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A B S T R A C T

We present the longest high-elevation tree-ring width dataset in the Mediterranean reaching back to the 6th
century CE. The network includes 101 living and 92 relict Pinus heldreichii Christ trees from four differently
exposed sites in the 2100–2200 m a.s.l. elevation range of Mt. Smolikas in the Pindus Mountains in Greece.
Though the sites were all sampled within a distance of< 1 km, inter-site correlations are surprisingly low
(r1550–2014 = 0.65–0.87), indicating site exposure might affect tree-ring formation. We here explore the con-
sequence of exposure differences on the climate signals in an eastern Mediterranean treeline ecotone.
Temporally stable growth/climate relationships reveal similar seasonal patterns among the four sites, but dif-
ferences in signal strength. P. heldreichii growth at Mt. Smolikas is significantly controlled by temperature in
April (r1951–2014 = 0.33–0.50) and precipitation in June-July (r1951–2014 = 0.23–0.42), which emphasizes the
overall importance of an early growth onset and subsequent moisture conditions. The association between stem
growth and April climate is strongest in the South-facing stand, supporting the significance of higher insolation
rates at this thermally privileged site. Strongest summer precipitation signals are found in the NE-facing stand,
where trees seem to benefit least from an early growth onset and where reduced meltwater supply may enhance
the dependency on early summer precipitation. The significance of spring temperature on tree growth in all four
sites constrains the emergence of a distinct summer precipitation signal in the Mt. Smolikas high elevation
ecotone. Exploration of the site-specific influences on a new millennium-long tree-ring width dataset is an im-
portant step towards an improved understanding of long-term climate variability in the Eastern Mediterranean.
Site-related differences in climate sensitivity in the high-elevation tree-ring network at Mt. Smolikas indicate
that both temperature and precipitation during different seasons could potentially be reconstructed if distinct
site exposures (S versus NE) are considered.

1. Introduction

Tree-ring width (TRW) chronologies are an important proxy for the
reconstruction of climate variability over the past millennium (Esper
et al., 2016). Information about past climate conditions and their im-
plications for society improve our understanding of natural and an-
thropogenically driven climate variability (Büntgen et al., 2011). This is
crucial in the development of future climate scenarios and the evalua-
tion of potential social and environmental impacts of climate (Esper
et al., 2004; Kovats et al., 2014). Continuous improvement of the spatial
coverage by millennium-length TRW chronologies is needed to assess
climate variability patterns and their association with forcings at re-
gional (Köse et al., 2011; Seftigen et al., 2013; Trouet et al., 2012) and

hemispheric scales (D'Arrigo et al., 2006; Esper et al., 2002; Schneider
et al., 2015; Stoffel et al., 2015; Wilson et al., 2016).

P. heldreichii Christ (or Bosnian pine) is a Tertiary relict tree species,
endemic to the high mountains of the Balkans, and is abundant in
northern Greece, western Bulgaria, Bosnia-Herzegovina, and Albania
(Brandes, 2007). The species survives in very old stands with in-
dividuals of millennial age (Konter et al., 2017) demonstrating the
potential of these sites to contribute to high-resolution paleoclimate
reconstruction. The wood of P. heldreichii is very resinous and conse-
quently resistant to decay and decomposition. This characteristic is
beneficial for preserving material from fallen trees, especially in remote
areas of the timberline ecotone (Brandes, 2007).

Numerous Bosnian pine chronologies have been developed from
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collections in various areas of the species’ range. These extant chron-
ologies have two common features: they are typically very long, and the
climate signal from their TRW measurements is weak (maximum r1901-
2002 = −0.29 with June-July temperature in Seim et al. (2012); r1925-
2000 = 0.29 with April Temperature in Todaro et al. (2007); r 1934-

2004= 0.38 with previous August Precipitation, and r1985-1992 = ∼-0.3
with June temperature in Panayotov et al. (2010)). The species is re-
sistant to a rough mountain climate and can tolerate harsh winters as
well as a certain degree of summer drought. Therefore, the existence of
the pure, zonal P. heldreichii-stands in northern Greece is explained by
the seasonal extremes of a low latitude mountain climate (Brandes,
2007).

