.93-0.99 for the daily data (linear function). The soil temperatures on the
slope, measured at a depth of 10 cm, also correlate closely with the Musala data
(R2 0.90, quadratic function). However, the soil data series are rather patchy.

Selected results from the data logger measurements are shown in Fig. 10
for the period September 2009 to August 2020, for which complete data from
all loggers is available. There is a pronounced annual cycle in air temperatures
and marginal seasonal differences between VIA, VIE and VIH, showing a weak
hypsometric gradient from warm to cold (3 4.8 ... 4.7 ... 4.4°C).
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/‘ 15,0
/./" 100 = /__/
& 50 ¥
/ 0,0 -—/
-50
-10,0
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Figure 10. Monthly values in the sections of the test slope from September 2009 to August 2020. A air temperature B

soil temperature.

Soil temperatures also showed a clear annual cycle. Here, however, the dif-
ferences between the VIA, VIE and VIH sections were significantly greater and
the hypsometric gradient more prominent, namely from cold to warm to cold (@
4.7 ... 6.7 ... 5.4°C). Korner and Paulsen (2004) found that a weekly mean soil
temperature of 3.2°C is a proxy for a weekly mean air temperature of 0°C, which
is the threshold for the beginning and end of the growing season at treelines.

The highest hourly value for the soil temperature was 13.4°C for VIA, 24.2°C
for VIE and 24.6°C for VIH. When Kenderova et al. (2015) measured soil tem-
perature above the test slope at an altitude of around 2,450 m (cirque Golyam
Kazan), they found a sub-zero soil surface temperature during the period No-
vember to May; the average maximum summer temperature in the soil (-10 cm)
was over 30 °C.
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Figure 11. Daily average soil temperatures (-10 cm) in the sections of the test slope.

Fig. 11 illustrates this aspect using the daily average soil temperatures:

+ Sector VIA is the most balanced (“Canopy micro climate”), with sub-zero
temperatures only recorded twice, namely in the winters of 2015/16 and
2016/17; otherwise always > 0 °C (!).

+ VIE is warmest in autumn, winter and spring.

+ VIH has the warmest summer and the coldest and longest winter. In other
words, it shows the greatest temperature swing over the course of the year.

4. Discussion

4.1. Overview of the trends observed

We have established a long-term monitoring plot at the alpine forest-/treeline
of a southeastern European high mountain range to allow studies of the nature
of the structural transition in tree vegetation between forest and alpine areas.
The test slope is a typical forest-/treeline ecotone in the northern Pirin Moun-
tains growing on marble bedrock at an altitude of 1,975-2,175 m. The tree line
is clearly visible from a distance or from the air (Fig. 4). Relief and soil condi-
tions determine the small-scale transitions.

Since the establishment of Pirin National Park in 1963, anthropogenic
activities have largely ceased, allowing us to observe the natural develop-
ment of forest limits in a mountain system in southeast Europe. Generally
speaking, the ecotone has recently been impacted, and will continue to be
impacted, by climate change and other environmental factors (Cudlin et
al. 2017). Such effects have been clearly noticeable in recent years: hot
summers and dry periods have led the tree population to suffer climate
stress, indicated for instance, by dry/yellow needles. In the northern Pirin
Mountains, Pinus peuce seems to be more severely affected than Pinus
heldreichii on marble bedrocks. This is perhaps due to the higher toler-
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ance to calcium in soils and the long taproots of Bosnian pine. Climate
stress does not yet seem to be affecting the seedlings on the test slope.

Other factors in the study area underscore the favourable conditions
for Pinus heldreichii, for example, the good drainage provided by the marble
rock. Conversely, the species is exceptionally well-adapted to the harsh physi-
cal conditions of the high mountains—it withstands rockfalls, avalanches, land-
slides, insect infestations, and other such hazards.

The test slope was set up and calibrated/surveyed in 2008. The field and
soil conditions were examined, and monitoring began on features of the local
climate (air/soil temperature) using temperature loggers.

