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Background and Purpose: Pinus heldreichii Christ. is a sub-endemic species occurring at tree-line locations in Kosovo and 
covering an area of 2500 ha. In high elevation sites radial growth is mainly controlled by low temperatures. The main 
purpose of this study was the analysis of radial growth of P. heldreichii and its response to local climate conditions.
Materials and Methods: Research sites comprise of three high elevation stands of P. heldreichii with specific site conditions. 
Core samples were collected from 98 healthy dominant and co-dominant trees at breast height using increment borer. They 
were prepared and cross-dated using standard dendrochronological methods, while tree-ring widths were measured to 
the nearest 0.001 mm using the TSAP software. The ARSTAN program was used to standardize the tree-ring widths and to 
calculate dendrochronological statistical parameters. The growth-climate relationship was investigated using bootstrapped 
correlation function analysing the residual chronologies of each sampled site as a dependent variable and the climatic data 
from May of the (n-1) year up to the October of the n year for the common period 1951-2013 as an independent variable.
Results: The length of Bosnian pine chronologies ranged from 175 to 541 years. All chronologies had high values of first-
order autocorrelation indicating that radial growth of P. heldreichii is affected by the climate conditions of the previous 
growing year. Koritnik chronology had the highest values of the mean sensitivity due to the influence of drought stress. 
This conclusion is also supported by the result of growth-climate relationship where radial growth is negatively correlated 
with June temperatures and positively associated with July and August precipitation. We found that radial growth of young 
trees from Koritnik site is limited by the combined effect of temperatures and summer drought stress. In high elevation 
sites, temperature is expected to control the growth of P. heldreichii, but this effect is becoming more restrictive with age. 
The positive correlation between radial growth and winter temperatures suggests that favorable thermal conditions during 
winter months influence snow melting or soil moisture availability and indirectly affect the radial growth of P. heldreichii 
at all three sampled sites.
Conclusions: The first tree-ring width chronologies from Kosovo are an important step towards a denser tree ring network 
in the Balkan region. Growth-climate relationships indicated that for P.heldreichii growth does not depend only on one 
single dominant factor, but also on various combinations of precipitation and temperature resulting in different climatic 
sensitivity. Our results provide an important basis for additional tree-ring parameters such as maximum latewood density 
and stable isotope ratios to be processed, improving the level of knowledge about P. heldreichii’s response versus site 
conditions.
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INTRODUCTION

The direct and indirect effects of global warming on forest 
ecosystems represent a challenge for human well-being in 
the near future [1]. Warming trends can influence vegetation 
patterns by modifying the start and the duration of the growing 
season, and abrupt air temperature increase can alter growth 
responses [2].

Climate changes are expected to alter the distribution of 
tree-line species in mountainous areas, and most predictive 
models forecast an upward displacement of species, tracking 
increases in temperatures [3, 4]. However, not all species res-
pond in the same way to climate changes. Special attention 
must be paid also to species such as Pinus heldreichii Christ., 
which grows in high elevations making it more sensitive to 
temperature oscillation.

Pinus heldreichii Christ (syn. P. leucodermis Antoine) is a 
sub-endemic species occurring in isolated subalpine locations 
in the Balkan Peninsula and Southern Italy. The Balkan 
Peninsula plays a key role as a climatic transition zone between 
western and eastern Mediterranean and also between the 
Mediterranean and Central European synoptics [5-9]. 

Previous studies on P. heldreichii have been conducted in 
Bulgaria [10, 11], Greece [12, 13], and Albania [14], exploring 
growth-climate relationship of this high elevation species. 
Moreover, summer temperature was reconstructed (1768-
2008) based on maximum latewood density measurements 
of P. heldreichii trees from a high-elevation stand in the Pirin 
Mountains in Bulgaria [15]. In Albania, a 1391-year tree-ring 
width chronology (617-2008) was developed and maximum 
density measurements were acquired on living and dead P. 
heldreichii trees [14].

The overall forest area covered by P. heldreichii in Kosovo 
is accounted to 2150 ha, and it is mostly mixed with species 

like silver fir (Abies alba Mill.). Some natural forest stands of 
this species exist in Kosovo, situated in Prevalla (PRE), Koritnik 
(KO) and Decani (DE) regions respectively, but no dendroclimatic 
study has been done up to this moment.