Theories explaining the low climate sensitivity are diverse and en-
compass anthropogenic activity, the remoteness of meteorological sta-
tions, and mixed climate controls (Panayotov et al., 2010; Seim et al.,
2012; Todaro et al., 2007). However, most previous studies did not
consider site-specific ecological constraints as influences on climate
signals (Holland and Steyn, 1975; Schweingruber, 1996). Near to the
Greek border with Albania, Mount Smolikas (2637 m a.s.l.) crowns the
mountain range of the northern Pindus mountains at 40°05′N/20°55′E
(Fig. 1a and b). The sites in this study are situated around an eastern
foothill of Mt. Smolikas and differ in exposure only (Fig. 1b). Slope
aspect alters the amount of received solar radiation and length of in-
solation period, thus creating a range of microclimates on a small
spatial scale (Gallardo-Cruz et al., 2009; Hartl-Meier et al., 2014; Hartl-
Meier et al., 2015; Holland and Steyn, 1975; Urban et al., 2000). In-
solation controls evapotranspiration, soil and air temperature, air hu-
midity, soil moisture, and the duration of the growing period that in
turn affects the species composition and biomass production (Måren
et al., 2015; Paudel and Vetaas, 2014; Pook and Moore, 1966). In the
Mediterranean, south-facing slopes receive the most sunlight, which
supports evapotranspiration and results in drought stress for trees,
whereas north-facing slopes retrain more humidity and favor growth

(Sternberg and Shoshany, 2001).
In this study, we explore the effect of slope exposure on tree growth

and the impact on potentially varying climate signals by calibrating the
chronologies of four differently exposed, high elevation P. heldreichii
sites against regional instrumental temperature, precipitation, and
drought data. We introduce a preliminary millennium-length TRW
dataset and evaluate its potential and limitations for establishing a
climate reconstruction.

2. Material and methods

2.1. Geographical settings and sampling design

In northern Greece, P. heldreichii is native to the upper oro-medi-
terranean vegetation zone and appears first at ca. 1.000 m a.s.l. in
mixed forests with Fagus sylvatica L., Pinus nigra J.F. Arnold, and Abies
borisii-regis Mattf. Between 1.500-2.300 m a.s.l., P. heldreichii forms
pure stands to the timberline, with dwarfed specimens reaching
2.600 m a.s.l. on Mt. Olympus (Brandes, 2007). The southern dis-
tribution limit of the species is near the village Metsovon, in the Pindus
mountains, at 39°40′ N. On Mt. Smolikas, the zone of pure P. heldreichii
stands starts at 1.300-1.500 m a.s.l. and transforms into an open tim-
berline ecotone at 1.900-2.400 m a.s.l. (Brandes, 2007). Anthropogenic
impacts are presently constrained to pastoral farming. However, the
name Mt. Smolikas, originating from the Slavic word “Smola” (engl.
tar), points to a much greater economic importance of the area in the
past, when the P. heldreichii resins were extracted for tar production
(Meiggs, 1982). Geologically the higher areas of the mountain are
formed by serpentine, a dry bedrock poor in nutrients, but not karstified
or fissured (Hughes et al., 2006; Stevanovic et al., 2003). P. heldreichii
grows on dry substrate, such as limestone and serpentine rocks.

Between 2011 and 2015, 101 living and 92 dead P. heldreichii trees
were sampled in this timberline ecotone in 2100–2200 m a.s.l. at four

Fig. 1. a Contour and site exposure map of the study region and position of the sampling sites; b map of Greece indicating the research area and the instrumental station, c Climate
diagram of the meteorological station in Thessaloniki (40 m a.s.l., 1961–1990).
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differently exposed (NW, S, N, NE) sites on the eastern flanks and
foothills of Mt. Smolikas (Fig. 2a). The climate in this elevation is
characterized by hard, snowy winters with intense frost and snow melt
occurring only in late spring. Summer dryness, typical for the Medi-
terranean climate, is reduced in northern Greece to less than three
months (June to August). In addition to this, summer storms, which
yield heavy rainfall, often moderate the hygrothermic summer

conditions on Mt. Smolikas (Fotiadi et al., 1999; Loukas et al., 2002).

