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Summary

Summary

Over the last two decades, tree-rings have become one of the most important paleoclimatic archives in
terms of studying high-resolution climate over the Common Era (CE) in the mid-to-high latitudes.
Such analyses are crucial, not only to put current temperature and hydroclimatic changes in a long-
term context, but also to assess the full range of natural and anthropogenic climate forcing. However,
estimates of the first millennium remain poorly constrained due to a paucity of millennial-length tree-
ring records, causing a spatial under-representation of some regions in larger-scale climate
reconstructions and increasing uncertainty in the interpretation of climatic trends and extremes. Thus,
a major activity towards the assessment of long-term climate dynamics at local to regional scales is the
development of new millennial-length proxy records. This thesis addresses the aforementioned topic
by (i) developing two millennial-length climate reconstructions based on tree-ring width (TRW) and
maximum latewood density (MXD) measurements from Pinus heldreichii trees growing in the high-
elevation environment at the tree line of Mount Smolikas in the Pindus Mountains in northern Greece
and by (ii) assessing millennial-length temperature trends in tree-ring records in a global proxy
database compiled by the PAGES 2k consortium to identify potential drivers that limit long-term
temperature trends in tree-ring data. Calibration studies showed that P. heldreichii TRW is controlled
by June-July precipitation and April temperatures, with differences in the climate signal of four sites
arising from varying meltwater supply and exposure effects. MXD formation is controlled by summer
temperatures. Climate signal strength of both parameters is particularly strong in the high-frequency
spectrum, mirroring inter-annual climate variability patterns and thus allowing for a detection of
climate extremes. Based on the standardized precipitation index and TRW, regional summer drought
variability is reconstructed over the period 730-2015 CE. MXD of the trees is translated in an August-
September temperature reconstruction covering the period 738-2014 CE. Regional high-resolution,
annually resolved climate information is extended for the first time back into the first millennium, thus
both reconstructions fill a temporal and spatial gap in a larger-scale hydroclimate and temperature
reconstruction network in Europe. The records help to advance our understanding of climate
variability over Europe, associated atmospheric processes, and external forcings. The PAGES 2k
multiproxy database offers a new and unique opportunity to study the lack of long-term cooling trends
in tree-ring data which can be expected in Northern Hemisphere summers, particularly in the high
latitudes, due to orbitally driven changes in solar irradiance. Tests of different influencing factors
reveal that preserving millennial-scale cooling trends related to orbital forcing is not feasible in most
tree-ring datasets. This result is of great importance as it touches the current debate by showing that
tree-ring data do not lack this trend as a consequence of inappropriate tree-ring standardization.
Evaluation of the database provides a basis not only to improve future climate reconstructions, but
also to enhance our understanding of long-term climate variations as well as to reduce associated

uncertainties.
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Zusammenfassung

Informationen aus Baumjahrringen haben sich in den letzten zwei Jahrzehnten zu einem wichtigen
Paldoklimaarchiv in den geméBigten und hohen Breiten entwickelt. Durch die annuelle Auflosung der
Messungen konnen Klimaverdnderungen mit einer hohen Prizision datiert und detektiert werden und
sowohl lidngerfristige Klimatrends als auch abrupte Klimaverdnderungen und -extreme identifiziert
werden. Paldoklimatische Analysen sind nicht nur notwendig, um den gegenwirtigen
Erderwdrmungsprozess und die Zunahme von Trockenperioden zu studieren, sondern auch, um die
Auspridgung dieser Entwicklungen im zeitlichen Kontext der letzten 2000 Jahre beurteilen zu kdnnen.
Bislang beruhen globale oder hemisphérische Klimarekonstruktionen auf nur wenigen tausendjihrigen
Proxyzeitreihen, weshalb die Verldsslichkeit der Daten im ersten Jahrtausend n. Chr. reduziert ist.
Einige Regionen sind nicht mehr im globalen Mittelwert vertreten und durch die Abnahme der Anzahl
der Messungen nimmt die Unsicherheit in der Interpretation von Trends und Extremen zu.
Rekonstruktionen miissen daher stetig weiterentwickelt und verbessert werden. Dies kann unter
anderem durch die Entwicklung neuer Rekonstruktionen aus im globalen Mittel unterreprisentierten
Regionen sowie durch ein besseres Verstindnis von bestehenden Datensiitzen erreicht werden. Im
Rahmen dieser Arbeit werden daher zwei neue tausendjihrige Klimarekonstruktionen basierend auf
Jahrringbreitemessungen und Jahrringdichtemessungen von Pinus heldreichii, die an der Waldgrenze
von Mt. Smolikas im Pindosgebirge in Griechenland wachsen, entwickelt. Dariiber hinaus wird
anhand einer globalen Multiproxydatenbank (PAGES 2k) untersucht, warum Jahrringzeitenreihen

gegeniiber anderen Proxyarchiven, wie z.B. Eisbohrkernen, reduzierte Langzeittrends aufweisen.

Kalibrationsstudien haben gezeigt, dass das Jahrringbreitewachstum von P. heldreichii maB3geblich
von den Niederschldgen im Juni-Juli und den Temperaturen im April bestimmt wird, wobei die Stirke
des Klimasignals zwischen verschiedenen Standorten durch expositionsbedingte
Strahlungsunterschiede sowie Schmelzwassereinfliisse variiert. Die Bildung der maximalen
Spitholzdichte wird hingegen von der Sommertemperatur kontrolliert. Basierend auf einer hohen und
zeitlich stabilen Kalibration wird die Jahrringbreitechronologie genutzt, um iiber den Zeitraum 730-
2015 die regionale Niederschlagsvariabilitit und extreme Trockenjahre zu rekonstruieren. Die
Spitholzdichtechronologie wird in eine Rekonstruktion der August-September Sommertemperaturen
transferiert, um wiederum lokale bis iiberregionale Temperaturextreme zu identifizieren (738-2014).
Beide Zeitreihen leisten einen wesentlichen Beitrag, das Netzwerk an Paldoklimainformationen sowie
das Verstindnis iiber zugrundeliegende atmosphérische Muster und Klimaforcings im norddstlichen

Mittelmeerraum in rdumlicher und zeitlicher Dimension zu erweitern.

Die Analyse der PAGES 2k Multiproxydatenbank erdffnet die Mdglichkeit, das Fehlen eines
praindustriellen ~ Abkiihlungstrends in zahlreichen Jahrringzeitreihen systematisch in der
Nordhemisphire zu untersuchen. Infolge von orbitalem Forcing, vor allem durch Verdnderungen der

Erdprédzession, nimmt die Sonneneinstrahlung auf der Nordhalbkugel im Sommer ab, was zu
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niedrigeren Sommertemperaturen und damit verringertem Baumwachstum fiihrt. Erwartungsgemal
sollte daher vor allem in sommertemperatursensitiven Proxys, wie den Jahrringen in den hohen
nordlichen Breiten, ein Abkiihlungstrend sichtbar sein. Verschiedene Tests haben jedoch gezeigt, dass
es nicht moglich ist, diesen Trend zu erhalten und, dass nicht, wie allgegenwértig angenommen wird,
die Jahrringstandardisierung fiir das Fehlen des Trends verantwortlich ist. Durch das Aufzeigen von
Stiarken und Schwichen des Jahrringproxys wird zudem die Sensibilitdt erhoht, im Rahmen einer
zukiinftigen Datenauswahl die spektralen Eigenschaften verschiedener Proxys stirker zu
beriicksichtigen. Dies soll letztendlich dazu beitragen, eine Reduzierung von Trendunsicherheiten in

Klimarekonstruktionen zu erreichen.
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Introduction

1 | Introduction

Due to a lack of reliable instrumental precipitation and temperature measurements prior to the mid-
19th century (Bohm et al. 2009), information about annual- to centennial-scale climate dynamics
relies on indirect climate recorders, the so-called proxy archives, that store climatic information in
their physical and chemical properties. The most abundant proxies (for review, see Wanner et al.
2008; Jones et al. 2009) are corals (Cooper et al. 2012), historical documents (Pfister et al. 1999), ice
cores (Kinnard et al. 2011), lake and marine sediment cores (Nieto-Moreno et al. 2013), speleothems
(Martin-Chivelet ef al. 2011), and tree-rings (Esper et al. 2012). Proxy-derived high-resolution climate
reconstructions over the Common Era, especially the past millennium, are crucial for putting the
ongoing Anthropocene warming (Crutzen 2002) in a long-term context of natural climate variability
(Biintgen et al. 2011) and for assessing whether the global warming of ~0.85 °C since 1880
(Hartmann et al. 2013) caused by an increased level of atmospheric greenhouse gases is
unprecedented compared to past climatic changes (Morice et al. 2012). Proxy data provide
independent information to test and evaluate climate simulations (PAGES 2k PMIP3 group 2015) and
enable us to better constrain uncertainties in the projections of the predicted 21st century climate
change (Braconnot et al. 2012; Deser et al. 2012). Further, knowledge of temperature variability and
extremes during the last two millennia is important for evaluating the relative importance of different
climate forcings over time, e.g. orbital, solar, volcanic and greenhouse gas forcing and land-cover
changes, and for assessing the interplay between internal climate variability and the response to
external forcing (Wanner et al. 2008). Multi-proxy temperature reconstructions have been produced at
the global scale (Jones et al. 1998; Mann and Jones 2003; Loehle 2007; Mann et al. 2008) as well as
for the Southern (Neukom et al. 2014) and Northern Hemisphere (Mann et al. 1999; Crowley and
Lowery 2000; Moberg et al. 2005; Hegerl et al. 2007; Juckes et al. 2007; Ljungqvist 2010;
Christiansen and Ljungqvist 2011; Christiansen and Ljungqvist 2012; Shi et al. 2013).

1 -1 The importance of tree-ring data

Tree-rings are the most important proxy to reconstruct extratropical climatic variations in the growing
season over the last centuries to millennia because they provide annual resolution and thus allow a
very precise dating of climatic events, e.g. volcanic eruptions (Esper et al. 2013a). They are the most
abundant proxy in the temperate and boreal zone (Fritts 1976), hence providing the basis for the
reconstruction of hemispheric means (Schneider et al. 2015) as well as the reconstruction of spatial

temperature anomaly patterns on annual to centennial scales (Anchukaitis et al. 2017).

The International Tree-Ring Data Bank (ITRDB; Grissino-Mayer and Fritts 1997), the community’s
platform to share proxy data, holds 7689 measurement datasets from 62 countries by December 2018

from Europe (2258), Asia (1583), North America (3330), South America (304), Africa (34), and
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Australia (180), which demonstrates the potential inherent to this proxy in terms of global climate

reconstruction with a high spatial and temporal resolution (Zhao et al. 2018).

Annual tree-ring formation in conifers is associated with seasonal climate fluctuations, inducing
periods of cambial activity and dormancy (Fritts 1976). During the growing season (air temperature
> 5°C; Rossi et al. 2007), cambial cell division, enlargement, and wall thickening (Plomion et al.
2001) cause stem diameter and biomass to increase and cells with different anatomical structure and
function to form. Cells produced during spring and early summer form the light-coloured, so-called
earlywood, which enables an efficient water uptake through less dense and thin-walled cells with a
large lumen. The so-called latewood zone comprises thick-walled cells with high lignin content and
reduced lumen size, growth which prioritizes structural strength over hydraulic function (Cherubini et

al.2004).

The majority of tree-ring data are TRW records produced by measurements of the annual radial
increment of the earlywood and latewood. A more complex measure is MXD, determined by the ratio
between cell wall thickness and cell size. The highest wood density is found in the latewood
established toward the end of the growing season, before the tree enters a state of growth cessation
(Rossi et al. 2007). MXD measurements are produced using x-ray densitometry. Prepared wood
samples (further information in chapter 4) are exposed alongside a stepped calibration wedge of
known density, and optical-density measurements obtained from the x-ray film image are transformed

into estimates of wood density (Lenz et al. 1976; Schweingruber et al. 1988).

A robust climate signal can only be retrieved from trees growing in habitats with temperature or
precipitation posing the growth-limiting factors (Fritts 1976). In cold environments, temperature
regulates the length of the vegetation period (Rossi et al. 2007), thus favourable conditions prolong the
time for cell production, resulting in wide rings with a very dense latewood. Vice versa, cooler
conditions shorten the vegetation period and cause the formation of narrow and less dense rings. In
arid environments, water availability and water uptake regulate cell formation processes, causing a
growth cessation during phases of water-limitation (Akkemik and Aras 2005; Touchan et al. 2005;
Akkemik et al. 2008). Extreme cold years are hence captured as extremely narrow and/or less dense

rings whereas warm climate anomalies are associated with wide rings and a higher density.

Refined knowledge and an improved understanding of the full range of past extratropical Northern
Hemisphere summer temperature variability solely based on tree-ring data was contributed by Briffa
(2000), Esper et al. (2002), D'Arrigo et al. (2006), Schneider et al. (2015), Stoffel et al. (2015), and
Wilson et al. (2016). At the hemispheric scale, temperature extremes have been studied only in
response to volcanic eruptions (Schneider et al. 2015), but comprehensive studies about past climatic
extremes, associated external forcings and atmospheric patterns, as well as their implications for
human societies have been increasingly established at the regional or local scale (Esper et al. 2013b,

Tejedor et al. 2016).
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1 -2 A short review of activities of the PAGES 2k network

Within the context of studying global temperature changes of the past 2000 years, the Past Global
Changes community (PAGES; http://www.pages-igbp.org/ini/wg/2k-network/intro) introduced the 2k
network project to coordinate and integrate regional efforts to assemble proxy observations and
climate reconstructions. In the first phase (2008-2013), nine regional groups, spanning eight continents
and the global ocean, were established with the goal of generating a global array of regional
temperature reconstructions covering the last 2000 years. It has been shown that at multidecadal to
centennial scales past global temperature changes have a strong regional expression and that a global

Medieval Warm Period (MWP) or Little Ice Age (LIA) are absent (PAGES 2k 2013 Consortium).

During the second phase (2014-2016), efforts focused on proxy data-model comparisons, large-scale
climate analysis, and the evolution of the first database by integrating new proxies and sites to expand
the temporal and spatial coverage. A joint analysis of the PAGES 2k regional reconstructions with
state-of-the-art model simulations shows that temperature reconstructions and models agree in the
Northern Hemisphere, but disagree in the Southern Hemisphere (PAGES 2k PMIP3 group 2015). In a
synthesis of 57 marine-origin sea surface temperature reconstructions generated by the regional group
Ocean 2k, a global ocean cooling trend over the pre-industrial Common Era has been identified
(McGregor et al. 2015) and analysis of the regional PAGES 2k temperature reconstructions reveals an
onset of industrial-era warming earlier than previously suggested from historical observations (Abram
et al. 2016). Further, in a unique, community-wide effort, the database was expanded. The updated
version is currently the world’s largest collection of multiple proxy records covering the Common Era
(PAGES 2k Consortium 2017) and integrates 692 temperature-sensitive proxy records from trees (415
records), ice cores (49), lake (42) and marine sediments (58), corals (96), documentary evidence (15),
sclerosponges (8), speleothems (4), boreholes (3), bivalves (1), and a tree/borehole hybrid (1) from all
continents (PAGES 2k Consortium 2017).

Phase 3 (2017-2020) seeks to further develop collaboration with other research communities and
initiatives, such as the World Climate Research Program (WCRP) and the Intergovernmental Panel on
Climate Change (IPCC), as well as to reduce uncertainties in the interpretation of paleotemperature
information. Further, it is planned to expand joint analysis of climate model simulations and
reconstructions and to develop the understanding of mechanism driving regional climate variability

(http://www pastglobalchanges.org).

1 - 3 Objectives and structure of this dissertation

One of those designated PAGES 2k regions is Europe. A European June-August temperature
reconstruction, which relies on ten (near) millennial-length temperature sensitive tree-ring records and

one documentary index series, was produced at the end of phase I of the network 2k project (PAGES
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2k Consortium 2013). Five of the tree-ring records are based on MXD data (Jimtland, Létschental,
NorthScan, Pyrenees, Tornetrédsk) that contain a substantially enhanced climate signal compared to
TRW data (Albania, Carpathians, French Alps, Central Alps, Tatra) as shown by the analysis of the
network’s temperature sensitivity (Figure 1-1 and Table 1-1). Correlation coefficients with regional
instrumental temperature data decline from r>0.6 in northern Scandinavia (MXD) and Central
Europe (MXD or TRW) to r ~0.55 in the western Mediterranean (MXD) and r < 0.5 in the eastern
Mediterranean region (TRW) (Figure 1-1). However, much shorter eastern Mediterranean MXD
chronologies developed for the Mt. Olympus region in Greece (1521-2010; Klesse et al. 2015), the
Pirin Mountains in Bulgaria (1768-2008; Trouet et al. 2012), multiple sites in the northeastern
Mediterranean basin (1675-1980; Trouet 2014), and Italy (1650-1980; Leonelli et al. 2017),
demonstrate that MXD contains a significant summer temperature signal (r > 0.6). The spatial patterns

clearly indicate the need for developing millennial-length MXD chronologies in southeastern Europe.
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Figure 1-1 | European PAGES 2k network including 10 (near) millennial-length temperature sensitive TRW or
MXD chronologies, and one documentary index record (PAGES 2k Consortium 2013). Coloured dots and
triangles refer to the correlation with local instrumental summer temperatures provided in the original

publications (Table 1-1). The blue star indicates the location of the new study site presented in this dissertation.

In the chapters 2-4, a network of high-elevation P. heldreichii sites from Mt. Smolikas, the highest
peak in the Pindus Mts. in northern Greece, is presented. The species is abundant in the high

mountains of the Balkans and survives in very old stands containing individuals of millennial age
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which demonstrates the potential of these sites to contribute to high-resolution paleoclimatology and
to expand knowledge of annually resolved natural climate variability in southeastern Europe. One of
the main topics of this thesis will be the development of a millennial-length MXD chronology based
on P. heldreichii samples from the Pindus Mts. and the assessment of inherent climate signals to

finally establish a millennial-length summer temperature reconstruction for southern Europe.

Table 1-1 | PAGES 2k network of 10 temperature sensitive tree-ring records and one documentary index record

(DOC) used to establish a regional European summer temperature reconstruction (PAGES 2k Consortium 2013).

