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Is Pinus pinea growth affected by climate change in western Anatolia?
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Introduction

Pinus pinea L. is an important Mediterra-
nean species with commercial significance
for its seeds and wood. Due to the histori-
cal importance of its seeds, images of its
cones were widely used in stone statues
during the Roman and Byzantine periods
(Yilmaz et al. 2013). Also, its seeds and
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Pinus pinea L. (Stone pine) is an important tree species in the Mediterranean
basin, particularly in coastal regions characterized by a subtropical Mediter-
ranean climate with dry summers. It is widely cultivated for its pine nuts and
aesthetic appearance. The recent decrease in pine nut production in the
Aegean Region has prompted us to investigate whether the growth of stone
pine trees is affected by climate change. We collected 60 cores from 30 trees
at two sites representing lower and higher elevations. Using standard den-
drochronological analysis, two site chronologies were constructed for the
lower and higher altitudes. Linear and non-linear analyses were performed to
determine the climate-growth relationship of sampled trees. Furthermore, we
calculated growth resilience to drought, including resistance and recovery
components. We also examined the climatic trends in the study area to en-
hance our understanding of the climate-growth relationship. The air tempera-
ture time series analyzed in this study has shown a recent shift towards higher
average temperatures, observed around the late 1980s and early 1990s. We
observed a positive correlation between residual chronologies and total pre-
cipitations from December to July. Adequate precipitation in early autumn is
essential for latewood formation. The positive correlation between tree-ring
growth and winter temperatures indicates that milder winters extend the veg-
etation period and affects the radial growth of pines. Moreover, moving corre-
lation analysis revealed a notable shift, with the limiting effect of drought sig-
nificantly increasing and the limiting impact of winter cold diminishing in the
early 1990s. Generalized additive mixed model (GAMM) analysis described
thresholds for additional increment based on the non-linear relationship with
precipitation and weakly non-linear relationship with temperature. Stone pine
trees showed relatively low resistance, high recovery, and a general low re-
silience to drought.
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Drought

cones were found in the Yenikapi excava-
tion area (Oybak-Dénmez 2010), along with
the wood used in Byzantine ships (Akkemik
& Kocabas 2014). Today, this pine species is
extensively cultivated across the Mediter-
ranean Turkish regions, covering approxi-
mately 175,378 ha (OGM 2021).

P. pinea has a limited distribution in west-
ern and southern Turkish forest ecosys-
tems, which are considered pine cone pro-
duction areas. One of these forests is in
Izmir’s Bergama-Kozak biogeographical
district and plays a significant role in its
economy.

The recent decline in stone pine produc-
tion has prompted us to focus on this
species. Previous research highlights fac-
tors such as insects (Leptoglossus occiden-
talis Heidemann, 1910), mining, air pollu-
tion, and climate change as potential
causes of the decline in pine nut produc-
tion (Ozden et al. 2022). Calama et al.
(2020) attributed the decrease observed in
Spain since 2012 to biotic factors in ex-
tremely dry years. Drought not only has ad-
verse effects on nut production but is also
an important climatic driver of tree radial
growth. Dendroclimatological studies on P.
pinea have investigated the tree growth-cli-
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mate relationship across the Mediterra-
nean basin (Campelo et al. 2007, Piraino et
al. 2013, Mazza et al. 2014, Natalini et al.
2015). In recent years, the species showed
greater sensitivity due to the growing arid-
ity driven by climate change in South Iberia
(Natalini et al. 2015). The positive moisture
balance in the late spring-summer of the
year of growth is the most critical climatic
driver that enhances the radial growth of P.
pinea in coastline populations in the mid-
Tyrrhenian area (Piraino et al. 2013). In Tur-
key, only two studies have focused on the
climate’s effect on the radial growth of this
species, one from northwestern sites and
the other from northeastern regions. Re-
search has shown that stone pines in Istan-
bul (northwest Turkey) experience growth
limitations due to inadequate rainfall
rather than temperature, with trees requir-
ing precipitation, especially during April-
May and July-August (Akkemik 2000). In
the Hatila Valley in the northeast, where
precipitation is abundant, growth limita-
tions for stone pines are linked to low rain-
fall and high temperatures in May-June,
and the limiting effect of rainfall decreases
over time (Martin-Benito et al. 2018). Al-
though Martin-Benito et al. (2018) assessed
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Fig. 1- Location of the sampling sites (yellow dots — map source: ESRI World Imagery).
The red rectangle indicates the grid representing the climatic data we used in the

analysis.

the impact of climate change by examining
the variability of the climate-growth rela-
tionship over time for populations in the
northeast, a substantial research gap con-
cerning the economically significant south-
ern populations remains. In the species’
eastern distribution, notably the Kozak
Plateau, tree dieback poses a challenge to
nut production, and the resilience of trees
to dry conditions remains uncertain. The in-
creasing occurrence of major disturbances
due to climate change, such as forest fires,
dieback, outbreaks of pests, and diseases,
is anticipated to reduce tree-ring growth
and tree resilience (Lloret et al. 2011). DeS-
oto et al. (2020) emphasized that low re-
silience to drought heightens the risk of
tree mortality.