The high conservational value of such taxa additionally 
increases the importance of studies based on tree-ring width 
that allow a better understanding of the radial growth-climate 
relationship, as well as the ecophysiological requirements of 
trees [16, 17]. Changes in annual tree-ring width growth could 
be due to the effect of environmental conditions, climate 
and anthropogenic disturbances. To analyze the influence of 
climatic conditions on growth of coniferous species at the 
tree-line locations, tree-ring widths (TRW) and wood density 
chronologies are used [18, 19]. Intra-annual radial growth rates 
and duration in trees of P. heldreichii differ greatly in relation 
to site conditions. Thus, better knowledge of the relationship 
between TRW development and climate is needed to improve 
the current level of dendroclimatic studies in Kosovo and 
Albania. In this study, we investigated the responses of P. 
heldreichii growth to local climatic variations in three high 
elevation sites from Kosovo. The aim of this paper was (i) to 
study the growth – climate relationship of P. heldreichii and (ii) 
to identify the main climatic factors driving its radial growth. 

MATERIALS AND METHODS

Study Areas and Sample Sites
The study areas are natural ecosystems located close to the 

upper distribution limit of Bosnian pine at Prevalla (42°11’N, 
20°57’E; 1945 m a.s.l), Decan (42°36’N, 20°14’E; 1830 m a.s.l), 
and Koritnik (42°04’N, 20°31’E; 1815 m a.s.l) in western and 

FIGURE 1. The location of Kosovo (upper left side) in Europe and of the sampled sites (right side)
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southern Kosovo (Figure 1) (Table 1). Soil types are based on 
limestone bedrocks creating leptosols (rendzinas) and brown 
soils on higher slopes with slight differences among sites. At 
all sampled sites Bosnian pine is the dominant species while 
the ground vegetation comprises of species such as: Sesleria 
autumnalis Ard., Brachypodium sylvaticum Huds., Carex 
humilis Leyess., Thymus balcanus L., Fragaria vesca L., Festuca 
heterophylla Lam., Dactylus glomerata L., etc. These forest 
stands grow under the effect of Continental climate with some 
influences of Mediterranean climate in the southern Kosovo. 
Mean annual temperature varies among sampled sites and 
ranges from 8.0°C (PRE-site) to 8.3°C (KO-site), while the long-
term mean annual precipitation ranges from 791 mm (DE-
site) to 1029 mm (KO-site) (CRU TS3.22 dataset, period 1901-
2013). The weather in the sampled site is characterized by a 
non-uniform rainfall distribution, with summers that are very 
short and cold as well as with cold winters with lots of snow. 

Maximum precipitation falls from October to December, while 
the minimum rainfall is recorded from July to August (Figure 2). 
Moreover, natural forest stands of P. helderichii grow on sites 
with different slope aspects ranging from NW for DE and KO 
sites to SW for PRE site.

Tree-Ring Chronology Development
The core samples were collected from old dominant and 

co-dominant trees with healthy trunks and no sign of human 
interference. We extracted two cores from each tree at breast 
height (1.3 m) when possible. Otherwise we tried to avoid 
compression wood due to steep slopes, compiling a set of 98 
new samples from all sites. Core samples were air-dried and 
glued onto wooden holders and subsequently sanded to ease 
growth ring identification [20]. The TRW were measured at 
0.001 mm precision, with a LINTAB 6 (RINNTECH, Heidelberg) 
system and TSAP-Win Scientific software. Then they were cross-

TABLE 1. Site characteristics of the sampled sites
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FIGURE 2. Climatic diagrams of the studied sites based on the CRU TS 3.22 data. Dashed line shows temperature, while solid 
line precipitation values.

Sampled site Latitude / longitude Altitude
(m a.s.l.) Aspect Soil / rock formation Sampled trees

Prevalle
(PRE)

N 42°11'01.3"
E 20°57'42.0" 1945 SW Typical rendzina soils on 

limestone bedrock 30

Decan
(DE)

N 42°36'19.8"
E 20°14'52.5" 1830 NW Brown soils on limestone 

bedrock 38

Koritnik (KO) N 42°04'46.5"
E 20°31'58.6" 1815 NW Grayish-brown rendzina soils 

on limestone bedrock 30
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dated visually and confirmed statistically using the software 
COFECHA [21]. The individual raw tree-ring series were 
standardized in a two-step procedure using ARSTAN software 
[22, 23]. First, a negative exponential curve was fitted to the ring 
series. For second de-trending a cubic smoothing spline with 
a 50% frequency-response of 30 years was used to reduce the 
non-climatic variation in tree-ring series. This way most of the 
low-frequency variability in each tree-ring series that is assumed 
to be unrelated to climate, such as tree aging and forest stand 
development, was removed. The observed values were divided 
by predicted values to produce dimensionless indices. The 
indices were then averaged to obtain site chronologies using a 
bi-weight robust mean [24]. Common signal in chronology was 
estimated using expressed population signal (EPS>0.85) which 
indicates to what extend the sample size is representative of a 
theoretical infinite population [25]. Residual chronologies are 
commonly used in dendroclimatic studies because the removal 
of serial autocorrelation is required for growth- climate analysis.

