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Abstract: Protected areas are facing challenges arising from both climate change and human activities. 
Dendrochronological studies can be used to understand tree growth dynamics in protected areas and pro-
vide a significant perspective in comprehending the effects of climate change on the trees growing in these 
regions. To achieve this goal, the study focused on Picea orientalis and Pinus sylvestris trees at different eleva-
tions in the Örümcek Forest Conservation Site in the Eastern Black Sea region of Türkiye. The study area is 
located in the Caucasian ecoregion and is designated as a Grade I protected area by the International Union 
for Conservation of Nature due to its undisturbed ecosystem. In the study, five new tree-ring chronologies, 
with the longest one spanning 300 years, were produced. Linear and non-linear growth analyses between 
tree-ring widths and main climate factors revealed that the growth of trees in the conservation area and 
its surroundings was found to respond to late winter-early spring (January–April) temperatures and late 
spring-early summer (May–June) precipitation. Moving correlation analyses further revealed that these 
relationships were not consistent over time. Precipitation was found to be a more critical factor for P. orien-
talis trees, whereas temperature changes were more influential on the growth of P. sylvestris trees. Through 
Generalised Additive Mixed Model (GAMM) analyses, it became possible to understand the critical periods 
affecting the growth of both coniferous tree species in more detail
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Introduction

Protected areas are designated and managed to 
conserve biological diversity and ecosystems (Dudley, 
2008), where climate change and human activities 

cause a number of problems (Hannah, 2008; Hoff-
mann, 2021; Schulze et al., 2017). Climate-related 
changes, in particular, impact biodiversity by causing 
habitat degradation and shifts in species distribu-
tion (Habibullah et al., 2022; Ranius et al., 2023). 
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Furthermore, anthropogenic impacts, such as land-
use issues, resource overexploitation, and problems 
affecting the well-being of local communities and in-
dividuals, as well as political and economic concerns 
within conservation and management strategies, also 
play a significant role in influencing protected areas 
and their surroundings (Folharini et al., 2022; Gatiso 
et al., 2022; Jones et al., 2018). In addition, the lack 
of technological equipment, data and staff within 
governmental agencies also impacts the management 
of conservation areas and the effectiveness and sus-
tainability of protected areas (Appleton et al., 2022; 
Jiménez López & Mulero-Pázmány, 2019).

Forests are a key component in protected areas 
in mitigating the impacts of climate change and con-
trolling biodiversity loss (Duncanson et al., 2023; 
Melillo et al., 2016). Therefore, trees are an source 
of data for understanding an ecological and environ-
mental processes (Fonti et al., 2010; Smith, 2008). 
Specifically, the growth characteristics of trees based 
on tree ring provide valuable insights into the com-
plex interactions of climate and other factors such as 
mass movements, fire history, and insect outbreaks 
(Fritts, 1976). Dendrochronological studies in pro-
tected areas include various topics, such as examin-
ing the relationship between trees with climate (Irby 
et al., 2013; Ponce-Calderón et al., 2023), analyz-
ing the contribution of trees to the ecosystem and 
growth processes (Čada et al., 2013; Martin-Benito 
et al., 2020; Pukinskaya, 2022, 2023; Sanogo et al., 
2016), taking measures against fires (Sáenz-Ceja & 
Pérez-Salicrup, 2019), defining the boundaries and 
extent of protected areas (Čada et al., 2020), mon-
itoring illegal logging activities (Köse et al., 2018; 
Wolodarsky-Franke & Lara, 2005), addressing prop-
erty and management issue (Seijo et al., 2020) and 
tourism (Ciapała & Adamski, 2015).

Türkiye is in the eastern part of the Mediterranean 
Basin, which is one of the most important biodiversi-
ty hotspots in the world located at the intersection of 
three important biodiversity hotspots (Mediterrane-
an Basin, Caucasus and Irano-Anatolian) (Myers et 
al., 2000). The environmental conditions and paleo-
geographic evolution have contributed significantly 
to Türkiye’s biological diversity (Avcı, 2005; Byfield 
et al., 2010; Şekercioğlu et al., 2011). Our study area 
located in the Eastern Black Sea region in north-east-
ern Türkiye is also part of the Caucasus biodiversity 
hotspot and the Caucasus ecoregion (Olson & Di-
nerstein, 2002; Zazanashvili et al., 2020). Forests 
cover approximately one-fifth of this ecological re-
gion and constitute a significant portion of protect-
ed areas (Zazanashvili et al., 2020). Örümcek Forest 
Conservation Site and its surroundings are among 
the protected areas in the Caucasian ecoregion due 
to its undisturbed ecosystem (Nakhutsrishvili et 
al., 2015; Zazanashvili et al., 2020). According to 

