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Abstract
Key message Long Bosnian pine chronologies from different mountains are shaped by different climatic parameters 
and can help identify past drought events and reconstruct landscape histories.
Abstract We developed a 735-year-long Pinus heldreichii chronology from the southern distribution limit of the species, 
expanding the available database of long Bosnian pine chronologies. Tree-ring growth was mainly positively correlated 
with growing degree days (GDD: r1950–2018 = 0.476) while higher temperatures during both winter and growing season also 
enhanced growth (TWT: r1950–2018 = 0.361 and TGS: 0.289, respectively). Annual precipitation, during both calendar and 
water years, had a negative but weaker impact on annual tree growth. The newly developed chronology correlates well with 
chronologies developed from the neighboring mountains. The years with ring width index (RWI) lower than the average 
were found to correspond to cool years with dry summers. Still, the newly developed chronology was able to capture severe 
drought events, such as those in 1660, 1687, and 1725. Several old living trees had internal scars presumably caused by fires. 
Therefore, old mature trees could be used for fire history reconstruction in addition to climate reconstruction. Although the 
presence of lightning scars indicates an important natural agent of fire ignition, human activities associated with animal 
grazing could also be an underlying reason for fires in the region.

Keywords Dendrochronology · Pinus heldreichii · Tree-ring width · Ring width index · Climate impact

Introduction

Development of long, well-replicated tree-ring chronologies 
has considerably contributed not only to the reconstruction 
of past climate (Fritts 1976; Cook and Kairiukstis 1990; 
Esper et al. 2016, 2020), including the identification of 
major historical drought events (e.g. Cook et al. 2010, 2015, 
2016, 2020; Touchan et al. 2005b, 2014a, 2014b; Morales 
et al. 2020), but also to the reconstruction of disturbances 
(Bergeron et al. 2002) such as fires (e.g. Baisan and Swet-
nam 1990; Fulé et al. 2008; Keane et al. 2008; Christopoulou 
et al. 2013; Molina-Terrén et al. 2016; Amoroso et al. 2017; 
Mazarzhanova et al. 2017; Harley et al. 2018). Tree-ring 
chronologies have also been used to understand the response 
of tree growth to climatic variability (Fritts 1976) and to pre-
dict how forests might respond to climatic change (Williams 
et al. 2010; Fyllas et al. 2017a). Thus, a sound understand-
ing of past climate and tree-growth interactions is impor-
tant, particularly given the global increase in the frequency 
of widespread severe droughts, as well as the intensity of 
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drought events during the recent decades (Cook et al. 2016; 
Morales et al. 2020). This is becoming even more important 
in areas such as the Mediterranean region, identified as par-
ticularly sensitive to climatic changes (Touchan et al. 2005b; 
Esper et al. 2020).

Dendrochronologists tend to look for very old tree stands 
with individuals living for several centuries, which may 
contribute to high-resolution paleoclimate reconstructions 
(Klippel et al. 2017). The tree species commonly used for 
climate reconstruction in Greece is Pinus heldreichii Christ 
(Touchan et al. 2005b, 2014a, 2014b; Klippel et al. 2017, 
2018; Esper et al. 2020, 2021) since it forms very old stands, 
including also the oldest scientifically-dated tree in Europe 
(Konter et al. 2017; Piovesan et al. 2018). P. heldreichii or 
Bosnian pine is endemic to the high mountains of the Bal-
kans and Southern Italy. It grows between 800 and 2600 m 
(a.s.l.) and reaches its southernmost geographical limit of 
expansion at ca. 40° latitude in Italy on Monte Pollino and 
in Greece on Mt. Olympus as well as the northern Pindus 
where it also forms the treeline (Brandes 2007; Vitali et al. 
2019).