Climate Data
Total monthly precipitation and mean monthly 

temperatures were provided from the CRUTS3.22 dataset, with 
a spatial resolution of 0.5×0.5° (http://www.cru.uea.ac.uk/) [26] 
reaching back to 1901. The only available local climate records 
belong to Prizreni town, but they were not sufficiently reliable 
due to the short length of series (series length 1977-1987 and 
2009-2014), missing values (from 1988 to 2008) and the lack of 
homogenization. CRU data used in this study were extracted 
from the database of KNMI Climate explorer (http://climexp.
knmi.nl/) for the region encompassed by the coordinates 41.5°-
43.5°N and 20°-22°E. However, to the best of our knowledge 
the CRU climatic dataset is the best available dataset to test 
long-term changes in radial growth as related to climate in 
several countries. The gridded climate data for the period 
1951-2013 were considered reliable for the growth-climate 
analysis, because weather station density is high and stable 
for interpolation of CRU dataset and climate data have been 
checked and tested for homogeneity.

Growth-Climate Relationship Analysis
To quantify the relationship between residual site 

chronologies and monthly climate data (mean monthly tempe-
ratures, total monthly precipitation), we calculated bootstrapped 
correlation coefficients for the common period 1951-2013. 
The growth-climate relationship analysis was performed with 
DENDROCLIM2002 software [27]. Bootstrapped correlations 
were calculated between TRW residual chronologies of Bosnian 
pine at three sites which were analysies as dependent variables 
and the climatic data (independent variables) using a 18-month 
window from May of the year prior to tree-ring width formation 
(year t - 1) until October of the year of growth (year t). Correlation 
coefficients were considered significant if they exceeded, in 
their absolute value, half of the difference between the 97.5th 

quantile and the 2.5th  quantile of 1000 estimates calculated in 
the bootstrapping procedure [27].

RESULTS

Tree-Ring Chronologies
The length of master chronologies varies among sites. Thus, 

the chronology from DE- site was the longest with 541 years, 
spanning throughout the period 1474-2014 with a replication 
of more than 34 trees from 1770 onwards. The chronology 
from KO-site was the shortest, 176 years long, with a sample 
replication of 25 trees, while the chronology from PRE was 243 
years long spanning throughout the period 1776-2014 with 
a sample replication of 25 trees from 1920 onwards (Figure 
3, Table 2). The year-to-year persistence (AC) was higher at 
higher elevation site (PRE) while the inter-annual variability 
(MS) of growth resulted as greater at KO which suggests that 
climatic constraints on species growth are more important for 
this site. All chronologies were correlated (p<0.01) with each 
other for the common period 1840-2014, but the degree of 
agreement and similarity appears to be higher between DE 
and other chronologies, and slightly lower among PRE and 
KO chronologies. These results indicate that the degree of 
agreement in radial growth appears to be unrelated to the 
vicinity between sites (Table 3). Although KO and PRE sites are 
close to each other and trees belong to the same age class, the 
low agreement between both site chronologies might be due 
to slope aspect.  

TABLE 2.  Statistical parameters of three P. hedreichii chronologies from Kosovo

Statistical parameters Decan (DE) Koritnik (KO) Prevalle (PRE)

Time span 1474-2014 1840-2014 1776-2014

Total years 541 176 243

Number of trees in chronology 34 25 25

Mean age 240 ± 69 147 ± 18 116 ± 20

Mean tree-ring width (mm) 1.06 1.81 2.13

Standard deviation 0.498 0.872 0.907

Skewness 1.037 0.995 0.547

Mean Sensitivity (MS) 0.224 0.245 0.212

AC (1) 0.769 0.751 0.783

EPS > 0.85 since 1770 1876 1920
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to the temperatures of previous July, August and September 
as well as June of the current growing year. Moreover, growth-
climate relationship showed that P. heldreichii’s growth was 
positively correlated with previous August and negatively 
associated with current May precipitation. The negative 
response to previous summer temperatures and the positive 
correlation to previous July precipitation suggest that Pinus 
heldreichii’s growth from KO site is mainly controlled by 
drought conditions.