This study aims to analyze the climatic
factors that influence the radial growth of
P. pinea, with the goal of understanding
how these factors contribute to its re-
silience to dry conditions in coastal west
Anatolia, particularly in the Aegean Region
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of Turkey, within the context of climate
change.

Material and methods

Study area

The study area, Kozak Plateau, is located
in Bergama district of Izmir (Fig. 1 - see
also Fig. S1in Supplementary material). The
highest peak in the region is Maya Tepe,
reaching 1343 m a.s.l., while the stone pine
trees typically grow at elevations ranging
from 200 to 900 meters. Kozak Plateau has
been shaped by the erosion of small hills in
the area (Soykan et al. 2011) becoming a
high basin (Eriz et al. 2022). The primary
rock formations in the basin consist of
magmatic rocks like granite and andesite.
Sandy soils with low water content and
poor water retention are found in these
rock formations (Tungdilek 1985). The pre-
dominant soil material in a substantial por-
tion of the central Kozak Plateau is granite.
This may ignite a more effective and severe

annual and perennial water deficit, espe-
cially in the soils of stone pine areas where
quartz sandy regolith and soil parent mate-
rial (which decomposes such as granite)
are dominant.

The Kozak Plateau is characterized by a
semi-humid and somewhat humid-temper-
ate highland climate within the dry-sum-
mer and wet-winter subtropical Mediter-
ranean macro climate region of Turkey
(Turkes 2020, Turkes et al. 2023). Two Auto-
matic Weather Observation Stations
(AWOS) best represent the climate of the
mid-high and high parts of the Kozak
Plateau, where stone pine plantations are
most dense and widespread. These are the
GCamavlu Village AWOS station, operated by
the Turkish Meteorological Service (TMS)
at an altitude of 572 m a.s.l., and the
Bergama Incecikler Forest AWOS station,
operated by the General Directorate of
Forestry (GDF) within the forest area at
746 m. According to the climatological data
recorded at these two representative
AWOS stations, the annual average precipi-
tation amount varies between 746 mm at
GCamavlu Village AWOS and 954 mm at
Bergama Incecikler Forest AWOS. Annual
mean, average minimum, and average
maximum air temperatures are between
14.2-13.5 °C, 9.6-9.2 °C, and 19.9-19.2 °C, re-
spectively.

The precipitation profile of the Kozak
Plateau differs from that of other coastal
Mediterranean climate regions of Tirkiye,
including the coastal Aegean sub-region.
This difference is due to factors like eleva-
tion, maritime effect, and the geographical
position and exposure of the plateau. The
higher peaks of the plateau are affected by
precipitation brought by mid-latitude and
Mediterranean-origin cyclonic weather sys-
tems and orographic precipitation mecha-
nisms.

Previous analysis of meteorological data
from four stations on the Kozak Plateau,
utilizing the Aridity Index, Erin¢’s Precipita-
tion Intensity Index, and Thornthwaite’s
water balance (for methodology, see
Turkes 2020, Tirkes et al. 2023), revealed
that highlands above 500 m in elevation ex-
hibit semi-humid and humid climate types
(maps and figures are not included here).

High seasonality, a dominant characteris-
tic of the Mediterranean climate, is also ev-
ident in the temperature and particularly in
the precipitation seasonality, affecting the
climatic water budget of the study area.
For instance, according to the Thornth-
waite’s water balance, a six-month water
(soil moisture) deficit from May to October
with about 300 to 500 mm is recorded by
the stations over the Kozak plateau , while
cold season months from December to
April are characterized by about 350 to 550
mm water surplus.

Tree-ring sampling, measurements, and
chronology building

Pine nuts have been harvested from natu-
rally grown stone pine trees and cultivated
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ones in the Kozak Plateau. We sampled ma-
ture dominant trees to evaluate their rela-
tionship with climate over an extended
time frame. Within the study area, two
sampling sites at different altitudes were
selected. We took 30 cores from 15 trees in
each site and 60 cores from 30 trees in to-
tal, using Hagl6f increment borers (Tab. 1).

The increment cores were air-dried for a
week and then mounted on wooden core
mounts. Transversal sections of the cores
were sanded to enhance the visibility of
ring boundaries. Tree-ring (TR) width mea-
surements were conducted using the
LINTAB-TSAP Measurement System (Rinn-
Tech, Germany) with a precision of 0.01
mm. Additionally, we measured the width
of earlywood (EW) and latewood (LW) to
examine the influence of seasonal climatic
conditions (Pasho & Alla 2015). The COFE-
CHA Program was employed to validate
the accuracy of the measurements (Hol-
mes 1983). We built EW, LW, and TR
chronologies of each site using the dpIR
package (Bunn 2008) in R (R Development
Core Team 2009). Firstly, individual mea-
surement series were detrended using the
linear or negative exponential curves to
eliminate non-climatic trends (Cook et al.
1990). Next, autocorrelation in the de-
trended series was removed (Biondi &
Swetnam 1987). Finally, pre-whitened se-
ries were combined via bi-weight robust
means to generate residual site chronolo-
gies for EW, LW, and TR measurements
(Cook 1985).