Site Code Country Proxy Period Reference

Albania Alb  Albania TRW 968-2008 Seim et al. 2012
Central Alps Aus Austria TRW -500-2003  Biintgen et al. 2011
Carpathians Car Romania TRW 1163-2005  Popa and Kern 2009

Germany, Switzerl.,

Central Europe Ceu DOC 1500-2007  Dobrovolny et al. 2010
Czech Republic
French Alps Fra  France TRW 969-2007 Biintgen et al. 2012
Jamtland Jae  Sweden MXD 1107-2007  Gunnarson et al. 2011
NorthScan NSc Finland MXD -138-2006  Esper et al. 2012
Pyrenees Pyr  Spain MXD 1260-2005  Biintgen et al. 2008
Lotschental Swi  Switzerland MXD 755-2004 Biintgen et al. 2006
Tatra Tat  Slovakia TRW 1040-2011  Biintgen et al. 2013
Tornetrask Tor Sweden MXD 500-2004 Melvin et al. 2013

Chapter 2, “High-elevation inter-site differences in Mount Smolikas tree-ring width data”, presents the
analysis of climate signals preserved in 382 P. heldreichii TRW series from Mt. Smolikas. Four site
chronologies were developed to detect the influence of slope exposition on tree-growth and on climate
sensitivity. Results are discussed in terms of a possible usage for climate reconstruction, because due
to the record length, great potential is given to prolong regional climate history for more than 800

years. The analysis is continued in chapter 3 “A 1286-year hydro-climate reconstruction for the

5



Introduction

Balkan Peninsula”. It has been shown that especially summer precipitation has significant growth
implications at higher frequencies, thus based on the network of the P. heldreichii sites, regional
summer drought variability was reconstructed for the period 730-2015 CE. The study’s focus on the
detection of severe drought events and changes in their magnitude and frequency over the last
millennium. In chapter 4, “A 1200+ year reconstruction of temperature extremes for the northeastern
Mediterranean region”, the first millennial-length MXD record is developed because, compared to
TRW, MXD shows a substantially enhanced temperature sensitivity at annual to multi-decadal scales.
The new record is currently the regionals’ best replicated product in the first millennium. The new
reconstruction of August-September temperatures focusses on the detection of summer temperature

extremes and associated changes in the intensity and frequency over the Common Era.

With the release of the updated PAGES 2k database v2.0.0 in 2017 (PAGES 2k Consortium 2017),
new potential for climate reconstructions at continental, hemispheric, and global scales is given. The
amount, spatial distribution, and diversity of the data provide an unprecedented opportunity to analyse
regional to large-scale temperature patterns over the Common Era. Thus, chapter 5, “Differing pre-
industrial cooling trends between tree-rings and lower-resolution temperature proxies”, shifts the
focus from the regional-scale of chronology development to the assessment of Northern Hemisphere
millennial-scale temperature trends preserved in best-replicated archives: tree-rings, ice cores, marine
and lake sediments over the pre-industrial period 1-1800 CE. From a forcing perspective, we expect
cooling trends across the Northern Hemisphere (NH) summers, particularly in the high latitudes, due
to orbitally driven changes in solar irradiance. However, long-term cooling trends are only retained in
ice cores, glacier ice, and marine sediments, but not in tree-rings. Several hypotheses are tested to
explore this difference, including the effects of location (high NH latitudes vs. mid latitudes), season
(annual vs. summer), tree-ring detrending (methods to remove non-climatic noise), and varying

temperature sensitivity (high vs. low).
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2 — 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 implications for society improve our understanding of natural and anthropogenically driven
climate variability (Biintgen et al. 2011). This is crucial in the development of future climate scenarios
and the evaluation 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
regional (Ko6se et al. 2011; Trouet et al. 2012; Seftigen et al. 2013) and hemispheric scales (Esper et
al. 2002; D’ Arrigo et al. 2006; Schneider et al. 2015; Stoffel et al. 2015; Wilson et al. 2016). Pinus
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 individuals 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 consequently 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 collections in various areas of the species’ range. These extant chronologies have
two common features: they are typically very long, and the climate signal from their TRW
measurements is weak (maximum r 1901-2012 = -0.29 with June-July temperature in Seim et al. (2012);
r 19252000 = 0.29 with April Temperature in Todaro et al. (2007); r 19342004 = 0.38 with previous
August precipitation, and r 1985.1992 = ~-0.3 with June temperature in Panayotov et al. (2010). The
species is resistant 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 encompass anthropogenic activity, the
remoteness of meteorological stations, and mixed climate controls (Todaro et al. 2007; Panayotov et
al. 2010; Seim et al. 2012). 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 (2637m a.s.l.) crowns the mountain range of the
northern Pindus Mountains at 40°05°N/20°55°E (Figure 2—1a and Figure 2—1b). The sites in this study
are situated around an eastern foothill of Mt. Smolikas and differ in exposure only (Figure 2—1a).
Slope aspect alters the amount of received solar radiation and length of insolation period, thus creating
a range of microclimates on a small spatial scale (Urban et al. 2000; Gallardo-Cruz et al. 2009; Hartl-
Meier et al. 2014; Hartl-Meier et al. 2015). Insolation controls evapotranspiration, soil and air
temperature, air humidity, soil moisture, and the duration of the growing period that in turn affects the

species composition and biomass production (Pook and Morre 1966; Paudel and Vetaas 2014; Maren
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et al. 2015). 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 favour growth (Stenberg 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 and precipitation data. We introduce a

preliminary millennium-length TRW dataset and evaluate its potential and limitations for establishing

a climate reconstruction.
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Figure 2-1 | 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. ¢ Climate diagram of the meteorological station

in Thessaloniki (40m a.s.l., 1961-1990).

2 — 2 Material and methods
2 — 2.1 Geographical settings and sampling design

In northern Greece, P. heldreichii is native to the upper oro-mediterranean vegetation zone and
appears first at ca. 1.000m a.s.l. in mixed forests with Fagus sylvatica L., Pinus nigra J.F. Arnold, and
Abies borisii-regis Mattf. Between 1.500-2.300m a.s.l., P. heldreichii forms pure stands to the
timberline, with dwarfed specimens reaching 2.600m a.s.l. on Mt. Olympus (Brandes 2007). The

southern distribution limit of the species is near the village Metsovo, in the Pindus Mts., at 39°40"N.
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On Mt. Smolikas, the zone of pure P. heldreichii stands starts at 1.300-1.500m a.s.l. and transforms
into an open timberline ecotone at 1.900-2.400m 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 (Stevanovic et al. 2003; Hughes et al. 2006). 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 2100-2200m a.s.l. at four differently exposed (NW, S, N, NE) sites on the eastern flanks
and foothills of Mt. Smolikas (Figure 2—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 Mediterranean 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 — 2.2 Chronology development, standardization and statistics

All disks and cores were prepared following standard dendrochronological techniques to produce fine-
sanded surfaces for micrometre measurement (Strokes and Smiley 1968). Tree-ring widths were
measured in two labs by two different measuring systems; in Stockholm the Velmex System (Velmex
Inc., Bloomfield, NY, USA) with an 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
program COFECHA (Holmes 1983). A data adaptive power transformation was applied to reduce the
heteroscedastic structure of the TRW series (Cook and Peters 1997; Biintgen et al. 2005) and the
subsequent series were standardized by calculating residuals from cubic smoothing splines with a 50%
frequency-response cut-off 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 standardization 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 developed 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 analysed 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 accepted level, indicating the reliability
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of the common signal, is 0.85. Both statistics were calculated for 30-year segments with 15 years
overlap. Average growth rates (AGR) were analysed for the first 300 years 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 (40.52°N/23.00°E, 40m a.s.l.; Figure 2—1c¢) and Larissa
meteorological stations (39.62°N/22.42°E; 74m a.s.l.). We recognize that the dryer and warmer
climate in these eastern cities does not ideally represent 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-resolution 0.25° gridded E-OBS climate data (1950-2014; Horvat et al. 1974)
to explore the local and regional climate responses. All meteorological data were retrieved from the
Royal Netherlands Meteorological Institute’s (KNMI) Climate Explorer (https://climexp.knmi.nl; van
Oldenborgh 2005; Trouet and van Oldenborgh 2013).

High-frequency climate signal tests were performed to verify the strength of the tree-growth/climate
relationship (Biintgen et al. 2008; Konter et al. 2015). A high-pass filter was applied by calculating the
residuals between the standardized TRW, temperature, and precipitation 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 September, 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.
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Figure 2-2 | 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-year spline
detrended Smolikas P. heldreichii TRW chronology (black, n < 5 grey) and corresponding 50-year spline (red)
with EPS and Rbar statistics computed for 30-year segments with 15 years of overlap in the bottom panels and ¢
Adonis, a Bosnian pine, dendrochronologically dated to be 1075 years old and therefore currently the oldest

living inhabitant in Europe.
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2 — 3 Results

2 — 3.1 Intra- and inter-site growth characteristics

The Mt. Smolikas composite chronology contains annual to multi-decadal scale fluctuations (Figure
2-2b). The number of single TRW measurement series integrated in this record changes considerably
through time, from only < 5 series in 683 to 31 series in 1000, and 185 series in 2014. 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 575-2014 is fairly balanced prior to 1700, but increases towards the present,
largely due to the integration of artificially younger remnant samples, a consequence of weathering,
and consideration of samples from relatively old living trees. Biologically young trees, between 50
and 200 years, are underrepresented in the chronologies (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 to
2015, and the longest relict series contained 865 rings, spanning the period 873-1737 (Figure 2-2a).
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 regeneration, as
many trees started growing in this period, likely indicating favourable climatic conditions (Figure 2—

2a).

Table 2-1 | Descriptive statistics of the four Mt. Smolikas site chronologies.

Site Period CE  Chrono CE  MSL n n AGR EPS AC? SD?  MS? Rbar?
(yrs) tree core (yrs)

NW 673-2014 740-2014 427 67 126 094 980 0.76 030 0.23 0.38

S 575-2014 1070-2014 316 57 111 0.75 1315 0.73 032 0.27 0.36

N 1425-2014  1550-2014 296 23 46 084 1610 073 032 022 033

NE 685-2014 1414-2014 308 47 99 070 1440 073 030 029 042

all 575-2014  683-2014 348 194 382  0.82 730 074 031 023 034

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 deviation, MS: mean sensitivity, Rbar:

interseries correlation,  common period n > 5.

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 2—1). The sites are robust (EPS = 0.85) after 980 at the NW-exposed
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site, 1315 at the S-exposed site, 1610 at the N-exposed, 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 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=10.56 to 0.89 among the raw chronologies, and from r = 0.65 to r = 0.87 among the standardized
chronologies over the 1550-2014 common period, point to substantial site-specific growth variations.
The NW-, S- and N-exposed stands show an overall strong inter-site agreement, whereas their

correspondence with the NE-exposed stand is surprisingly low.

The existence of heterogeneous growth rates, despite similar segment lengths, suggests there exists
non-age-related inter- and intra-site differences (Figure 2—3a). Biological growth rates for the first 300
years differ remarkably among sites despite the removal of remnant wood with uncertain pith-offset
estimates (Figure 2-3b). 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
(Figure 2-3c). 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 (Figure 2—-3c).
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Figure 2-3 | Site-related growth characteristics: a growth rate to segment length (SL) ratio and b growth rates
over the first 300-years of living trees and ¢ RCs (thin) and corresponding 100-year splines (bold) when n> 10

series and d number of samples incorporated in RCs.
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2 — 3.2 Climate signals
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Figure 2—4 | Correlation coefficients of power transformed 300-year spline detrended and 10-year high-pass
filtered site chronologies with 10-year high-pass filtered monthly a temperature and b precipitation data from the
meteorological station in Thessaloniki (40.52°N/23.00°E; 40m a.s.l.) for the period 1931-2014. Dashed lines
indicate p < 0.01; 31-year moving window correlations for the maximum responding month April and season
June-July respectively for ¢ temperature and e precipitation; Z-Scores of the maximum responding site
chronology and d April temperatures (black) and f June-July precipitation (black); g 31-year moving window
correlation coefficients between monthly temperature data (March to October, grey lines) from the

meteorological stations in Thessaloniki and Larissa (39.63°N/22.42°E; 74m a.s.l.) and its mean (green).

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 (Figure 2—-4). The climatic responses
synchronize seasonally 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 temperatures, as well as the current years’
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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 (r 1931-2014 = 0.32 to 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
(r 1931-2014 = 0.28 to 0.45). Precipitation in April (r 1931-2014 = -0.25 to -0.38) and temperature in June-
July (r 1931-2014 = -0.18 to -0.34) are significantly anticorrelated with growth (Figure 2—4a and Figure
2-4c). The post 1950 climate correlation coefficients are temporally stable (Figure 2—4c to Figure 2—

4f).

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 (Figure 2—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 (Figure 2-5; 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 temperatures are
stable from central Italy, over large areas of the Balkan Peninsula, to the eastern Mediterranean
(Figure 2-5). Weaker, but still significant 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 Figure 2-5), 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

(Figure 2-5).
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Figure 2-5 | Spatial correlations between gridded E-OBS 0.25° first differenced April temperature (upper
panels) and June-July precipitation (lower panels) data with 300-year 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.

2 — 4 Discussion
2 — 4.1 Evaluation of intra- and inter-site growth characteristics

The Smolikas P. heldreichii TRW compilation, dating back to 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 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. 2004; Esper et al. 2012). The most notable example is Adonis
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(Figure 2-2c), a Bosnian pine that dendrochronologically 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 extend 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 (Diithorn 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
population 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; McNeill 1992; Brandes 2007).

Diverse growth levels and low inter-site correlations indicate substantial 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- facing, 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-sensitive (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 resources. 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 recommended. Incorporating all series into
a single Smolikas growth population might bias the resulting chronology and interpretation (Esper et

al.2003).
2 — 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 (Loukas et al. 2002; Bolle 2003; 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 Thessaloniki, points
to biases in the pre-1950 instrumental record. Caution must be exercised when considering these early

data for calibration and reconstruction trials (Mamara et al. 2012; Dienst et al. 2017). The inverse
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response between tree growth and April temperature (positive) and precipitation (negative) suggests
dry and warm conditions favour 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; Méren et al. 2015).

The positive association with previous autumn and winter temperatures, 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 associated with the strength of the North Atlantic Oscillation (Hurell 2003).
During warm winters, snowfall is partially replaced by rainfall, resulting in a reduced snow pack and
favouring 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
(Tranquillini et al. 1979; Panayotov et al. 2010; Hartl-Meier et al. 2015). In summer, drought stress,
high temperatures, and water depletion induce a reduction of the metabolic and photosynthetic activity
of trees that slows their growth (Chaves 2002; Vieira et al. 2013). Anomalously wet and cool summers
favour metabolic activity, whereas anomalously dry and warm summers increases drought stress and

has the opposite effect (Touchan et al. 2008; Levanic et al. 2012).

Over a predominantly dry growing season, tree growth is simultaneously favoured in spring and
limited in summer. As a result, the absolute strength of the preserved climatic information in a tree
ring is reduced. We suggest that the S-facing stand in particular shows a reduced 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. 2016) cannot be properly defended as total ring-widths have only annual resolution (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 precipitation. 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
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causes fast depletion of poor soil water reserves. Such efficient drainage increases the tree’s

dependency on summer precipitation and drought exposure (King et al. 2013; Vieira et al. 2013).

The spatial correlation maps 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 (Xoplaki et al. 2004; Xoplaki et al. 2012; Trouet et al. 2012; Trouet et al. 2014). The patterns
are similar to those produced using the Thessaloniki climate data, underscoring the potential to
reconstruct climate for different seasons and variables, using different site chronologies on Mt.
Smolikas. The spatial correlation analysis also reveals a distinct dipole pattern across Europe that is
consistent with the summer North Atlantic Oscillation (sSNAO) mode (Folland et al. 2009); responsible
for annual and decadal summer temperature and drought variability over Greece (Xoplaki et al. 2003;
Oikonomou et al. 2010). Temperature reconstructions using P. heldreichii MXD data from the Pirin
Moutains in Bulgaria (Trouet et al. 2012) and Mt. Olympus in Greece (Klesse er al. 2015), are
reported to have a strong and consistent anti-phase relationship with the sSNAO (Folland et al. 2009),
suggesting the sNAO is an important driver of the teleconnection between summer temperatures in
northwestern versus southeastern Europe. In this analysis, we find some coherence with the sSNAO,
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 (Todaro et al. 2007; Panayotov et al. 2010; Seim et al. 2012), we find temporally robust
signals after 1950. The significant and temporally robust April temperature correlations across all
sites, and the statistically significant June-July precipitation signal in the NE-facing trees, suggests the
TRW data from Mt. Smolikas have great potential for reconstructing climate. We hypothesize 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 (Holland and Steyn 1975; Hartl-Meier et al.
2014; Hartl-Meier et al. 2015), iii) higher site elevation with generally stronger growth limitations
(Korner 2007; Hartl-Meier et al. 2014), and iv) ecological effects including geomorphological
modulated 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 desiccation extremes
at higher elevations (Fotiadi et al. 1999). The detection of distinct site differences in climate signal
strength, on even small spatial scales, demonstrates the importance of careful site selection when

performing dendroclimatological studies (Fritts 1976).
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2 — 5 Conclusions

We present an assessment of the site-specific climate signals in a new millennium-length TRW
chronology from the Pindus Mts. of Greece that extends back to 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, P. 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 precipitation. Further work will focus on (i) increasing sample replication through the
inclusion of additional sites, (ii) investigating low-frequency trends in the millennial-length
chronology, (iii) performing a TRW-based climate reconstruction, and (iv) producing MXD
measurements to further explore the potential of reconstructing summer temperature variability in this

Mediterranean environment.
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3 -1 Introduction

Across the Mediterranean climate models predict, in forthcoming decades, a summer temperature
increase, and a summer precipitation reduction (Giorgi and Lionello 2008; Diffenbaugh and Giorgi
2012). In terms of spatial distribution, the largest temperature increase is expected for the Iberian and
Balkan Peninsulas (Dubrovsky et al. 2013), accompanied by an amplification in the frequency,
intensity and duration of summer droughts (Gao and Giorgi 2008) and heatwaves (Fischer and Schar
2010; Nastos and Kapsomenakis 2015). Meteorological records reveal a precipitation decrease in the
recent decades in the eastern Mediterranean (Maheras and Anagnostopoulou 2003; Garcia-Herrera et
al. 2007), and extreme drought episodes have become more frequent and persistent (Xoplaki et al.
2004). To place the recent and predicted conditions in a long-term context, paleoclimate
reconstructions are needed (Esper et al. 2007; Schneider et al. 2015; Ljungqvist et al. 2016; Wilson et
al. 2016).

Along the Balkan Peninsula, including the Pindus Mountain range in Greece, we find very old Pinus
heldreichii (PIHE; Brandes 2007) stands with several individuals reaching millennial age. The oldest
individual named Adonis is dendrochronologically dated to be over 1075 years old (Konter et al.
2017). This makes it currently the oldest known living tree in Europe, and provides a history of
climatic and environmental conditions going back into the first millennium. This long-lived species
has been used in several dendrochronological studies (e.g. Todaro et al. 2007; Panayotov et al. 2010;
Seim et al. 2012; Trouet et al. 2012; Klesse et al. 2015). Recent studies relying on maximum latewood
density (MXD) have successfully reconstructed past temperature variations using PIHE (Trouet et al.
2012; Klesse et al. 2015), but there has been no attempt yet to reconstruct changes in past climate by
means of total tree-ring width (TRW) measurements. It has been shown that the low frequency climate
signal in TRW measurements is not stable (Seim et al. 2012), though at higher frequencies
temperature and precipitation have significant growth implications (Klippel et al. 2017). PIHE growth
at Mt. Smolikas is significantly controlled by temperature in April and precipitation in June-July,
which emphasizes the overall importance of an early growth onset and subsequent moisture conditions

(Klippel et al. 2017).