2.2. Chronology development, standardization and statistics

All disks and cores were prepared following standard den-
drochronological techniques to produce fine-sanded surfaces for mi-
crometer measurement (Strokes and Smiley, 1968). Tree-ring widths

Fig. 2. Chronology characteristics: a temporal distribution of 382 core and disk samples encompassing 133017 measured tree rings from 4 sites. One bar represents an individual sample;
the black section indicates the measured length and the grey section displays a pith-offset estimate; b power transformed 300 yr spline detrended Smolikas Pinus heldreichii TRW
chronology (black, n < 5 grey) and corresponding 50 yr spline (red) with EPS and Rbar statistics computed for 30yr segments with 15 yrs of overlap in the bottom panels and c Adonis, a
Bosnian pine, dendrochronologically dated to be 1075yrs. old and therefore currently the oldest living inhabitant in Europe. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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were measured in two labs by two different measuring systems; in
Stockholm the Velmex System (Velmex Inc., Bloomfield, NY, USA) with
and accuracy of 0.001 mm was used, and in Mainz the Lintab system
with an accuracy of 0.01 mm was used (Rinn, 2003). Dating and
measurement quality control was performed by skeleton plotting
(Strokes and Smiley, 1968) and statistical cross-dating with the pro-
gram COFECHA (Holmes, 1983). A data adaptive power transformation
was applied to reduce the heteroscedastic structure of the TRW series
(Büntgen et al., 2005; Cook and Peters, 1997) and the subsequent series
standardized by calculating residuals from cubic smoothing splines
with a 50% frequency-response cutoff at 300 years (Cook and Peters,
1981) using the software ARSTAN (Cook, 1985; Cook and Krusic,
2016). Based on the number of samples and the average correlation
coefficients among the individual series (Rbar), variance stabilization
was applied to all site chronologies (Frank et al., 2007). This standar-
dization approach emphasizes inter-annual to multi-decadal variations,
and minimizes centennial and longer trends (Cook et al., 1995). The
final site TRW chronologies and composite TRW chronology were de-
veloped by calculating the robust bi-weight mean of tree-ring indices of
each calendar year and truncated at the minimum sample size of< 5
series (Cook, 1985).

Growth and chronology characteristics were analyzed based on
several statistical parameters using raw and standardized series. The
running Rbar expresses the mean interseries correlation (Fritts, 1976)
and the expressed population signal (EPS) describes the strength of the
common variance within a chronology (Speer, 2010). A widely ac-
cepted level, indicating the reliability of the common signal, is 0.85.
Both statistics were calculated for 30yr segments with 15yrs overlap.
Average growth rates (AGR) were analyzed for the first 300yrs of living
trees, which allows an inter-site growth comparison by reducing the
influence of different age-structures. The establishment of regional
curves (RC), empirically defined biological age/growth stand curves,
permits further inter-site growth comparison (Briffa et al., 1992).

Climate-growth relationships were assessed using instrumental
monthly and seasonal temperature and precipitation data from the
Thessaloniki (40.52N/23.00E, 40 m a.s.l., Fig. 1c) and Larissa meteor-
ological stations (39.62N/22.42E, 74 m a.s.l.). We recognize that the
dryer and warmer climate in these eastern cities does not ideally re-
present the temperature and precipitation of the study site, however,
the more proximal stations (e.g. Metsovo and Ioannina) could not be
used for analysis due to their low data coverage. A spatial correlation
analysis was computed between tree-ring chronologies and high-re-
solution 0.25° gridded E-OBS climate data (1950–2014 CE; Horvat
et al., 1974) to explore the local and regional climate responses. All
meteorological data were retrieved from the Royal Netherlands Me-
teorological Institute’s (KNMI) Climate Explorer (https://climexp.knmi.
nl; Trouet and Van Oldenborgh, 2013; van Oldenborgh, 2005).