Numerous dendrochronological studies have been per-
formed with Bosnian pine over the Balkan Peninsula and 
Italy, most of which focus on the species’ response to cli-
matic variability (Todaro et al. 2007; Panayotov et al. 2010; 
Seim et al. 2012; Klippel et al. 2017) and anthropogenic 
activity (Todaro et al. 2007). Long tree-ring chronologies 
have also been used for climate reconstruction (Touchan 
et al. 2005b, 2014a, 2014b; Trouet et al. 2012; Klesse et al. 
2015; Klippel et al. 2018; Esper et al. 2020, 2021). An 
application of blue intensity, a relatively new measurement 
technique based on image analysis used as a proxy for tree-
ring density (Campbell et al. 2007; Buckley et al. 2018), 
illustrated positive correlations with August and August-
July temperatures in Bosnian pines as shown by Tsvetanov 
et al. (2020). P. heldreichii in Greece has been studied den-
drochronologically on Mt. Olympus (Touchan et al. 2014a; 
Klesse et al. 2015) and the Pindus Mountain range (Touchan 
et al. 2005b; Esper et al. 2021), particularly on Mt. Smo-
likas and Valia Kalda, providing insights into the long-term 
hydroclimatic variability in the northeastern Mediterranean 
(Klippel et al. 2017, 2018). Recent June–July precipitation 
reconstructions are based on the standardized precipitation 
index (SPI) (Klippel et al. 2018; Esper et al. 2021), a widely 
used index to characterize meteorological droughts on a 
range of timescales.

On the other hand, the population dynamics of Bosnian 
pine forests and their response to natural disturbances such 
as fires have been poorly studied. To the best of our knowl-
edge, there is only one study from the Pirin Mountains in 
Southwestern Bulgaria where tree-ring cores were used 
to date past fire events (Vasileva and Panayotov 2016). In 
most cases fire history reconstruction is based on fire scars 

analysis using cross-sections and partial cross-sections col-
lected from dead or living trees, respectively (e.g., Baisan 
and Swetnam 1990; Brown et al. 1999; Fulé et al. 2008; 
Christopoulou et al. 2013; Cerano-Paredes et al. 2020). 
Nevertheless, conducting such research on Bosnian pines is 
challenging since most of them are found on relatively steep 
slopes and at high altitudes, primarily within the borders of 
protected areas where collection of cross-sections is neither 
easy nor always permitted.

In this study we developed an independent chronology 
from the southern distribution limit of Bosnian pine. Our 
primary goal was to study the Mavrovouni forest and Bos-
nian pines as a biological archive and a source of environ-
mental information by extracting the signals registered in 
tree rings. We also tried to answer the following questions: 
(i) which climate predictors of tree-growth are the best for 
this species?, (ii) do the known key drought periods of the 
past, as identified from other studies in the region, emerge 
in our independent chronology?, (iii) is it possible to use the 
samples collected for the development of a local chronology 
to also identify disturbances such as fires?, and (iv) is there 
a potential for dating historical wood with our developed 
chronology?

Materials and methods

Study area and field sampling

The study area falls within the borders of the Northern Pin-
dus National Park (northwestern Greece), the largest terres-
trial national park in Greece, covering an area of 2000  km2. 
The Park hosts the second-highest mountain in Greece, Mt. 
Smolikas (2637 m a.s.l.), as well as other mountain ranges, 
such as Tymfi, Lygkos, Vasilitsa, and Mitsikeli. The geo-
logical and geomorphological values of the Pindus Moun-
tain range formations have been recognized by UNESCO; 
therefore, the Park is a member of the European and Global 
Geoparks’ Network. It is also part of the European (Natura 
2000) network of protected areas (Management Agency of 
Vikos—Aoos and Pindus National Park 2017). Stands of 
Pinus heldreichii, Pinus nigra J. F. Arnold, Fagus sylvatica 
L., Abies borisii-regis Mattf. and Quercus spp. form the 
dominant forest types in the region. Old trees can be found 
scattered across natural forest stands (Brandes 2007; Tou-
chan et al. 2012).

The study site represents the southern distribution limit 
of Bosnian pine, located 9 km N–NW of Metsovo, a well-
known and large Vlach village whose shepherds once had 
thousands of sheep grazing over the Pindus mountains 
(McNeill 1992), and at a short distance from the Aoos 
Springs artificial lake (Fig. 1). P. heldreichii forms the 
timberline while in lower altitudes P. nigra (black pine) 
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is more abundant with mixed stands of the two species 
found at intermediate altitudes. The summit where field 
measurements and sampling took place is called Mavro-
vouni. Mavrovouni in Greek means “black mountain”, 
a name attributed to either the dominance of black pine 
at lower altitudes, or the black colour of the mountain 
after fire, as suggested by local foresters. Another pos-
sible explanation for this place name, a frequently used 
word for Greek mountains, could be that the study area 
was a formerly densely tree-covered mountain. The sam-
pling area is characterized by the presence of living old 
and young trees, snag, downed logs, and stumps widely 
scattered in the open landscape while pine seedlings and 