There are several high-resolution reconstructions of hydro-climatic conditions from the eastern
Mediterranean, derived from TRW of other species, e.g., Juniperus excels (Touchan et al. 2005),
Pinus nigra (Akkemik and Aras 2005; Kose et al. 2011; Levanic et al. 2012; Poljansek et al. 2013;
Klesse et al. 2015) and Quercus sp. (Akkemik et al. 2005; Griggs et al. 2007; Cufar et al. 2008).
However, our understanding of the spatiotemporal patterns and magnitude of precipitation changes,
particularly prior to the Little Ice Age (LIA), is still limited due to an increasing data paucity back in
time (Esper et al. 2016). Based on the stable climate signal in the high-frequency domain, this work

aims to develop for the first time a PIHE TRW based summer precipitation reconstruction extending
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back to the first millennium. We focus on interannual variability in hydro-climate and the

identification of extreme dry and pluvial events.

3 — 2 Data and methods

3 — 2.1 Study area and tree-ring data

Tree-ring data used in this study comprise 207 821 annual ring width measurements, from 133 relict
and 185 living PIHE trees, sampled between the years 2011 and 2016. We compiled a composite
TRW chronology from eight different locations (Table 3—1) in the timberline ecotone of Mt. Smolikas
at 1950-2200m a.s.l. (the highest peak of the Pindus Range in northern Greece) (Figure 3-1a).
Conditions, such as rocky shallow soils, summer dryness, snow cover in winter (Fotiadi et al. 1999;
Loukas et al. 2002) and decay resistant resinous wood (Lange et al. 1994), permits the preservation of
relict material. PIHE is native to the oro-mediterranean vegetation belt (Brandes 2007), a region
characterized by large seasonal temperature and precipitation changes, including heavy winter frosts

and snow, and intense dryness during the summer period (Bolle 2003).
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Figure 3-1 | Site characteristics a Location of the study area in the Pindus Mountains (black square) and map of
the sampling sites at the eastern flank of Mt. Smolikas (inset). Red symbols refer to the climate stations used for
interpolation of the closest CRU TS 3.24 precipitation grid (40.25°N/20.75°E). Large/small red diamonds
indicate currently active/inactive climate stations. b Temporal coverage of instrumental station measurements.
From top to bottom, lines refer to the climate stations in Skopje, Agrinion, Kozani, Petgorica-Grad, Tirana,

Trikala, [goumenitsa, Ioannina, Larissa, Thessaloniki, Patrai and Kerkyra.
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3 — 2.2 Tree-ring measurement and chronology development

615 discs and core samples were prepared following standard dendrochronological techniques to
produce finely polished surfaces for micrometre measurement. TRW was measured using Velmex and
Lintab systems, TSAP-Win (Rinn 2003) and Cofecha programs (Holmes 1983). To emphasize varying
frequencies in the TRW chronologies, age-related trends (Briker 1981) were removed by applying two
different detrending procedures to power transformed TRW series (Cook and Peters 1997). To remove
age trends in the individual tree-ring series, and to preserve common frequency signals, a Regional
Curve Standardization (RCS; Briffa et al. 1992; Cook and Peters 1997; Esper et al. 2003) was
performed in order to produce a chronology retaining low frequency variance, and individual cubic
smoothing spline (SPL) standardization, with a 50% frequency cut-off at 2/3 of the series length, was
applied to preserve climatic information at annual-to-multidecadal scales (Cook and Peters 1997).
Both chronologies were produced using the option configurations within the program ARSTAN (Cook
et al.2017). RCS allows climatic information to be preserved on time-scales longer than the individual
segment length and long-term changes in environmental conditions are preserved (Cook et al. 1995).
Ideally, RCS is applied to composite datasets integrating living and relict material with a
heterogeneous age structure (Esper et al. 2003). The application of RCS to this dataset is limited, as
samples from very old and slow-growing living trees are combined with relict samples that are heavily
weathered and of shorter and mixed ages. Amongst all the individual TRW series, common variability
over time was assessed using inter-series correlation (Rbar) and expressed population signal (EPS;
Wigley et al. 1984) calculated over 30-year periods with 15 years of overlap. High inter-series
correlation as well as common inter-site growth and climate response patterns (Klippel et al. 2017)
permitted establishing a composite chronology including all samples. The composite chronology was
formed by calculating the robust bi-weight mean of the RCS tree-ring indices of each calendar year,
truncated at EPS > 0.85 (Cook 1985). Based on the number of samples and Rbar, variance
stabilization was applied (Frank et al. 2007b). To investigate high-frequency changes, we used the
(pre-whitened) residual version of the chronology, produced by removing common persistence by

autoregressive modelling (Cook 1985).
3 — 2.3 Heteroscedasticity tests

The correct detection of extreme events requires that all preserved variance changes have a climatic
origin and do not arise from biological and methodological artefacts (Fritts 1976). Any systematic
trend in variance, in the individual series and/or chronology, could potentially bias the calculation of
the tree-ring chronology. Raw ring width series are heteroscedastic by nature. Prior to detrending, the
power transformation of the raw measurements minimizes age-dependent shifts in variance of non-
climatic origin, by suspending the growth level versus spread relationship (Cook and Peters 1997). In
the composite chronology, changes over time in the inter-series correlation and sample replication are

another source of potential variance bias. According to Frank et al. (2007b), the process of variance
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stabilization attempts to remove variance changes related to replication and inter-tree correlation,
while it preserves variance related to climate. To assess these effects over the past millennium,
variance changes in the SPL chronology were analysed by calculating 100-year moving window
standard deviations (SD). We account for the effect of (i) sample replication and explore (ii) the age-

structure of the dataset as potential drivers for non-climatic variance changes.

(i) Additional tests for remaining biases due to temporal variations of replication in the mean
chronology were conducted by subsampling the residual SPL chronology to produce a suite of new
residual chronologies with a time-invariant replication. In the first step, from the total of 615 residual
series (Figure 3—S1a), 1000 subsample residual series, spanning the period 730- 2015, were generated
by randomly new composition of the individual series (Figure 3—S1b). In the second step, 1000 times
80 of these series were randomly selected and averaged into a subset chronology with a balanced
yearly sample size (Figure 3—S1c). The second step was repeated using only 15 series which is the

minimum replication of the original chronology.

(i) The age-dependency of variance was explored by analysing the spread of individual cambial age-
aligned residual series. Tests for remaining bias due to a temporally changing age-structure were
conducted by splitting the dataset into different age classes. Age-class chronologies range from 1-200
years, and 201-400 years. Additionally, an arithmetic mean chronology of the two age-class

chronologies, 1-200 and 201-400, was created, balancing the age structure of the dataset through time.

Table 3-1 | Characteristics of the individual site and Mt. Smolikas regional (all) chronologies. EPS: expressed
population signal, MSL: mean segment length, AGR: average growth rate [mm] of the first 300 years of growth,

Lag-1: first-order autocorrelation, Rbar: interseries correlation.

Site  Elevation = Exposure = N Series  Start (EPS>0.85) End MSL AGR Lag-1 Rbar

1 2141 NwW 152 673 (980) 2015 394 0.82 077 031
2 2163 S 111 575 (1345) 2014 316 0.77 075 034
3 1951 N 98 720 (1555) 2015 320 0.79 076  0.32
4 2070 NE 99 685 (1500) 2014 308 0.78 077 042
5 2091 SE 60 1072 (1500) 2015 293 0.87 082 0.30
6 2209 S 43 1167 (1605) 2015 345 0.78 079 031
7 2103 SE 29 1172 (1630) 2015 359 1.08 082 040
8 2049 NW 23 1493 (1650) 2015 351 1.15 077 027
ALL 2097 615 575 (730) 2015 338 0.82 077 031
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3 - 2.4 Instrumental data

Existing instrumental climate data, predominantly from distant low elevation sites, probably
underestimate precipitation and overestimate temperature of the study area (Figure 3—1a). Due to the
poor ability of local station data to capture climatic conditions at the upper tree line, we considered
high-resolution 0.5° gridded CRU TS 3.24 climate data (Harris er al. 2014) to assess the temporal
stability and spatial extent of the TRW climate signal. To exclude potential uncertainty in gridded
data, calibration/verification tests were performed over the 1961-2015 period resulting from the
limited number of reliable instrumental station records during the first half of the 20th century (Figure
3—-1b). Using the interpolated CRU TS 3.24 precipitation data for each grid cell within 15-50°E and
34-50°N, we calculated the standardized precipitation index (SPI; McKee et al. 1993). SPI was chosen
as the index because it has been identified as an effective metric for detecting dry and pluvial events in
Mediterranean pine forests and is widely used to investigate meteorological drought on a range of time
scales (Pasho et al. 20011; Levanic et al. 2012; Seftigen et al. 2013; Tejedor et al. 2016). Standardized
precipitation is the deviation of rainfall totals over a defined time interval (in this study: 1-month and
2-months) from the average precipitation over the entire record divided by its standard deviation
(McKee et al. 1993). The SPI value can be interpreted as the number of standard deviations by which
the defined time interval deviates from the long-term mean. A normalized expression of precipitation
enables cross-region comparisons of pluvial and drought conditions (McKee et al. 1993). The SPL
residual, SPL standard and RCS chronologies were first calibrated against the 1-month and 2-month
SPI, temperature and precipitation using the closest grid point at 20.5-21°E/40-40.5°N. To investigate
the spatial extent of the signal with the strongest response, the procedure was repeated using all 0.5°
grids within 15-50°E and 34-50°N. The average SPI of all grid points correlating at a p-value < 0.001

during the most important season/month was considered for further calibration and verification tests.
3 — 2.5 SPI reconstruction and determination of extreme events

A linear model was established to explain the relationship between the regional SPL residual
chronology and SPI. A split calibration/verification approach was used to estimate the reliability and
predictive power of the transfer function over time. The explained variance (%), reduction of error
statistic (RE; Briffa et al. 1988), coefficient of efficiency (CE; Cook et al. 1994) and the Durbin-
Watson test (DW; Durbin and Watson 1951) were used to estimate the robustness of the final model.
Positive RE and CE scores indicate reconstruction skill of the model (Cook et al. 1994). The DW
statistic tests for autocorrelation in the model residuals. A DW value of 2 suggests little to no
autocorrelation, whereas smaller (larger) values indicate positive (negative) autocorrelations,
respectively. Two-tailed 95% confidence intervals were computed using a Monte Carlo approach to
account for model uncertainty. In the first step, this procedure includes the random generation
(n =1000) of time series of the response variable SPI for the period 1961-2015 with an amount of

variance equal to the residual standard error of the model. In the second step, we repeated the
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procedure of linear modelling using the 1000 series to establish SPI estimates based on TRW. For the

detection of extremely dry and pluvial events, we adopted the threshold of £1 SD (McKee et al. 1993).

The final reconstruction was transferred using linear regression instead of a scaling to support the
estimation of uncertainty due to unexplained instrumental SPI variance (Esper et al. 2005). All

analysis was performed using the R software (R Core Team 2017).
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Figure 3-2 | Chronology characteristics a 50-year smoothed RCS (red), standard (blue) and SPL residual (black)
chronologies. b Uncorrected SPL residual chronology. ¢ Yearly sample size for relict and living material. d Rbar
statistics of the standard chronology (calculated over 30 years lagged by 15 years). The vertical dashed line
indicates 730 when the EPS passes the 0.85 threshold.

3 — 3 Results
3 — 3.1 Chronology characteristics and heteroscedasticity

By combining 615 living and dead wood series, we produced a chronology that covers the period 575-
2015 (730-2015; EPS > 0.85) (Figure 3-2a, Figure 3-2b). The longest series from the living tree
Adonis contains 1075 rings, and the longest relict series covering 873-1737 has 865 rings. Sample
replication decreases from 329 series in 2014 to 146 series in 1500, 43 series in 1000, and 15 series in
730 (Figure 3—-2c). Mean Rbar is 0.31 (Figure 3-2d) and first-order auto correlation is 0.77 (Table 3—
1). Comparison of the SPL and RCS techniques clearly demonstrates that the RCS chronology
captures longer-term variability, including multi-decadal and centennial scales, whereas variability of
the SPL chronology is constrained to annual to decadal scales (Figure 3-2a). First-order
autoregressive modelling removed all low-frequency information (Figure 3—2a, Figure 3-2b). Despite
several statistical adjustments (power transformation, detrending, pre-whitening, variance adjustment)

to account for sample size and inter-series correlation changes, the SPL residual chronology contains
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changes in variance that might produce spurious periods with increased/reduced drought and pluvial
events. The SPL residual chronology reveals periods of reduced variance from the 12th to 14th

century, during the 18th and since the 20th century (Figure 3-3a).

To address the role of insufficient correction for heteroscedasticity as a potential driver of shifts in
variance, we further examined the variance structure of 1000 residual chronologies with a constant
yearly sample size of n = 80, and n = 15. The spread of the 100-year moving SD of these chronologies
suggests that fluctuations in variance are persistent back in time and sample-size independent (Figure
3-3b). In the second experiment, cambial age-alignment of the residual series, the corresponding 100-
year moving SD patterns demonstrate that despite spread-level adjustments, variance in the residual
dataset is still a function of tree age (Figure 3-3c). Phases of high variability correspond to
biologically younger states and phases of low variability correspond with older tree-ages, which
demonstrate that despite power transformation (Cook and Peters 1997), an age-depended variance

decline exists.

As the dataset includes many old and slow-growing living trees with several individuals of nearly
millennial age, and age heterogeneous relict material, due to different stages of weathering, tree age
increases towards the present (Figure 3-3d). With regard to age-effects in variance, age-class
chronologies with homogenous age structures through the last millennium were created (Figure 3-3d).
Considering only age-segments of 1-200 and 201-400 years, a comparison of moving window SD
patterns of the original SPL residual chronology with age-class residual chronologies demonstrates
that shifts in variance are partially a function of the age structure of the dataset (Figure 3—3e). For the
entire dataset, in the 19th to 21st century, variance declines when tree age constantly increases and
biologically old segments dominate. The age structure adjustment relying solely on age segments
between 1-200 or the ones between 201-400, demonstrate that for the post-1800 period, a homogenous
age structure increases variance (Figure 3—3e). To correct for this non-climatic artefact in variance, we
used the arithmetic mean of the 1-200 and 201-400 SPL residual age-class chronologies for calibration
and reconstruction (Figure 3-3f). Despite these variance adjustments, additional decadal-centennial
variance changes remain in the chronology that may represent changes in long-term precipitation

variability (Figure 3-3e).
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0.16 a

0.13

0.10

100 yr mov. SD

Experiment I: Time-invariant sample replication

a 0.16 b

*

o wWW

5

8 0.10 M MM%

= n=80 g ol
| | | T 1 1 1 T 1 1 1 | [
800 1000 1200 1400 1600 1800 2000

Year CE

Experiment II: Time-invariant age-structure

Step 1: Cambial-age aligned variance structure

8025 € 600 5
3 £
g 020 ’: 300 3
5 —0
§ 0.15 [ T I I ]
0 200 400 600 800
Cambial Age
Step 2: Age-class chronologies
d 0
=
016 — © 200 2
400

0.10

100 yr mov. SD
o
>
;g

Corrected SPL residual chronology

150 1 f
3
2 1.00
0.50 T T I | T T T | T T I T ]
800 1000 1200 1400 1600 1800 2000
Year CE

Figure 3-3 | Development of a variance-balanced chronology and analysis of sample size and tree age as
potential biases a Heteroscedastic variance in the SPL residual chronology displayed as 100-year moving SD. b
Bandwidth of 100-year moving SD of 1000 artificially generated residual SPL chronologies (see Figure 3-S1)
with constant yearly sample sizes of 80 (light grey) and 15 series (dark grey). ¢ 100-year moving SD of the mean
of 615 cambial age aligned individual residual series (blue) and sample replication (dashed line). d Calendar
year aligned mean tree ages of the initial SPL residual chronology (blue), the SPL residual age-class
chronologies 1-200 (green), 201-400 (red) and their average (black). e Corresponding 100-year moving SD. f

The age structure corrected SPL residual chronology used for calibration and reconstruction.
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3 — 3.2 TRW climate signals

Correlation work on PIHE TRW revealed growth-climate relationships are not stable in the low-
frequency domain (Seim et al. 2012; Klippel et al. 2017). Calibration tests support these findings as no
significant relationship (p <0.01) between temperature, precipitation, SPI and the RCS and SPL
standard chronologies are identified (Figure 3-S2). Correlation analysis of the SPL residual
chronology with SPI and precipitation data shows that the high-frequency TRW variations mirror
moisture changes, with the highest coefficients being achieved using SPI as a calibration target.
Therefore, we focused on high-frequency hydro-climatic changes, calibrating the SPL residual

chronology against 1-month and 2-month SPI.
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Figure 34 | Chronology calibration a SPL residual chronology correlated over the 1961-2015 period with 1-
month SPI and 2-month SPI June-July based on precipitation data from the 0.5° grid 40.25°N/20.75°E. b Spatial
extent of significant (p < 0.001) correlations of the SPL residual chronology and the 0.5° 2-month SPI June-July.
¢ Same as Figure 3—4a but the 1-month SPI and 2-month SPI June-July are averages of all grids displayed in
Figure 3—4b.

Using only data from the closest grid (20.5-21°E/40-40.5°N) over the common 1961-2015 proxy-
target period (r = 0.43), the correlation with SPI is neither high nor temporally stable (Figure 3—4a,
Figure 3-S3). However, a spatial analysis relying on gridded data reveals a robust correlation pattern

with 2-month SPI in June-July with Pearson correlation ranging from 0.43 to 0.66. A strong
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correlation is found north of the study region with grids over the central part of the Balkan Peninsula
between 40-45°N and 20-25°E, including Albania, Bulgaria, Greece, Kosovo, Macedonia, Romania
and Serbia (Figure 3-4b). With the exception of some correlations with grid-cells over the
mountainous mainland of Greece, SPI data covering the peninsular coast have no significant influence
(Figure 3-4b). Average SPI for all grids that show a significant correlation with the SPL residual
chronology at p < 0.001 return a r = 0.68 (1961-2015) correlation in June-July (Figure 3—4c).