Determination of climatic trends

The primary climate parameters investi-
gated in this research included monthly
mean, monthly average minimum and max-
imum air temperatures, and monthly total
precipitation values. The Bergama Meteo-
rology Station, which is the station closest
to the sites, was not used in the analysis
due to the limited period of available data
(1964-2019). Instead, we employed gridded
CRU TS4.02 data with 0.5° x 0.5° resolution
provided by KNMI Climate Explorer
(https://climexp.knmi.nl/). Climate data for
the grid encompassing the sampling sites
(26.5-27.5° E, 39.0%39.5° N) were down-
loaded. The period from 1930 to 2019 was
chosen to maximize the inclusion of mete-
orological stations in Turkey.

Analysis of drought indices

In this study, we calculated 1, 3, 6, and 12-
month Standardized Precipitation Evapo-
transpiration Index (SPEI) values to test
and reveal whether the year-to-year vari-
ability of several time-scale drought events
influences (or does not) annual tree
growth and its year-to-year variability in
general.

The multi-scalar drought index known as
the SPEI, developed by Vicente-Serrano et
al. (2010) and Begueria et al. (2010), meets
the criteria for an effective drought index.
Its multi-scalar nature allows it to be uti-
lized across various scientific disciplines for
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the detection, monitoring, and analysis of
drought events (Vatandaslar et al. 2023).
Similar to the Self-Calibrated Palmer
Drought Severity Index (sc-PDSI) and the
Standardized Precipitation Index (SPI), the
SPEI can measure drought severity accord-
ing to its intensity and duration along with
the onset and end of drought episodes.
One significant advantage of the Standard-
ized Precipitation-Evapotranspiration Index
(SPEI) compared to other drought indices
is its incorporation of potential evapotran-
spiration (PET) in assessing drought sever-
ity. Additionally, its multi-scalar nature al-
lows for the identification of various types
of droughts and their impacts, particularly
in the context of a warming climate.
Shortly, the SPEI identifies the severe
droughts associated with a marked tem-
perature increase in a region or globally by
considering the role of increased tempera-
tures in reinforcing drought conditions
(Vatandaslar et al. 2023). Moreover, SPEI
provides a stronger correlation with radial
growth than SPI (Pasho & Alla 2015).

We used the SPEI R library to calculate
the SPEI series through the SPEI Calculator
software created by Begueria et al. (2010).

Climatic time-series analysis

The non-parametric Mann-Kendall (M-K)
rank correlation test u(t) was used to de-
tect any long-term non-linear trend in the
series of climatological observations and to
test whether these trends are statistically
significant. The methodologic details of the
M-K test can be found in Sneyers (1990)
and Tirkes et al. (2002). The M-K u(t) is a
test statistic showing the magnitude and
direction of the trend in a series. When the
value of u(t) is significant at the selected
level of significance (e.g., 0.05, 0.01, etc.), it
can be determined whether it is a decreas-
ing (downward) or an increasing (upward)
trend depending on whether on u(t) > 0 or
u(t) < 0. Here, 0.10, 0.05, 0.01, and 0.001
levels of significance were assessed. Using
a two-tailed test of the normal distribution,
“the null hypothesis of the absence of any
monotonic trend in the climatic time se-
ries” is rejected for large values of u(t).

The least-squares linear regression (LSLR)
equations were computed to detect possi-
ble long-term linear trends in the series,
with the climatological values as the de-
pendent variable and time as the indepen-
dent variable. The statistical significance of
each estimated f# coefficient (slope) was

tested using the Student’s t-test with n -2
degrees of freedom. With the use of a two-
tailed test of the Student’s t-distribution,
“the null hypothesis of the absence of any
linear trend in the climatic time-series” is
rejected based on large t-test values (Tur-
kes et al. 2002).

In addition to the non-parametric and
parametric statistical tests mentioned
above, the magnitude of climatic trends
was evaluated by a simple non-parametric
technique of the Sen’s Slope Estimation de-
veloped by Sen (1968). Sen's estimator of
slope (Q) is advantageous over the regres-
sion slope because it is less affected by
data errors and outliers. The Sen’s slope is
estimated as the median of all pairwise
slopes between each pair of points in the
data set. In the study, Sen’s estimator Q for
the true slope of the linear trend was calcu-
lated, revealing air temperature change
per year (°C year”) or a hundred years (°C
100 years™). Q > o indicates an increasing
trend in a time series, while Q < o indicates
a decreasing trend over time.

A nine-point Gaussian filter was used as a
lowpass filter to visually investigate charac-
teristics of the long-period fluctuations in
the series (WMO 1966, Tirkes 1999). This
gives a general idea of long-term fluctua-
tions along with wetter and drier (or
warmer and colder) periods in the series.
Previous experiences suggest that the use
of the nine-point Gaussian filter superim-
posed over the long-term average (or me-
dian) of a series indicates a change point or
a starting point of the trend (Turkes et al.
2002).

Tree ring - climate relationships

Linear relationship between ring width
and climate parameters

Climatic factors controlling EW, latewood
LW, and annual ring TR formation were de-
termined using the Pearson’s correlation
coefficients (r) between the monthly cli-
mate data from the previous October to
the current October of the ring formation
year (biological year). Significant correla-
tions were used to identify limiting factors.
Then, we performed a moving window cor-
relation analysis in a 30-year window with a
5-year offset to reveal the effect of chang-
ing climate over time by running the
“treeclim” package ver. 2.0.5.1 (Zang &
Biondi 2015) in the R environment (R Devel-
opment Core Team 2009). Similar analyses

Tab. 1 - Site characteristics of the sampled populations.