the International Union for Conservation of Nature 
(IUCN) protection category, the Örümcek Forest 
Conservation Site has the status of a Grade I pro-
tected area (Dudley et al., 2010; Zazanashvili et al., 
2020). This forest consists of mixed or pure stands 
of Picea orientalis (L.) Peterm and Abies nordmanniana 
(Steven) Spach subsp. nordmanniana, Fagus sylvatica L. 
and Pinus sylvestris L. P. orientalis is distributed in the 
Eastern Black Sea region of Türkiye and the Cauca-
sus (Akkemik, 2020; Farjon, 2017). P. orientalis for-
ests in our study area, constitute the richest popula-
tions in Türkiye in terms of genetic diversity (Güney 
et al., 2019; Özdilek, 2015). P. sylvestris, has one of 
the southernmost distribution areas in Türkiye (Far-
jon, 2017). It is generally distributed between 1000 
and 2500 meters above sea level. It reaches sea level 
between Of and Sürmene (Çamburnu) in the Black 
Sea region. In Eastern Anatolia, it grows up to 2700 
meters in Kars (Sarıkamış) and over 2500 meters in 
Ardahan (Göle) and Erzurum (Şenkaya) (Akkemik, 
2020; Atalay et al., 1985).

The Mediterranean Basin is highly sensitive to cli-
mate change, with projections indicating increasing 
temperatures, decreasing precipitation, and more ex-
treme weather events (IPCC, 2021; MedECC, 2020). 
Türkiye is one of the countries most affected by these 
changes (Giorgi, 2006; IPCC, 2021; MedECC, 2020). 
In particular, tree-ring studies in Türkiye forests 
have been crucial in understanding climate change 
impacts and developing strategies (Akkemik et al., 
2005; Köse et al., 2011; Köse et al., 2017; Touchan 
et al., 2005). Despite these efforts, there is a nota-
ble lack of tree-ring data for northeastern Türkiye. 
Dendrochronological research in this region would 
provide valuable insights into climate change adap-
tation and management of conservation strategies, 
particularly in protected areas like our study site, the 
Örümcek Forest Conservation Site. For this purpose, 
the objectives of this study aims to: 1) obtain cli-
mate-sensitive tree-ring chronologies in the Eastern 
Black Sea region, and contribute to the tree-ring data 
network of P. sylvestris and P. orientalis, 2) identify cli-
mate factors affecting the radial growth of both spe-
cies in similar growing environments, 3) determine 
the stability of climate-growth relationships over 
time, 4) and examine non-linear growth relation-
ships in climate-growth relationships.

Materials and methods
Study area

The study area is located in the Eastern Black 
Sea region of Türkiye (40°50'–40°25'N and 38°49'–
39°07'E), is notable for its distinctive topography 
and climatic features (Fig. 1). The Black Sea climate, 
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Fig. 1. Location of sites and sampled trees. The maroon dots represent P. orientalis, while the orange dots represent P. syl-
vestris sampled trees. The polygon shows the Örümcek Forest Conservation Site
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in northern Türkiye, is characterized by a year-round 
wet season, with peak precipitation occurring in 
autumn. In the Eastern Black Sea region, which in-
cludes the study area and its surroundings, a special 
sub-climatic area is formed due to different global at-
mospheric systems active in winter and summer (Ka-
raca et al., 2000), the marine influence on climate el-
ements such as temperature and precipitation caused 
by the Black Sea water mass (Bozkurt & Şen, 2011; 
Kindap, 2010) and the topographical features of the 
area. The region’s topography, dominated by the 
Eastern Black Sea Mountains, features steep slopes, 
deep valleys and varying elevations. This complex 
landscape/topography plays a crucial role shaping lo-
cal microclimates and supports the area’s rich biodi-
versity. Additionally, other physical geographic char-
acteristics, such as soil composition and vegetation 
types, are also strongly influenced by the dynamic 
interplay between topography and climate.

Tree-ring chronologies development

A total of 143 increment cores were collected from 
68 living trees across five different sites and elevation 
ranges, where P. orientalis and P. sylvestris are distrib-
uted. Samples were collected from trees in pure for-
est stands at the GAV site and SAD site, while cores 
from the CIK and BAK sites were taken from conifer-
ous mixed forest composed of P. orientalis, P. sylvestris, 
A. nordmanniana subsp. nordmanniana. At the ORU 
site, cores were taken from a mixed forest consist-
ing of conifers such as P. orientalis, A. nordmanniana 
subsp. nordmanniana, and broad-leaved F. sylvatica trees 
(Table 1). Two increment cores (occasionally three) 
were collected from each tree, and each sample was 
meticulously labeled in the field with details such as 
site code, tree number, and core number. Additional 
site-specific information, including coordinates, ele-
vation, aspect, and slope, was recorded in field note-
books, and photographs of each sampling site were 
taken. On sloped terrains, cores were taken perpen-
dicular to the slope direction to minimize the forma-
tion of compression wood (Fritts, 1976). The labeled 
samples were stored in paper, chosen specifically for 
their moisture-absorbing properties.