High-frequency climate signal tests were performed to verify the
strength of the tree-growth/climate relationship (Büntgen et al., 2008;

Konter et al., 2015). A high-pass filter was applied by calculating the
residuals between the standardized TRW, temperature, and precipita-
tion time series and their corresponding 10-year cubic smoothing
splines. Correlations between site chronologies and instrumental data
were computed from the previous-year June to the current-year Sep-
tember, as well as for seasonal means of two, three, and four months
(not all displayed). To test the climate signals’ temporal stability, 31-
year moving window correlations, between the maximum responding
months or seasons and tree-ring indices, were calculated. Correlation
maps were produced based on the original and first-differenced climate
data to evaluate the spatial signal patterns at high and low frequencies.

3. Results

3.1. Intra- and inter-site growth characteristics

The Mt. Smolikas composite chronology contains annual to multi-
decadal scale fluctuations (Fig. 2b). The number of single TRW mea-
surement series integrated in this record changes considerably through
time, from only≤ 5 series in 683 CE to 31 series in 1000 CE, and 185
series in 2014 CE. Coherency among the individual TRW measurement
series, expressed by the inter-series correlation, is moderate (mean
Rbar = 0.35) but temporally robust, and indicates the potential of the
Smolikas record for high-resolution climate reconstruction back to the
first millennium. Mean chronology age calculated for each year over the
period CE 575–2014 is fairly balanced prior to CE 1700, but increases
towards the present, largely due to the integration of artificially
younger remnant samples, a consequence of weathering, and con-
sideration of samples from relatively old living trees. Biologically young
trees, between 50 and 200 years, are underrepresented in the chron-
ologies (Esper et al., 2016). Of the 15 cores with more than 700 rings,
the longest is a living tree series containing 1075 rings, spanning the
period 941–2015, and the longest relict series contained 865 rings,
spanning the period 873–1737 (Fig. 2a). On multi-decadal scales, TRW
index values increase during 920–1050, 1420–1540, 1650–1740 and
1850–2014, and decrease during 880–920, 1550–1690, and
1800–1850. The multi-decadal intervals of above-average growth
characterizing the mid-16th century coincide with an increased re-
generation, as many trees started growing in this period, likely in-
dicating favorable climatic conditions (Fig. 2 b).

The lengths of site chronologies (n > 5 samples) range from 464
years at the N-exposed site to 1274 years at the NW-exposed site. Mean
segment length varies between 296 years at the N- and 427 years at the
NW-exposed site (Table 1). The site are robust (EPS ≥ 0.85) after 980
at the NW-exposed site, 1315 at the S-exposed site, 1610 at the N-ex-
posed, and 1440 at the NE-exposed site. Trees at the NE-exposed site
display the highest mean sensitivity, the highest Rbar, and the lowest
average growth rate, which suggests a strong preservation of climatic
information in high-frequency TRW variations. The opposite is true for

Table 1
Descriptive statistics of the four Mt. Smolikas site chronologies.

Site Period Chronology CE MSL n n cores AGR EPS AC SD MS Rbar

CE (yrs) trees (yrs) a) a) a) a)

NW 673–2014 740- 427 67 126 0.94 980 0.76 0.30 0.23 0.38
2014

S 575–2014 1070- 316 57 111 0.75 1315 0.73 0.32 0.27 0.36
2014

N 1425–2014 1550- 296 23 46 0.84 1610 0.73 0.32 0.22 0.33
2014

NE 685–2014 1414- 308 47 99 0.70 1440 0.73 0.30 0.29 0.42
2014

all 575–2014 683- 348 194 382 0.82 730 0.74 0.31 0.23 0.34
2014

MSL: mean segment length, AGR: average growth rate of the first 300 years of growth from living trees, year until EPS is> 0.85, AC: first-order autocorrelation, SD: standard deviatio
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trees at the N-exposed site, where the average growth rate is highest but
the mean sensitivity and Rbar are lowest. In addition, moderate inter-
site correlations ranging from r = 0.56 to 0.89 among the raw chron-
ologies, and from r = 0.65 to r = 0.87 among the standardized
chronologies over the 1550–2014 CE common period, point to sub-
stantial site-specific growth variations. The NW-, S- and N-exposed
stands show an overall strong inter-site agreement, whereas their cor-
respondence with the NE-exposed stand is surprisingly low.