The focus of the research was on tree development. Each tree has its own
characteristics and reacts individually to environmental/site conditions (Cast-
agneri et al. 2015). The species Pinus heldreichii forms the treeline on the
sun-exposed, marble slopes of the northern Pirin Mountains. This hardy tree not
only thrives in these challenging conditions but is also dendrochronologically
interesting due to its long potential lifespan of over 1,000 years (Scheithauer et
al. 2009; Panayotov et al. 2010; Seim et al. 2012; Bojaxhi and Toromani 2016).
Specific developmental characteristics can be linked to the environmental fac-
tors such as geomorphology, climate and human impact as well as to topo-
graphic variables such as elevation, slope angle and soil (Leonelli et al. 2016).

The study slope was divided into eight main sections, each 50 m long (VIA
to VIH, see Fig. 6), to enable closer monitoring and to link tree development
to microclimate conditions and characteristics of the local terrain. In the first,
approximately 75 m of the test slope (VIA + first half of VIB), we found typi-
cal forest vegetation: a relatively dense forest with stand competition, a ho-
mogeneous tree population and canopy cover of 80-90% (Suppl. material 1/
VIA). Ground shadow reduces soil temperature to create a cold root zone. Few
branches are found in the lower and central sections of the trees. We observed
almost no seedlings. Because of the low inclination (22-25°) and relatively
good soil development, we assume that the lack of regeneration can be mostly
attributed to a lack of sunlight at the soil level.

The middle and higher sections of the transect (from VIB) are both steep-
er and rockier (30-42°). The middle part of the transect is characterized by
scattered trees with crowns that do not completely touch or overlap (canopy
cover 70-80 %), allowing more sunlight to reach the ground. These form a park-
like type of forest. This part of the transect had the most abundant saplings
and seedlings (sector VID); a gradually decreasing number of saplings was
observed at higher altitudes. Most of the trees at higher altitudes maintained
more branches lower on the trunk due to the more abundant sunlight. Trees
with several (two or more) trunks also become more common. The canopy
cover gradually decreases (30-40% at section VID), and the distribution of sap-
lings and seedlings becomes patchier. The highest zone (sections VIF/VIG) is
largely open, with only approximately 10% canopy cover remaining. This zone
is dominated by small groups of trees and more abundant rocks, grass mats
and juniper bushes; from VIH onwards, there is a transition to dwarf pine (Pinus
mugo); seedlings are still present, but almost no saplings (see Suppl. material
1 for details and illustration).

Our findings are in line with the limited data from other studies on old and un-
managed forests in the Pirin Mountains. For instance, Rangelova and Panayo-
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tov (2013) studied areas of old-growth forest in the Bayuvi Dupki-Dzhindzhiritsa
subalpine forest reserve (1,970-2,014 m). They found a relatively low density of
trees with high DBH variation and often patchy distribution. There was a strong
variation in tree age, with some more than 500 years, and many showing signs
of damage, indicating several wildfires in the past (Vasileva and Panayotov
2016). High age variations have also been reported for other Pinus heldreichii
forests, with the highest ages at the treeline (Panayotov et al. 2010, 2011). The
study of Rangelova and Panayotov (2013) also reported patchy regeneration
distribution, often found on old deadwood. A bachelor thesis study of Pinus
heldreichii by Grigorova (2022) analyzed a transect of 12 sample plots with a
similar altitude distribution as in our current study, finding similar trends with
high variation in the number of seedlings and saplings and a gradual decrease
in the number at higher altitudes. Most of the seedlings took 10 years to reach
30 cm in height. Grigorova also found high variation in age: some saplings of
height < 1 m had an age of 30—50 years. According to her data, regeneration
was highly dependent on the extent of sunlight, as reported in the current study.

Overall, it can be said that the population in our study on the test slope is
thriving and becoming larger, especially in the middle section of the investi-
gated slope. The forest ecotone is ageing, and it seems likely that the park-
like section will one day be transformed into a closed forest. It is not clear
whether large numbers of additional seedlings will survive, even above the
treeline. Warmer temperatures and a longer growing season argue in favour
of this, yet plant growth may be inhibited by increasing soil heat, dry periods
and late frosts. Ronold et al. (2025) discovered that ectomycorrhizal fungi were
relatively less successful in colonizing the roots of seedlings in alpine soils,
where root-associated ascomycetes dominated the fungal community. They
conclude that, although temperatures are becoming more favourable for trees
in higher elevations, this limitation might lead to a slower increase in eleva-
tional treelines than would be expected by higher temperature alone, since the
fungal community above the treeline may have fewer symbionts suitable for
these pioneering trees. The phenomenon of seed availability, herbivore pres-
sure, mycorrhizal associations, or disturbance frequency and intensity should
be given more attention by researchers in future.