The increment cores were air-dried and mounted 
on wooden holder to ensure stability and facilitate 
precise measurements. To prepare the samples for 
analysis, the cores were progressively sanded using 

sandpaper ranging from 60 to 600-grit, ensuring 
clear visibility of annual rings and boundaries. Before 
measurement, each core was divided into 10-year 
sections from bark to pith end visually cross-dat-
ed. This method reduces the risk of measurement 
errors and allows for localized corrections, enhanc-
ing the accuracy of the measurements (Stokes & 
Smiley, 1996). Some of these samples could not be 
used due to cross-dating problems. For this reason, 
only the number of trees and samples used are given 
(Table 1). Tree ring of each increment core sample 
was measured with a precision of 0.01 mm using 
the LINTAB-TSAPWin measurement system (Rinn, 
2003). The accuracy of the measurements was ver-
ified using the COFECHA program (Holmes et al., 
1986), which identifies problematic samples or seg-
ments or segment.

To remove non-climate growth trends (e.g., age-re-
lated growth patterns and stand dynamics), individu-
al series were detrended fitting a negative exponential 
curve. Autoregressive models were then applied to 
eliminate autocorrelation caused by the influence of 
previous years’ growth (Cook, 1985). Then individual 
series were averaged using the biweight robust mean 
to produce five site chronologies (Cook, 1985). All 
these analyses were performed using the ARSTAN 
Program (Cook, 1985). Additionally, the visualization 
of site chronologies (Fig. 2) was conducted using the 
“dplR” package in R (Bunn, 2008).

Relationship between tree-ring width 
and climate

The number of meteorological stations represent-
ing the climatic characteristics of mountainous areas 
is limited in Türkiye. This poses a challenge in ex-
plaining the variable climatic conditions over short 
distances due to the complex topography in regions 
like our study area (Mountain Research Initiative 
EDW Working Group, 2015; Yılmaz & Darende, 
2021). Due to the absence of mountain stations with-
in the study area boundaries and the short observa-
tion durations of existing stations, the CRU TS4.05 
grid climate dataset was chosen for climate-growth 
relationships analysis (Harris et al., 2020). Monthly 
average temperature and total precipitation variables 
for the period 1930–2020 were downloaded from 
KNMI Climate Explorer (https://climexp.knmi.nl/

Table 1. General and geographical information about the sample sites

Location Sites Sample species Trees/cores Aspect Elevation (m a.s.l.) Lat. Lon. Stand
Kürtün, Gümüshane SAD Picea orientalis 11/24 N-NE 1850 40°42' 38°57' Pure

BAK Pinus sylvestris 14/30 S-SE 1800–1850 40°39' 39°00' Coniferous Mix.
GAV 16/34 S-SW 1800–1850 40°39' 38°57' Pure
CIK Picea orientalis 10/21 N-NE 1700 40°40' 38°59' Coniferous Mix.
ORU 11/24 N-NE 1500 40°39' 39°01' Mixed
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start.cgi) for use in all analyses (Harris et al., 2020). 
The time range for the climate data (1930–2020) has 
been determined because the systematic meteorolog-
ical records being kept in Türkiye since 1930.

The correlation coefficient was used to determine 
the limiting climatic factors for tree growth. Corre-
lation analysis was calculated for the biological year, 
representing the year from previous October to the 
current October. The temporal changes and stabili-
ty of these climate-radial growth relationships based 
on significant and high correlations were determined 
using the moving window correlation function. Mov-
ing correlations were calculated for each chronology 
with a 35-year window with a 5-year offsets using 

the ‘treeclim’ package (Zang & Biondi, 2015). Gen-
eralised Additive Mixed Model (GAMM) was applied 
to estimate the non-linearity in climate-growth rela-
tionships and to determine the thresholds of possible 
response of species to changing climatic conditions. 
GAMM is a model that allows the identification of 
non-linear relationships between dependent vari-
ables (tree-ring width) and independent variables 
(climatic factors) (Wood, 2011). The model run for 
each species separately. Site chronologies (tree-ring 
growth data reflecting species-specific climatic re-
sponses, e.g., ORU, CIK, and SAD for P. orientalis, 
and BAK and GAV for P. sylvestris) and years (repre-
senting inter-annual variability) were included in the 

