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Summary

Summary

Tree rings provide precise annual dating of past climatic and ecological events, offering unique
insights into the timing, frequency, and magnitude of natural environmental changes and their
impact on human history. However, statistical age-trend removal, heteroscedasticity, and non-
stationary climate-growth responses frequently challenge tree-ring width (TRW) and maximum
latewood density (MXD) measurements in capturing climate information beyond multicenten-
nial to millennial timescales. Novel proxies, including stable carbon (6'3C), oxygen (6'80), and
hydrogen (&°H) isotopes, as well as xylem anatomical traits, show great promise in addressing
these challenges. Yet, long and well-replicated isotopic and wood anatomical records remain

rare and are currently limited to a few sites.

This dissertation addresses the aforementioned topic by (l) analyzing non-stationary TRW and
MXD responses to temperature and hydroclimate conditions; (ll) introducing a methodological
advancement that enables faster and more resource-efficient development of wood anatomical
data; (lll) evaluating the skill of annually resolved and non-pooled 8'C in improving relict wood
dating and preserving climate signals in early chronology periods; (IV) examining the presence
of age trends in cellulose and lignin methoxy 6'3C, §'®0, and &°H; and (V) assessing the paleo-
climatic skill of TRW, MXD, &'*C, §'80, 6°H, radial lumen diameter (Drq), and cell wall thickness
(CWT) through a comprehensive evaluation of covariances and climate signals. For this, a new
southwest German TRW network, an 850-year-long Pinus nigra MXD chronology from Corsica
(France), and new isotopic and wood anatomical data of Bosnian pines (Pinus heldreichii) from

Mt. Smolikas (Greece) are established within the framework of this thesis.

Key findings include the detection of drought-related, non-stationary TRW and MXD responses
to temperature in central and southern European forests, the strength of non-pooled cellulose
6"*C measurements in enhancing the crossdating precision of relict pine stems and preserving
climatic signals in early chronology periods, and the advantage of isotopic and anatomical data
over TRW for reconstructing past Eastern Mediterranean precipitation variability at interannual
to multicentennial timescales. The results of this thesis pave the way for a better understanding
of late-Holocene hydroclimate dynamics in the Mediterranean and underscore the importance
of integrating isotopic, particularly cellulose '*C, and wood anatomical data into existing tree-

ring networks to improve paleoclimate reconstructions and future climate projections.



Zusammenfassung

Zusammenfassung

Baumringe ermdglichen die jahrgenaue Datierung vergangener klimatischer und 6kologischer
Ereignisse und gewahren damit Einblicke in das Timing, die Haufigkeit und das Ausmaf} na-
turlicher Umweltveranderungen sowie deren Auswirkungen auf die Menschheitsgeschichte.
Die Entfernung von Alterstrends, Heteroskedastizitat und nichtstationare Klima-Wachstumsre-
aktionen stellen jedoch erhebliche Herausforderungen flr Jahrringbreite (TRW) und maximale
Spatholzdichte (MXD) Messungen dar, wenn es darum geht, Klimainformationen auf hundert-
bis tausendjahrigen Zeitskalen zu erfassen. Neue Proxys wie stabile Kohlenstoff- (5'*C), Sau-
erstoff- (6'80) und Wasserstoffisotope (6°H) sowie holzanatomische Merkmale zeigen groRes
Potenzial, diese Herausforderungen zu Uberwinden. Allerdings sind lange und gut replizierte

Zeitreihen dieser Proxys noch selten und auf wenige Standorte begrenzt.

Die vorliegende Dissertation adressiert diese Thematik durch: (I) die Analyse nicht-stationarer
TRW- und MXD-Reaktionen auf Temperatur- und Hydroklimabedingungen; (ll) die Etablierung
einer verbesserten Methode zur effizienteren Erstellung von holzanatomischen Daten; (lll) die
Bewertung des Potentials von jéahrlich aufgeldsten und individuellen 6'*C Messungen zur bes-
seren Reliktholzdatierung und zur Erhaltung von Klimasignalen in friihen Zeitperioden; (IV) die
Untersuchung von Alterstrends in Zellulose und Lignin-methoxy &'*C, 5'80 und &°H; sowie (V)
die Bewertung des paléaoklimatischen Potentials von TRW, MXD, &*C, &80, 6°H, des radialen
Lumen-Durchmesser (Drad) und der Zellwanddicke (CWT) durch eine umfassende Analyse von
Kovarianzen und Klimasignalen. Hierzu wird ein sidwestdeutsches Jahrringbreiten-Netzwerk,
eine 850-Jahre-lange MXD-Chronologie von korsischen Schwarzkiefern (Pinus nigra) sowie
neue isotopische und holzanatomische Messungen an Bosnischen Kiefern (Pinus heldreichii)

vom Smolikas-Berg in Griechenland prasentiert.