Dendrochronological growth analysis based on climatic factors has shown
that the examined climate parameters in the seasonal cycle have a highly dif-
ferent, sometimes opposing, influence on the tree-ring width growth of Pinus
heldreichii (Panayotov et al. 2010; Grunewald and Scheithauer 2011). Higher
summer temperatures can have a limiting effect if coupled with a lack of pre-
cipitation or even drought conditions; yet if moisture is present, they support a
higher rate of cell division and hence the production of wider tree rings (Ilvanova
et al. 2013) and also higher density of latewood (Trouet et al. 2012). In this re-
gard, rainfall probably plays a crucial role during the growth period: a warm and
humid summer will lead to wider tree rings. If the summer period is extremely
dry, however, temperature has only a minor impact. Moreover, the temperature
regime in winter and spring, as well as winter precipitation, can have an inhibit-
ing or supporting effect. Logically, smaller trees or saplings are more affected
than older and already established trees and may even die if there is insufficient
moisture during the summer months.
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Nevertheless, according to Korner et al. (2005) and Todaro et al. (2007), a
growth cycle for Pinus heldreichii linked to temperature and precipitation can
be determined in the northern Pirin. The beginning and end of cell growth and
cambial activity depend on the characteristics of both of these climate factors,
i.e. spring: warm vs. cold, summer: warm and humid vs. dry. In particular, local
studies have shown a very strong effect on spring and early summer conditions
on the growth initiation (lvanova et al. 2013).

In terms of climate change, significantly warmer conditions were observed
in the study area during the period in question compared to previous decades
(Fig. 10), as was the case in many regions globally. The studied forest-/treeline
ecotone has so far responded mostly positively to this change. Although the al-
pine treeline in the mountains of south-eastern Europe is determined not just by
temperature but also by the amount of rainfall, the tree species Pinus heldreichii
is well adapted to dry periods, which it can survive due to its long roots. Even
small individuals have roots approx. 1 m long, which also provides stability (Fig.
7B). Wet periods are also not a problem due to the local soil conditions, which
provide good drainage and therefore avoid waterlogging.

However, the success of regeneration depends on numerous factors related
both to masting, seed germination and seedling survival. It is known that Pinus
heldreichii becomes fertile very early (blooming at 15 to 20 years), often has fat-
tening years (every second to third year), and produces a huge quantity of seed
(Morgante and Vendramin 1990). Nevertheless, in the Italian populations of
Pinus heldreichii subsp. leucodermis, a regeneration gap of approx. 200 years
have been determined. This was attributed to anthropogenic pressures as well
as to climate change in the second half of the twentieth century (Todaro et al.
2007). Our data shows that there is no such gap in the Pirin populations.

Crucial for tree survival and growth are the specific small-scale site condi-
tions such as competition, light exposure and snow load, as well as the micro-
climatic (cold, wind) and pedological conditions (rocky soils with little humus)
that deteriorate with increasing altitude. These local conditions determine pho-
tosynthetic carbon gain and respiratory processing (Brodersen et al. 2019).
In particular, early snowmelt in spring and early snowfall at the beginning of
winter (preventing deep ground frost) can aid seedling survival. Warm soil will
boost cell activity and cell differentiation and thus help establish root systems
(Boden et al. 2010).

The shifting of treelines is initially dependent on new seedling establishment
at favourable microsites, which appear to be generated by ecological facilitation.
Probably this facilitation is critical during the first years of growth when only cot-
yledons are present, and survival only occurs in favourable microsites, leading to
a survival rate of potentially less than a few percent (Brodersen et al. 2019).