saplings are abundant in the understory. The basement 
rock is flysch, and the soil cover is discontinuous with 
ground vegetation mostly consisting of grasses and other 
perennial herbs. The remnants of standing trees burnt by 
lightning are abundant (Fig. 2). In 2018 and 2019, a total 
of 100 samples were collected from 43 living and 2 dead 
P. heldreichii trees. The mean diameter at breast height 
of the sampled trees was 130.5 cm. At least two cores per 
tree were extracted from each individual to minimise the 
impact of reaction wood. From trees hit by lightning, cores 
were collected from the part of the trunk that was not obvi-
ously damaged. Sampling was performed with the use of 
increment borers long enough to obtain a complete radius 

Fig. 1  Location of the study 
area and the sampled trees. 
The forests with P. heldreichii 
(habitat type 95A0) within the 
Natura 2000 network across the 
broader region are also shown
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of the trunk to reach the pith, with the longest one having 
a length of 800 mm. From dead trees, cross-sections were 
cut with a chainsaw. 

Trees were sampled from elevations ranging from 1650 
to 2000 m a.s.l. (mean 1900 m a.s.l.) while the mean slope 
was 18°, varying from 9 to 36°. Samples were collected 
from all sides of the summit. Local temperature data were 
obtained from three data loggers placed during the first 
field survey in 2009. Two of these were buried in the soil 
at a depth of 15–20 cm while the third one was placed 
inside a tree to measure air temperature. The recording 
period lasted until January 2019.

Laboratory methods: samples preparation, 
measurements, and crossdating

In the laboratory, all samples (cores and slices) were 
properly prepared with the use of razor blades and/or pro-
gressively finer grade abrasive paper to have tree rings 
and xylem cells clearly visible under magnification. Tree-
ring width was measured to 0.01 mm using Time Series 
Analysis and Presentation software (TSAP-Win) (Rinn 
2011) and a LINTAB (Rinntech Inc. Heidelberg, Ger-
many) measuring table. All samples were visually and 
statistically crossdated using TSAP-Win to identify the 
possible presence of missing or false rings (Stokes and 
Smiley 1996). Moreover, the samples were analyzed to 
detect scars caused by fire or other types of disturbances.

Climate data

Data from the data loggers were used to (i) obtain an over-
view of weather patterns and (ii) to numerically define 
a “winter”, a “summer” and a “growing” season period. 
By estimating the monthly climatic profile of the area, 
we identified the period in which mean monthly tempera-
ture is lower than 0 °C (December, January, February, and 
March) and designated it the “winter” period. We also 
identified the “growing season” period (May–October) 
when monthly mean temperature is greater than 5 °C, 
and the “summer” period (June–August) when mean 
temperature is greater than 10 °C. Data loggers placed in 
the soil informed us about the snow cover period. Snow 
cover helps prevent the soil from freezing and stabilizes 
the ground temperature (Zhang 2005). Based on the data 
derived from the data loggers buried in the soil, the snow 
cover period lasts from December to March, overlapping 
with designated “winter” period.

Longer term climate data (1950–2018) were obtained 
from the European Climate Assessment (ECAD) grid-
ded dataset (E-OBS), including daily mean, minimum and 
maximum temperature, daily total precipitation, and solar 
radiation data (after 1980). These data were extracted at 
a 0.1-degree resolution (ca. 10 km) and corrected using a 
lapse rate of 6.5 °C  km−1 based on the elevation difference 
between the E-OBS digital elevation model and the GPS 
readings of actual site elevations (Fyllas et al. 2017b). No 
elevation adjustment was made for precipitation due to the 

Fig. 2  View of the study area with old isolated standing trees, remnants of burnt trees, and natural regeneration of Pinus heldreichii 
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restricted data availability for the precipitation lapse rate for 
the study area.