3 — 3.3 Calibration/verification tests

The SPL residual chronology explains 48% of the 2-month SPI June-July variance over the 1988-2015
calibration period (Figure 3-5a). RE and CE scores of the corresponding 1961-1988 verification
period are 0.42 each, and DW-statistics indicate no autocorrelation in the model residuals.
Transposing the periods and using 1961-1988 for calibration, the SPL residual chronology explains
47% of SPI variance, RE and CE scores of the corresponding 1988-2015 verification period are 0.46
and 045, respectively, and DW-statistics indicate no autocorrelation (Figure 3-5b).
Calibration/verification procedures indicate a stable relationship; therefore, we used the entire 1961-

2015 period to develop a linear model for the reconstruction:

2-month SPI June-July = 4.7 + (-4.7* residual SPL)
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Figure 3-5 | Calibration and verification statistics for the grid-based 2-month SPI June-July reconstruction, blue

lines indicate actual 2-month SPI June-July values and red lines the tree-ring derived estimates.
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3 — 3.4 Identification of extreme years and variance changes

In total, the reconstruction contains 51 dry and 43 pluvial events exceeding the +1 SD threshold since
730 (Figure 3—6). We identified a total of 72 new extreme events, 59 of which date prior to the 17th
century. The driest and wettest years in the reconstruction are 1660 (-1.7 SD) and 1482 (+1.6 SD).
Highest number of extremes were reconstructed during the 9th and 19th centuries, whereas the 12th
century was characterized by few extremes. Extremes within the calibration period were the dry events
of 1987 and 2012, and the pluvial event of 1970. Extreme dry and wet events of two-years duration
occurred in 1517-1518, 1861-1862 and 737-738. Seemingly, extreme dry and pluvial events appear in
decadal clusters, e.g. 822, 824, 830, 831, 833 and 1045, 1052, 1044, 1047 and 1880, 1873 and 1881,

whereas we also find multiple decades without extreme events.
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Figure 3-6 | 2-month SPI June-July reconstruction (black) and calibration uncertainty estimates (grey) since
730. Blue and red symbols indicate extreme events exceeding =1 SD. Symbols were added at the tips of the
uncertainty range. Shadings indicate extreme events verified by historical documents or previous hydroclimate

reconstructions.

3 — 4 Discussion

We present the first PIHE-based reconstruction of hydro-climatic conditions for the Balkan Peninsula
in the eastern Mediterranean from 730-2015. The reconstruction is based on a compilation of 615
TRW measurements reaching back to 575. The record’s length makes it currently the longest PIHE
TRW chronology.

3 — 4.1 Chronology characteristics and heteroscedasticity

The application of different standardization approaches demonstrates that PIHE TRW contains high-,
medium- and low-frequency variance. RCS allows climatic information to be preserved on time-scales
longer than the individual segments and long-term changes in environmental conditions are also

preserved (Cook et al. 1995). When applying RCS to this dataset, one needs to be aware of the
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contemporaneous old slow-growing trees as well as the relict material of mixed biological ages due to
weathering. The significance of this combination on the low-frequency signal is not fully understood
(Esper et al. 2003). However, RCS is used to evaluate potential low-frequency signals and to estimate

the potential loss of low-frequency variance in the SPL residual chronology (Cook et al. 1995).

Our analysis has shown that despite the application of standardization procedures we still find a
systematic relationship between tree-age and chronology variance, even after removing much of the
low frequency variability in the SPL residual chronology (Carrer and Urbinati 2004; Esper et al. 2008;
Linares et al. 2013; Konter et al. 2016). When using old slow-growing living trees only, mean
segment length and tree age increase over time, resulting in a constant decrease in variance. We
homogenised these age changes by creating two age-class chronologies that cover 1-200 years and
201-400 years, respectively, and by using the arithmetic mean chronology for reconstruction. This
assessment underscored the importance of heterogeneous tree-ages for the calculation of unbiased
tree-ring chronologies, as systematic tree-age changes add noise to the variance structure of a
chronology (Frank et al. 2007a; Biintgen et al. 2015). These changes might affect the climate
sensitivity of tree growth (Yu et al. 2008; Linares et al. 2013) and impact the magnitude and

frequency of extreme events.
3 — 4.2 Hydro-climatic signal

The application of different detrending and filter techniques shows that the chronology mirrors high-
frequency hydro-climatic changes more closely than low-frequency changes. Potential reasons for this
discrepancy in the low-frequency domain include (i) a nonlinearity or decoupling of the
growth/climate response on longer timescales (Fritts 1976); (ii) the more white precipitation spectrum
compared to the red temperature spectrum (Ault and St. George 2010); (iii) potential biases in long-
term trends inherent to instrumental data, e.g. caused by station relocations or changes in their
operating system (Dienst et al. 2017), and (iv) the difficulty in preserving low-frequency variance in
TRW (Esper et al. 2002). As also the reliable instrumental target extends only over 55 years back to
1961, the full spectrum of potential SPI variability, and particularly the low frequency end of that

spectrum over longer timescales remains unaddressed.

In the high-frequency domain, tree growth is positively affected by moist summer conditions. This
association is manifested by the high correlation between TRW and the 2-month SPI from June-July
(r>0.43; p<0.001). We assume that cell production including enlargement in June-July is associated
with stomatal responses to water availability that control water losses (Vieira et al. 2013). To avoid
drought-induced hydraulic failure, stomata closure maintains a water potential above the threshold of
xylem cavitation (Loustau et al. 1996) and metabolic processes like cell formation break down

(Cherubini et al. 2003; McDowell er al. 2008; Hartl-Meier et al. 2015).

Spatial analysis reveals that the core region with highest 2-month SPI correlation from June-July

(r=0.68; p<0.001) extends to a distance of 320 km from the study site, and that grids covering the
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Pindus range and coast have minor or no significance. This is possibly due to the great spatial
variability of precipitation caused by regional synoptic patterns and the orographic settings (Bolle
2003). During June and July, cool and dry Etesian winds blow from the Aegean Basin (Metaxas and
Bartzokas 1994). These Etesian winds arise in conjunction with a low-pressure system located over
the eastern Mediterranean and Near East, and a high-pressure system over the Balkan Peninsula
(Repapis et al. 1978; Tritakis 1984). The frequency and force of these winds depends upon the
strength of the pressure systems (Metaxas and Bartzokas 1994). We assume that the strength of the
high-pressure cell situated over the central Balkan Peninsula modulates precipitation over the Pindus
Mts., commonly in the form of thunderstorms (Marinaki et al. 2006). We assume a more pronounced
warming and enhanced atmospheric instability in this region due to an increased continental climate,
favouring the emergence of thunderstorms which penetrate into the Pindus Mts. from the North.
Additionally, the remoteness of meteorological stations and the weighting of the data used for
interpolation of the grid cells affects the spatial patterns. Grid cells differ by station data and weighting

(Harris et al. 2014), causing differences in climate signal strength.
3 — 4.3 Drought history

We developed a 1286 year-long SPI reconstruction representative of a large area of the Balkan
Peninsula (Figure 3-6). Since proxy data from the region are limited, we substantially improved our
understanding about annually resolved hydro-climate prior to the LIA by producing a millennium
length reconstruction. For the first time, regional evidence of past drought and pluvial events is
extended back to 730. Multiple drought events, 59 (32) prior to the 17th(11th) century were detected,
notably the exceptional 1482 pluvial.

TRW explains about 47% of the regional 2-month SPI June-July variance from 1961-2015. The
explained variance lies within the range of previous SPI reconstructions developed in Romania (45%),
Spain (40%), Sweden (45%; Seftigen et al. 2013) and Turkey (43%; Touchan et al. 2005). To assess
patterns of past European precipitation variability, the new SPI estimates were compared with existing
reconstructions from Spain (1694-2012; Tejedor et al. 2016) and Romania (1688-2010; Levanic et al.
2012) (in Figure 3—S4a, only Levanic et al.’s data are displayed). Whereas no significant correlation
with the more remote reconstruction from Spain is found (r = 0.002; 1694-2012), the Romanian and
our reconstructions correlate at r =0.31 (1758-2015; Figure 3—-S4b), suggesting a spatial coherence in
drought variability over the Balkan Peninsula, probably driven by synoptic scale circulation (Xoplaki
et al. 2003; Xoplaki et al. 2004). 31-year moving correlations between the Romanian and our record
reveal an amplified coherency over time with increasing sample size in the Romanian record, and

stable associations when EPS exceeds 0.85 (Figure 3—-S2c) (Wigley et al. 1984).

Our reconstruction fills a spatial gap in a network of hydro-climatic records over the Balkan Peninsula
and the eastern Mediterranean and refines our understanding of the spatial extent of hydro-climatic

extremes. By comparing all regional hydro-climatic reconstructions (e.g. drought, sunshine,
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precipitation) and historical records from Turkey (Purgstall 1983) and Spain (Alberola 1996) for the
period of data overlap, we find a general correspondence between the strength of an event in our
reconstruction and a number of historical/proxy pieces of evidence. The events in 1660 and 1725 are
examples of severe droughts that extend over the entire Mediterranean. Over the Balkan Peninsula and
eastern Mediterranean, the extremely dry summer of 1660 is captured in all tree-ring based climate
reconstructions (D’Arrigo and Cullen 2001; Akkemik and Aras 2005; Akkemik et al. 2005; Touchan
et al. 2005; Griggs et al. 2007; Akkemik et al. 2008; Kose et al. 2011), a finding that is consistent with
historical documents reporting catastrophic fires and famines in Anatolia (Purgstall 1983). The dry
summer of 1725 appears in drought reconstructions from Bosnia and Herzegovina, Greece, Romania,
Spain and Turkey (Akkemik and Aras 2005; Akkemik et al. 2005; Kose et al. 2011; Levanic et al.
2012; Poljansek et al. 2013; Klesse et al. 2015; Tejedor et al. 2016), and is verified in historical

documents from Spain reporting a year without harvest (Alberola 1996).

The drought event in 1987 was spatially restricted to the Balkan Peninsula and does not appear in
reconstructions from Turkey. The 1987 dry summer appeared as a narrow/negative pointer year in a
PIHE chronology from Bulgaria when nearby climate stations recorded very dry conditions in June
(Panayotov et al. 2010). In the same year, dry summer conditions were recorded in Romania (Levanic
et al. 2012) and extremely dry June-August conditions were measured in Slovakia (Biintgen et al.
2009). Extremes with regional-scale influence include pluvial events in 1881 and 1970. The 1881
event is described as outstanding in Turkey (Akkemik et al. 2005; Akkemik et al. 2008; Kose et al.
2011) and Romania (Levanic et al. 2012). The wet summer of 1970 appears in multiple hydro-climatic
reconstructions from Romania, Slovakia and Turkey (Akkemik er al. 2008; Biintgen et al. 2009;
Levanic et al. 2012) and is also mentioned as a positive pointer year in Bulgaria (Panayotov et al.
2010). Although characterised by high proxy data availability, multiple extreme events in the post
17th century period e.g. 1633, 1748, 1829, 1873 and 1899, could not be linked with previous
reconstructions or documentary evidence. As these extremes only slightly pass the threshold of £1 SD,

we assume they were caused by local environmental conditions.
3 — 4.4 Remaining uncertainties

We note that periods with extreme events in the reconstruction correspond to periods with high
variance and periods without extreme events to periods with low variance. Despite statistical and age
structure adjustments (described above), the final reconstruction reveals periods of increased drought
and pluvial events and a decadal clustering of several extremes (Figure 3—-6). The mechanisms of these
long-term changes in extreme event occurrence remain unclear. We interpret phases with a
lower/higher variance as stages of more balanced/variable climatic conditions, and assume no time
dependent biases due to variance fluctuations that obscure the frequency of extreme events on decadal
scales (Frank et al. 2007b). Across Spain, a linkage between summer warming and an increased

frequency of extreme drought events during the 20th and 21st century has been identified (Tejedor et
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al. 2016). However, at the high-elevation sites of Mt. Smolikas, the current aridification over the
Mediterranean (Maheras and Anagnostopoulou 2003; Garcia-Herra et al. 2007) does not impair tree
growth as PIHE does not show any increased drought sensitivity in our study. We suggest that the
current warming has increased the regional strength of orographic rainfall (Evans 2009; Black et al.
2010) and that PIHE now benefits from the addition, though these assumptions require further testing.
Methodological considerations are unique to every proxy-climate reconstruction experiment, limiting
inter-study comparisons of the frequency and magnitude of extremes. Ecological settings are
heterogeneous, e.g. high-elevation vs. low-elevation (Griggs et al. 2007), and target parameters differ,
e.g. SPI vs. precipitation (Klesse et al. 2015). In addition, extreme events are frequently defined
differently: e.g., events that exceed +1 SD (Touchan et al. 2005; Kose et al. 2011), +£1.76 SD (Tiirkes
1996; Akkemik and Aras 2005; Tejedor et al. 2016) and events that are +2 SD (Kose et al. 2011)
above or below the mean. These thresholds often correspond to percentiles of the observed data for the
calibration period (Touchan et al. 2008) or are based on a fixed amount of extreme events, e.g. the 20

most positive/negative reconstructed values (Biintgen et al. 2009).

3 - 5 Conclusions

Based on a network of high-elevation sites on Mt. Smolikas in the Pindus Mts., Greece, regional
summer drought variability was reconstructed for the first time back to 730. Summer drought was
most severe in 1660 and climatic conditions most pluvial in 1482. Our reconstruction provides new
insight on hydro-climatic variability in the north-eastern Mediterranean, especially prior to the Little
Ice Age, and fills a temporal and spatial gap in a larger-scale drought reconstruction network (Griggs
et al. 2007; Akkemik et al. 2008; Biintgen et al. 2009; Kose et al. 2011). We find that the frequency of
extreme events has been variable, especially in the 20th century when the number of droughts
considerably reduced. A set of tests, including power transformation (Cook and Peters 1997), variance
stabilization (Frank et al. 2007b), pre-whitening, correction for age biases (Carrer and Urbinati 2004;
Esper et al. 2008; Linares et al. 2013; Konter et al. 2016), and homogenising tree-age over time,
showed that the variance change in the 20th century is not related to replication or inter-series
correlation. We have successfully extended information on past hydro-climate variability into the first
millennium and conclude that knowledge of the hydro-climatological history of the region has been

markedly improved, especially prior to the LIA.
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3 — 8 Supplement

a Time-variate replication b Time-invariate replication ¢ Time-invariate replication

n= 615 series n= 1000 series n= 1000 chronologies

Figure 3-S1 | Calendar year specific series decomposition and generation of homogenous time series. a From
615 residual series. b 1000 artificial residual series spanning the period 730-2015 were generated by a new
random composition of calendar year specific values. ¢ 1000 mean chronologies, of which 80 (15) were

randomly selected to create subset residual chronologies.
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Figure 3-S2 | Correlation coefficients of the SPL residual (red), SPL standard (yellow), and RCS (green)

chronologies with 1-month and 2-month

a temperature, b precipitation, and ¢ SPI data derived from the 20.5-

21°E/40-40.5°N grid cell for the period 1961-2015. Dashed lines indicate p < 0.01 threshold.
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Figure 3-S3 | 31-year moving window correlations between the SPL residual chronology and 2-month SPI for

June-July derived from the 20.5-21°E/40-40.5°N grid cell (yellow) and all grids displayed in Figure 3—4b (red).
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Figure 3-S4 | Inter-study comparison. a The Mt. Smolikas 2-month SPI June-July reconstruction (this study)
shown together with a 3-month SPI June-August reconstruction from SW-Romania (Levanic et al. 2012). b
Corresponding 31-year moving window correlations (1688-2010). ¢ Number of Pinus nigra samples. The

vertical dashed line indicates 1758 when EPS passes the 0.85 threshold in the Romanian record.
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4 — 1 Introduction

In the Mediterranean region, an overall warming trend (Xoplaki et al. 2003a; Alexandrov et al. 2004;
Philandras et al. 2008; Toreti et al. 2009) has prevailed in the 20th century, with increasing frequency
of hot summer temperature extremes (Kostopoulou and Jones 2005; Diffenbaugh er al. 2007). The
intensity, length, and number of heat waves along the western Balkans and southern Black Sea coast
have risen since the 1960s (Kuglitsch et al. 2010). Climate models agree on a persistent summer
temperature increase in coming decades (Li et al. 2012), accompanied by extremely hot summers,
which occurred only rarely during the past decades, but are projected to become common in the
second half of the 21st century (Lelieveld et al. 2013). Additionally, risks of summer drought
extremes are increasing in west-central Mediterranean regions (Alpert 2002; Sousa et al. 2011;
Hoerling et al. 2012; Vicente-Serrano et al. 2014; Spinoni et al. 2015) affecting the overall fire risk
(Moriondo et al. 2006). Meteorological records reveal a precipitation decrease in the eastern
Mediterranean (Garcia-Herrera et al. 2007) and extreme drought episodes have become more frequent
and persistent (Xoplaki et al. 2004). In a centennial-to-millennial scale context, proxy-based climate
reconstructions are needed to evaluate current climatic trends and changes in the frequency and
magnitude of extremes, and to assess the full range of projected forcing impacts (Ljungqvist et al.
2016). Proxy archives also provide the background to study the impact of climate on societies and
economies (Biintgen et al. 2011; Xoplaki et al. 2016) and support the differentiation between naturally

and anthropogenically forced variations.

Tree growth at high-elevation sites in the Mediterranean region is typically influenced by a
combination of temperature and precipitation (Seim et al. 2012; Trouet et al. 2012) limiting the use of
tree-ring width (TRW) as a temperature proxy (Esper et al. 2016). Multiple TRW records and
reconstructions have been produced in the region with hydroclimate as the dominant climatic signal
(Akkemik and Aras 2005; Touchan et al. 2005; Griggs et al. 2007; Akkemik et al. 2008; Kose et al.
2011; Levanic et al. 2012; Seim et al. 2012; Esper et al. 2014b; Klesse et al. 2015; Tejedor et al.
2016; Klippel et al. 2017; Klippel et al. 2018). Progress has also been made in the assessment of long-
term temperature dynamics based on indices from documentary sources (Camuffo et al. 2010; Kiss et
al. 2011). In dendroclimatology, maximum latewood density (MXD) from P. heldreichii (PIHE) in
central-eastern Mediterranean treeline forests was shown to contain a robust July-September
temperature signal (r > 0.6; Trouet et al. 2012; Klesse et al. 2015). PIHE MXD derived temperature
reconstructions have been developed for the Mt. Olympus region in Greece (1521-2010; Klesse et al.
2015), the Pirin Mountains in Bulgaria (1768-2008; Trouet et al. 2012), multiple sites in the
northeastern Mediterranean basin (1675-1980; Trouet 2014), and Italy (1650-1980; Leonelli et al.
2017). However, millennium-length MXD chronologies have not yet been developed for the region,
which limits our understanding of the occurrence, magnitude, and possible causes of naturally forced

temperature extremes. Prior to 1550 (Klesse et al. 2015), regional temperature information is available
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solely from low resolution (decadal to multi-decadal) proxy archives (Grauel et al. 2013; Gogou et al.

2016; Izdebski et al. 2016).