The stage of established seedlings begins with the maturation of the first
set of primary needles and the senescence of the cotyledons. According to
Brodersen et al. (2019), this transition is critical, marking not only the greater
photosynthetic potential of the seedling but also the accompanying develop-
ment of a root system that can adequately supply water and nutrients to the
substantially increased foliage area, thereby ensuring a much greater probabil-
ity of long-term survival. Any designation of height and age is highly uncertain
due to the severe growth suppression at the treeline: same-height seedlings
can, depending on exposure, vary in age by decades.
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Our data confirms a stable process of forest regeneration. The number of
young trees/saplings (GC1) was higher in 2023 than in 2008, suggesting that
the bioclimatic conditions for colonisation and survival were favourable for the
offspring. Although an estimated one-third of the seedlings died and another
third were “struggling”, the number of individuals increased in the years under
review. From the perspective of plant ecology, fertility is likely to be significantly
greater than mortality. At both sampling times (2008 and 2023), the number of
seedlings was highest in VID (the park-like middle section of the test slope).

During the study period, seedling development was not negatively affected
by catastrophic events such as cyclones/storms, wildfire, mass outbreaks of
defoliating insects and bark beetles, pathogens, or extreme periods of drought,
affecting the entire slope or ecotone.

Seedlings from 2008 that survived are likely to have become saplings by
2023. Brodersen et al. (2019) note that the successful transition from seedling
to sapling to mature tree in treeline ecotones has received limited attention
in the literature. They attribute this to the lack of criteria and consistency in
defining seedling age, size, and height, which are all required to determine the
transition from seedling to sapling.

Tree seedlings can expand far above the treeline, setting the stage for po-
tential future treeline advances (Korner and Hoch 2023). Against this back-
drop, in 2023, we investigated whether there are now seedlings above VIH (the
treeline). Here, the terrain is characterised by an elongated slope with an incline
of approx. 35° and SE exposure, 100% sun exposure, raw soil/rock, solifluction,
rill karst and sparse mats of Juniperus. We found a few individual specimens
of Pinus heldreichii, some tens of metres above the last tree of VIH (obviously
growing after 2008 or only now becoming visible in the mountain pine), some
standing in stocks of Pinus mugo or rising out of them. Their height is 0.5-1.5
m.

4.2. Limitations and potential improvements

The study is based on a well-chosen but single 400 m transect located on one
slope with a specific exposure and marble substrate. In this respect, conclu-
sions to regional treeline behaviour and species-level resilience are hardly pos-
sible. As treeline dynamics are strongly influenced by local controls such as as-
pect, substrate, and microtopography, results from one “test slope” cannot be
assumed to fully represent broader patterns. Without spatial replication across
multiple slopes and substrate types, the findings should be interpreted strictly
as site-specific.

We acknowledge that part of the reported increase in tree numbers results
from re-evaluation of ambiguous individuals (“oddballs”) and from mapping
uncertainties, indicating that counting criteria and interpretation were not fully
consistent between 2008 and 2023. Such methodological and observer-related
differences can easily generate apparent trends that are not ecological in ori-
gin. To support claims of change, the future mapping needs a better inter-ob-
server calibration, blind re-mapping of selected segments, or sensitivity anal-
yses that quantify how alternative mapping decisions influence the reported
results. Nevertheless, when mapping, there are always inconsistencies; even a
single mapper never maps in the same way twice.
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Although the report counts, percentages, and average growth rates are in-
cluded, the sample size is insufficient to calculate formal statistical trends,
uncertainty estimates, or effect sizes that could substantiate claims about
changes. No confidence intervals, no generalized linear/mixed modelling, no
survival analysis, and no explicit tests for whether observed changes exceed
sampling/observer error. This prevents robust inference about whether the ob-
served changes reflect true ecological change versus mapping noise or demo-
graphic stochasticity. Without quantification of uncertainty and proper models
(e.g., GLMMs for counts, mixed models for repeated measures, survival models
for seedlings), conclusions about regeneration trends and climate-driven shifts
are speculative.

Key components of the study rely on very small sample sizes. Radial growth
is assessed using dendrometers on only seven trees, with a limited number
of measurements spread over more than a decade, which is insufficient to
capture population-level growth variability. Similarly, seedling dynamics are in-
ferred from just eight marked individuals, while overall seedling counts are low
and highly variable. Such small sample sizes substantially limit statistical pow-
er and preclude robust demographic inference, particularly in treeline environ-
ments where inter-individual variability in growth and survival is typically high.