Statistical analyses

Standardization of the crossdated tree-ring series was per-
formed to remove the age-related growth trend and other 
low-frequency variations (Cook and Kairiukstis 1990) by 
fitting a negative exponential curve and estimating an annual 
ring width index (RWI). The dimensionless RWI was com-
puted by dividing the observed raw ring-width value by the 
fitted value of the negative exponential curve. This is a com-
monly used method preserving high-frequency variation of 
a shorter duration than the length of the individual series 
(Sullivan et al. 2016). A mean chronology was developed 
using the detrended dataset constrained to years having an 
adequate sample depth (> 10), i.e., years where mean RWI 
was estimated by more than ten different tree rings. In our 
dataset this period extends from 1515 to 2018 with a mean 
expressed population signal EPS = 0.92, suggesting a suffi-
ciently replicated chronology (Wigley et al. 1984). Extreme 
years (either bad or good) in terms of RWI were identified 
from the 2.5 and 97.5 percentiles of the mean chronology. 
The developed mean chronology was assessed against the 
existing chronology from the broader area available in the 
International Tree-Ring Data Bank—ITRDB (Klippel et al. 
2018), based on visual and statistical crossdating with the 
use of TSAPWin. We also calculated the Pearson correla-
tion coefficients between our mean chronology and the mean 
chronology developed by Klippel et al. (2018).

Pearson correlation coefficients were also computed 
between annual RWI and calendar year, water year (from 
previous October to current September), growing season 
(May–October), winter (previous December to current 
March), and summer (current June–August) mean tempera-
ture TX, precipitation  (PX), and incoming radiation  (QX). 
Correlation coefficients were also estimated for the summer 
months covering June–July and April based on Klippel et al. 
(2017)’s study, which has shown that they were significantly 
correlated with tree-ring width (TRW) from Mt. Smolikas. 
Therefore, X indicates either WY: water year, CY: calendar 
year, GS: growing season, WT: winter, SM: summer, JJ: 
June–July or Ap: April. The number of growing degree days 
(GDD), a commonly used heat index, defined from mean 
daily temperature (Ti) as GDD =

∑i=365

i=1
(T

i
− 5) per water 

year, was also estimated and used as a predictor of RWI.
In order to explore the relationship between the detected 

extreme years and climate, we combined our detrended 
chronology with the SPI chronology developed by Klippel 
et al. (2018). We used our detrended chronology particu-
larly to identify warm years (defined as those years with 
RWI > average RWI) and cool years (RWI < average RWI) 
(see Sect. 3.2), and the reconstructed summer SPI data series 

to identify wet (SPI > 0) and dry (SPI < 0) years. We then 
estimated a consistency table by identifying extreme years 
during this four-way classification and subsequently ran a 
chi-square test to see the difference in extreme years between 
summer wet and dry years.

All analyses and visualisations were made with R (R Core 
Team 2020) using the dplR (Bunn et al. 2020), the lubridate 
(Grolemund and Wickham 2011), the tidyverse (Wickham 
2017), the MASS (Venables and Ripley 2002), the SPEI 
(Beguería and Vicente-Serrano 2017), and the ggpubr (Kas-
sambara 2017) packages.

Results

Chronology characteristics

The newly developed chronology, consisting of 45 dated 
trees, is 735 years long (1284–2018). The average series 
length is 396 years and the mean series intercorrelation 
(MC) is 0.569 (± 0.092). Our analysis was restricted to the 
period between 1515 and 2018 when we had a sufficient 
sample depth (number of trees > 10) and EPS ≥ 0.85. In the 
mean chronology there was an apparent age effect (Fig. 3, 
Fig. S1) removed after detrending (Fig. 3). In both chro-
nologies an increase in the annual tree-ring growth was 
observed during the past 20 years, while several increases 
or decreases in tree growth can be detected during the past 
7 centuries, the most prominent of which is the decrease in 
annual growth for the period ca. 1850–1950 (Fig. 3).

The newly developed chronology correlates very well 
with the existing chronology from Mt. Smolikas [t-value 
Baillie-Pilcher (TVBP) = 20.8 and t-value Hollstein 
(TVH) = 21.1; Cross-Dating Index (CDI) = 155; Gleichlaeu-
figkeit (Glk) = 74***], which had been previously used for 
hydro-climate reconstruction (Klippel et al. 2018). The 
Pearson’s correlation coefficient between the two chronolo-
gies for the overlapping 503 years (1515–2018) was 0.537 
(p < 0.001).