Millennium-length MXD based temperature reconstructions have been produced in locations where
tree growth is temperature limited and wood material has been preserved for several hundreds of years
(Esper et al. 2016). In Europe, MXD chronologies spanning the past millennium have been developed
at the northern tree line in Scandinavia (Esper et al. 2012; Melvin et al. 2013; Esper et al. 2014a;
Linderholm et al. 2014) and at the elevational tree line in the Pyrenees (Biintgen et al. 2008; Dorado
Lifidn et al. 2012; Biintgen et al. 2017b) and Alps (Schweingruber et al. 1988; Biintgen et al. 2006).
Especially in the Mediterranean region, an improved spatial distribution of high-resolution proxy
archives is required to refine our knowledge about pre-instrumental climate variability patterns and
their association with natural forcings at regional to continental scales (PAGES 2k PMIP3 group

2015).

Here, we address these topics by (1) introducing a new MXD tree-ring chronology from 132 density
profiles of living and relict high-elevation pine trees in the Pindus Mountains of Greece, that covers
the period 738-2014 and reflects August-September temperature variability; (2) identifying past
temperature extremes at annual-to-decadal scales, as well as detecting their spatial extent and

association with atmospheric patterns and climatic forcings.

4 — 2 Data and methods

4 — 2.1 Geographical settings and sampling design

Between 2011 and 2016, 47 cores and 85 discs were collected at four P. heldreichii sites, with
different exposures within the tree line ecotone at 2100m a.s.l on Mt. Smolikas (SMO) (Figure 4-1a to
c; subset of Klippel et al. 2017). MXD measurements are produced using the high-precision
DENDRO2003 X-ray radio densitometer from Walesch Electronic. Samples were prepared according
to standard dendrochronological techniques for X-ray exposure (Lenz et al. 1976; Schweingruber et
al. 1978). Cores and wedges are treated for 34 hours with alcohol in a Soxhlet to extract resins and
other compounds. Each sample was split into three cm long sections to avoid biases from internal
changes in stem-fibre direction. Two mm thick laths from these sections are cut perpendicular to the
tracheid’s longitudinal axis using a twin blade saw. The laths and a five-step cellulose calibration
wedge are placed on X-ray films and exposed for 14 minutes. Depth levels of the calibration wedge
returned reference values that are used to transform the X-ray film grey-scales into estimates of wood

density.

We produced two versions of the Smolikas density record considering two detrending methods to
remove biological age trends (Briker 1981) from the MXD series: (i) ratios from cubic splines with a

50% frequency-response cut-off at 100 years to emphasize inter-annual to multi-decadal scale
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variability (100SP), and (ii) ratios from a spline with a 50% frequency-response cut-off at 10 years to
emphasize inter-annual variability (10SP; Cook and Peters 1981; Cook et al. 2017). These detrendings
are specifically designed to preserve high-frequency variance and remove long-term fluctuations.
Trends in variance, which mainly originate from changes in sample replication and inter-series
correlation (Frank et al. 2007), are corrected by fitting 30-year splines to the mirrored chronologies
and calculating ratios (Cook and Peters 1997). The two (100SP and 10SP) chronologies are truncated
at n < 10 series. The inter-series correlation (Rbar) is calculated using 30-year segments lagged by 15
years to evaluate temporal coherence changes among the MXD series (Wigley et al. 1984). Variance
changes are analysed by calculating 100-year moving window standard deviations (SD). In addition,
the spline chronologies and absolute density values (g/cm®) are compared with PIHE MXD data from
the nearby Katarapass (KAT) and Mt. Olympus (OLY) in Greece (Klesse et al. 2015), Bulgaria (VIH;
Trouet et al. 2012), and Italy (ITP; Schweingruber and Briffa 1996) (Table 4-1). Some of these
chronologies are available on the ITRDB (https://www .ncdc.noaa.gov/paleo-search/; Grissino-Mayer

and Fritts 1997), while others were provided to us by the authors.
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Figure 4-1 | Site characteristics. a Typical shape of the oro-mediterranean ecotone (2000-2200m a.s.l.) at the
eastern foothills of Mt. Smolikas in northwestern Greece with open stands of Pinus heldreichii forming the tree-
line and b sampling of relict material. ¢ Map of the of the study region and d climate diagram of the

meteorological station in Ioannina (39.70°N/20.80°E, 488m a.s.l.) for the period 1961-1990.
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4 — 2.2 Climate data and signal detection

The study region is characterized by a Mediterranean climate with warm to hot summers, droughts
during June-September, and humid winters (Figure 4-1d). The distinct intra-annual precipitation
differences are caused by seasonal alternations in the occurrence of cyclonic storms in winter and
subtropical high-pressure cells in summer (Bolle 2003). Climate at the elevation of the study site is
characterized by cold, snowy winters with snow melt occurring in late spring, and summer dryness is

limited to June-August (Fotiadi et al. 1999; Loukas et al. 2002).

The 0.5° gridded EOBS v.15 climate data of the 20.75°E/40.25°N grid point are used for the analysis
of growth-climate responses (Haylock et al. 2008). The use of station data (Ioannina Figure 4-1d,
Thessaloniki) and other gridded products (CRU TS 3.24 climate data; Harris et al. 2014) yielded no
significant differences in calibration results. As with the MXD data, the temperature data are high-pass
filtered by calculating residuals from 100-year and 10-year smoothing splines to emphasize inter-
annual to decadal scale variance. Growth-climate relationships are assessed by the Pearson correlation
coefficients between the chronologies and high-pass filtered temperature and precipitation data for the
period 1950-2014, on a monthly basis and using seasonal windows ranging from previous-year August
to current-year October. The pre-1950 instrumental data have previously been shown to be
insufficiently reliable for grid interpolations over the mountainous terrain of northern Greece (Klippel
et al. 2017; Klippel et al. 2018). Spatial correlation maps were produced using the KNMI Climate
Explorer (https://climexp.knmi.nl/; Trouet and van Oldenborgh 2013).

We used a partial correlation approach to distinguish the competing but inter-related influences of
precipitation and temperature on MXD formation (Meko et al. 2011). In a first step, simple Pearson
correlations between 1-month and 2-month windows of temperature or precipitation and the MXD
chronologies were calculated. In the second step, a partial correlation was applied removing the effect
of the inter-correlation between temperature and precipitation, thereby accentuating the pure
temperature or precipitation signal. The stability of the growth-climate relationship for the most
important season was tested by modifying sample replication to assess the significance of earlier, less
replicated periods of the record (Esper et al. 2012). Correlation coefficients were derived from
calibrating a total of 2000 subsamples of the spline chronologies against August-September
temperatures. The replicate tree-ring chronologies were developed using 5 to 35 MXD series randomly

drawn 2000 times from the population of 43 series that cover the entire calibration period.
4 — 2.3 Reconstruction of temperature extremes

A scaling approach is used for calibration where both the mean and standard deviation of the spline-
detrended chronologies are adjusted to their corresponding values of the (spline-detrended)
instrumental temperature data to retain the spectrum of instrumental variance in the reconstructions
(Esper et al. 2005). Uncertainties in the reconstruction increase back in time due to the decreasing

number of series (chronology error), and are estimated in ARSTAN software (Cook et al. 2017) by
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bootstrapping (Briffa et al. 1992), and transferred into temperature estimates via scaling (Esper et al.
2007; Trouet 2014). The reduction of error statistic (RE; Briffa er al. 1988) and coefficient of
efficiency (CE; Cook et al. 1994) are used to estimate the strength of the relationship between
reconstructed and observed temperatures. Positive RE and CE scores indicate reconstruction skill of
the model (Cook 1994). For the detection of extremely cold and warm summers, the + 1.5 SD
threshold is used. Thresholds and detection method are thus unique to every proxy-climate
reconstruction experiment and their value affects inter-study comparisons of extremes (Akkemik et al.
2005; Kose et al. 2011; Tejedor et al. 2016). Temporal changes in the frequency of extremes are

analysed by counting the numbers of cold and warm events using running 100-year windows.

Superposed Epoch Analysis (SEA) is performed to quantify post-volcanic cooling over the past
millennium (Panofsky and Brier 1958). We extracted the dates of the 11 largest sulphur peaks in the
composite Greenland and Antarctic ice core records (excluding 1458; Sigl et al. 2015), which are
thought to be caused by large extratropical eruptions as well as the 1835 Cosiguina, 1883 Krakatau
(Esper et al. 2013b) and 1452 Kuwae (Esper et al. 2017) eruptions to set the timing of the impulse
spike. All SEA results are displayed as temperature anomalies with respect to five years prior to the
eruptions. Temporal mismatches of two years between known and unknown eruptions and
reconstructed cooling arise due to dating uncertainties in the ice core sulphur record (Baillie and

McAneney 2015; Schneider et al. 2017).
4 — 2.4 Spatial patterns of temperature extremes

A European-wide comparison of summer temperatures is performed to examine the spatial extent of
reconstructed extremes. We compiled a collection of ten MXD datasets from various locations across
Europe including five sites within a 1000 km radius from the Pindus Mts. (Table 4-1). All datasets are
described as having a clear summer temperature signal, and we accessed the data via the ITRDB or
from the original authors. In addition to the four P. heldreichii chronologies (KAT, OLY, VIH, ITP)
detailed above, we added an Abies alba (ITA) chronology from Italy (Schweingruber and Briffa
1996), a Larix decidua chronology from the High Tatras in Slovakia (TAT; Biintgen et al. 2007), a
Larix decidua chronology from the Swiss Alps (ALP; Biintgen et al. 2006), a Pinus uncinata
chronology from the Pyrenees in Spain (PYR; Biintgen et al. 2017b), a Pinus sylvestris regional
chronology from 11 sites across British Isles (BRI; Schweingruber and Briffa 1996; Trouet et al.
2018), and a Pinus sylvestris chronology from north Scandinavia (SCA; Esper et al. 2012).

Before comparing the temperature history in our reconstruction with that of the ten European MXD
collections, the raw data in each of the latter are re-standardized and re-calibrated to produce a similar
ratio of high-to-low frequency temperature variability in all datasets (Franke et al. 2013; Esper et al.
2016). Each collection’s raw data is standardized according to the methods applied to the SMO dataset
(see above). A re-calibration is performed using temperature data from the 0.5° EOBS v.15 dataset

(Haylock et al. 2008). The spatial extent of the datasets varies, thus the EOBS temperature grid-size is
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adjusted to the size of the respective study region described by the chronologies’ authors and provided
in Table 4-1. For those datasets previously used for climate reconstruction, seasonal grid-cell means
with the highest temperature response is used. For example, the SCA record is calibrated against the
mean JJA grid-cell temperatures over the region 67-70°N and 20-28°E. All reconstructions are

rescaled and extremes are defined as values exceeding +1.5 SD.

Table 4-1 | Description and temperature signals of ten tree-ring maximum latewood density chronologies from

Europe used for inter-site comparison of temperature extremes.

Code Site Country  Species Length Seasonal r =100/ EOBS Distance

n>10 target 10SPL  gridN/E km

SCA NScan  Finland PISY -4-2006 JJA  0.75/0.75 67 - 70N 3200
20 - 28E

BRI Scotland UK PISY  1720-1978 JJA  0.75/0.69 47 - 57N 2600
10W - 2E

PYR Pyrenees Spain PIUN  1229-2014 MIJAS 0.65/0.68 42 -42.5N 1800
0.5-1E

ALP  Lotschental Switzerl. LADE 783-2004 JJAS  0.72/0.73 45 - 47N 1350
6 -9E

TAT Tatra  Slovakia LADE  1707-2004 MIJ  0.67/0.74 49 - 49.5N 1000
20 - 20.5E

ITA Bosque di Italy ABAL  1741-1980 AS 0.66/0.74 42.5-43N 700
Ceppo 13- 13.5E

ITP Sierra di Italy PIHE  1683-1980 JAS 0.54/0.66 39.5- 40N 400
Cripo 16 - 16.5E

VIH Vihren Bulgaria PIHE  1769-2008 A 0.67/0.73 41.5-42N 300
23 -23.5E

OLY Olymp Greece PIHE  1530-2010 JAS 0.54/0.60 40 - 40.5N 40
22 -22.5E

KAT Katarapass Greece PIHE  1759-1981 AS 0.37/0.65 39.5-40N 10
21 -21.5E

*Correlation coefficients derived from re-calibration against EOBS v.15 gridded temperature data since
1950. ABAL = Abies alba, Lade = Larix decidua, PIHE = Pinus heldreichii, PISY = Pinus sylvestris, PIUN =

Pinus uncinata
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The analysis of synchronous temperature extremes is performed over the common period between the
other individual European reconstructions and SMO, as well as the common period 1769-1978
between all reconstructions. Given all the reconstructions differ in their lengths and absolute number
of extreme events, the percent overlap is calculated as a mean to enable inter-site comparisons. This
analysis is repeated using August temperatures from the EOBS network to explore potential
differences between instrumental and tree-ring derived temperature extremes. The analysis is restricted
to the month of August to set a comparable time span among different station data. Due to the limited
length of instrumental data, and in lieu of the 1.5 SD threshold, the five coldest and five warmest
instrumental temperature anomalies from each of the ten calibration time series are compared to the

average temperature of the calibration grid-cell (Haylock et al. 2008).

The significance of the number of common events is tested using a bootstrap approach. All
reconstructions and instrumental time series were randomized 1000 times to ensure that extreme
events appear by chance over time. This degree of repetition quantifies the range of possible overlaps
in extremes that occur in a random time series. A larger number of common extreme years between
the unperturbed reconstructions, compared to the randomized series, indicates common (climatic)

forcing.

4 — 3 Results

4 — 3.1 Chronology characteristics

After truncation at a minimum sample replication of n < 10 series, the new SMO MXD chronology
includes 1277 years and spans the period 738-2014. The number of series changes through time with a
minimum of 11 series in 738 and a maximum of 44 series in the beginning of the 18th century (Figure
4-2c). The two detrendings reveal consistent results in the high-frequency domain, but mid-frequency
variability only appears in the 100SP chronology (Figure 4-2a and Figure 4-2b). Mean tree age is
balanced prior to 1700 and increases towards the present due to the integration of several near
millennium-length series (Figure 4-2d). Coherency among the individual measurement series,
expressed by the inter-series correlation (Rbar), is moderate with mean Rbar values of 0.30 and 0.38
for the 100SP and 10SP chronologies, respectively (Figure 4-2e). The Rbar values indicate the
potential to provide high-resolution reconstructions of climate back to the first millennium. The
moving SDs indicate that variance is stable through time with a general higher SD in the 100SP
chronology compared to the 10SP chronology resulting from the additionally retained decadal scale
variability (Figure 4-2f). The spline chronologies correlate significantly at high and mid frequencies
with PIHE MXD chronologies from the northeastern Mediterranean. Correlation coefficients range
from r =0.55 to 0.82 (Figure 4-S1a and Figure 4-S1b). Absolute density values largely overlap, only
the values from the OLY-2010 dataset are significantly lower (Figure 4-S1c). For the first 200 years
of growth, the average MXD per sample is 0.71 g/cm® and 0.70 g/cm® during the last 200 years of
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growth. From the relict material, the values are 0.71 g/cm® and 0.69 g/cm?®, respectively, indicating the
material is not significantly affected by weathering processes. Inter-site differences in absolute density

values are not significant (Figure 4-S2).
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Figure 4-2 | Chronology characteristics. a 100SP chronology (black) and 15-year smoothed version (green). b
10SP chronology (black) and 15-year smoothed version (orange). ¢ Yearly sample size for relict (dark grey) and
living (light grey) material. d Annual mean tree age. e Rbar statistics (calculated over 30 years lagged by 15
years) and f 100-year moving standard deviations (SD) for the 100SP chronology (green) and 10SP chronology

(orange).

4 — 3.2 Climate signals

The SMO record is significantly correlated to temperatures from July to September, with the strongest
seasonal response to the August-September mean using the 10SP detrended proxy and instrumental
data (r=0.71; p<0.01; 1950-2014). The correlations are (insignificantly) smaller for the 100SP
detrended data (r =0.63), indicating a stronger proxy/temperature coherency at inter-annual time

scales. Partial correlation analyses reveal that SMO MXD data display a pure temperature signal
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during the summer months, without artefacts derived from an intercorrelation between temperature
and precipitation (Figure 4-S3). The recalculation of subsets of 2000, 100SP and 10SP chronologies,
and their correlation with August-September temperature, shows that the signal is robust down to a
replication of 10 series. The lowest correlation coefficient with a random subset of ten 100SP
detrended series is r=0.27 (p < 0.05) and r =0.45 (p < 0.001) for a random subset of ten 10SP series.
The lowest replication in the chronology is 11 series, indicating that the less-replicated parts in the
early section of the reconstruction likely still contain a statistically significant association with
temperature (Figure 4-3b). Spatial correlations between the spline chronologies and gridded August-
September temperatures are also robust, with the highest degree of variance explained by those grid
cells closest to the study site (Figure 4—4). Positive, significant correlation coefficients between MXD
indices and August-September temperatures extend from central Italy to western Turkey. Correlations
over Austria, Slovenia and Romania are weaker, but still significant. Significantly negative correlation

coefficients are found over the British Isles and Scandinavia.
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Figure 4-4 | Spatial correlation maps (p < 0.05) between gridded EOBS v.15 0.25° August-September

temperatures and a 100SP and b 10SP chronologies. Stars refer to the location of the study site.

4 — 3.3 Temperature extremes

Results from the calibration/verification exercises indicate a stable growth-climate relationship
permitting the use of the entire 1950-2014 climate record to develop a scaling model for
reconstruction. The spline chronologies explain 43% and 51% of the August-September temperature
variance over the 1983-2014 calibration period. RE and CE scores for the corresponding 1950-1982
verification period are 0.28 and 0.25 for the 100SP and 0.40 and 0.39 for the 10SP chronology.
Transposing the periods, using 1950-1982 for calibration, the 100-year and 10SP chronologies explain
38% and 49% of the August-September temperature variance, RE and CE scores of the corresponding
1983-2014 verification are 0.25 and 0.22 for the 100SP both 0.44 for the 10SP chronology,
respectively. Comparison of the August-September temperature trends in both the reconstruction and
instrumental data reveals similar inter-annual to decadal scale variance (Figure 4-3c and Figure 4-3d).
The three coldest years in the 100SP reconstruction and the four coldest years in the 10SP
reconstruction agree with the five coldest measured years, suggesting that both reconstructions contain

some skill in capturing temperature extremes.