Fig. 2. Site chronologies (the sites are ordered from the highest (on top) to the lowest (on bottom) elevation). The species 
information for each chronology is shown at the top right
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model using the random effect function in the model 
specification and testing phase. The effective degrees 
of freedom (hereafter referred as edf) is a summary 
statistic of GAMM and reflects the degree of linearity 
of a curve (Wood, 2006). In this study, we used the 
following thresholds for edf to determine the degree 
of linearity: edf equal to 1 indicate a linear relation-
ship, values between 1 and 2 (1 < edf ≤ 2) indicate a 
weak non-linear relationship, and values greater than 
2 indicate a non-linear relationship (Hunsicker et al., 
2016). GAMM analyses were performed using the 
‘mgcv’ package in R (version 1.8-33)(Wood, 2017). 
All analyses performed in the R environment (R Core 
Team, 2013).

Results
Site chronology characteristics

In this study, we built five tree-ring chronologies 
for two coniferous tree species. For P. sylvestris, the 
chronologies were 300 years-longong (1721–2020) in 
GAV and 206 years (1815–2020) in BAK. As for P. ori-
entalis, they were 246 years-longong (1775–2020) in 

ORU, 232 years (1789–2020) in SAD, and 219 years 
(1802–2020) in CIK (Fig. 2). When the mentioned 
sites and species were analyses in terms of the mean 
sensitivity (MS) value, which expresses the sensitivi-
ty of tree rings, the value ranged between 0.12–0.19. 
The chronologies constructed using P. sylvestris trees 
(GAV 0.19 and BAK 0.17) exhibit higher values com-
pared to the P. orientalis chronologies (ORU 0.13, CIK 
0.12, and SAD 0.14) (Table 2).

Linear and non-linear growth response 
to the climate

Linear correlation coefficients showed that Jan-
uary–April temperatures, which are significant cor-
related across nearly all sites, represent important 
limiting factor for P. orientalis and P. sylvestris growth 
in the study area, with March exhibiting the highest 
correlation (Fig. 3). During this period, high temper-
atures positively affect the radial growth of the trees. 
The influence of temperatures in July and August on 
annual growth is also favourable particularly show-
ing significant values in P. orientalis trees (Fig.  3). 
On the other hand, temperatures in current year 

Table 2. Descriptive chronology statistics for each site (EPS – Expressed Population Signal, MS – Mean sensitivity, SNR – 
Signal-to-noise ratio, Rbar – The mean interseries correlation between all series)

Sites Chronology time span First year EPS > 0.85 MS SNR Rbar
SAD 1789–2020 1911 0.14 5.25 0.35
BAK 1815–2020 1825 0.17 3.76 0.28
GAV 1721–2020 1740 0.19 6.53 0.36
CIK 1802–2020 1836 0.12 4.90 0.34
ORU 1775–2020 1775 0.13 1.92 0.26

Note: Detailed statistics for the chronologies are available in the supporting information Table S1, S2.

Fig. 3. The correlation coefficients of climatic variables with radial growth of P. sylvestris and P. orientalis between 1930 and 
2020. Squares indicate months with statistically significant correlation coefficients (p < 0.05)
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Fig. 4. Moving correlation (35-year window) between RWIs and months determined for temperature and precipitation. 
Species are represented by colors (e.g. orange for P. sylvestris, maroon for P. orientalis). Dots indicate significance at 
p ≤ 0.05



76 Bedirhan Gurcay, Nesibe Kose, Meral Avci

May (statistically significant for the GAV site) have 
a negative impact on the growth of P. sylvestris trees 
(Fig.  3). In addition, October temperatures of the 
current year also have a negative effect in the study 
area. This effect is statistically significant for P. sylves-
tris trees and P. orientalis trees at higher elevations.

The influence of precipitation on radial growth 
showed similar growth responses for both P. orien-
talis and P. sylvestris. Statistically significant positive 
correlation was found between May precipitation and 
the tree-ring width of these two tree species (Fig. 3). 
Moreover, precipitation during almost the entire veg-
etation period (May–October) has an overall positive 
effect on growth. In addition, January precipitation 

in the current year has been found to negatively af-
fect the tree growth of both coniferous tree species 
(Fig. 3). This effect seems to become stronger with 
increasing elevation.