Correlation of RWI with climate

Data from the three data loggers revealed the prevailing tem-
peratures of our study area. The average annual air Tmean was 
4.62 °C, slightly higher (5.31–5.40 °C) in the soil (Table 1) 
during the 10-year data record. The average annual air Tmin 
and Tmax were − 14.16 °C and 22.90 °C, respectively, with 
data from the soil loggers indicating a much smaller temper-
ature range (Tmin = − 1.4 °C, Tmax = 17.93 °C). A compari-
son of annual mean air temperatures from the data loggers 
and the data extracted from the European Climate Assess-
ment E-OBS showed a positive (although not significant) 
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correlation (Pearson’s r = 0.48, p = 0.271, N = 7). Further 
tree-growth vs. climate analysis was performed with the 
E-OBS data that cover a much longer period.

For the 1950–2018 period significant correlations were 
found for annual RWI with various temperature and pre-
cipitation metrics (Table 2). Significant positive corre-
lations were found between RWI and the mean annual 
temperature of the calendar (TCY, r = 0.406) and water 
years (TBY, r = 0.366) (Fig. 4). Correlations of RWI were 
also significant with TWT (r = 0.361) and TGS (r = 0.289). 

Annual precipitation was negatively associated with RWI 
(PCY = − 0.347, PBY = − 0.298) (Fig. 4), while no sig-
nificant association was found between winter and summer 
precipitation with tree growth. Incoming radiation did not 
show any significant association with RWI. However, the 
highest correlation was observed between RWI and  GDDBY 
(r = 0.476) (Fig. 4), suggesting that the number of growing 
degree days during the water year is particularly important 
for the growth of the trees in the study area. 

Detection of extreme years

Since GDD, a commonly used heat index, was the strongest 
predictor of RWI, we used our mean detrended chronology 
to identify warm (RWI > meanRWI) and cool (RWI < mean-
RWI) years. Extreme years, as identified from the 2.5 
and 97.5 percentiles of the mean site chronology, during 
the warm and cool years are illustrated in Fig. 5a. A similar 
graph, indicating extreme years during the summer wet and 
dry years, is presented in Fig. 5b. The years with low annual 
tree-ring growth, as identified from the 2.5 percentile, are 
also characterized by dry summers, representing drought 
years, except for 1920. In contrast, all the warm years, as 
identified from the 97.5 percentile, are characterized by wet 

Fig. 3  Detrended mean chronology (a) and sample depth (b)

Table 1  Annual mean 
temperature data obtained from 
the local loggers and from 
the E-OBS

Period 2009–2018 Period 1950–2018

Average Data logger 1 
(soil)

Data logger 2 
(soil)

Data logger 3 (tree) E-OBS data

Tmean (°C) 5.40 5.31 4.62 5.25
Tmin (°C) 0.18 − 1.40 − 14.16 − 15.20
Tmax (°C) 17.93 15.24 22.90 26.62

Table 2  Pearson’s correlation coefficients of the examined climatic 
parameters with annual RWI. Statistically significant values (p < 0.05) 
are shown in bold

Period T P Q GDD

Water Year (WY) 0.366 − 0.298 0.007 0.476
Calendar Year (CY) 0.406 − 0.347 0.029 0.430
Growing Season (GS) 0.289 − 0.188 0.029
Winter (WT) 0.361 − 0.162 0.007
Summer (SM) 0.208 − 0.048 0.007
June–July (JJ) 0.207 − 0.055 0.029
April (Ap) 0.207 − 0.055 − 0.055
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summers. The only exception is 2007 which is characterized 
by dry summer. In addition to this, 8 out of 13 years with 
the highest annual growth (Fig. 5a, Table S1), were during 
the past 2 decades. A Χ2 test indicated a significant differ-
ence (Χ2 = 12.412, p < 0.001), suggesting that the occurrence 
of extreme years differ between dry and wet summer years 
(Fig. 2). 