The existence of heterogeneous growth rates, despite similar seg-
ment lengths, suggests there exists non-age-related inter- and intra-site
differences (Fig. 3a). Biological growth rates for the first 300 years
differ remarkably among sites despite the removal of remnant wood
with uncertain pith-offset estimates (Fig. 3b). At the NW- and N-facing
stands, the median and mean growth rates are significantly higher than
at the S- and NE-facing stands. Intra-site variance of AGR is lower than
inter-site variance, but single values largely overlap. The cambial age-
alignment and subsequent averaging of the individual series to regional
curves exhibits pronounced site differences, however (Fig. 3c). The
regional curves have the same decreasing course through time, except
for the first 150 years of growth at the NW-facing site, and the first 100
years of growth at the S-facing site. The absolute growth level differs at
every point of cambial age, whereas it is persistently higher at the N-
and NW- facing stands, and lower at the S- and NE- facing stands. The
decline through time is a lifelong phenomenon and is still apparent
after more than 800 years (Fig. 3c).

3.2. Climate signals

In the high-frequency domain (high-pass filtered data), tree growth
at the four sites at Mt. Smolikas is significantly controlled by climate in
April and June-July (Fig. 4). The climatic responses synchronize sea-
sonally between the four sites: inter-site differences are relatively small
compared to monthly and seasonal differences. At all sites, TRW is
positively correlated with early summer (June-July) precipitation and
negatively with early summer temperatures, whereas in spring (April)
the signs are reversed. Previous years’ precipitation and summer tem-
peratures, as well as the current years’ May, August, and September’s
climate, have no significant growth control. Though the relationships
are not significant, temperatures in the previous years’ autumn and
winter are positively correlated with TRW.

Despite the synchronized growth/climate response pattern, some site-
specific differences exist: The S-facing stand shows greatest response, and
the NE-facing stand weakest response, to April temperatures
(r1931–2014 = 0.32–0.44). These tendencies are reversed in June and July,
when the S-facing stand shows the lowest and the NE-facing stand the
highest response to June-July precipitation (r1931–2014 = 0.28–0.45).

Precipitation in April (r1931–2014 =−0.25–−0.38) and temperature in
June-July (r1931–2014 =−0.18–−0.34) are significantly anticorrelated with
growth (Fig. 4a and c).

The post 1950 climate correlation coefficients are temporally stable
(Fig. 4c–f). A period of relatively weak correlations prior to this date is
followed by strengthened relationships; a systematic shift that occurs
independently of the site and month. Splitting the 1931–2014 period
into two equal sized windows, the correlation coefficient between April
temperatures and the S-facing chronology improves from r = 0.37 to
r = 0.49. Likewise, for June-July precipitation at the NE-facing site the
correlations increase from r = 0.41 to r = 0.50. In addition, moving
window correlations between average temperatures recorded at the
stations in Thessaloniki and Larissa during the growing season, display
an increasing synchronicity through time (Fig. 4g).

Spatial correlations between the site chronologies and E-OBS
gridded June-July precipitation and April temperatures are weak, and
little variance is explained by values from grids close to the study site
(Fig. 5, insets). Correlation coefficients improve in the high-frequency
domain, which underscores the strong growth/climate relationship at
the inter-annual timescale. Positive significant correlation coefficients
between TRW indices and June-July precipitation, and April tempera-
tures are stable from central Italy, over large areas of the Balkan Pe-
ninsula, to the eastern Mediterranean (Fig. 5). Weaker, but still sig-
nificant negative correlations occur over the British Isles, Spain,
Scandinavia, Poland, and Ukraine. Even though all sites roughly share
the same spatial temperature and precipitation patterns (only most
diverse sites displayed in Fig. 5), site differences in spatial signal
strength do occur. The S-exposed stand, with highest April temperature
signal, is highly responsive to temperatures over large areas of the
Balkan Peninsula but shows the least spatial connection to June-July
precipitation. In contrast, the NE-exposed stand shows the weakest
correlations with April temperatures, but the strongest correlations
with June-July precipitation (Fig. 5).