In total, 110 cold and 48 warm extremes appear in the 100SP reconstruction, and 105 cold and 57
warm extremes in the 10SP reconstruction (Figure 4-5 and Table 4-S1). The year 1240 was the
warmest summer, with reconstructed anomalies of +3.13 °C and +2.64 °C in the 100SP and 10SP
reconstructions, respectively. The two coldest summers in the 100SP reconstruction are 1217 and 1884
with anomalies of -3.71 °C and -3.61 °C, respectively. The two coldest summers in the 10SP
reconstruction occurred in different years, 1035 and 1117, with anomalies of -3.11 °C and -3.14 °C,
respectively. The third coldest summer in the 100SP and fourth coldest summer in the 10SP
reconstructions, is 1959, which is the second coldest year in the instrumental EOBS v.15 record. The

coldest decade is 1811-1820 (-0.73 °C) and the warmest decade 1481-1490 (+0.88 °C; calculated only
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for 100SP reconstruction). The elimination of decadal trends in the 10SP reconstruction causes events
to appear more evenly distributed. However, over the past 450 years the occurrence of warm
temperature extremes is substantially less frequent compared to preceding centuries. In contrast, the
number of cold extremes moderately increased between 800-1700, rapidly decreased from 1700-1800,

and increased again to the present (Figure 4-5).
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Figure 4-5 | Northeastern Mediterranean annually resolved August-September temperatures back to 738 and
cold (blue) and warm (red) temperature extremes that exceed the threshold of +1.5 SD and corresponding
number of extremes in running 100-year windows (lower panels). Panel a shows an August-September
temperature reconstruction and extremes derived from a 100SP standardized chronology (black), the 15-year
smoothed version (yellow) and uncertainty estimates based on the sample bootstrap error (grey) and b same for a

10SP chronology.

The SEA results suggest that volcanic eruptions are a strong driver of temperature minima (Figure 4—
S4). In 10 out of 11 cases, a low temperature anomaly occurred in the year of, or one year after, the
sulphur peaks in the ice-core record. Years with a significant post-volcanic cooling are 939, 1108,
1171, 1230, 1257, 1453, 1601, 1641, 1695, 1783, 1815, 1835 and 1883. The average temperature
response in the first post-volcanic August-September, is -1.72 °C to -1.34 °C (p < 0.01).

4 — 3.4 Spatial patterns of temperature extremes

Comparison of the temperature extremes in the re-standardized and re-calibrated European records
(Figure 4-S5) with the SMO MXD reconstructions reveals two main patterns: (i) for distant sites

(= 1000 km), the synchronous occurrence of extremes is rare for cold and warm events, and (ii) for
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nearby sites (< 1000 km), the synchronicity is high for cold extremes but moderate to weak for warm
extremes (Figure 4-6). Between the SCA, BRI, PYR, ALP, TAT reconstructions and SMO, the
percentage of overlap is 0-14% for cold and 0-6% for warm extremes. Over Britain and Scandinavia
(BRI and SCA), we find an inverse relationship. The majority of extreme SMO cold temperature
anomalies appears as warm summers in these records. However, the pattern is less distinct for warm
extremes (Figure 4-6a). The common extremes between the ITA, ITP, VIH, OLY, KAT, and SMO
reconstructions, over their individual common periods, range between 43-56% for cold and 0-27% for
warm extremes. Using a bootstrap approach to assess the significance of common inter-series
extremes, we find that only the ITP and OLY, and the ITA, VIH and KAT cold extremes occur non-
randomly (Figure 4-6b). Constraining the analysis to the common period 1769-1978 produces similar

results (Figure 4-6¢).

Divergence in the spatial scale of warm and cold extremes, which is only visible in tree-ring derived
temperature anomalies with cold extremes showing wider synchronicity than warm extremes, is
lacking in the instrumental data. Comparison of the synchronicity of the coldest and warmest
instrumental temperature anomalies across Europe indicates no differences between cold and warm

extremes, and with decreasing site distance, the general overlap increases (Figure 4-6d).

4 — 4 Discussion

Here, we present the longest, annually resolved temperature reconstruction for the Mediterranean
region, covering the period 738-2014. Due to the outstanding length, the regional climate history of
temperature extremes is extended by roughly 700 years compared to previous temperature

reconstructions.
4 — 4.1 Chronology characteristics

At the high-to-mid-frequency range, a strong correlation is found between the SMO spline
chronologies and other PIHE records from the central-eastern Mediterranean region, and absolute
density levels are in line with previous measurements. Similar values of absolute density between
living and relict material (Tegel et al. 2010; Boswijk et al. 2014), and habitat homogeneity (Esper et
al. 2016) allows combining the material to extend the SMO chronology back in time. Moderate Rbar
values point to potential micro-site effects (Diithorn er al. 2013) or tree-specific density variations as a
consequence of four differently exposed sites (Figure 4—1c; Klippel et al. 2017). However, absolute
values in the range of previous studies from lower altitudes pine trees (Biintgen et al. 2008; Klesse et

al. 2015).
4 — 4.2 Climate signals

Partial correlation analysis (Meko et al. 2011) has shown that MXD displays a pure temperature signal

that is not affected by the interrelation between temperature and precipitation (Biintgen et al. 2009).
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Maximum temperature sensitivity is detected towards the end of the growing season in August and
September, which is consistent with the physiological response of cell wall thickening and
lignification processes (Fritts 1976). This response causes cell lumen area to shrink to its minimum
and cell wall thickness to increase to its maximum with associated highest MXD values (Cherubini et
al. 2004). Similar patterns in climate signal strength in the 100SP and 10SP chronologies suggest that

MXD variability is clearly associated with temperature at the mid- and high-frequency.
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Figure 4-6 | Comparison of temperature anomalies and extremes (+ 1.5 SD) across Europe. a MXD based
100SP and 10SP temperature reconstructions from Scandinavia (SCA), United Kingdom (BRI), Spain (PYR),
Switzerland (ALP), Slovakia (TAT), Italy (ITA and ITP), Bulgaria (VIH), and Greece (OLY and KAT)
displayed as histograms (grey). Blue and red ticks indicate cold or warm extremes in the SMO 100SP and 10SP
reconstructions and b percent of common cold (blue) and (warm) temperature extremes between SMO and the
reconstructions displayed in Figure 4—6a over the individual period of overlap (n > series) and ¢ the common
period 1769-1978. Values refer to the mean overlap from the 100SP and 10SP reconstruction. Grey bars display
uncertainty estimates derived from a Monte Carlo simulation with 1000 randomized reconstructions. d Analysis
was repeated comparing the overlap of the 5 coldest and 5 warmest instrumental 10-year high pass filtered

August temperatures from the EOBS v.15 grids that were used for calibration over the period 1950-2014.
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4 — 4.3 Temperature extremes

In contrast to the multiple climate stations along the Mediterranean that report a general warming in
recent decades (Xoplaki et al. 2003a; Alexandrov et al. 2004; Philandras et al. 2008; Toreti et al.
2009), an analysis of instrumental temperatures for the period 1955-2013 shows that in northwestern
Greece, statistically significant trends in summer temperature are absent (Feidas 2016). The cooling
trend from 1950-1976, previously reported throughout the Mediterranean basin, was followed by an,
so far, insignificant warming (Piervitali e al. 1997; del Rio et al. 2011). Our reconstruction mirrors
this absence of a clear positive trend at decadal scale. Differences in the frequency and magnitude of
extreme events between the 100SP and 10SP reconstruction appear because only 76% of the cold, and
65% of the warm events overlap between the two chronology versions. Hence, methods of frequency
preservation add uncertainty to the strength of extreme events (Battipaglia er al. 2010). This finding
demonstrates how the standardization method employed substantially influences the expression of
extremes, thus emphasizes the difficulty in comparing extremes across studies composed of tree-ring

data from different sites and, perhaps even, different tree species (Fritts 1976).

The second coldest decade from 1061-1070 also falls into a period of grand solar minima - the Oort
minimum (Guiot et al. 2010). The coldest decade 1811-1820 falls into the periods of the Dalton
minimum (Usoskin et al. 2002) and Little Ice Age (Grove 1988), which coincides with the unknown
eruption in 1809 (Guevara-Murua et al. 2014) and the eruption of Tambora in 1815 (Stothers 1984)
causing the ‘year without summer’ 1816 (Oppenheimer 2003). Cool summers during this decade are
also recorded throughout central Europe, parts of Asia and North America by proxy evidence inferred
from glacier advances (Luckman 2000; Zumbiihl and Nussbaumer 2017) and tree-ring data (D’ Arrigo
et al. 2003; Biintgen et al. 2006; D’Arrigo et al. 2013; Briuning 2016), and in long instrumental
station data (Bohm et al. 2009). The SEA results demonstrate that several cold summers correspond to
volcanic eruptions and changes in radiative forcing (Robock 2000; Esper et al. 2013a; Esper et al.
2013b). Typical of MXD-based temperature reconstructions (Schneider et al. 2015), the cooling in the
first post-volcanic year is followed by a rapid recovery in the second post-volcanic year (Esper et al.
2015). The eruption of Krakatau in 1883 (Sigl et al. 2015) is captured with anomalies of -2.02 °C in
the 100SP and -0.88 °C in the 10SP chronology. Also, the 1257 Samalas (-1.79 °C, -1.10 °C), 1452
Kuwae (-1.72 °C, -1.59 °C), 1601 Huaynaputina (-2.70 °C, -1.88 °C), 1641 Parker (-2.60 °C, -
2.01 °C), 1783 Laki (-0.62 °C, -1.27 °C), 1835 Cosiguina (-2.99 °C, -2.43 °C), and the 1991 Pinatubo
(-1.56 °C, -0.98 °C) eruptions are related to temperature minima. The 822-823 Katla eruption
(Biintgen et al. 2017a) and the unknown eruption in 1809 (Guevara-Murua et al. 2014), did not cause
extreme MXD minima at Mt. Smolikas. The cold summer temperatures in 1699, 1914, and 1857
corroborate reports of previously reported regional climatic extremes (Trouet et al. 2012; Klesse et al.
2015; Leonelli et al. 2017). Instrumental station data in the Mediterranean region (Xoplai et al. 2003b)
confirm the cold summer of 1959 when extremely cool air masses appeared at Mt. Olympus and in

Bulgaria. The cold extreme in 1347 (-2.70 °C, -2.37 °C) coincides to severe plague (Yersinia pestis)
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outbreaks on the Mediterranean islands Sicily, Corsica, and Sardinia as well as well as in the cities
Split and Dubrovnik, though a causal link between low temperatures and Yersinia pestis seems

unlikely (Biintgen et al. 2012).
4 — 4.4 Spatial patterns of temperature extremes

Volcanic eruptions are pulse-like disturbance events capable of causing distinct cooling over Europe
(Sigl et al. 2015; Schneider et al. 2017). Despite the Hadley circulation and stable warm high pressure
cells that bring predominantly high temperatures and summer droughts to the Mediterranean (Bolle
2003; Alfaro-Sanchez et al. 2018), the expression of temperature extremes differs between the
northeastern (Pindus Mts.) and western Mediterranean (Pyrenees) basin (Seim et al. 2015). In the
western Mediterranean, previous studies report a stronger influence of the East Atlantic Jetstream
(Diinkeloh and Jacobeit 2003; Xoplaki et al. 2003b) and West African Monsoon (Fontaine et al.
2010). By contrast, in the northeastern Mediterranean we find an association with the latitudinal
position of the NAJ (Mabhlstein et al. 2012; Belmecheri et al. 2017; Trouet et al. 2018) that causes
temperature extremes and synoptic timing of events in Bulgaria, Italy, and Greece as well as anti-
phase associations with temperature anomalies over Scandinavia and the British Isles (Hughes et al.
2001; Oikonomou et al. 2010; Trouet et al. 2012; Trouet 2014; Klesse et al. 2015). When the NAJ is
in anomalously northerly position, it generates anticyclonic conditions in northwestern Europe
associated with warm and dry conditions but also heat waves and droughts (Chronis et al. 2011), and
extreme cold temperatures in the northeastern Mediterranean. A southerly NAJ increases the blocking
frequency over the northeastern Mediterranean and promotes hot summers, droughts, and wildfires in
southeastern Europe (Mabhlstein et al. 2012; Trouet et al. 2018). To evaluate these associations, the
SMO reconstruction is compared to a reconstruction of the latitudinal position of the NAJ (NAJ_T;
1725-1978) developed from tree-ring data from the northeastern Mediterranean (NEMED) and the
British Isles (BRIT; Trouet et al. 2018). We used the 100SP SMO reconstruction due to similar
spectral properties of the records (Figure 4-7). Correlation between the SMO August-September

temperature reconstruction and reconstructed NAJ_T anomalies is r = -0.66 (p < 0.001).

For validation, we tested the suitability of our SMO dataset for NAJ reconstruction. We repeated the
reconstruction NAJ_T procedure outlined in Trouet et al. (2018) using our SMO reconstruction in lieu
of the NEMED dataset (herein NAJ_K reconstruction). The sole difference involves the use of EOBS
v.15 gridded temperature data as a target for reconstruction of August temperatures. The original
NEMED MXD chronology and the SMO chronology are significantly correlated with NAJ position
(r=-0.57 and r =-0.54, respectively, p <0.001; 1920-1978). Also, the original BRIT-NEMED and
BRIT-SMO composites reflect changes in the latitudinal position of the NAJ (r=0.63 and r=0.59,
respectively, p <0.001; 1920-1978). Reasons that could cause slightly weaker coefficients for SMO
include differences in the temperature dataset, reduced sample replication (Esper et al. 2016), and

limited spatial representation, as compared to the NEMED data. However, the NAJ_T and NAJ_K
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reconstructions correlate at r=0.9 (p <0.001) over their common period 1725-2014 (Figure 4-7c).
This highlights the potential for extending NAJ variability back to the first millennium and forward to
the 21st century by including the SMO dataset in future analyses of the temperature seesaw between

the British Isles and the northeastern Mediterranean.
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Figure 4-7 | a Frequency analysis of the SMO 100SP (red), 10SP (green) spline August-September temperature
reconstruction and reconstruction of the position of the summer North Atlantic jet (NAJ_T; Trouet et al. 2018)
(blue) over the common period 1725-1978. b Reconstructed 100SP August-September temperature anomalies
(red), summer NAJ_T reconstruction (blue) and ¢ corresponding 31 year moving window correlations (black). d
NAJ_T (blue) and NAJ_K (red), a reanalysis of the latitudinal jet stream position using the SMO tree-ring data
instead of the original NEMED compilation and instrumental August NAJ position (black).

4 — 4.5 Differences between warm and cold extremes

Reconstructed warm temperatures are spatially heterogeneous, which we would not expect from the
inspection of instrumental data (Figure 4-6¢). We suggest potential weaknesses in MXD to track
warm events, due to a decoupling between summer temperature and MXD formation. Except for
Scotland, revision of the calibration tests demonstrates that the coldest instrumental temperature
anomalies match the lowest density values to a higher degree than the five warmest instrumental
temperature anomalies and the highest density values (Figure 4-S6). This weakness to track warm
extremes by the same degree as cold extremes causes the warm extremes to be less synchronized on a

regional scale.

We suggest that in a cold summer, temperature is the limiting factor affecting regional growth
(Cherubini et al. 2004), whereas in hot summers, this relationship is more complex with a stronger
contribution of endogenous factors affecting cell wall thickening and lignification, causing substantial

inter-tree and inter-site differences (Plomion et al. 2001). In addition, slope exposure might influence

69



A 1200+ year reconstruction of temperature extremes for the northeastern Mediterranean region

the rate of warming, which in turn causes a site-specific growth cessation and spatial heterogeneity of
warm temperature extremes (Holland and Steyn 1975; Klippel et al. 2017). Further research is

necessary to disentangle the impact of slope exposure and changes in insolation on MXD formation.

4 — 5 Conclusions

Based on a network of high-elevation sites on Mt. Smolikas in the Pindus Mts. of Greece, regional
August-September temperature variability is reconstructed back to 738. Our reconstruction provides
new insight in extreme temperatures in the northeastern Mediterranean prior to the second millennium,
and fills a temporal and spatial gap in larger-scale reconstruction efforts. Analysis of temperature
extremes shows that cool summers were most severe in 1035, 1117, 1217, 1884 and 1959. The
dominant mode that drives annual-decadal temperature variability along the northeastern
Mediterranean are atmospheric conditions associated with the position of the NAJ that in the
anomalous northward position generates extremely cold summer temperatures in the region, and in an
anomalous southward position brings extremely warm summer temperatures. Our new millennium-
long MXD chronology bears the potential to reconstruct the dynamics of the NAJ over longer
timescales. Further research is needed (1) to explore low-frequency trends including transitions
between cold and warm phases, and (2) to update existing regional-scale composite chronologies in
order to fill the spatial and temporal gap in the northeastern Mediterranean region in larger-scale

temperature reconstructions.
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Figure 4-S1 | Coherence among a 100SP and b 10SP Pinus heldreichii MXD chronologies from the Katarapass
(KAT), Mt Olympus (OLY), Mt. Smolikas (SMO) in Greece, Sierra de Crispo (ITP) in Italy and the Vihren peak
(VIH) in Bulgaria. Pairwise correlations were established for the individual common period with n > 10 series
and over the common period 1769-1980. ¢ Growth rates for the first 200 years (only living material considered)
for the sites OLY, SMO and VIH. Material was split according to the measuring dates in 1981, 2008, 2010 and
2017.
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Figure 4-S2 | Density comparison between a living (red) and relict (green) material for the first and last 200
years of growth and b same as in a but additional data split by site. Living material origins from three sites (red

shadings) and relict material from four sites (green shadings). Numbers indicate the sample replication.
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Figure 4-S3 | Correlations and partial correlations of the a 100SP and b 10SP chronology with climate data
from the EOBS v. 15 grid 40.25°N and 20.75°E over the period 1950-2014. Simple Pearson correlations were

performed with the primary climate variable (upper panels). For a partial correlation, the effect of the inter-

correlation between primary and secondary climate variable was removed (lower panels).
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Figure 4-S4 | Super epoch analysis. a 100SP reconstructed temperature anomalies with respect to five years
prior to the assumed NH forcing dates of the eruptions Eldgja 939, Unknown Eruption (UE) 1108, UE 1171, UE
1230, Samalas 1257, Kuwae 1452, Huaynaputina 1601, Parker 1641, UE 1695, Laki 1783, UE 1809, Tambora
1815, 1835 Cosiguina and 1883 Krakatau (black) and its mean (red). Grey shadings indicate 99% confidence

intervals, and b same for 10SP reconstruction.
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Figure 4-S5 | 100SP SMO reconstruction and re-standardized and re-calibrated temperature reconstructions for
10 tree-ring sites (listed in Table 4-1) across Europe (grey), corresponding 20-year smoothed values (red) and

their respective correlation coefficients with the SMO reconstruction over the common period 1769-1978.
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Figure 4-S6 | Temperature sequence of instrumental data used for calibration (grey) and position of the five

coldest (blue) and five warmest (red) reconstructed temperatures (lower panel 100SP and upper panel 10SP) for

the SMO reconstruction and all records listed in Table 4-1.

Table 4-S1. Twenty coldest and warmest reconstructed August-September summer temperatures since 738 that

appear at mid (100SP) to high (10SP) frequencies.