Detection of fire scars

During the field sampling we noticed that several old trees 
had signs of lightning scars (Fig. S1) while during the labo-
ratory analysis we detected several internal scars, presum-
ably caused by fires. This is a clear indication that living and 
dead trees in our study area have great potential for further 
study on fire history reconstruction. Nevertheless, and due 
to the small number of partial or complete cross-sections 

from dead trees and the fact that the method of collecting the 
cores was not optimal for the detection of fire scars (Cerano-
Paredes et al. 2020) we did not pursue fire history recon-
struction in this study.

Discussion

As in other mountains within the natural distribution of the 
species, Mavrovouni hosts multi-century-old Bosnian pines. 
The collected samples contributed to the development of a 
new long chronology, typical for the species (Klippel et al. 
2017). Although the region does not claim to have the oldest 
living Bosnian pines, it still provides high potential since the 
climate signal of the developed mean chronology for the last 
ca. 70 years is relatively high (r1950–2018 = 0.476 for GDD) 
compared to other studies exploring Bosnian pines (Todaro 

Fig. 4  Tree growth–climate relationships as identified by significant correlations between RWI and TCY, PCY and  GDDWY
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et al. 2007; Panayotov et al. 2010; Seim et al. 2012; Klippel 
et al. 2017, 2018; Esper et al. 2020, 2021), despite differ-
ing results regarding correlations with climate from such 
studies. The newly developed 735-year-long chronology has 
potential also for dendroarchaeology and dating of historical 
timber found in Metsovo and in other Vlach villages founded 
or expanded between the fifteenth and seventeenth centuries 
over the northern Pindus.

Both the prolongation of the growing season as expressed 
by GDD and higher temperatures during the growing sea-
son (TGS) increased annual growth as previously suggested 
(Klippel et al. 2017). Warmer winters also had a positive 
impact on annual growth likely by reducing the stress of 
winter cold and the period for snow cover and frost (Klip-
pel et al. 2017; Żywiec et al. 2017). The impact of annual 
temperature (both for calendar and water years) was also 

positive. Despite the strong crossdating between our chro-
nology and the chronology from Mt. Smolikas used for 
hydroclimate reconstruction (Klippel et al. 2018), our chro-
nology showed a weaker precipitation signal relative to other 
studies of the broader area (Klippel et al 2017, 2018; Esper 
et al. 2021). This suggests a greater likelihood that the tree-
ring data from our study area could be used for temperature 
and/or GDD reconstructions, in which case more samples 
would be needed (e.g., Klippel et al 2017, 2018; Esper et al. 
2021), while the possible impact of other factors such as 
grazing, interspecific competition for soil nutrients, etc. on 
annual tree growth should be minimized if not excluded. 
This can be achieved by proper sampling design and selec-
tion of appropriate trees (Soltani et al. 2020). In the cur-
rent study grazing, competition, and other factors could 
be, together with climate, responsible for the increases and 

Fig. 5  Extreme years indicated as warm (red) /cool (green) in (a) and 
summer wet (green) /dry (red) in (b). Warm/cool years are classified 
based on the RWI vs GDD association. Wet/dry years are classified 
based on the regional SPI summer reconstruction by Klippel et  al. 
(2018). Blue line represents the detrended chronology developed in 

the current study while the dashed line represents the detrended chro-
nology developed by Klippel et al. (2018) in Fig. 5a and the recon-
structed SPI in Fig. 5b. Dots represent the extreme years as identified 
from the 2.5 (red) and 97.5 percentiles (green) of the mean site chro-
nology. See also Fig. 6
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decreases in growth captured in tree-rings during the past 
six centuries (Fig. 3). For the period 1950–2018 when our 
tree-growth climate analysis unfolds, the youngest tree in the 
dataset was already 150 years old. Therefore, we can assume 
that most of the trees were sizable enough to be dominant, 
so their annual growth is less likely to be affected by grazing 
and inter-tree competition.