Characteristic Demircidere Hacihamzalar
(DEM) (HAC)
Latitude N 39° 16’ 08.83" 39°17' 46.40"
Longitude E 26° 54' 23.39" 27°02' 27.45"
Elevation (m a.s.l.) 224 548
Aspect S
Number of trees/cores 15/30 15/30
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Tab. 2 - Chronology statistics from two different sites. (Rbar.wt): mean interseries cor-
relation within-trees; (Rbar.bt): mean interseries correlation between-trees; (EPS cut):
Expressed Population Signal>0.85; (SNR): Signal to noise ratio.

Statistic HAC HACEW  HACLW DEM DEMEW  DEMLW
Number of trees/cores 14/25 15/27

Chronology time span 1910-2009 1931-2019

Time length 100 years 89 years

EPS cut 1917 1917 1922 1952 1952 1952
Mean sensitivity 0.32 0.32 0.4 0.22 0.21 0.36
Rbar.wt 0.7 0.57 0.56 0.56 0.52 0.53
Rbar.bt 0.44 0.36 0.36 0.42 0.37 0.41
SNR 11.2 8.6 8.75 10.77 8.22 9.87

were also performed on 1, 3, 6, and 12
months SPEI values.

Non-linear relationship between ring
width and climate parameters

We applied a generalized additive mixed
model (GAMM) to assess the non-linearity
and determine the thresholds for limiting
factors. This approach aids in understand-
ing the adaptability of P. pinea to climate
change (Lloyd et al. 2013, Cavin & Jump
2017, Hofgaard et al. 2019, Bozkurt et al.
2021, Matisons et al. 2021). GAMM was con-
ducted using the “mgcv” package (Wood
2011) in R (R Development Core Team
2009). Site chronologies were employed as
response variables, and limiting factors
(PPTopecuuy: total precipitation from previ-
ous December to current July; drought:
SPEIl,, from March to October, and mini-
mum mean and maximum temperatures
during the winter) as predictors, and year

and sites as nested random effects (Wood
2011). Non-linearity was classified based on
the effective degree of freedom (edf) as
follows: (i) linear relationship (edf = 1); (i)
weakly non-linear relationship (1 < edf < 2);
and (iii) highly non-linear relationship (edf
>2) (Hunsicker et al. 2016).

Tree resilience to climate change
We calculated the following indices to as-
sess the growth resilience of the trees
(Lloret et al. 2011):
* Resistance = Dr/PreDr,
* Recovery = PostDr/Dr,
* Resilience = PostDr/PreDr = Resistance x
Recovery
where PreDr is the mean Tree Ring Width
(TRW) of the 4-year period before the
drought; Dr is the TRW of the drought year;
PostDr is mean TRW of 4-year period after
the drought.
Resilience, recovery, and resistance index

Fig. 2 — Inter- (a) Bergama DJF mean air temperature
annual variations 1.0
and Iong—term lin- 100
ear trends in (a)
winter (Dec to Feb) o 90
mean air tempera- ¢ gp
2
tureand (b)12- &
month SPEI (March “é 7o
O
to Octoberj) fC.H‘ the @ 60 ¥=0.009Lx +7.0391
Kozak district. In 5o R*=0.0353
both graphs, the ) h;iioxs(er): 1i779;-
. . -Kou(r)= 1.
solid red line shows 40 . . . . : - . - .
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

the 9-point low-
pass Gaussian fil-
ter, while the dot-
ted red line shows
the linear regres- 25
sion fitted to the 20

seasonal air tem- 15
perature series in 10
(@)and the « 05 J4---J-FAN.--1--
drought indicesin g oo
(b). The dotted .05 J--Lle o 2fY ..
black linesin (b) .10
indicate the £ 0.5 45

standardized lower 20
and upper limits of 25

—e— Mean temperature
—— Long-term average

(b) SPEI-12: March to October

Year
——9-Point filter
—= = Dogrusal (Mean temperature)
¥=-0.0093x +0.419
R*=0.2803

t, slope =-2.57*
MK u(f)=-2.20*

1985-1994
dry period

the normal precipi- 1930 1840 1950

tation conditions.
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1960 1970 1980 1990 2000 2010 2020
Year

values were calculated for the years when
the formation of narrow ring occurred,
which was attributed to drought induced
by high temperatures and low precipita-
tion. These particular years were identified
based on criteria involving SPEI, precipita-
tion levels, and the presence of very nar-
row ring formations. The indices were cal-
culated individually for each tree, and the
average values were aggregated for the
sites and visualized as box plots. These
analyses were done using the “pointRes”
package (Maaten-Theunissen et al. 2015)
within the R environment (R Development
Core Team 2009). Threshold values recom-
mended by Fang & Zhang (2019) were ap-
plied for the resistance and recovery in-
dices: resistance index >0.75 indicates high-
resistance trees, and recovery index >1.25
indicates trees having high recovery.