Die Schliusselbefunde dieser Arbeit umfassen die Identifikation von dirrebedingten, nicht-sta-
tionaren TRW- und MXD-Reaktionen auf Temperaturen in Zentral- und Stideuropa, die Starke
individueller Zellulose-6"*C-Messungen zur verbesserten Reliktholzdatierung und Klimasignal-
erhaltung in frihen Zeitperioden sowie den Vorteil von isotopischen und holzanatomischen
Daten gegentiber TRW bei der Rekonstruktion vergangener Niederschlagsvariabilitat im éstli-
chen Mittelmeerraum. Die Ergebnisse dieser Dissertation ebnen den Weg zu einem umfang-
reicheren Verstandnis der spatholozanen Hydroklimadynamik im Mittelmeerraum und betonen
die Notwendigkeit, isotopische, insbesondere Zellulose-6'C, sowie holzanatomische Daten in
bestehende Jahrringnetzwerke zu integrieren, um Palaoklimarekonstruktionen und zuktinftige

Klimaprognosen zu verbessern.
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1 Introduction

1 Introduction

Tree rings are one of the most valuable archives for placing recent environmental changes into
the long-term context of Common Era natural climate variability (Blntgen et al. 2021; Esper et
al. 2024). Unlike other natural archives, such as ice cores or lake and marine sediments, tree-
ring measurements offer precise annual dating of past climatic and ecological events, including
post-volcanic cooling (Briffa et al. 1998a; Schneider et al. 2017) and regional insect outbreaks
(Buntgen et al. 2009; Esper et al. 2007). This temporal precision makes tree rings essential for
understanding the timing, frequency, and magnitude of past environmental changes and their
profound implications for human history (Blintgen et al. 2011; McCormick et al. 2012). Further-
more, the extensive distribution of trees across the Earth’s temperate and boreal zones, par-
ticularly in the Northern Hemisphere, enhances their utility as paleoclimatic archives by provid-
ing comprehensive spatial coverage that facilitates the reconstruction of past climate variability
at regional to hemispheric scales (Anchukaitis et al. 2017; Briffa et al. 2001, 2004; Blntgen et
al. 2020a; D’Arrigo et al. 2006; Esper et al. 2024).

The longevity of trees and the unique possibility of crossdating relict wood, such as subfossil,
archeological, or historical construction timber (Fritts 1976), enable the characterization of mul-
ticentennial-to-millennial-scale climate variability, surpassing the temporal scope of instrumen-
tal observations. However, non-stationary climate-growth responses and a large-scale decou-
pling of northern-latitude tree-ring records from regional temperature trends since the mid-20"
century question the suitability of tree-ring width (TRW) and maximum latewood density (MXD)
measurements to accurately reconstruct past climate conditions, particularly temperature fluc-
tuations (Briffa et al. 1998b; D’Arrigo 2008; Jacoby & D’Arrigo 1995). Existing reconstructions
based on TRW and MXD might underestimate temperatures during the putative Roman (~250
BCE - 300 CE) and Medieval (~950-1250 CE) Warm Periods, potentially skewing the accurate

assessment of recent warming trends (IPCC 2021).

Additionally, the removal of age-related (non-climatic) trends in TRW and MXD through stand-
ardization, which is essential for climate calibration of these proxies (Braker 1981), can result
in a loss of valuable low-frequency climate information (Cook et al. 1995). Consequently, TRW-
and MXD-derived reconstructions may not capture the full spectrum of climate variability. This
potential loss of climate information, along with the fading temperature sensitivity of TRW and
MXD chronologies in recent decades, underscores the urgent need for alternative proxy meas-
urements to enhance our understanding of natural climate variability throughout the late Holo-
cene (Blntgen 2022; Esper & Blintgen 2021). Such a long-term perspective is key for disen-
tangling the relative contributions of natural and anthropogenic forcing to recent warming, im-
proving climate model simulations, and developing effective strategies for climate change mit-

igation and adaptation.
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1.1 Tree-ring proxies