4. Discussion

4.1. Evaluation of intra- and inter-site growth characteristics

The Smolikas P. heldreichii TRW compilation, dating back to CE 575,
is potentially one of the most important natural-historical archives from
the eastern Mediterranean due to its discrete provenance, length, and
constantly high sample depth (n > 5 samples in CE 683). The living
trees on Smolikas are exceptionally capable of producing a millennial-
length chronology possessing a high degree of low-frequency climate
variation (Esper et al., 2012; Esper et al., 2004). The most notable ex-
ample is “Adonis” (Fig. 2c), a Bosnian pine that dendrochronologically

Fig. 3. Site-related growth characteristics: a growth rate to segment length (SL) ratio and b growth rates over the first 300yrs of living trees and c RCs (thin) and corresponding 100yr
splines (bold) when n> 10 series and d number of samples incorporated in RCs.
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dated to be over 1075 years old (Konter et al., 2017) making it the
current, oldest known living tree in Europe providing a valuable history
of past environmental conditions. Combining information from these
living trees with remnant wood from the same site, we are able to ex-
tend the Smolikas chronology back in time with a high degree of sample
replication.

Low inter-site correlations, the application of standardization
techniques that stress different frequencies, and high site-specific Rbar
values confirm the existence of site differences at multiple timescales
(Düthorn et al., 2013). Young living trees between 50 and 200 years in
age are underrepresented in our dataset, likely because agricultural
activities throughout the 18th and 19th century have led to a reduced
regeneration rate (Todaro et al., 2007). Due economic reasons the po-
pulation decrease in the village Samarina, located at the foot of Mt.
Smolikas, from 3000 inhabitants in 1890 to only 500 in 1960
(Beuermann, 1967), led to a reduction of free-range herd sizes. This
supported a recovery of the forest stocks in the 20th and 21st centuries
(McNeill, 1992). The absolute number of inhabitants in the region
differs with the historical archive, but all reports note a remarkable
decrease of population in the 20th century and subsequent reduction of

grazing pressure (Beuermann, 1967; Brandes, 2007; McNeill, 1992).
Diverse growth levels and low inter-site correlations indicate sub-

stantial site differences. The wide range of growth rates between sites,
despite identical ages, cannot be explained by age-effects alone. It is
apparent that the differently exposed stands do not belong to the same
biological growth population (Esper et al., 2003). The N- and NW- fa-
cing, versus the S- and NE-facing exposures are, respectively, the upper
and lower range of growth extremes; the least growth-limited and least
climatic-sensitive; and the most growth-limited and most climatic-sen-
sitive (Fritts, 1976). In the NW-/S-facing stands the increase in growth
over the first 150/100 years is related to biological forces. We find
groups of trees standing relatively close together, competing for re-
sources. Under such stand conditions the competitive power and
growth rate of young trees is reduced (Chi et al., 2015). These findings
suggest, that if applying RCS, the analysis of subsamples is highly re-
commended. Incorporating all series into a single Smolikas growth
population might bias the resulting chronology and interpretation
(Esper et al., 2003).

Fig. 4. Correlation coefficients of power transformed 300yr spline detrended and 10yr high-pass filtered site chronologies with 10yr high-pass filtered monthly a temperature and b
precipitation data from the meteorological station in Thessaloniki (40.52N, 23.00E, 40m) for the period 1931–2014. Dashed lines indicate p < 0.01; 31 yr moving window correlations
for the maximum responding month April and season June-July respectively for c temperature and e precipitation; Z-Scores of the maximum responding site chronology and d April
temperatures (black) and f June-July precipitation (black); g 31yr moving window correlation coefficients between monthly temperature data (March to October, grey lines) from the
meteorological stations in Thessaloniki and Larissa (39.63N, 22.42, 74m) and its mean (green). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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4.2. Climate signals

The seasonally uniform response of the differently exposed sites to
temperature and precipitation demonstrates how the Mediterranean
climate regime enforces growth synchronicity, whereas exposure only
causes minor differences (Bolle, 2003; Loukas et al., 2002; Luterbacher
et al., 2012; Seim et al., 2015). The site-independent positive shift in
climate sensitivity post-1950s, and the temporally coinciding increase
in station synchronicity of temperature data from Larissa and Thessa-
loniki, points to biases in the pre-1950 instrumental record. Caution
must be exercised when considering these early data for calibration and
reconstruction trials (Dienst et al., 2017; Mamara et al., 2012).