Results and discussion

Chronology building and characteristics
In this study, we presented two EW, LW,
and RW chronologies of stone pine trees
from the Kozak plateau (Tab. 2, see also
Fig. S2 in Supplementary material). High
mean inter-series correlations within and
between trees were calculated for both
site chronologies, although human effects,
such as pruning, were present. Mean sensi-
tivity (MS), a metric indicating the year-to-
year variations in ring width attributed to
varying environmental conditions (Fritts
1976), was higher in stone pine trees in the
HAC site compared to those in the DEM
site. In both sites, LW chronologies exhib-
ited greater MS values than EW and RW.
Similar results have been obtained in stone
pine trees from Italy and Portugal, suggest-
ing that LW rings are more sensitive to cli-
mate variations than EW and TR (Campelo
et al. 2007). Moreover, EPS values enabled
us to extend the climate-growth analysis
back to 1930 for the HAC region, while a
narrower timeframe (1952-2019) was ob-
tained for the relatively younger DEM site.

Determination of climatic trends

We observed nonlinear apparent in-
creases in the annual, spring, and summer
mean air temperature series and the warm-
ing trends were statistically significant
(p<0.001 - Tab. S1 in Supplementary mate-
rial). The warming trends observed in au-
tumn and winter mean air temperatures
were statistically significant at the 0.05 and
0.10 levels, respectively.

Maximum air temperature time series
were also generally characterized by an in-
creasing trend (Tab. S1). In this respect, an-
nual, spring, and summer average maxi-
mum air temperatures tend to increase sig-
nificantly (p<0.01) in accordance with the
M-K rank correlation test, with a small dif-
ference in magnitude (p<o0.001) for the
LSLR trend in the annual average maxi-
mum air temperature series. In contrast,
the maximum air temperature series for
winter and autumn did not indicate any sig-
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Fig. 3 - Pearson’s correla- HAC  HACEW HACLW DEM  DEMEW DEMLW  HAC  HACEW HACLW DEM  DEMEW DEMLW
. . pOct i i E | { = i { E = I *IR pOct
tion coefficients between el i 1 i [ i ] i | I | B { B phov
radial growth (RW, EW, pDec 1 i il mx a3 s | a i i i i | pDec
. c [JaN 5| W | ] "] ] il o i 1 1 m AN
and LW) and climate & 5 m n T i il 2 a a 1 i @ |Fes
parameters (monthly total .g-_ MAR ’l ;] = * I. ; !-* = = ; = ; =* MAR
o 2 APR * * APR
preC|p|tat|9n, SPEIl,,, aver S Ay u 3 s W - o THR — L B+ MAY @
age maximum, average & |JUN ] ] 1 i 1 i mx @+ W+ W il i + JUN m
minimum, and meanair UL " E! l' l-* "* " =: =: = : = . : = e
temperatures). The time SEP ‘; i mx B 3] ™ - * =* s mx u I+ SEP
periods 1930-2019 for HAC ocT " k a i o+ | | = * N Ex H —**OCT
and 19522019 for DEM pDec-JUL Mll* W+ N+ N+ W | - s s« = i+ MAR-OCT
chronologies were con- Oct f i { i i { { { i L I { Oct
sidered 1%1 the analysis. 3 [\ d . i i 1 | A = a 1 ] m | Nov =
YSIS- 2 Ipec mx Hx 1 o a | -, W+ = u i il | Dec =
(*):p<o0.05. g AN m: m+ EHx 2 0§ B s Em+ o Ex EOOE s AN 2
2o FEB - mx s 1 1 ] — P T — ] ] | FeB 3
£ lmAR i { K i i C i i i i i i MAR 3
 |APR i i B ] [ E { | i | i i APR 3
£ [may i { i i ] i i 1 | | i i |may g
g [JUN i i I I i i i i i | I JUN ]
E l i i i [ 1 i ] i [ I o
S (AUG 1 1 1 ] ] i i | a B AUG o
= |SEP { i E 4 1 E i i ] ] | i SEP =
ocT i i i i i i { i i i i i ocT o
pDec-FEB| Ml SN+ W+ W+ @& I~ N B BN Ex 1] {ll* pDec-FEB
Oct { ] i | ] i
Nov I' I' = !- !. I-
Dec * * * *
2 lan s W mx E+ N i 03
§ Fe8 — 1 T — U T M —6
@ MAR I i | { i E
2 APR { E i i [
£ MAY i i i | £ i
= |JUN i { | i i I
< luL i i { ; i {
O AUG a 2 I R {
= [SEP i i { ! i |
ocT | { ! 1 i !
pDec-FEB| llx s« lx M | L

nificant trend.

For the annual and seasonal average mini-
mum air temperatures, the minimum air
temperature series showed similar warm-
ing trends compared with the mean air
temperatures in terms of the nature and
magnitude of the long-term trends (Tab. S1
in Supplementary material). Annual, spring,
and summer average minimum air temper-
atures depicted statistically significant in-
creasing trends (p<0.001). On the other
hand, winter and autumn average maxi-
mum air temperatures indicated statisti-
cally significant trends at the 0.10 and 0.01
levels, respectively (Tab. S1).