Bootstrap correlation analysis showed that PRE 
chronology was correlated positively to the temperatures of 
current January and February and the precipitation of previous 
May, October and July of the current growing year. An adverse 
relationship was noted with previous June and current April 
precipitation. The main climatic factors stimulating growth in 
this high-elevation site were favorable temperatures during 

Growth-Climate Relationship
We tested the response to temperatures and precipitation 

from the previous year’s May to the current October of 
TRW formation for the three site chronologies (Figure 4). 
All correlations computed over the common period 1951–
2013 were not high (maximum r-value: 0.37 for DE versus 
July precipitation). From all 108 correlations calculated for 
temperature and precipitation together, only 16% reached the 
95% significance level. These facts underline the existence of 
divergent correlation patterns among the three studied sites 
emphasizing the important role of local conditions on Bosnian 
pine’s growth. Regarding the site-specific patterns, the DE 
chronology seemed to be slightly more sensitive to current 
summer precipitation variations than other sites.

In case of KO site, tree growth was correlated negatively 
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FIGURE 3. Raw tree-ring width chronologies of Bosnian pine (P. heldreichii Christ.) from Decan, Prevalla and Koritinik. Upper part 
in each graph shows the raw tree-ring width chronology while lower part shows tree replication in respective site chronologies

TABLE 3. Comparison between all three P. heldreichii chronologies from Kosovo

Sampled sites
Prevalle (PRE) Decan (DE) Koritnik (KO)

t-BP GLK % t-BP GLK % t-BP GLK %

Prevalle - - 7.1 66 6.8 59

Decan 7.1 66 - - 12.3 71

Koritnik 6.8 59 12.3 71 - -
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current January and February associated with a positive water 
balance in July. Growth–climate relationships over the last 62 
years, however, indicate that tree-ring formation in KO and PRE 
sites does not depend on one single dominant factor, but rather 
on various combinations of precipitation and temperature in 
certain months resulting in a temporal alteration of climatic 
sensitivity.

DISCUSSION

Chronology Characteristics
We performed this investigation to assess the impact of 

climate on Bosnian pine’s growth and to evaluate its response. 

We were able to develop three TRW chronologies from 
Kosovo region reaching a maximum of 541 years back in time 
(from 1474 to 2014). Although the replication of the dataset 
decreases back in time, the EPS threshold varies among sites 
spanning from ~1770 for DE-site to 1920 for PRE site. The 
quality of such chronologies could be further increased in 
earlier periods by adding more cross-dated series. We note 
that an increase of tree-ring widths and consequently indices 
was observed during the de-trending procedure for the last 
six decades in all chronologies. The most common periods 
showing a TRW increase were 1965-1970, 1978-1981, and 
1987-1991, whereas the periods with radial growth decrease 
were different between site chronologies. The radial growth 
which increased during the second half of the twentieth 
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century has been found in other long tree-ring chronologies 
and is often attributed to a changing temperature regime 
[28-30]. Based on CRU climatic data, the common periods 
associated with mean temperature’s rising spanning from 
1981 to 2010, while the periods with significant decrease 
of precipitation records were 1981-1990 and 2010-2014 
respectively (Figure 5). These are the first chronologies from 
Kosovo, but there are also some other built earlier in Italy and 
the Balkan Peninsula. In comparison, the longest nearby P. 
heldreichii chronologies span periods of 1392 years (617-2008) 
were found in Albania [14], 762 years (1243 to 2004) in Greece 
[31], 758 years (1250 to 2008) in Bulgaria [11], and 827 years 
(1148 to 1974) in Southern Italy [32].  

We tried to download these chronologies from Inter-
national Tree-Ring Data Bank   (http://hurricane.ncdc.noaa.
gov/pls/paleox/f?p=518:1:3874104498420267:::APP:PROXY
TOSEARCH:18) aiming to compare them with ours, but none 
was available on the website.

Growth–Climate Relationship
Despite the observed climate signal, the response to 

climate of the three site chronologies was not particularly 
strong or robust. The low correlation values could at least partly 
be related to the sparse availability of regional meteorological 
station data for Kosovo high-elevation sites and also for the 
whole Balkan region, resulting in a limited representation of 
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the gridded CRU data for the study region. In all studies, the 
correlations between TRW and various instrumental climate 
data (monthly temperature and precipitation) were relatively 
weak and not robust over the 20th century proxy-target 
period. Even for the western Mediterranean basin, similar 
results based on three conifer species from the Pyrenees were 
reported [33]. 