Cold Extremes Warm Extremes
Year 100SP 10SP Rank Rank Year 100SP 10SP Rank Rank
100 10 100 10

804 -2.83 -2.04 18 33 779 2.15 1.64 16 25
837 -3.03 -2.40 13 16 808 2.51 2.09 7 5
935 -2.80 -1.78 19 61 838 1.50 1.84 99 14
1016  -3.58 -2.33 4 21 852 1.11 2.03 224 7
1035 -2.80 -3.11 20 2 876 2.12 1.58 18 28
1061  -3.19 -2.40 8 17 902 2.54 1.45 5 46
1101 -1.79 -2.75 93 7 919 1.89 1.97 37 10
1117 -3.51 -2.85 5 3 944 2.12 1.42 19 50
1141 -1.59 -3.14 118 1 959 2.02 1.84 26 15
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Differing pre-industrial cooling trends between tree-rings and lower-resolution temperature proxies

5 — 1 Introduction

Apart from documentary archives (Pfister ef al. 1999), our perception of climate variability prior to the
systematic collection of instrumental measurements in the mid nineteenth century relies on climate
sensitive proxy data (Frank et al. 2010). Paleotemperature information can be extracted from natural
archives such as ice cores (Steig et al. 2013), speleothems (Martin-Chivelet et al. 2011), tree-rings
(Esper et al. 2014), lake and marine sediments (Nieto-Moreno et al. 2013), and glacier fluctuations
(Solomina et al. 2016), among others (Wanner et al. 2008; Jones et al. 2009). Today, a number of
multiproxy (Jones et al. 1998; Hegerl et al. 2007; Mann et al. 2008; Christiansen and Ljungqvist 2011;
Ljungqvist et al. 2012; Shi et al. 2013), and solely tree-ring based reconstructions (Briffa 2000; Esper
et al. 2002; D’ Arrigo et al. 2006; Schneider et al. 2015; Stoffel et al. 2015; Wilson et al. 2016) of
Northern Hemisphere (NH) and global temperatures have been established. These reconstructions
provide an opportunity to study pre-instrumental, naturally forced climate variability at annual to
millennial timescales (Christiansen and Ljungqvist 2017), and are essential for placing Anthropogenic
warming in a long-term context. Proxy data themselves provide valuable climate information needed
to test and verify paleoclimate model simulations (Braconnot et al. 2012; Ferndndez-Donado et al.

2013; Hartl-Meier et al. 2017).
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Figure 5-1 | a Map showing the spatial distribution of Northern Hemisphere proxy records from the PAGES 2k
2.0.0 database including primary tree-ring (green), glacier ice (blue), marine (orange) and lake (red) sediment
records as well as a smaller number of records from bivalves, boreholes, corals, documents, hybrids,

sclerosponges, and speleothems (brown). b same as Figure 5-1a but only records longer than 800 years.

The PAGES 2k database represents a unique community effort organized by PAGES

(http://pastglobalchanges.org), to amass the world’s largest collection of proxy records covering the
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Common Era (CE) (PAGES 2k Consortium, 2017). The PAGES 2k database 2.0.0 contains 692
temperature-sensitive proxy records from trees (415), ice cores (49), lake (42) and marine sediments
(58), corals (96), documentary evidence (15), sclerosponges (8), speleothems (4), boreholes (3),
bivalves (1) and a hybrid tree/borehole (1), and represents 648 locations from all continents and major
oceans (Figure 5-1). Unlike previously published multiproxy compilations (Mann et al. 2008; PAGES
2k Consortium 2013), the PAGES 2k database includes substantially more evidence from sources
other than tree-rings and many more records that cover the first millennium, thereby expanding the
spatial and temporal coverage over oceanic and polar regions (PAGES 2k Consortium 2017). The
number, spatial distribution, and diversity of the PAGES 2k dataset provides an unprecedented

opportunity to analyse regional to large-scale temperature patterns over the Common FEra.
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Figure 5-2 | Compilation of temperature-sensitive proxy records from the PAGES 2k initiative. a 50-year
binned composites from 58 marine sediment (orange), 42 lake sediment (red) and 49 glacier ice (blue) records
expressed in standard deviation units. Straight lines highlight the pre-industrial temperature trends (1-1800 CE)
and lower panels show the corresponding temporal distribution of the records. Grey shadings indicate 95%

bootstrap confidence intervals with 500 replicates. b same as in Figure 5-2a for 415 tree-ring records.

The PAGES 2k Consortium (2017) produced a collection of global mean composites from each of the
major proxy types in its dataset. The average summer temperature of all marine sediments, lake
sediments, and glacial ice cores (Figure 5—2a) exhibit strong negative trends that are consistent with
the gradual pre-1800 cooling reported previously by other major syntheses of Holocene proxies (cited
previously). By contrast, the global composite derived from just the tree-ring records (Figure 5-2b)
shows the rapid post-1800 increase was preceded by an essentially flat trend from 1-1800 CE. A pre-
industrial cooling can be attributed to gradual changes in orbital forcing, shown to be an important
driver of Holocene long-term climate oscillations (Milankovi¢ 1941; Wanner et al. 2015). Changes in
solar insolation (Huybers and Curry 2006) are caused by variations in the Earth’s tilt (obliquity), orbit

(eccentricity) and rotation axis (precession). Over the Common Era, precession triggers a shift of the
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Perihelion (the closest point between sun and Earth) from December to January (Berger 1978; Berger
and Loutre 1991). The collective effects of eccentricity, precession and obliquity cause a decrease of
incoming solar radiation of ~9 W/m? at 90°N, 5.5 W/m? at 60°N, and 3.4 W/m? at 30°N in June-
August over the NH, and a corresponding warm season increase of ~3.8 W/m? at 90°S, 4.1 W/m? at
60°S, and 5° W/m? at 30°S in December-February over the Southern Hemisphere (Laskar et al. 2004)
(Figure 5-3). These long-term changes in orbital forcing, from a theoretical perspective, affect

regional temperatures differentially (Masson-Delmotte et al. 2013).
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Figure 5-3 | a June-August, December-February, and annual insolation changes at 30-60°N relative to 2000 CE
and b June-August insolation changes at different latitudinal bands (Laskar et al. 2004).

The lack of a long-term negative trend in the average global tree-ring record stands in stark contrast to
the cooling detected in the well-replicated maximum latewood density (MXD) record from northern
Scandinavia (Esper et al. 2012). Esper et al. (2012) argues that, unlike long MXD records, tree-ring
width (TRW) records are incapable of capturing orbital trends. If this is the case, then including TRW
records in past global temperature assessments might result in an underestimate of pre-instrumental
warmth, e.g. during Medieval and Roman Times (Esper et al. 2004; Frank et al. 2010; Wang et al.
2014). Combining proxies that systematically vary in their low-frequency trends seemingly
contributes to the development of temperature reconstructions of differing temperature amplitudes
over the pre-industrial era (Jones et al. 1998; Mann et al. 1999; D’Arrigo et al. 2006; Juckes et al.
2007; Mann et al. 2008; Christiansen and Ljungqvist 2011; Christiansen and Ljungqvist 2012;
Ljungqvist et al. 2012; Schneider et al. 2015; Wilson et al. 2016). Here, we analyse the PAGES 2k
collection of temperature-sensitive proxy records to understand why the mean tree-ring record lacks a
pre-industrial millennial-scale cooling trend that is otherwise preserved in ice core, lake and marine
sediment data. We hypothesize that the absence of this long-term negative trend in tree-ring
chronologies may be a consequence of the climate sensitivity of the trees used, their detrending, and
spatial distribution of the datasets. To test these potential explanations, here we explore the effect of
three significant attributes of just the tree-ring component that may have bearing on the long-term

temperature trend reported in the PAGES 2k initiative.
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(1) Based on the spatial and seasonally varying effect of orbital forcing over the Common Era, we
expect a millennial-scale cooling trend prior to the industrial period, particularly in summer-sensitive,
high northern latitude proxies, compared to annually-sensitive proxies (Kaufman et al. 2009; Esper et
al. 2012). Therefore, the absence of a distinct pre-industrial cooling in the PAGES 2k tree-ring
network could be a by-product of the spatial distribution of tree-ring proxies in the network. If the
network were not biased by northern, mid-latitude tree-ring sites it should capture the millennial-
length cooling trend in summer, as we expect proxy records from high northern latitudes to contain a

stronger summer cooling trend than their mid-latitude counterparts.

(2) All tree-ring parameters, with the possible exception of 8'®0 (Young et al. 2011; Esper et al. 2015;
Helama et al. 2015), include age-related, non-climatic signals that need to be removed prior to
chronology development and reconstruction (Douglass 1919; Fritts 1976; Briker 1981; Cook 1990).
The selection of a suitable tree-ring detrending method is one of the fundamental challenges in the
field of dendroclimatology (Briffa et al. 1992; Cook et al. 1995; Esper et al. 2004; Melvin et al. 2013).
However, tree-ring detrending methods vary in their approach to model tree growth and if applied
indiscriminately can remove long-term cooling trends related to orbital forcing, either intentionally or
inadvertently, interpreted as biological noise (Cook et al. 1995; Esper et al. 2004). Given that the
PAGES 2k database contains no information regarding the detrending method used to produce the
tree-ring chronologies in its collection, we assume all were produced using different detrending
methods, and that those methods are applied to differently structured tree-ring datasets (i.e. the
temporal distributions of short and long tree-ring measurements series, indicative of young and old
trees, over the past 2k years are not the same). If this is the case, such disparities will affect the
database chronologies’ low frequency variance, causing the tree-ring mean to lack millennial scale

trends (Briffa et al. 2013; Linderholm et al. 2014; Biintgen et al. 2017).

(3) The inclusion of chronologies having a mixed climate sensitivity (Seim et al. 2012) and their
potential introduction of non-temperature related noise (Baltensweiler et al. 2008) might weaken a
reconstruction. The establishment of large-scale (continental or hemispheric) temperature
reconstructions relies on the assumption that all proxy records used to produce the reconstruction have
a substantial temperature signal, and that the signal is temporally stable over the entire record length
(Esper et al. 2016). We assume the inclusion of tree-ring chronologies with a mixed sensitivity,
including other climate parameters besides temperature (Baltensweiler et al. 2008; Seim et al. 2012),
weakens a reconstruction, and that reconstructions composed of weakly calibrating chronologies

contain less or no orbitally forced trends.

Here we first describe the varying ability of the proxies used in the PAGES 2k network to preserve
orbitally forced, millennial-scale, temperature trends. Then we evaluate and discuss how a more
critical proxy selection could improve our understanding of past climate variability over the Common

Era.
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5 — 2 Data and methods
5 — 2.1 Data preparation

The PAGES 2k database (Figure 5-1) was accessed via the website of the NCEI-Paleo/World Data
Service for Paleoclimatology (https://www.ncdc.noaa.gov/paleo/study/21171). All 692 records were
normalized over their individual record lengths by subtracting the time series mean (¢#) from each
single proxy value, then dividing the difference by the series’ standard deviation (o). Normalization is
a necessary step to eliminate differences in measuring scale, as the database includes a variety of
measured parameters, including 8'®0 (Horiuchi er al. 2008), TRW (Luckman and Wilson 20053),
MXD (Klippel et al. 2018), blue intensity (Bjorklund et al. 2014), varve thickness (Moore et al. 2001)
or Sr/Ca (Rosenheim 2005). We realize that the choice of normalization period, from which we
calculate y and o, has an influence on the expression of low-frequency trends as seen in the tree-ring
data (Figure 5—4). Using p# and o of all the tree-ring chronologies’ common period (1758-1972) leads
to a slightly different millennial-scale trend compared to the PAGES 2k procedure of using the
individual records’ total lengths. Large trend discrepancies arise from using ¢ and o of even shorter
periods (e.g., 1800-50, 1850-1900 and 1900-50; Figure 5—4). A psub period and Osub period SMaller, or a
Hsub period and Osub period larger, than the entire time series ¢ and ¢ produces records with increased or
decreased temperature levels and trends, respectively (Figure 5-S2). By normalizing all the proxies in
the same manner, we minimize the influence of the normalization method on the preservation of low-

frequency trends in tree-rings.
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Figure 5-4 | Effect of tree-ring normalization on low-frequency temperature trends. Composite tree-ring records

from 415 records normalized using the means and standard deviations over different time spans.

All proxy records having a negative correlation with instrumental temperature were inverted
(multiplied by -1) to ensure that high proxy values represent warm temperatures and low proxy value
cold temperatures. To account for the varying temporal resolution among the proxies, from sub-annual
to multi-decadal, all normalized records are averaged and set to the same resolution consisting of 50-

year bins (e.g. 1901-1950; 1951-2000; Figure 5—4). The Southern Hemisphere was excluded from this
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analysis due to having too few samples (111 records in total, with 13 tree-ring records) and the
suggestion of ambiguous links between the hemispheres on orbital timescales (Petit et al. 1999;

Kawamura et al. 2007; Laepple et al. 2011).
5 — 2.2 Hypothesis testing

Based on the Milankovitch cycles (Milankovi¢ 1941) we expect latitudinally and seasonally varying
temperature trends, with the strongest cooling to be found in summer-sensitive proxies from high
latitude, and the least cooling to be found in the annual temperature sensitive proxies from lower
latitudes (Berger and Loutre 1991; Laskar et al. 2004). To assess the long-term trends preserved in an
individual tree-ring record, the statistical significance of the slope of least-squares linear regressions
through each proxy record (at 50-year resolution) was evaluated, and the fraction of records that
exhibit a significant or insignificant cooling trend over the pre-industrial period (1-1800 CE), and a
warming trend over the industrial (post 1800 CE) period were recorded. Those records with significant
warming and cooling trends were further analysed with respect to proxy type (archive), latitude, and
temperature sensitive seasonality. Assuming the longer proxy records more likely exhibit a significant
long-term cooling trend, the minimum considerable length for a tree-ring proxy was set to 800 years

(PAGES 2k Consortium 2013).

Of the original 415 tree-ring datasets a subset of 70 tree-ring collections, each at least 800 years-long,
was drawn from the International Tree-ring Databank (ITRDB), or kindly provided by the original
authors, and used to test the influence of three different tree-ring detrending methods on removing
non-climatic age trends from the raw measurements (Cook et al. 2017). The tree-ring detrending
methods applied are the calculation of residuals from individually fit (i) cubic smoothing splines with
a 50% frequency-response cutoff at 100 years (SPL; Cook 1985), (ii) negative exponential functions
(NEG), and (iii) from regional growth curves (RCS; Esper et al. 2003). The individual series
detrending methods (i & ii) emphasize annual to centennial trends in the resulting index chronologies
(Cook and Peters 1981) by removing long-term trends that exceed the lengths of sampled trees. By
contrast, RCS (iii) (Briffa et al. 1992) attempts to preserve low-frequency climate variability through
its address of the so called “segment length curse” (Cook et al. 1995; Briffa and Melvin 2011).
However, RCS is best applied to large datasets with a homogenous age-structure through time to
guarantee a proper representation of the population growth curve used to detrend the data (Esper et al.
2003), and most tree-ring measurements in the 2k database do not satisfy this criterion. Prior to
detrending, a data adaptive power transformation was applied to all measurements to mitigate the
heteroscedastic nature of the tree-ring series (Cook and Peters 1997), and chronologies calculated
using the bi-weight robust means of tree-ring indices in each calendar year. In addition, the average
correlation coefficient among the individual series (Rbar; Wigley et al. 1984) was used to stabilize the
variance of the chronologies (Frank et al. 2007). The resulting chronologies produced from each of the

three methodologies i, ii, and iii were then z-transformed and averaged over 50-year bins to produce
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three unique composite chronologies. The 50-year binned composites were compared with the PAGES
2k subset composite that includes the same 70 records to investigate the influence of tree-ring

standardization on millennial scale temperature trends.

The nature of the climate signal encoded in each tree-ring record was assessed by Pearson correlation
coefficients between all 415 z-transformed tree-ring chronologies, and both the 1° and 5° gridded
CRU TS 4.01 (Harris et al. 2014) monthly June-September temperatures from 1950-1980. The
relatively short interval of 31 years was selected for computing correlations in response to the sparse
station data availability, especially in Asia, and the decline in the quality of interpolated observational
temperature data prior to 1950 (Cook et al. 2012; Krusic et al. 2015). For each re-standardized and z-
transformed chronology, the highest monthly maximum correlation coefficient was extracted and
plotted with respect to the trees’ location as provided in the metadata table (PAGES 2k Consortium
2017). The use of extended calibration periods (prior to 1950 and post 1980), and annual temperatures,
yielded no meaningful differences in the calibration results. The stability of the growth-climate
relationship was assessed by first smoothing the tree-ring and corresponding CRU temperatures using
10-year splines, to emphasize decadal and, using these splines to high-pass filter the data to accentuate
inter-annual variances. The tree-ring records were ranked according to the strength of their maximum
monthly temperature response between June and September, and averaged into 50-year binned
composites to evaluate the importance of changing signal strength on any preserved millennial-scale

trend.

5 — 3 Results
5 - 3.1 Latitude and season

In total, 66.3% of the tree-ring, 93.8% of the glacier ice, 75.0% of the marine and 79.3% of the lake
sediment records, longer than 800 years, reveal a millennial-scale cooling over the period 1-1800 CE
(Figure 5-5a). Substantial proxy differences appear when comparing the fraction of records with a
significant overall cooling trend (p < 0.05): 68.8% of the glacier ice, 54.5% of the marine and 37.9%
of the lake sediment records, but only 11.2% of the tree-ring records. Separating the data by latitude
reveals that the fraction of significantly cooling tree-ring records decreases from 25.0% at 60-90°N to
8.7% at 30-60°N, which, though the percentages are fairly small, supports the theory that the signature
of orbital forcing in tree-rings has a meridionally declining spatial signature. In contrast, the cooling
trends in glacier ice, marine and lake sediment records reach their maximum in the mid-latitudes, from
30-60°N, which contradicts this explanation. The overall number of summer temperature sensitive
proxy records showing long-term cooling is similar to the number of annual temperature sensitive
proxies showing long-term cooling, suggesting that the orbitally forced reduction in summer insolation

over the past 2k has no substantial effect on the expression of long-term trends. Over the industrial
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period 1800-2000 CE (Figure 5-5b), glacier ice, marine and lake sediments, and the tree-ring records

particularly, consistently show a temperature increase.
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Figure 5-5 | Effects of orbital forcing on low-frequency temperature trends. Summary of NH long-term
temperature trends from tree-ring, glacier ice, marine and lake sediment records longer than 800 years. The
fraction of 50-year binned records that exhibit a significant negative (dark blue) and non-significant cooling
(blueish) trend or significant (red) and non-significant (reddish) warming trend at p <0.05 over a the pre-
industrial (1-1800 CE) and b industrial (post 1800 CE) period derived from the statistical significance of the
slope of least-squares linear regressions through each individual 50-year binned proxy record. Pre-industrial
summaries are split by proxy, latitude, and seasonality. The category composite includes glacier, marine and lake

sediments, and brackets indicate the number of records per category.