The inverse response between tree growth and April temperature
(positive) and precipitation (negative) suggests dry and warm condi-
tions favor growth in spring. These conditions enable a faster snowmelt
and earlier start of cambial activity resulting in a longer growing season

(Deslauriers et al., 2008). In contrast, high precipitation and colder
temperatures affect a longer lasting snow cover, thereby delaying the
onset of growth (Vaganov et al., 1999). The climate signal strength in
April is associated with exposure effects: S-facing stands receive the
strongest insolation and are most sensitive to April temperature. On the
other hand, N- and NE-facing stands receive less solar radiation and are
least sensitive to this parameter. A more intense and longer lasting daily
insolation period on the S-facing slope enables larger warming and
faster snowmelt, which in turn positively affects growth onset. N- and
NE- facing slopes retain more moisture because lower insolation rates
slow the thawing process (Holland and Steyn, 1975 Måren et al., 2015).

The positive association with previous autumn and winter tem-
peratures, a period when the trees are dormant, has been found in
previous studies (Panayotov et al., 2010; Trouet et al., 2012), but
cannot be explained by cambial activity (Plomion et al., 2001). Cold
and dry versus wet and warm conditions over southern Europe are

Fig. 5. Spatial correlations between gridded E-OBS 0.25° first differenced April temperature (upper panels) and June-July precipitation (lower panels) data with 300yr spline detrended
chronologies of the NE-facing (left panels) and S-facing (right panels) stand when p < 10%. Insets refer to original data and yellow and blue dots to the NE- and S-facing site respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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associated with the strength of the North Atlantic Oscillation (Hurrell,
2003). During warm winters, snowfall is partially replaced by rainfall,
resulting in a reduced snow pack and favoring an early growth onset
(Vaganov et al., 1999). In addition to this, in warm winters the trees are
less exposed to frost. Consequently, the likelihood of damage to roots
and needles is reduced (Hartl-Meier et al., 2015; Panayotov et al., 2010;
Tranquillini et al., 1979). In summer, drought stress, high temperatures,
and water depletion induce a reduction of the metabolic and photo-
synthetic activity of trees that slows their growth (Chaves, 2002; Vieira
et al., 2013). Anomalously wet and cool summers favor metabolic ac-
tivity, whereas anomalously dry and warm summers increases drought
stress and has the opposite effect (Levanic et al., 2013; Touchan et al.,
2008).

Over a predominantly dry growing season, tree growth is simulta-
neously favored in spring and limited in summer. As a result, the ab-
solute strength of the preserved climatic information in a tree ring is
reduced. We suggest that the S-facing stand in particular shows a re-
duced response to summer precipitation because the stand greatly
benefits from an early growth onset. The early start of the vegetation
period enables the development of wide rings in spring (Rossi et al.,
2007). The suggestion that early biomass gains may compensate losses
by summer drought stress (Esper et al., 2007; Tejedor et al., 2015)
cannot be properly defended as total ring-widths have only annual re-
solution (Fritts, 1976). By contrast those trees living in the NE-facing
stand, without the benefit of early cell formation in spring, do capture a
clear June-July climate signal. The N- and NE-facing stands are nearest
to each other, yet display a different sensitivity to summer precipita-
tion. The character of ground and surface meltwater flows effect on
growth is one possible explanation. In the Mt. Smolikas sampling sites,
the NW-, S- and N-facing slopes, meltwater likely infiltrates directly
into the ground, thus making the trees less prone to summer droughts.
On the NE-facing slope, water runoff through erosion channels causes
fast depletion of poor soil water reserves. Such efficient drainage in-
creases the tree’s dependency on summer precipitation and drought
exposure (King et al., 2013; Vieira et al., 2013).