We found strong relationships between tree-ring 
chronologies and summer precipitation of the current 
growing year for DE and July precipitation for the PRE site. 
The location of these stands in high mountainous areas is 
positively affected by local humid currents helping trees to 
avoid the negative effects of summer droughts [17]. The 
strong relationship between KO residual chronology and 
climate conditions of the years prior to the growth indicates 
that in this tree-line location, the growing period is relatively 
short and the most active tracheid formation occurs at the 
beginning of summer [34]. Therefore, for the production of 
wide tree rings the combination of early cambial activity start 
with enough available resources, i.e. stored carbohydrates and 
other substances produced in the previous growth period, and 
favorable climate conditions during the late spring and early 
summer months of the growth year is needed. The effect of 
climate in the previous year is expressed by strong first-order 
autocorrelation often found in tree-line trees [35] and also in 
our series. 

Significant correlations with precipitation in certain 
months of the previous growing season were found at all 
sites. The persistence of this climatic signal in the subsequent 
years is linked with soil moisture reserves for the subsequent 
growing season. Our study revealed that young trees in the 
KO site growing under drier conditions were more sensitive 
to summer drought stress, as reflected by the negative 
correlations with June temperatures and positive correlations 
with July and August precipitation. Tree age is important 
not only for tree-ring formation but also for growing trends 
and should be taken into consideration when exploring the 
growth-climate relationship. Previous studies have shown that 
the duration of wood formation in conifers was shorter in old 
than in young trees [36]. This study reported that young trees 
were characterized by an earlier onset of xylogenesis, a longer 
growing season and a higher growth rate, resulting in a higher 
number of xylem cells. One possible explanation for the earlier 
onset of xylogenesis in young trees is that the base of the stem 
is closer to the crown and hence to the source of auxin than 
in old trees [16]. Moreover older trees have larger diameters 
and thicker barks, which could negatively influence the spring 
dynamics of stem warming. Compared to young trees, old trees 
have a higher hydraulic resistance and lower photosynthetic 
rates, which might potentially increase the climatic sensitivity 
reflected in P. heldreichii growing at DE site [16, 37, 38].

Positive correlations with current winter temperatures 

reported at all three sites showed that mild winters have 
a positive influence on snow melting or rainfall. From a 
physiological point of view, winter temperatures cannot 
directly influence cambial activity since the trees are dormant. 
However, during warmer winters, more precipitation falls 
as rainfall, rather than as snow [39]. In our case, it is more 
probable that precipitation in cases with warmer winter 
temperatures is in the form of wet snow, which on its side is 
less prone to wind transport and immediate sliding along steep 
slopes and therefore could contribute to a deeper snow cover. 
This can provide more soil moisture after snowmelt and could 
be a prerequisite for increased cambial activity given that 
other conditions are favorable. 

We expected a stronger thermal signal because the 
research sites were situated at high elevation and the low 
temperature is assumed to be the main driver for tree growth. 
Although sampling in Kosovo was conducted at the highest 
forested elevations (up to 1945 m a.s.l.), our sampled sites 
might not fully represent typical tree-line conditions. For 
instance, the thermal tree line of Pinus heldrechii at the Olymp 
(Greece) ranges from 2200 to 2400 m a.s.l. with the krummholz 
zone even reaching elevations of 2500 to 2700 m a.s.l [12]. 
Körner [40], on the other hand, stated that Mediterranean 
tree-line sites do not show a clear temperature controlled 
growth pattern compared to the Alpine region and that it is 
questionable if sampling at the upper zone provides more 
defined growth control. Therefore, follow-up studies should 
be based on tree-ring parameters such as maximum latewood 
density and stable isotope ratios that are expected to be more 
climate sensitive in the area. 

CONCLUSIONS

The first TRW chronologies from Kosovo are an important 
step towards a denser tree ring network in the Balkan region. 
Growth-climate relationships indicated that P. heldreichii’s 
growth does not depend only on one single dominant factor, 
but on various combinations of precipitation and temperature 
resulting in different climatic sensitivity. Our results provide 
an important basis for additional tree-ring parameters such 
as maximum latewood density and stable isotope ratios to be 
processed, improving the understanding about P. heldreichii’s 
response versus site conditions.
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