Although we deployed 14 temperature loggers, the dataset is compromised
by repeated sensor failures at the alpine treeline and discontinuous soil tem-
perature records. To compensate, we rely on data from the Musala meteoro-
logical station, the regional mountain reference station, located approximately
55 km away, noting high correlations. However, the use of a distant reference
station is problematic in a topographically complex mountain environment. Be-
cause microclimatic conditions—particularly soil temperature, snowpack dura-
tion, and soil moisture—are central to seedling establishment and survival at
treeline, gaps or biases in local measurements and over-reliance on regional
station data weaken the strength of the climate-ecological linkages and limit
confident attribution of observed patterns to climate forcing.

We acknowledge several non-climatic factors that can strongly influence
treeline dynamics—including mycorrhizal limitation, disturbance from ava-
lanches or rockfall, herbivory, and substrate heterogeneity—but these drivers
are not quantified or incorporated into the analysis. There are no measure-
ments of seed availability, herbivore pressure, mycorrhizal associations, or dis-
turbance frequency and intensity. Because these factors can decisively shape
seedling establishment and growth, their omission weakens causal inference
and makes it difficult to attribute observed patterns primarily, or even predomi-
nantly, to climate forcing.

5. Conclusion

This study represents a rare and valuable long-term field effort, with observa-
tions spanning 15 years in a protected landscape that has experienced minimal
direct human disturbance. Using simple methods, a treeline monitoring system
was established and realised at small spatial scale and medium-term temporal
scale on a test slope in the Pirin Mountains in south-eastern Europe. The data-
set is unique for Bulgaria and the Balkan region and is relevant for understand-
ing climate-vegetation interactions in mountain environments.
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The slope at a well-chosen alpine treeline site, which extends over 400 m in
length while climbing an altitude of 200 m, encompasses a closed Pinus hel-
dreichii forest which gradually shifts to park-like scattered forest islands before
turning into open alpine meadows and some dwarf pine patches up to/above
the treeline. Tree coverage, successional stages, tree species, tree growth,
growth forms, age classes, seedling establishment and (in particular) survival
rate as related to site conditions were mapped in the autumns of 2008 and
2023. The next mapping in the 15-year cycle is scheduled to take place in 2038.
Such long monitoring periods at treeline sites are uncommon and provide an
important opportunity to observe slow ecological processes. But optimisations
should be made with regard to the mapping of the slope (reproducibility of tree
counting, inter-observer calibration). Further statistical work will be carried out
on the microclimate dataset, and comparative data from a neighbouring slope
will be included.

The Red List tree species Pinus heldreichii dominates the slope. It appears
to be thriving in the changing climate, as evidenced by tree growth rates and
regeneration observations. This pine tree is able to adapt to extreme environ-
mental conditions and is also a good colonist of dry high-altitude sites. It is
resistant to sulphur dioxide, hydrogen fluoride, nitrogen dioxide and ozone pol-
lution and is further able to withstand wind, ice and heavy snow. The marble
rocks facilitate its growth.

The forest edge ecotone is stable and healthy, apart from heat/drought stress
at the end of the last very warm summer. Hardly any negative impacts were
observed in the closed forest. The trees are ageing, and there are a few seed-
lings. The development dynamics are strongest in the park-like, open middle
section of the slope, where the forest transitions to the treeline. This is where
the “future forest” is growing. Changes in the “battle zone” higher up only occur
with extreme slowness, so that any upwards shift of the forest-/treeline is likely
to take many decades. Seedlings can only survive and develop if warming is
accompanied by several vegetation cycles without phases of extreme weather.

In the future, greater attention should be paid to seedling and sapling devel-
opment, including areas above the test slope. To be able to predict likely future
changes in the distribution of Pinus heldreichii in response to climate change,
we must first understand the dynamics of seedling recruitment and their cli-
matic drivers and inhibitors. This highlights the vital importance of establish-
ing a long-term project to monitor young seedling abundance and mortality at
the treeline, as well as to monitor the health and growth of established mature
trees and to realise demographic surveys.
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