The developed chronology captures well-known drought 
events, such as the year 1660, reported as a catastrophic year 
in terms of fires and famine for Anatolia (Purgstall 1983) 
and identified as an extreme dry year in several reconstruc-
tions from the broader area (e.g. Kuniholm, 1990; Touchan 
et al. 2005a, 2005b; 2007; Akkemik et al. 2008), including 
southern Greece (Brandes 2007, 2009; Klippel et al. 2018). 
The year 1687 is another known drought year for the East-
ern Mediterranean (Akkemik et al. 2005, 2008) while 1725 
was described as a year with major drought in Anatolia and 
Syria (Panzac 1985; Touchan et al. 2007) and detected as 
an extreme drought year in both the Eastern (e.g., Akkemik 
et al. 2005, 2008; Brandes 2007, 2009; Touchan et al. 2007; 
Levanič et al. 2013; Klippel et al. 2018) and Western Medi-
terranean (Tejedor et al. 2016). Our mean chronology also 
captures the dry conditions of the mid-nineteenth century 
(Esper et al. 2021). From the detected wet years, 2007 is the 
only year also characterized by a dry summer. 2007 was one 
of the worst years in the recent history of Greece in terms of 
forest fires causing losses of humans, forests, animals and 
arable land (Sarris et al. 2014; Christopoulou et al. 2019). 

The wetter conditions during 2007 may have led to increased 
aboveground biomass production, as expected for dry eco-
systems (Golodets et al. 2013) while the dry summer period 
could have led to drier fuel conditions and an associated 
higher fire risk, including an increased number of ignitions 
because of lightning fires (Flannigan et al. 2015).

During the twenty-first century the mean chronology and 
many of the sampled trees show a considerable increase in 
annual growth, as documented for Bosnian pines on the Pol-
lino massif in Italy (Piovesan et al. 2018) while, according to 
Esper et al. (2020)’s warm-season temperature reconstruc-
tion, the more recent 1985–2014 period was the warmest 
30-year interval since 730 CE. Several dendrochronological 
studies on different species at higher altitudes have revealed 
an increase in annual growth associated with climate 
change during the recent decades (e.g., Briffa et al. 2008; 
Borgaonkar et al. 2010; Dulamsuren et al. 2017; Pretzsch 
et al. 2020). P. heldreichii radial growth has been reported 
to be favored by higher temperatures and low precipitation 
(Todaro et al. 2007). This, together with the prolongation 
of the growing season (Liu et al. 2018), seems to be the 
case with the trees of Mt. Mavrovouni adapting to chang-
ing climatic conditions despite their old age (Piovesan et al. 
2018). Some of these old living trees could be characterized 
as ancient or veteran, depending on their age, dimensions, 
and other characteristics, such as the loss of apical domi-
nance and the shape of the crown (Fig. 2). An ancient tree 
is considered as old based on the species’ life cycle and 

Fig. 6  Extreme years of the developed mean chronology in comparison to warm/cool years with dry/wet summers. A significant X2 test indicates 
differences in the occurrence of extreme years between dry and wet summer years. See text (Sect. 3.3) for details
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typical life expectancy (Fay and Berker 2018) while veteran 
trees refer to old trees having a large diameter that offer 
suitable microhabitats for plants and animals of local biodi-
versity (Horák 2017). Both ancient and veteran trees are of 
paramount importance for their high biodiversity values and 
their conservation can help promote further development 
of ecotourism within the borders of the Northern Pindus 
National Park.

The physiognomy of the tree stands at Mavrovouni is in 
accordance with the tree patterns seen on most mountaintops 
of the Valia Kalda and Smolikas regions neighbouring our 
study area to the north (Touchan et al. 2005b; Brandes 2007; 
Klippel et al 2017, 2018; Esper et al. 2020, 2021). Tree indi-
viduals are widely scattered in the landscape. Remarkable 
is the widespread presence of dead wood, an unusual phe-
nomenon for the Greek high mountains (Brandes 2007). 
Previous dendrochronological research has revealed that the 
dead wood can be very old with tree-ring series reaching 
back as far as the sixth century (Klippel et al. 2017). Most 
likely the very resinous wood of P. heldreichii and the dry, 
often rocky ground surface, both preventing the trunks from 
quickly decaying, explain this phenomenon. This remarkable 
physiognomy of the high-altitude Bosnian pine tree stands 
in the northern Pindus could be explained theoretically by 
poor regeneration and solitary trees growing up in a widely 
dispersed pattern. However, it is more likely that the present 
situation is mainly the consequence of a thinning of formerly 
denser tree stands, by a combination of grazing and active 
human tree-removal. This impact seems to have aggravated 
the microclimatic conditions in the now open stands and 
made tree regeneration at high altitudes difficult. Today, 
seedlings, saplings, and an increasing number of young trees 
are distinctly visible in the area, probably because grazing of 
the area has stopped or markedly diminished.