Air temperature series were generally
characterized by the latest change point
towards a warmer average period in the
late 1980s or in the early 1990s (e.g., at
year of 1994 - Fig. 23, Fig. S3). For instance,
the winter air temperature series, which
may help explain some of the variability in
the annual tree rings, had a change point in
the year 1994 towards the sequential
warmer years, or short warmer years of
the period over the long-term average (Fig.
2a, Fig. S3).

We provided a long-term non-linear trend
of the SPEI,, series from March to October
(Fig. 2b), which is found to be important in
explaining annual tree-ring variations (Fig.
3). A statistically significant decreasing
trend was determined in the SPEIl,, series
(March to October - Fig. 2b, see also Tab.
S2 in Supplementary material). The SPEI,
exhibits a marked low-frequency fluctua-
tion with a relatively high-frequency year-
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to-year variability above the long-term av-
erage (zero in the standardized series)
with an overall decreasing trend (Fig. 2b).
This is in line with the increasing trend ob-
served in air temperatures in the 1980s,
since the SPEI index also includes evapora-
tion information as a function of air tem-
perature. Also, the long-term linear trend
indicates severe drought conditions com-
pared to the long-term average for the pe-
riod 1985-1994.

Tree ring-climate relationships

Linear relationship between ring width
and climate parameters

The total precipitation from the previous
December to the current July (PPTppecuy)
was found positively correlated with RW,
EW and LW in both the regions consid-
ered(Fig. 3). This is consistent with previ-
ous studies from Portugal and Spain re-
porting stone pine radial growth’s depen-
dency on rainfall (Campelo et al. 2007, Na-
talini et al. 2015). Higher precipitation dur-
ing September and October is prominent
for LW formation in the Kozak plateau, un-
like EW formation. Indeed, rainy autumns
following dry summers increase photosyn-
thetic activity in pine species (Pasho & Alla
2015), leading to the formation of larger
LW.

We examined the drought-growth rela-
tionship by focusing on SPEL,, (Fig. S4). We
found that Pearson’s correlation coeffi-
cients with SPEI,, were strong and mostly
statistically significant from March to Octo-

ber, corresponding to the vegetation pe-
riod (Fig. 3). Drought limitations were
higher on LW formation than EW in both
sites and stronger at the DEM site located
at a lower altitude. These results confirm
the findings from previous research on
Mediterranean low-elevation pine species,
as dry conditions during summer lead to
narrow EW and also result in narrow LW
formation (Pasho & Alla 2015). A tree-ring
study conducted on Pinus pinea in Albania
(Pasho & Alla 2015) allowed us to compare
our findings regarding drought indices. The
P. pinea trees in the Kozak Plateau exhib-
ited statistically significant responses dur-
ing the growing season, suggesting they
are more vulnerable to drought stress than
the Albanian P. pinea trees.

We found positive correlations between
tree-ring parameters and winter air tem-
peratures (from the previous December to
the current February), indicating a cold lim-
itation on radial growth of P. pinea in the
Kozak plateau (Fig. 3). Higher tempera-
tures during the winter can extend the veg-
etation period (Akhmetzyanov et al. 2023)
and lead to the formation of wider annual
rings. Winter cold limitation was stronger
for the trees growing at higher elevations
(HAC) than those located at lower eleva-
tions (DEM), where the temperature is rel-
atively milder.

Pearson’s correlation coefficient analysis
revealed the following primary factors lim-
iting the radial growth of stone pines in the
Kozak plateau: (i) low precipitation amount
from previous December to current July
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Tab. 3 - Summary statistics of GAMM.
(df): degrees of freedom.

Smoothing term

Parameter (Limiting factors)
PPTooecouy  TMINppec-ren
Effective df 2.02 1.33
F-value 108.48 22.15
p-value < 0.001 <0.05

(PPTppecuuy); (i) drought (as reflected by
SPEl,,) during the vegetation period from
March to October (SPElwarchoc); and (iii)
low air temperatures during the winter.
The limiting effect of these factors is more
pronounced on the LW formation of trees
in both sites.

Moving window correlation analysis
showed that the impact of these limiting
factors varied over time (Fig. 4a). The tem-
poral instability was more evident in HAC
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site time series with longer intervals. The
positive effect of PPT,pec.suy Was not signifi-
cant until 1960-1989 on LW and RW forma-
tion and until 1965-1994 on EW formation
in the HAC site. A similar pattern was ob-
served in the DEM site, with gradually in-
creasing and becoming significant correla-
tions after 1960-1989 for RW and after
1970-1999 for EW, except for the last pe-
riod. The effect of drought during the vege-
tation period (SPEluarchoc) Showed a similar
pattern across time in both sites, except
for the EW chronology at DEM. Significant
drought limitations, indicated by PPTpec.juy
and SPElyahoce (Fig. 4a), closely aligned
with severe drought conditions from 1985
to 1994 (Fig. 2b).