Tree-ring formation is based on the annual cycle of tree growth (spring-autumn) and dormancy
(winter), resulting from seasonal climate fluctuations in extratropical regions (Fritts 1976). Dur-
ing the growing season, the vascular cambium of gymnosperms, located beneath the bark and
composed of meristematic cells, produces undifferentiated xylem cells (tracheids) through per-
iclinal cell division. These tracheids then undergo successive differentiation processes, includ-
ing cell expansion, secondary cell wall deposition and lignification, and programmed cell death
(Plomion et al. 2001; Rathgeber et al. 2016). In spring and early summer, tracheid lumina are
notably enlarged for efficient water uptake, resulting in the formation of light-colored earlywood.
As the growing season progresses towards late summer and autumn, narrower tracheids with
thickened and strongly lignified cell walls develop to ensure mechanical strength before cam-
bial activity ceases. This denser part of the ring represents the latewood. The sharp transitions
between the dense latewood cells and enlarged earlywood cells of the following year mark the

ring boundaries and enable the annual dating precision of tree rings (Fig. 1.1).

Growth direction (pith to bark)
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Fig. 1.1 Magnified cross-section of a gymnosperm xylem (Pinus heldreichii from Mt. Smolikas, Greece).
The image shows two consecutive tree rings with large earlywood and smaller latewood cells. Tree-ring
boundaries are marked by orange dashed lines.

The width of each ring generally reflects the growing conditions encountered by the tree, where
wider rings often signify favorable conditions such as abundant rainfall or warm temperatures,
while narrower rings indicate periods of environmental stress like drought or cold (Fritts 1976).
This dependence of TRW on climate conditions typically leads to synchronous growth patterns
across trees, sites, and regions, facilitating the study of species-specific climate-growth re-
sponses at local to continental scales (St. George 2014). Climate signals in TRW are particu-
larly strong in regions where temperature (high latitudes or altitudes) or water availability (arid
environments) primarily limit tree growth, thereby enabling the reconstruction of past temper-
ature (Esper et al. 2016), precipitation (Ljungqvist et al. 2020), and drought variability (Cook et

al. 2004, 2015). In temperate regions, however, the assessment of climate-growth responses
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is more challenging due to the complex interactions of biotic and abiotic factors influencing tree
growth (Babst et al. 2013; Neuwirth et al. 2007).

Over past decades, radiodensitometric measurements of wood density have significantly ad-
vanced dendroclimatological research (Bjorklund et al. 2019). Specifically MXD, representing
the peak latewood density of each ring, has emerged as a valuable warm-season temperature
proxy. MXD measurements exhibit strong common signals among trees and sites (Briffa et al.
2002, 2004), demonstrate superior calibration against instrumental temperatures compared to
TRW (Esper et al. 2016; Frank & Esper 2005; Hartl et al. 2022), contain less non-climatic noise
(Esper et al. 2015; Franke et al. 2013), and are less affected by large-scale disturbances (Ry-
dval et al. 2018). The recent integration of MXD data into hemispheric tree-ring networks has
significantly improved the statistical skill of large-scale temperature reconstructions (Christian-
sen & Ljungqvist 2017; Esper et al. 2018). Moreover, MXD facilitates the reconstruction of past
temperature variability in regions where TRW has proven inadequate as a temperature proxy,
such as the Mediterranean (Buntgen et al. 2017, 2024; Esper et al. 2020a, 2020b; Leonelli et
al. 2017). However, similar to TRW, age-related trends in MXD necessitate standardization for

accurate paleoclimatic reconstruction (Braker 1981).

In addition to TRW and MXD, tree-ring stable isotopes (TRSI), including stable carbon (5'3C),
oxygen (6'80), and hydrogen (&%H) isotope ratios, have recently emerged as robust proxies to
reconstruct past climate fluctuations at interannual to multimillennial timescales (e.g., Bintgen
et al. 2021; Nakatsuka et al. 2020; Yang et al. 2021). To minimize non-climatic noise resulting
from mobile compounds and their transport along parenchyma cells (Gessler et al. 2014), TRSI
measurements are typically performed on a-cellulose. Cellulose TRSIs, in particular 5'*C and
6'80, usually exhibit strong covariances across tree species and space (Hartl-Meier et al. 2015;
Saurer et al. 2008; Treydte et al. 2007), indicate strong and robust correlations with tempera-
ture, hydroclimatic, and radiative variables (Gagen et al. 2022), frequently lack long-term on-
togenetic trends (Arosio et al. 2020; Blintgen et al. 2020b; Gagen et al. 2007; Torbenson et al.
2022; Young et al. 2011), and require fewer trees than TRW or MXD for establishing reliable
site chronologies (Belmecheri et al. 2022; Leavitt 2010). In addition, 3'*C and &'®0 often exhibit
strong climatic signals in temperate regions where conventional proxies typically fail as paleo-
climate predictors (Buntgen et al. 2021; Hartl-Meier et al. 2015; Labuhn et al. 2016).