The moving correlation analyses have contrib-
uted to our understanding of the changes in cli-
mate-growth relationships in P. orientalis and P. syl-
vestris trees during the period from 1930 to 2020. 
The positive and significant effect of late winter-early 
spring temperatures on growth in P. orientalis trees 
(ORU, CIK, and SAD sites) during the analyses 
period is the most consistent relationship (Fig.  4). 
There have been no statistically significant relation-
ships observed over time in the growth relationships, 

Fig. 5. GAMM output by limiting factors between 1930 and 2020 (shades of grey indicate 95% confidence intervals. r² for 
P. orientalis: 0.74 while r² for P. sylvestris: 0.77
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except for the period 1950–1984 at the SAD site, 
related to May temperatures. After 1955, there has 
been a notable negative shift in the relation between 
May temperatures and tree-ring growth. P. orientalis 
growth showed a positive correlation with July–Au-
gust temperatures during the analysis period, with 
statistically significant relationships emerging after 
1950, regardless of elevation (Fig. 4).

In terms of precipitation-growth relationships, 
the negative effect of winter (January–February) 
precipitation on the growth of P. orientalis gradual-
ly became stronger. After 1940, the correlation val-
ues, which were nearly 0 at the start of the analysis 
period, changed negatively. After 1965, the adverse 
effect reached statistical significance (after 1975 for 
CIK). The positive effect of May/May–June precipi-
tation on growth is observed throughout the whole 
period (Fig. 4). On the other hand, variations in the 
amount of rainfall in late spring and early summer 
have a periodic impact on P. orientalis growth. Growth 
relationships occasionally became (statistically) am-
biguous over time and then returned to significance 
as a result of these changes.

P. sylvestris trees showed similar growth relation-
ships to P. orientalis trees, but there are also signifi-
cant differences. These differences are also evident 
among the P. sylvestris sites, particularly in the vary-
ing responses to late winter-spring temperatures. In 
the BAK site, the effect of late winter-spring temper-
atures on growth was positive and significant during 
the whole analysed period. In the GAV site, the rela-
tions, which were significant and positive between 
1945 and 1989, weakened afterwards (Fig.  4). The 
negative effect of May temperatures on P. sylvestris 
has gradually intensified and become statistically sig-
nificant after 1975 in the BAK site and after 1965 in 
the GAV site (Before 1955, the positive correlation 
values close to zero and turned negative after 1955). 
It is seen that the sensitivity of P. sylvestris growth 
to May temperatures has increased. Furthermore, at 
both the GAV and BAK sites, positive and significant 
growth responses to July and August temperatures 
weakened after 1970.

In terms of precipitation-growth relations, the ef-
fect of winter precipitation on P. sylvestris trees was 
negative. However, these relationships are not sta-
tistically significant except for the period 1980–2014 
in the BAK site (Fig. 4). May/May–June precipitation 
shows a positive relationship with the growth of P. 
sylvestris trees in the entire analysis period. Com-
pared to P. orientalis trees, the growth of P. sylvestris is 
more susceptible to variations in late spring and early 
summer precipitation. The period in which May pre-
cipitation-growth relationships become statistically 
significant (after 1970) matches the common period 
with the negative effects seen in the temperatures of 
the same month.

GAMM analysis showed that the response to Jan-
uary–April temperatures and May–June precipitation 
is weak non-linear for both species (Fig. 5). For the 
two conifer tree species, mean January–April temper-
atures between approximately 2–5.5 °C (peaks 4 °C) 
promote positive additional increment, while higher 
and lower temperatures cause negative relative addi-
tional increment. On the other hand, the non-linear 
effect of precipitation slightly differed for the species 
in terms of edf values and thresholds. For P. orientalis, 
total May–June precipitation between approximate-
ly 135–235 mm (peaks 185 mm) promote positive 
additional increment. For P. sylvestris these values 
are 130–210 (peaks 170 mm) while higher and low-
er precipitation cause negative relative additional 
increment.

Discussion
Site-level chronologies

In our study, we have developed five chronologies 
for two coniferous species. The chronologies devel-
oped have contributed to the extension of the pre-
viously developed chronologies having low sample 
depth (Özkan, 1990, 1999; Kuniholm, 1991; Özkan 
& Akbulut, 2003) until 2020 period. The longest 
chronology was obtained from the GAV site (1721–
2020, 300 years) in pure P. sylvestris stands, while the 
shortest chronology was from the BAK site (1815–
2020, 206 years), composed of P. sylvestris trees from 
a mixed coniferous forest stand. For P. orientalis, the 
longest chronology was developed from the Örüm-
cek Forest Conservation Site (ORU, 1775–2020, 246 
years). Despite differences in elevation, P. orientalis 
chronologies showed similar lengths (ORU 246, CIK 
219, SAD 232). The longest chronology for this spe-
cies, 510 years (spanning 1498–2007), was built by 
Martin-Benito et al. (2018) from a managed forest at 
1750 m in Artvin, Borçka, northeastern Türkiye.