The cold limitation on radial growth grad-
ually decreased in both sites, with a clear
trend in the long time series of the HAC
site located at a higher altitude. The limit-
ing effect of minimum winter temperatures
became negligible after 1975-2004 for RW
and EW, and after 1960-1989 for LW. The
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gradually decreased effect of winter mean
temperature retained its significance in
some periods for RW and EW, while it
sharply decreased and became insignifi-
cant after 1955-1984 for LW. The positive
and significant effect of winter maximum
temperatures became insignificant after
1955-1984 for RW and 1950-1979 for LW,
with a weaker effect on EW formation. Due
to the shorter DEM site chronologies, a
test of the temporal stability of the cli-
mate-growth relationship could not be per-
formed (Fig. 4a). Also, the gradual disap-
pearance of the limiting effect of low win-
ter temperatures is due to the clear warm-
ing trend in the region (Fig. 2a, Fig. S3 in
Supplementary material).

The effect of the increasingly arid condi-
tions was more evident in the LW chronolo-
gies of stone pine trees in the Kozak
plateau (Fig. 4a, Fig. S5), as indicated by by
the higher MS value of the LW chronolo-
gies. In Mediterranean ecosystems, trees
have two main stress factors, namely, win-

Fig. 4 - (@) Moving window of Pear-
son’s correlation coefficients
between radial growth (RW, EW,
and LW) and limiting factors
(PPTppecuy: total precipitation from
previous December to current July;
Timin | Mp | Mx)pDecrebt AIF temperature
from previous December to current
February: SPElyar.oc: drought during
vegetation period, from March to
October). The time periods 1930-
2019 for HAC and 1952-2019 for DEM
chronologies were analyzed in a 30-
year window with a 5-year offset.
(b) The estimated smoothing splines
of radial growth to limiting climatic
faCtOrS, PPTpDec-July and TN”NpDec-Feb
during 1952-2019. Gray shades indi-
cate 95% confidence intervals.

(*): p<o0.05.

DEMEW

DEM LW

)o &
S S 7
s &
o m
R ¥
)
= - s —
% o E o
< L] =
= =
=] —
S 5
S T T T T T s T T T T T
300 400 500 600 700 800 1 2 3 4 5 6

PPT

98

iForest 18: 93-101



ter cold and summer drought (Cherubini et
al. 2003). In this study, the results of the
linear analysis showed that drought stress
on the stone pines in the Kozak plateau in-
creased due to climate change, while win-
ter cold stress decreased. Although fluctu-
ations in moving correlations through time
may be attributed to age-related changes
in sensitivity (Konter et al. 2016), we ob-
served similar responses in relatively older
and younger sites (Fig. S2 in Supplemen-
tary material), suggesting that these are
more likely a result of climate change
rather than age.

Non-linear relationship between ring
width and limiting factors

We conducted a GAMM analysis using the
identified limiting factors as predictors and
subsequently refining our model to include
only the significant predictors related to
precipitation and temperature, namely,
PPTopecouy and  TMINppecren, respectively
(Tab. 3, Fig. 4b). The GAMM model showed
satisfactory results, with an adjusted-R* of
0.49. The effect of PPTypeciuy ON the high-
frequency variation of radial growth was
characterized by a non-linear relationship
(edf > 2). On the other hand, the effect of
TMINpDec-Feb exhibited a weakly non-lin-
ear relationship with calculated edf falling
between 1 and 2 (Hunsicker et al. 2016). In-
deed, the total precipitation from the pre-
vious December to July (PPTpec.uy) had the
most significant effect, as indicated by the
highest F-value. Precipitation levels be-
tween approximately 500-710 mm of PPT.
ppec-uuly Fesulted in a positive additional incre-
ment in tree radial growth, while values <
500 mm and > 710 mm led to a lesser incre-
ment. The effect of minimum temperature
during winter displayed some fluctuations,
showing a local minimum at 2.5 °C and a lo-
cal maximum at about 5.5 °C. TMINpecren
values above approximately 5.5 °C caused a
slight decrease in the relative additional in-
crement. Correlation coefficients repre-
senting the linear relationship between
growth and winter temperatures showed
that the constraining effect of cold condi-
tions diminished over time (Fig. 4a). This
trend is consistent with the findings re-
ported by Martin-Benito et al. (2018) for
Picea orientalis in the Caucasus and by
Bozkurt et al. (2021) for Pinus sylvestris at
the lower elevation in the western Turkish
range. This may lead to a reduced tree
growth in the region. However, non-linear
relationships suggest that this reduction
might not be permanent (Fig. 4b). None-
theless, trend analyses indicate that winter
temperatures and summer dry conditions
in the region are increasing, and this may
descrease P. pinea growth under a chang-
ing climate.