Climate signals in cellulose &°H are generally weaker and more species- and site-specific than
those of 6'*C and 6'®0 (Vitali et al. 2022). H measurements on lignin methoxy groups, how-
ever, have shown great potential in reconstructing European-scale temperature changes (An-
hauser et al. 2020; Wieland et al. 2022). Since lignin is formed in the xylem, the 8°H values of
methoxy groups are unaffected by the evaporative ?H enrichment of leaf water and therefore

closely reflect the temperature-controlled &°H signature of precipitation (Anhauser et al. 2017;
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Dansgaard 1964). TRSI measurements on methoxy groups provide a fast and cheap alterna-
tive to cellulose isotopes but require more material (Greule et al. 2008, 2009; Keppler et al.
2007). Besides &°H, lignin methoxy 6'3C has also demonstrated significant temperature signals
across various Eurasian sites (Gori et al. 2013; Lu et al. 2020; Riechelmann et al. 2016; Wang
et al. 2020; Wieland et al. 2022). However, necessary corrections to address the recent deple-
tion of atmospheric '*C due to anthropogenic CO, emissions (Suess effect; Keeling 1979) and
the increasing leaf-internal '*C discrimination under elevated CO. concentrations (McCarroll
et al. 2009; Waterhouse et al. 2004) pose challenges to the calibration efforts of both cellulose

and lignin methoxy &'*C chronologies.

Recent technological and methodological advancements in quantitative wood anatomy (QWA)
have further opened new avenues for high-resolution paleoclimatology, significantly enhancing
our ability to assess climate signals in tree-ring structures with greater spatiotemporal precision
(Fonti et al. 2009; Prendin et al. 2017; von Arx & Carrer 2014). However, the creation of wood
anatomical chronologies still requires significantly more labor compared to TRW or MXD (von
Arx et al. 2016), resulting in QWA data often being less extensively replicated. Further innova-
tions in microscopic slide preparation and digital image analysis are therefore urgently needed
to improve measurement efficiency and enable the development of large-scale QWA networks.
Key paleoclimatic QWA metrics include various lumen dimensions such as radial lumen diam-
eter (Drad), hydraulic diameter (Dy), and mean lumen area (MLA), as well as measurements of
radial and tangential cell wall thickness (CWTas/CWTtan) and wood anatomical densities (Bal-
anzategui et al. 2021; Bjorklund et al. 2020, Carrer et al. 2018; Lopez-Saez et al. 2023; Sefti-
gen et al. 2022; Ziaco et al. 2016). Given the potential of these proxies to significantly improve
past climate estimates (Bjorklund et al. 2023), the development of new long-term QWA records

is crucial to further advance high-resolution paleoclimatology.

1.2 Objectives and structure of this dissertation

This dissertation examines the aforementioned tree-ring proxies across a variety of European
tree species, including Fagus sylvatica, Larix decidua, Picea abies, Pinus cembra, Pinus hel-
dreichii, Pinus nigra, and Pinus sylvestris (Fig. 1.2), with the aim of providing a comprehensive
assessment of their strengths and limitations for paleoclimatic, archaeological, and ecological
research. Chapters 2-7 present new findings from dendrochronological case studies, focusing
specifically on the covariance among individual series, the climate sensitivity of these proxies,
and the presence of ontogenetic trends, in order to identify the most suitable proxies for climate
reconstruction trials. Chapter 4 introduces methodological advances aimed at faster and more
efficient QWA measurements. Results are compared with previous research to gain a deeper

understanding of complementary and redundant climatic information that can be obtained from
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the proxies under diverse environmental conditions, thereby providing refined tools and tech-

niques for reconstructing past climate variability from tree-ring data.

SW Germany (100-850 m asl)
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Fig. 1.2 Location of the study sites and images of the investigated tree species: Fagus sylvatica (FASY),
Larix decidua (LADE), Picea abies (PIAB), Pinus cembra (PICE), Pinus heldreichii (PIHE), Pinus nigra
(PINI), and Pinus sylvestris (PISY).