MS values were generally low for P. orientalis trees 
(ORU 0.13, CIK 0.12, SAD 0.14), regardless of ele-
vation. Similar results have been reported in other 
dendrochronological studies of this species distrib-
uted in the Eastern Black Sea and Caucasus (Işık et 
al., 2024; Köse et al., 2017; Özkan, 1990, 1999; Kuni-
holm, 1991; Özkan & Akbulut, 2003). However, due 
to local topographic factors such as aspect (Işık et 
al., 2024), elevation (İmren & İrdem, 2023), slope 
(İmren & İrdem, 2023; Işık et al., 2024), or in are-
as where P. orientalis grows outside its natural distri-
bution area (Song et al., 2021), the MS value seems 
to have changed. P. sylvestris trees (GAV, 0.19, BAK, 
0.17) have higher MS values than P. orientalis. We can 
say that P. sylvestris trees sampled in this study are 
moderately sensitive to climate, when we compare 
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the MS values with the results of previous stud-
ies ranging from 0.14 to 0.30 (Bogino et al., 2009; 
Ergül Bozkurt et al., 2021; Herrero et al., 2013; Kop-
abayeva et al., 2017; Köse et al., 2017; Linderholm 
& Linderholm, 2004; Rigling et al., 2002; Tabakova 
et al., 2020). In the mountainous areas such as our 
study area, topography significantly affects the direc-
tion and intensity of light, which is very crucial for 
plants. In addition, in the Northern Hemisphere, the 
southern slopes get more sunlight than the northern 
slopes. Therefore, south-facing slopes have higher 
temperatures and lower soil moisture. It was as-
sumed that the highest MS value in P. sylvestris at the 
GAV site may be due to the fact that the sampled area 
is located on the southern slope. It is also thought 
that the hillside properties (e.g. slope, unconsolidat-
ed bedrock) in the GAV could also strengthen these 
effects.

Climate Growth relationships

January–April mean temperatures strongly influ-
enced tree growth, with cold winter and spring lim-
iting growth for P. orientalis and P. sylvestris. Similar 
growth responses have been reported in many stud-
ies with different conifer tree species in the northern 
hemisphere (Harvey et al., 2020; Herrero et al., 2013; 
Jevšenak et al., 2021; Sánchez-Salguero et al., 2017). 
Higher winter and early spring temperatures can acti-
vate cambium earlier (Buttò et al., 2020; Rossi et al., 
2007), increase soil moisture from snowmelt (Fritts, 
1976), and extend the growing season (Jevšenak et 
al., 2021). On the other hand, it has also been em-
phasized that changes at the beginning of the grow-
ing season or during the growing season may also 
cause plants to become vulnerable (D’Orangeville et 
al., 2018; Liu et al., 2018). In particular, P. orientalis is 
sensitive to frost and there are many reports of bark 
beetle disease-induced drying in the natural distribu-
tion area of the species (Abatay, 1989; Pukinskaya, 
2022, 2023). Considering the elevation conditions of 
the study area, in cases where the vegetation season 
starts early, potential risks such as early frost damage 
and hazards triggered by temperature-induced in-
sect or fungal diseases can occur. Therefore, in years 
when the vegetation period starts early or lasts long, 
trees may be vulnerable to various climatic (such as 
frost damage) and biological (such as insect or fungal 
diseases) risks (Alkan Akıncı et al., 2022; Allen et al., 
2010; Camarero et al., 2015).

The coniferous trees in our study also showed 
different growth responses temporally (1930–2020), 
although they were found in similar growing condi-
tions. For P. orientalis trees, the positive and signif-
icant effect of winter temperatures on growth was 
the most temporally consistent relationship. Howev-
er, for P. sylvestris, we observed that this effect varied 

across sites and was not always stable over the anal-
yses period. This pattern may reflect the impact of 
increasing warming trends on growth in Türkiye, 
one of the southernmost distribution areas of P. syl-
vestris. The fact that the change was more apparent 
in the GAV site suggests that the local conditions 
of this area (aspect and slope characteristics) make 
the species even more sensitive to climate change. 
Increased temperature sensitivity has been reported 
in many studies assessing the response of P. sylves-
tris to changing temperature conditions (Billings et 
al., 2015; Ergül Bozkurt et al., 2021; Matisons et al., 
2021; Tabakova et al., 2020).

Non-linear growth analyses revealed similar 
growth thresholds for P. orientalis and P. sylvestris trees 
for January–April temperatures. For both species, av-
erage January–April temperatures between about 2 
and 5.5 °C positively affected growth and stimulated 
an increase. However, temperatures above or below 
these thresholds have negative effects on growth. The 
physiological growth thresholds of trees in the study 
area, based on long-term January–April temperature 
averages, shed light on the species environmental 
adaptation thresholds. In the short-, medium-, and 
long-term climate change projections made in the 
Mediterranean Basin and Türkiye, it is predicted that 
the Eastern Black Sea region will also be affected by 
climate change and that seasonal and annual temper-
atures will increase (IPCC, 2021; MedECC, 2020). 
This shift may alter the temperatures range to which 
local trees in the area are adapted, increasing their 
environmental stress.