5 — 3.2 Tree-ring detrending

We applied three different detrending methods with varying ability to preserve low-frequency
information on a subset of 70 of the 415 datasets in the PAGES 2k database. Together, these 70
collections include 7572 series. The single best replicated collection is the Tornetrdsk (Sweden) TRW
dataset containing 650 measurement series and the least replicated is a dataset from southern China
containing just 10 measurement series. This huge range of underlying data points to potential
weaknesses in our application of RCS, which specifically requires high sample replication (Briffa ef
al. 1992; Esper et al. 2003). Comparisons between of the SPL, NEG, RCS, and the PAGES 2k subset
composites reveals how there is substantially more low-frequency variability present in the RCS
composite chronology (Figure 5-6). Extended cool periods are seen in the intervals from 300-750 CE,
1450-1500 CE and 1600-1800 CE, and prolonged warm periods between 850-1200 CE and 1800-2000
CE. As expected (Cook et al. 1995), the SPL composite lacks any long-term cool or warm periods. In
the NEG and PAGES 2k subset composite, pre-industrial temperature variations are restricted to
multi-decadal scales, indicating cool conditions from 250-300 CE and 1450-1500 CE, warm
conditions from 550-600 CE, and a more persistent warming from 1850 CE to present. Comparison of

the RCS detrended composite against the PAGES 2k tree-ring composite reveals substantial
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differences in long-term trends in the first millennium. This demonstrable difference is a consequence
of the pronounced cooling from 300-750 CE, a feature lacking in the both the PAGES 2k subset
(Figure 5-6) as well as entire PAGES 2k tree-ring composite (Figure 5-2), but conserved in the RCS
mean chronology. From 300-750 CE, the average standard deviation in the RCS composite is -0.32,
which compares to -0.03 in the PAGES 2k subset. Good agreement exists in the second millennium, as
the magnitude, timing and strength of warm and cool intervals largely overlap. The best fit over the
entire Common Era exists among the NEG and PAGES 2k subset composites, suggesting the PAGES
2k database includes a sizable amount of NEG detrended records. However, even with the application
of RCS, which is arguably the current best method for conserving low-frequency trends in tree-rings,
the pre-industrial cooling trend in the PAGES 2k tree-ring dataset differs significantly from those

found in glacier ice, marine and lake sediment records (Figure 5-2 and Figure 5-6).
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Figure 5-6 | Effects of tree-ring detrending on low frequency temperature trends. a 50-year binned composites
from 70 RCS (red), 100-year SPL (green) and NEG (gold) standardized datasets. The PAGES 2k composite
(dark grey) includes the corresponding chronology versions that are provided in the 2.0.0 database. Shadings
indicate 95% bootstrap confidence intervals with 500 replicates, and the arrows indicate the direction of the post-
1800 temperature trend. b Temporal distribution of the samples included in the whole database (415) relative to
the detrended subset (70) and distribution of individual samples from records included in the subset (grey

shadings).

5 — 3.3 Climate signal strength

Pearson correlation analyses between the tree-ring proxy records and their respective local temperature
grids reveals considerable inter-continental differences in the proxy’s response to maximum monthly
June-September temperature (Figure 5—7a). The median correlation coefficients differ substantially by

region, reaching r = 0.6 in the Arctic, r = 0.21 in Asia, r = 0.54 in Europe and r = 0.38 in North
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America. In the Arctic 87.5%, Asia 21.1%, Europe 75.0% and North America 61.33% of the
maximum monthly June-September correlation coefficients are significant (p < 0.05), indicating a
more stable growth-climate relationships in the Arctic and Europe, compared to Asia and North
America. However, these differences might be an artefact of different sampling strategies. In the first
case (Arctic and Europe), only 16 and 8 highly temperature sensitive records are considered, but the
second case (Asia and North America) has 228 and 150 records. The differences among the
continents, as demonstrated by the distributions of their June-September correlation coefficients,
remains fairly stable in the different frequency domains, as well as for the records longer than 800
years (Figure 5-7b). To account for seasonal responses beyond June-September, and potential
influences of the calibration period, the analysis was repeated for all months, varying warm season
means, and extended the calibration periods (1950 to the end dates of the individual chronologies).
Consequently, no substantial changes were recorded (not shown). Despite significant differences in
high-to-low-frequency temperature signals we find that none of the composites, integrating the good,
medium and poorly calibrating records, contain a significant millennial-scale cooling (Figure 5-7c and
Figure 5-7d). This result suggests climate signal strength has no influence on the expression of low-

frequency trends.
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Figure 5-7 | Effects of tree-ring calibration on low-frequency temperature trends. a Maximum correlation
coefficients between NH individual site-level tree-ring records and 1x1° CRU TS 4.01 June-September monthly
temperature data over the period 1950-1980, divided by region, using 10-year high-pass filtered data (left box),
original data (central box), 10-year smoothed data (right box). Dashed line indicates the p < 0.05 threshold. b
Same as Figure 5-7a using only records longer than 800 years, and corresponding ¢ 50-year binned composites
divided by climate signal strength including records with the lowest (n= 30; rose), medium (n= 31; red) and
highest (n= 30; dark red) climate sensitivity. Light grey shadings indicate 95% bootstrap confidence intervals

with 500 replicates and d temporal distribution of the records.
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5 — 4 Discussion
5 — 4.1 Orbital signatures in regional and large-scale records

The signature of orbital forcing has been described in regional studies from the Arctic and Antarctica
(Kawamura et al. 2007; Kaufman et al. 2009; Esper et al. 2012), as well as in one Holocene climate
reconstruction based on a multiproxy collection from the northern high- and mid-latitudes; the latter
attributing a distinct value to the orbital cooling effect of 0.5 °C since the Holocene Thermal
Maximum (Marcott ef al. 2013). However, in the case of Marcott et al. (2013), it has been shown that
NH cooling is only apparent in high-latitude North Atlantic proxies, and that the trend would not exist
without them (Marsicek et al. 2018). Previous studies have also reported that it is difficult to reconcile
the negative orbital forcing trends preserved in proxy data with simulated temperatures which show a
strong warming of about 0.5 °C over the Holocene (Laepple et al. 2011; Liu et al. 2014). Our results
demonstrate that millennial-scale trends in NH proxy records are inconsistent between proxies. From a
theoretical perspective, independent of the proxy type, we would expect a stronger cooling trend in
summer temperature proxies and an increase in the strength of the trend from the mid to the high
latitudes (e.g. Kaufman et al. 2009; Esper et al. 2012). The absence of a clear meridional and seasonal
pattern demonstrates the importance of internal climate variability (Schneider and Kinter 1994; Deser
et al. 2010) and other external forcing factors (Vieira et al. 2011; Sigl et al. 2015) on proxy records.
We conclude that although tree-rings are systematically limited in their low-frequency amplitude, they
deviate from forcing expectations in the same way as all other proxies. We conclude that the reduced
low-frequency variability in tree-ring data cannot be explained by an overrepresentation of the mid-

latitudes in the global mean composite.

Despite the insignificant pre-industrial temperature changes in 86.5% of the tree-ring records,
compared to other proxies, the post 1800 CE warming trend in tree-rings is significant (25.8% versus
11.9%). Consequently, large-scale multiproxy climate reconstructions that include long tree-ring
records (> 800 years), or solely tree-ring based reconstructions developed from the PAGES 2k
database, will likely show a stronger post-1800 warming than multiproxy reconstructions that
deliberately exclude (long) tree-ring records (Figure 5-2 and Figure 5-6). The selection of the proxy
type has major implications on the reconstructed warmest interval over the Common Era. Using
marine data, the warmest period is 151-200 CE and the pre-industrial Era is dominated by a strong
cooling trend, suggesting the magnitude of the current warming is not outstanding. By contrast, in lake
sediments, ice cores, and tree-ring data, the most recent period is exceptionally warm (Figure 5-2).
This finding highlights the importance of tree-ring data in any effort to determine whether twentieth-
century temperatures are unprecedented in both their magnitude and rate of warming during the past

two millennia (Biintgen et al. 2011; Foley et al. 2013).

96



Differing pre-industrial cooling trends between tree-rings and lower-resolution temperature proxies

5 —4.2 The impact of detrending on temperature trends

The degree of similarity between the NEG tree-ring chronology produced here and the corresponding
PAGES 2k version suggests that the current PAGES 2k tree-ring collection is not the most ideal for
studying millennial scale trends. This is in large part due to the limitations of individual series
detrending (Cook et al. 1995). Even with the application of RCS (Briffa et al. 1992; Esper et al. 2003),
currently the most widely accepted method to preserve low-frequency variance in tree-ring chronology
development, detection of a millennial-scale cooling trend is still elusive. These findings clearly
demonstrate that the limited low-frequency variance in tree-ring chronologies is not solely an artefact
of inappropriate detrending, previously identified as main explanation for the observed lack of long-
term oscillations in large-scale temperature reconstructions (Mann et al. 1999; Esper et al. 2002). Our
reassessment of tree-ring chronologies also highlights the importance of the detrending methodology
in reconstructing centennial scale temperature variability, as evidenced by the performance of the RCS
chronology. In the RCS chronology we are able to clearly identify the Late Antique Little Ice Age
(LALIA) (Biintgen et al. 2016), a cool period from 300-750 CE that is absent in the PAGES 2k
version, albeit with slightly greater uncertainty about the mean. The Biintgen et al. (2016) analysis and
the dataset used in this study only share four tree-ring records in common, thus our analysis provides
independent confirmation of the existence of LALIA and cooler conditions during the Migration
period (Biintgen et al. 2011). In contrast, the PAGES 2k tree-ring time series suggest an alternation of

warmer and cooler decades, but no persistent cooling at large spatial scales, during LALIA.
5 — 4.3 Temperature sensitivity and the link to long-term trends

Temperature sensitivity was key criterion for the inclusion of data into the PAGES 2k database
(PAGES 2k Consortium 2017) and was assessed by the PAGES community through comparison with
gridded HadCRUT 4.2 temperatures (Morice et al. 2012). However, this analysis has shown the
PAGES 2k database includes many tree-ring records that have a weak relationship with local
temperature at high-to-low frequencies. The monthly maximum correlation coefficients between 1x1°
CRU TS 4.01, June-September temperature data falls below 0.2 in 126 cases. The lowest correlation
coefficient is -0.25 (unfiltered data). Such week temperature sensitivities amongst the tree-rings is
likely related to confounding non-climatic (Johnson et al. 2010; Konter et al. 2015) or hydroclimatic
(Ljungqvist et al. 2016) growth controls, or to the circumstance that some records are by nature less
sensitive to summer temperature than others (St. George 2014). Further contributions to the range of
climate signal strength found in the tree-ring proxies are related to the fact that MXD are more
sensitive to temperature than TRW records (Biintgen et al. 2009). At the same time, some records
might be more temperature sensitive than they appear due to their calibration against noisy or
inappropriate temperature targets (Bohm et al. 2009; Cook et al. 2012). The re-calibration against
instrumental temperatures showed that temperature sensitivity and absolute climate signal strength are

of limited importance for the preservation of millennium scale cooling trends in tree-ring records.
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Even the best calibrated records (r > 0.6; 1950-1980) convey a different low-frequency signature
compared to the glacier ice, marine, and lake sediment records. This observation is relevant to the
current debate in paleoclimatology on developing basic strategies for compiling proxy datasets to
represent past natural temperature variability; is it best to include (a) a large number of proxy records,
including those possessively a relatively weak temperature signal, or (b) a small number of only the

very best calibrated proxies (Christiansen and Ljungqvist 2017).

5 — 5 Conclusion

The community-sourced database of 692 different temperature-sensitive proxy records in the PAGES
2k initiative provides unprecedented opportunities to study long-term temperature trends at regional to
global scales. The synthesis of glacier ice, marine and lake sediment records that span the Common
Era reveals a persistent, millennial-scale cooling over the pre-industrial period that is missing in the
tree-ring data. This analysis has shown that the observed discrepancies in long-term trends do not arise
from the latitudinal and seasonally varying imprints of orbital forcing or the limited temperature
sensitivity of tree-ring records. Despite application of the most suitable tree-ring detrending, one that
can potentially support the preservation of low-frequency signals at millennial scale temperature
trends, substantial long-term trend differences between proxies remain. On centennial scales, due to
inappropriate detrending, some of the tree-ring records in the PAGES 2k database are limited in their
low-frequency variance. However, when a more low-frequency conserving tree-ring detrending
method is applied to the subset of suitable records new corroborating evidence for the existence of the
LALIA appears. This lack of low-frequency variance needs to be considered when combining proxies
in large-scale temperature reconstructions to avoid the underrepresentation of late Holocene cooling

trends prior to post-industrial warming in hemispheric and global mean temperature reconstructions.
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6 | Conclusions and perspectives

Paleoclimate data provide perspectives on global temperature changes over the past centuries to
millennia and enable evaluation of the 20th century warming trend against the context of natural
climate variability (Biintgen et al. 2011). However, proxies are an imperfect realization of past
climate, because they store multiple environmental impacts, thus temperature reconstructions will
naturally integrate a certain amount of noise and uncertainty (Christiansen and Ljungqvist 2017). An
improved signal-to-noise ratio in large-scale temperature reconstructions can be achieved through
proper calibration against reliable instrumental temperatures, and through the continued development

of new, high-quality reconstructions from climate-sensitive proxy datasets.

In this thesis, an important step towards the improvement of the European 2k reconstruction network
is undertaken. The two new millennial-length reconstructions for southeastern Europe, one targeting
temperature and the other drought, offer new insights into the frequency, intensity, and magnitude of
temperature and precipitation extremes in the eastern Mediterranean, and extend the annually-resolved
regional climate history by roughly 800 years. Analysis of the dendroclimatic potential in P.

heldreichii is analysed in a step-wise procedure:

First, this thesis explores climate signals inherent in eastern Mediterranean high-elevation P.
heldreichii trees growing at the tree line of Mt. Smolikas. The exploration of site-specific climate
sensitivity patterns is the first important step towards the development of long climate reconstructions
(chapter 2). TRW formation is significantly controlled by temperature in April and precipitation in
June-July which emphasizes the overall importance of an early growth onset and subsequent moisture
conditions. Inter-site differences in climate signal strength are related to slope exposure and meltwater
supply. TRW contains only a weak and temporally unstable temperature signal, making a robust
reconstruction challenging. A stable precipitation signal in the high-frequency domain, however,

points toward the potential of the TRW data to be used for hydroclimate climate reconstruction.

Based on this calibration study, in a second step, a June-July drought reconstruction using TRW and
the Standardized Precipitation Index (SPI) is established for the Balkan Peninsula over the period 730-
2015 (chapter 3). The driest year during the 1286 year-long period proves to be 1660 and the wettest
year is 1482. Comparison with shorter reconstructions and documentary evidence validates the new
reconstruction and gives additional insight into socioeconomic impacts and spatial patterns of extreme
events. The new reconstruction reveals long-term changes in the number of extremes, including

substantially fewer drought and pluvial events in the 20th century.

P. heldreichii MXD measurements have previously only spanned the past 500 years, limiting the
analysis of long-term temperature variability patterns (Trouet et al. 2012; Klesse et al. 2015). In the
following section, the first millennium-length reconstruction of late summer (August-September)

temperature extremes for the Mediterranean region based on MXD measurements is presented
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(chapter 4). Analysis of temperature extremes reveals the coldest summers occurring in 1035, 1117,
1217, 1884 and 1959 and the coldest decades being 1061-1070 and 1811-1820. The dominant mode
that drives annual-decadal temperature variability along the northeastern Mediterranean is associated
with the position of the North Atlantic Jetstream (NAJ) which, in its northward position, generates
extremely cold summer temperatures in the region, whereas it brings extremely warm summer

temperatures in an anomalous southward position.

Besides the development of long high-quality proxy data and climate reconstructions, the evaluation
of current climate reconstructions and proxy datasets is vital to reduce uncertainties in climate
reconstruction efforts. An important question that has to be answered within this context concerns the
establishment of tree-ring and multiproxy reconstructions that represent temperature variability at all
frequencies (Franke et al. 2013), since many large-scale temperature reconstructions underestimate
low-frequency variability to some extent (Christiansen and Ljungqvist 2017). In this thesis, a first step
is undertaken to identify drivers that cause the absence of a long-term cooling trend over the Common
Era (until ~1800) in a combined Northern Hemisphere tree-ring data composite that includes 415
records released by the PAGES 2k initiative (chapter 5). From a forcing perspective, cooling trends
across the Northern Hemisphere summers, particularly the high latitudes, are expectable in all proxies
due to orbitally driven changes in solar irradiance. However, long-term cooling trends are only
retained in ice cores, glacier ice, and marine sediments, but not in tree-rings. Following analyses
reveal no systematic increase of cooling trends towards high latitudes in response to increased orbital
forcing towards the northern tree line. Besides, differences in seasonality as well as regional variations
in climate sensitivity do not correlate with the cooling trends, or lack thereof, throughout the Northern
Hemisphere. Tests of different detrending methods reveal substantial effects on the reconstructed
magnitude of the Late Antique Little Ice Age during the first millennium CE because of their varying
ability to preserve low-frequency information in tree-rings. However, none of the applied
dendrochronological methods indicate retention of millennial-scale cooling trends in the tree-ring

based reconstructions.

The thesis has diverse benefits and its results serve as a base for multiple open research questions.
During the last decade, the dendroclimatic community frequently emphasized the need to sample new
or, at least, update old millennial length temperature-sensitive tree-ring archives in the extratropical
Northern and Southern Hemisphere (Wilson et al. 2016). With this dissertation, new millennial-length
tree-ring MXD and TRW records as well as one June-July hydroclimate reconstruction and one
August-September temperature reconstruction are made publicly available. The data fill a spatial and
temporal gap in the European network of millennium-length, annually-resolved tree-ring proxy
network. However, both reconstructions presented here focus on the high-frequency spectrum only.
An evaluation of cool/warm and dry/wet intervals including the timing and expression of the MWP

and LIA and associated atmospheric settings is still pending. Initial analyses have shown that medieval
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warming is delayed, supporting the theory of the absence of a global MWP (PAGES 2k Consortium
2013) and demonstrating the need for further analysis.

Additional research needs to be carried out in order to advance our understanding of atmospheric
dynamical processes associated with climate variability in (southeastern) Europe. Trouet et al. (2018)
used the link between MXD formation in the northeastern Mediterranean and British Isles and
Northern Hemisphere polar jet stream anomalies to reconstruct North Atlantic Jetstream (NAJ)
variability back to 1725. The new millennium-long MXD chronology bears the potential to reconstruct
the NAJ over longer timescales. Further, a special characteristic of the dataset introduced here is that
TRW and MXD respond to different climate parameters. Potential is given to include other measures
such as isotopes (Treydte et al. 2007) and wood anatomical features (von Arx and Carrer 2014), to
extend the spectrum of climatic and environmental information that can be extracted from P.

heldreichii tree growth.

This analysis of missing long-term temperature trends in Northern Hemisphere tree-ring records draws
attention to the circumstance that the usage of tree-rings in multiproxy reconstructions might
contribute to an underestimation of long-term trends and that this characteristic is not caused by an
inappropriate tree-ring detrending as previously suggested (Esper et al. 2004). The thesis illustrates the
need for the community to re-evaluate strategies regarding the best use of climate information from

tree-rings for (multi-) proxy climate reconstructions.
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