The spatial correlation maps (Fig. 5) of gridded April temperature
and June-July precipitation show strong climatic signals over the
Balkan Peninsula related to common forcings, climate regimes, and
synoptic patterns (Trouet, 2014; Trouet et al., 2012; Xoplaki et al.,
2004; Xoplaki et al., 2012). The patterns are similar to those produced
using the Thessaloniki climate data, underscoring the potential to re-
construct climate for different seasons and variables, using different site
chronologies on Mt. Smolikas. The spatial correlation analysis also re-
veals a distinct dipole pattern across Europe that is consistent with the
Summer North Atlantic Oscillation (sNAO) mode (Folland et al., 2009);
responsible for annual and decadal summer temperature and drought
variability over Greece (Oikonomou et al., 2010; Xoplaki et al., 2003).
Temperature reconstructions using P. heldreichii MXD data from the
Pirin Moutains in Bulgaria (Trouet et al., 2012) and Mt. Olympus in
Greece (Klesse et al., 2015), are reported to have a strong and consistent
anti-phase relationship with the sNAO (Folland et al., 2009), suggesting
the sNAO is an important driver of the teleconnection between summer
temperatures in northwestern versus southeastern Europe. In this ana-
lysis, we find some coherence with the sNAO, however, values are
mostly insignificant. The weak sNAO signal is arguably related to the
use of TRW which, compared to MXD, has a lower climatic signal
strength, due to TRW’s higher auto-correlation (Melvin et al., 2013).

In contrast to previous studies of P. heldreichii TRW data, that report
climate signals of variable strength (Panayotov et al., 2010; Seim et al.,
2012; Todaro et al., 2007), we find temporally robust signals after
1950. The significant and temporally robust April temperature corre-
lations across all sites, and the statistically significant June-July pre-
cipitation signal in the NE-facing trees, suggests the TRW data from Mt.
Smolikas have great potential for reconstructing climate. We hypothe-
size that the notable signal strength found, in comparison to previous P.
heldreichii studies, is related to i) the standardization method used ii)

slope exposure effects (Hartl-Meier et al., 2014; Hartl-Meier et al.,
2015; Holland and Steyn, 1975), iii) higher site elevation with gen-
erally stronger growth limitations (Hartl-Meier et al., 2014 Körner,
2007), and iv) ecological effects including geomorphological modu-
lated water supply (Fritts, 1976). Reduced signal strength, inherent to
this and all previously mentioned studies, might be a consequence of
the poorly representative meteorological station data used for analysis.
Lowland station data tend to underestimate precipitation, and de-
siccation extremes at higher elevations (Fotiadi et al., 1999). The de-
tection of distinct site differences in climate signal strength, on even
small spatial scales, demonstrates the importance of careful site selec-
tion when performing dendroclimatological studies (Fritts, 1976).

5. Conclusion

We present an assessment of the site-specific climate signals in a
new millennium-length TRW chronology from the Pindus Mountains of
Greece that extends back to CE 575. We find inter-site differences in
climate signal strength that appear to be related to slope exposure,
biological memory effects, and meltwater supply. The strongest growth
limitation is found at the S-facing site where trees are most sensitive to
April temperatures, as well as at the NE-facing site where trees respond
stronger to June-July precipitation. At the NW- and N-facing stands,
Pinus heldreichii growth is least limited and contains a weaker climate
signal. Due to opposing growth/climate relationships, manifest by
warm and dry conditions supporting growth in spring but limiting
growth in summer, biological memory effects arise and the initiation of
cell formation in spring likely affects climate sensitivity in summer. If
site differences are strictly considered, the climate of two seasons (April
and June-July) could be reconstructed using only trees from S-exposed
sites for temperature, and only trees from NE-exposed sites for pre-
cipitation. Further work will focus on (i) increasing sample replication
through the inclusion of additional sites, (ii) investigating low-fre-
quency trends in the millennial-length chronology, (iii) performing a
TRW-based climate reconstruction, and (iv) producing MXD measure-
ments to further explore the potential of reconstructing summer tem-
perature variability in this Mediterranean environment.
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