Precipitation during winter (especially January) 
has a negative impact on the species. In mountainous 
areas, elevation conditions often influence climatic 
factors (such as temperatures, precipitation pattern 
and duration, and wind) and can have direct or in-
direct consequences on plants (Pepin et al., 2022). 
Physiological drought, frost-induced damage to roots 
or trunks, falling due to strong winds, or various 
morphological damages may occur, even if the cam-
bium cells in the trees are not active (Körner, 2012). 
In our study, P. orientalis trees in particular showed 
a stronger negative relationship with winter precip-
itation than P. sylvestris trees. This effect may be re-
lated to the shallow root system of P. orientalis trees 
(Körner, 2012; Martin-Benito et al., 2018). Similar 
negative responses were also reported in different 
distribution areas of the species (İmren & İrdem, 
2023; Işık et al., 2024; Martin-Benito et al., 2018).

The combined effect of high temperature and low 
precipitation on annual growth leads to the forma-
tion of narrow ring in P. sylvestris trees. These results 
align with the previous research by Ergül Bozkurt 
et al. (2021) on the growth responses of P. sylves-
tris trees in Türkiye. Similarly, higher May tempera-
tures have been highlighted as one of the important 
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limiting factors for P. sylvestris and P. orientalis trees 
in the Caucasus (Martin-Benito et al., 2018; Mar-
tin-Benito et al., 2016). Moving correlation analyses 
indicate a negative shift in the growth responses of 
both P. orientalis and P. sylvestris after 1955, with sig-
nificance observed after 1975 at the BAK site and 
after 1965 at the GAV site. After this year, it was ob-
served that the need for precipitation for the trees in 
the region gradually increased. In many studies, P. 
sylvestris has been evaluated as one of the tree spe-
cies most affected by climate change due to its wide 
distribution over a large area and in different habi-
tats around the world (Kullman, 2007; Matías et al., 
2017; Sánchez-Salguero et al., 2015). Studies have 
also reported that temperature increases, and lack of 
precipitation are the main abiotic factors responsible 
for the tree mortality of P. sylvestris. Our results pro-
vided an additional record for increased temperature 
stress for P. sylvestris trees. In addition, topography 
and local area conditions have been reported to influ-
ence growth responses to climate (Oberhuber & Ko-
fler, 2000; Xenakis et al., 2012). The more significant 
effect of May temperatures on P. sylvestris trees in the 
GAV site suggests this interaction.

On the other hand, in temperate forests, the cam-
bium is typically most active in late spring and ear-
ly summer (Fritts, 1976). For P. sylvestris, cambium 
activity and the production of new cells lasts from 
early/mid-April to late June/early July (at Austrian 
sites) and until September/October (in Spain), with 
the highest cell production occurring in early/mid-
May (Gruber et al., 2010; Martinez del Castillo et al., 
2016; Swidrak et al., 2014). The increase in cambium 
and other physiological activities with temperature 
makes trees more sensitive to precipitation and soil 
moisture (Fritts, 1976). As a result, in our study area, 
positive growth responses to May and May–June pre-
cipitation were identified as another strong factor af-
ter winter temperatures. This growth response is the 
most common climate signal not only in our study 
area but also in a large area covering the Mediterra-
nean Basin and the Caucasus (Dolgova & Solomina, 
2010; Ergül Bozkurt et al., 2021; Martin-Benito et al., 
2018; Martin-Benito et al., 2016).

Positive responses to May and May–June pre-
cipitation are also positive for the species over the 
analysed period. It is noteworthy that the positive 
responses of trees to precipitation increased during 
the period when the negative effects of May temper-
atures became stronger (after 1955). After 1975, the 
growth responses of P. orientalis and P. sylvestris trees 
to precipitation are statistically significant in the 
whole study area. Increasing temperatures seem to 
increase the sensitivity of trees to precipitation. and 
in our study, the physiological thresholds of P. sylves-
tris and P. orientalis for May–June precipitation were 
also determined. Species with similar thresholds for 

winter temperatures had different thresholds for 
precipitation. While a threshold value of approxi-
mately 135 - 235 mm was determined for P. orienta-
lis, this value was found between 130–210 mm for 
P. sylvestris. Similar threshold value (>120 mm) for 
May–June precipitation were calculated for P. sylves-
tris in the Türkiye distribution by Ergül Bozkurt et 
al. (2021). Moreover, our non-linear growth analysis 
clearly showed differences in the ecological and en-
vironmental adaptations of the two conifer species 
in our study area. P. orientalis requires higher precip-
itation amounts than P. sylvestris. On the other hand, 
P. sylvestris can adapt to more arid conditions than P. 
orientalis and can be content with lower precipitation 
(Farjon, 2017). The higher drought tolerance of P. syl-
vestris compared to P. orientalis, along with its ability 
to grow in drier areas, is also supported by the find-
ings from the Caucasus reported by Martin-Benito et 
al. (2018).