The Mavrovouni area seems to have been subjected to 
heavy grazing by the flocks of sheep and goats of the Vlach 
shepherds (transhumance). The town of Metsovo, a centre 
of the Vlach population and culture, is only a few kilometers 
away from the study area. In order to understand the influ-
ence of the transhumant grazing on the tree stands there, the 
history of the grazing regime has to be taken into considera-
tion. Many villages in the northern Pindus were founded or 
expanded only between the fifteenth and seventeenth cen-
turies, reaching their highest populations by the end of the 
nineteenth century. After the Second World War (WW II) 
and the following civil war (until 1949), population dimin-
ished quickly and today the villages constitute only about 
10% of the population they accommodated at the end of the 
nineteenth century (McNeill 1992). Based on the historical 
population figures of the Pindus villages, the high phase of 
transhumance (summer pasture in Pindus, winter pastures 
in Thessalia) is identified as the period from the late 18th 
to the nineteenth century. Even until WW II the flocks of 

the Aromuni (“Vlachs”) and the nomadic Sarakatsani were 
still very large, numbering many tens of thousands of ani-
mals (Regel 1942; Beuermann 1967; McNeill 1992; Brandes 
2007). By then erosion had already been a problem and the 
first protected forest areas were created in the northern Pin-
dus during the 1930s, to ensure forest recovery (Regel 1942). 
The cessation of grazing together with the implementation 
of landscape and soil protection following the designation 
of the area as protected may also be co-responsible for the 
documented increase in annual growth during the twenty-
first century.

In the nineteenth century, wood-cutting and the sale of 
wood became a highly important source of income for the 
mountain villages of the northern Pindus as well (McNeill 
1992). Many of these villages had water-powered sawmills, 
but it seems that this activity was mostly restricted to the 
easily accessible, dense forest areas of the valleys. Without 
roads, the trees, often having twisted wood or damaged by 
lightning, at higher altitudes, as in our study area, were dif-
ficult to remove. The omnipresent dead wood proves that 
there was no general lack of wood, not even of firewood, in 
the villages of the area. Obviously, the shepherds preferred 
an open woodland landscape to a dense forest, but the exist-
ence of very old trees in the northern Pindus reveals that the 
transhumant shepherds had no interest in a total destruction 
of all trees—since trees provided shade for the animals dur-
ing the summer months.

The existence of several old trees having signs of light-
ning scars and the presence of internal fire scars in both 
cross-sections collected from dead trees and cores from liv-
ing trees indicate that mature Bosnian pines may survive 
fires. Although tree-ring cores collected with an increment 
borer can be successfully used to date fires (Vasileva and 
Panayotov 2016), this requires special sampling (Cerano-
Paredes et al. 2020), which was not employed in the present 
study. Therefore, despite recognizing the high potential of 
both the species and study area in terms of fire history recon-
struction, we did not perform any fire history analysis.

Conclusions

Providing valuable information about past climate condi-
tions, long Bosnian pine chronologies have been increas-
ingly used for climate reconstructions (Klippel et al. 2018; 
Esper et al. 2020, 2021). Our newly developed Bosnian pine 
chronology from Mt. Mavrovouni, located near the village of 
Metsovo in northern Greece and the southernmost limit of 
this species, suggests that tree population dynamics from dif-
ferent mountains are driven by different climatic parameters, 
but still help capture marker years and extreme events such 
as the 1660 severe drought. Therefore, it would be interest-
ing to compare mean chronologies from different mountains 
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against each other regarding climate–growth relationships 
and to study the overall agreement of long-term growth trend 
among populations. This could also lead to the development 
of a new climate index covering a broader area while such 
long tree-ring series can be highly useful as reference chro-
nologies for dating historical timber.

Our study also suggests that mature Pinus heldreichii 
trees can survive multiple fire events and could potentially 
be used for reconstructing fire history if conservation restric-
tions permit proper field sampling. Τhe findings of the cur-
rent study also help explain the physiognomy of high altitude 
stands of Bosnian pine, providing a fresh understanding of 
the landscape history of the northern Pindus.
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