Tree resilience to climate change

We calculated the resistance, recovery,
and resilience indices for the years 1974,
1999, 2001, and 2007, when the drought
was severe and caused narrow annual ring
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Climate change and Pinus pinea growth in Turkey
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Fig. 5 - Box plots of resistance, resilience, and recovery indices of trees from HAC and
DEM sites for the years 1974, 1990, 2001, and 2007. Horizontal lines represent the

median.

formation (Fig. S6 in Supplementary mate-
rial). In these years, PPTjpecuy Values were
two standard deviations (std) below the
average (except for 1974, which was 1 std
below), and SPElyarchoc Values were 1 std
below the average. In the Kozak Plateau,
the tree rings of P. pinea revealed distinct
patterns related to resistance, recovery,
and resilience indices, providing valuable
insights into the ecological performance of
trees impacted by severe drought condi-
tions (Fig. 5). Both sites exhibited relatively
low resistance to severe droughts (see
Tab. S3 in Supplementary material). The
percentage of high-resistant trees was be-
low or around 40% in both sites, except for
2007 in the HPP (67%) and 2001 in the DEM
(60%) sites. This may be due to the relative
aridity of our study area. The lower resis-
tance to drought in the northern hemi-
sphere is associated with lower latitude
and soil moisture levels (Gazol et al. 2017).
The mean recovery index is higher for the
trees in the DEM site, located at a lower el-
evation. The percentage of high-recovery
trees is more than 67% in the DEM site (ex-
cept in 2001), while this rate is below 50%
at the HPP site. Interestingly, none of the
trees exhibited high recovery in 2001 at the
DEM site. Gazol et al. (2017) examined the

effects of drought on forests in the north-
ern hemisphere, noting that trees in drier
regions typically exhibit higher recovery,
which is attributed to a pronounced xylem
plasticity affecting the hydraulic conductiv-
ity. Similarly, we found a greater recovery
capacity of P. pinea trees in the DEM re-
gion, which experience relatively drier con-
ditions due to the lower elevation.

The resilience indices indicate that only a
limited percentage of sampled trees re-
turned to pre-disturbance growth levels,
except in 2007. Notably, resilience tends to
decrease in the DEM region until 2007. The
low resilience at both sites is a potential in-
dicator of mortality risk (DeSoto et al.
2020), considering that more frequent and
severe droughts and heatwaves are antici-
pated in the Mediterranean basin (IPCC
2023). Pirano (2020) emphasized that drier
conditions may threaten the resilience of
stone pines in Italy. Conversely, the high re-
silience index recorded in 2007 suggests
that consecutive rainy periods following
disturbances could enhance resilience. Fur-
ther, Research on stone pines in the Italian
Peninsula supports the idea that recovery —
a crucial aspect of resilience — improves un-
der wetter conditions (Piraino et al. 2013).
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Conclusions

Our study revealed that drought condi-
tions constrain the radial growth of stone
pine trees on the Kozak Plateau during the
vegetation period and cold winters. The
impact of drought is particularly pro-
nounced in trees situated at lower eleva-
tions. Rainfall in autumn, especially during
September and October, contributes to in-
creased latewood formation. Climate trend
analysis of the Kozak Plateau identified a
notable shift in climatic conditions, with a
significant change point detected in the
late 1980s and early 1990s. Specifically,
winter air temperatures exhibited a clear
shift towards warmer temperatures in
1994 compared to the long-term average.
In line with increasing temperature, SPEI,,
revealed severe drought conditions during
the period from 1985 to 1994, which devi-
ated significantly from the long-term aver-
age. Accordingly, we found that the
drought stress begun in this period and has
become increasingly severe in recent de-
cades, and the limiting effect of winter cold
has disappeared. This indicates that the ef-
fects of climate change are mixed, with the
benefits of milder winters alongside the
stress caused by a prolonged dry vegeta-
tion period.

GAMM analyses showed that the effects
of precipitation and temperature on Pinus
pinea tree growth are non-linear. We also
found that the trees in the Kozak plateau
displayed low resistance to severe
drought, while those at lower altitudes, ex-
periencing drier conditions, exhibited
greater recovery potential. The projected
drier climate for the Mediterranean Basin
and the limited resilience of trees to
drought poses a significant threat to the
stone pine populations in the region.

Our results provided valuable insights
into the drought responses and resilience
mechanisms of stone pines, particularly
amidst the backdrop of escalating drought
conditions in the Mediterranean region.
These findings are key for informing sus-
tainable management practices and con-
servation efforts in light of changing envi-
ronmental conditions.
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Fig. S1 - Pinus pinea forest in the Kozak
Plateau.

Fig. S2 - Tree-ring width chronologies of
HAC (upper) and DEM (lower) sites.

Fig. S3 - Inter-annual and long-period varia-
tions and long-term linear trends in winter
(DJF) (@) maximum and (b) minimum air
temperature series for the Kozak district.

Fig. S4 -Pearson’s correlation coefficients
calculated between radial growth (RW,
EW, and LW) and drought indices SPEI,
SPEI,, SPEIle, and SPE,.

Fig. S5 - Moving window of Pearson’s cor-
relation coefficients between radial growth
(RW, EW, and LW) and monthly SPEI,, from
March to October.

Fig. S6 - Severe dry years 1974, 1990, 2001,
and 2007 that caused narrow ring forma-
tion.

Tab. St - Resultant test statistics and trend
rates calculated for Kozak’s 9o-year-long
annual and seasonal mean (Tmean), aver-
age maximum (Tmax), and average mini-
mum (Tmin) time series.

Tab. S2 - Resultant test statistics were cal-
culated for Kozak’s 90-year-long 12-month
SPEI for the period of March to October.

Tab. S3 - Mean resistance, recovery, and
resilience indices with the percentage of
high-resistant, high-recovered trees and
trees reaching pre-drought growth in HAC
and DEM sites.
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