Correlation analyses reveal that late summer tem-
peratures (July–August) have a positive effect on the 
radial growth of both species in the study area. The 
topographical features (especially the elevation) and 
the climate of our study area seem to support tree-
ring growth. Similarly, positive relationships between 
temperature and radial growth are also common in 
mountainous areas and other areas of high-elevation 
in the Northern Hemisphere (George, 2014; Mar-
tin-Benito et al., 2018; Shi et al., 2021; Tshering et 
al., 2024; Wang et al., 2017) Furthermore, studies 
in the Eastern Black Sea region have reported differ-
ent responses of P. orientalis to temperature changes 
at similar altitudes (Işık et al., 2024). Nevertheless, 
there is evidence that summer temperatures have a 
positive effect on tree growth in mountainous and 
high-elevation regions in the Northern Hemisphere 
(Wang et al., 2017). Moving correlation analyses 
conducted in our study area; in the post-1965 period, 
the positive response of trees in our region to late 
summer temperatures has weakened, and the signifi-
cance of cold limitation was lost. A comparable shift 
has been documented in P. sylvestris trees situated at 
elevated altitudes in the Caucasus (Martin-Benito et 
al., 2018). Dendroclimatological studies indicate that 
the disappearance of cold limitation may result in in-
creased tree-ring growth of trees at high altitudes in 
response to global temperature increases (Shi et al., 
2021; Zheng et al., 2021). However, some studies 
indicate that the seasonal and annual temperature 
increases associated with a warming climate may 
result in reduced tree growth due to water and soil 
moisture deficits (McDowell & Allen, 2015; Jump et 
al., 2017). This has the potential to have significant 
implications, including the possibility of tree or for-
est mortality.

The point to be highlighted is the seasonal and 
annual changes of temperature and precipitation in 
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regional climate models (RCMs) for Türkiye and the 
Black Sea region. Temperature increase trends are 
projected to persist until the end of the 21st century, 
particularly during the summer season, with pessi-
mistic scenarios predicting increases of up to 10 °C 
(Nacar et al., 2024). These projections are consistent 
with those of other studies on Türkiye, which indi-
cate a notable rise in temperature, particularly during 
the winter and summer months. (IPCC, 2021; Me-
dECC, 2020; Önol et al., 2014; Türkeş et al., 2020). 
Precipitation patterns in the Eastern Black Sea site 
exhibit a more complex structure, with increases 
in spring and winter precipitation and decreases in 
summer and autumn precipitation. However, predic-
tions indicate that the Black Sea climate, known for 
its every-season rainy, will change significantly in the 
future (Bağçaci et al., 2021).

The tree species in our study area are expected 
to be affected by climate change. Climate projections 
show that increasing temperatures and changing pre-
cipitation patterns will directly influence tree growth 
dynamics. P. orientalis and P. sylvestris share similar 
habitats but respond differently to climate change. P. 
orientalis is more sensitive to rising temperatures and 
decreasing summer precipitation, making its growth 
potential likely to decline earlier under these condi-
tions. P. sylvestris, with its ability to adapt to a wider 
range of conditions, initially appears to have a com-
petitive advantage. However, long-term stress caused 
by climate change may also affect this species. These 
changes could lead to significant shifts in the spe-
cies composition of forest ecosystems in the study 
area. In areas lacking regular monitoring, tree-ring 
data play a critical role in addressing gaps in evaluat-
ing environmental changes. Tree rings not only pro-
vide insights into past environmental conditions but 
also aid in developing future projections based on 
climate scenarios (Kazimirović & Stajić, 2024). This 
approach serves as a valuable guide for conservation 
and adaptation experts in developing effective strate-
gies for protected areas.

Conclusions

In this study, the climate-growth relationships of 
P. orientalis and P. sylvestris trees in and around the 
Örümcek Forest Conservation site were comprehen-
sively examined. Our findings show that tree-ring 
data have significant potential for developing effec-
tive conservation and adaptation strategies for pro-
tected areas and surrounding forests. Future studies 
should focus not only on climate-growth relation-
ships but also on the effects of other abiotic and biot-
ic factors on tree growth. This approach will enable 
a more comprehensive understanding of the impacts 

of climate change, considering various ecosystem 
components.
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