Chapter 2, “Growth characteristics and drought vulnerability of southwest German spruce and
pine”, introduces a tree-ring network of 1943 spruce and pine trees to assess the growth per-
formance and climate-growth responses of Picea abies [L.] Karst and Pinus sylvestris L. along
altitudinal gradients in southwest Germany. Various detrending techniques are applied to iden-
tify the optimal frequencies for climate calibration trials, and regional spruce and pine chronol-
ogies are created to evaluate species-specific climate-growth responses. The temperature and
hydroclimatic signals in spruce and pine growth are discussed in the context of recent climate
change and the broader scope of Central European forest growth. By assessing non-stationary
climate-growth responses, this chapter highlights the complexity and limitations of TRW meas-
urements for paleoclimate research. The author made significant contributions to the concept
and methodological development, conducted data analysis and interpretation, created the fig-
ures, and drafted the manuscript with support from the co-authors. The manuscript is currently

under review in the European Journal of Forest Research.

Chapter 3, “Reduced temperature sensitivity of maximum latewood density formation in high-
elevation Corsican pines under recent warming”, presents an 850-year-long MXD chronology

for the central Mediterranean region. The MXD record calibrates well with instrumental April-
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July and September-October temperatures from 1901 to 1980 CE (r = 0.52), and aligns with
the world’s best replicated MXD chronology from the Spanish Pyrenees (Blntgen et al. 2017).
However, despite addressing sample age issues through age-band decomposition, it fails to
capture the most recent temperature increase in the 215t century. Potential plant physiological
causes and paleoclimatic consequences of the non-stationary and bimodal MXD response to
temperature are discussed in the context of recent warming. The author made significant con-
tributions to the concept and methodological development, conducted data analysis and inter-
pretation, created the figures, and wrote the manuscript with support from the co-authors. The

manuscript was published in Atmosphere (12) in June 2021 (Rémer et al. 2021).

Chapter 4, “Review of embedding and non-embedding techniques for quantitative wood anat-
omy”, examines the necessity of paraffin embedding in QWA. By comparing digital images and
wood anatomical chronologies from both embedded and non-embedded microsections across
a variety of coniferous and deciduous tree species, this chapter demonstrates that embedding
is not essential for producing high-quality wood anatomical slides. Omitting paraffin embedding
in the QWA preparation saves time and resources, avoids the utilization of harmful chemicals,
and facilitates the development of QWA records with larger sample sizes, marking a significant
step toward the faster establishment of QWA networks. The author made significant contribu-
tions to the concept and methodological development, participated in data analysis and inter-
pretation, and drafted the manuscript together with Davide Frigo and the support of the other
co-authors. The manuscript was published in Dendrochronologia (88) in July 2024 (Frigo et al.
2024).

Chapter 5, “Multi-proxy crossdating extends the longest high-elevation tree-ring chronology
from the Mediterranean”, explores the crossdating potential of TRW, MXD, and &'*C measure-
ments and their ability to preserve environmental signals in early chronology periods. For this,
new annually resolved and non-pooled &'*C measurements were conducted on the a-cellulose
of first millennium relict pine (Pinus heldreichii) samples from Mt. Smolikas, Greece. The &'°C
data are used to reassess and correct the crossdating of older TRW and MXD samples through
a comprehensive analysis of inter-series correlations. The associated corrections are verified
by wiggle-matching annual radiocarbon ('#C) data along the 774/775 CE cosmic event (Miyake
et al. 2012). Applications and limitations of the high-resolution §'*C measurements are derived,
evaluated, and discussed in the broader context of archaeological and paleoclimatic research.
The author made significant contributions to the concept and methodological development,
conducted data analysis and interpretation, created the figures, and wrote the manuscript with
support from the co-authors. The manuscript was published in Dendrochronologia (79) in June
2023 (Rémer et al. 2023).
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Chapter 6, “Tree-ring stable isotopes in cellulose and lignin methoxy groups reveal different
age-related behaviour”, examines the presence of age-related trends in TRW, MXD, cellulose
stable carbon (6'3C,) and oxygen (6'80.) isotopes, and methoxy carbon (6'*Cm) and hydrogen
(6°Hm) isotopes. Proxy measurements are conducted on living and relict pines from Mt. Smoli-
kas, Greece, spanning various germination and end dates over the past 1500 years. This broad
temporal coverage provides an ideal framework for quantifying and evaluating biological, non-
climatic age trends. However, significant level offsets between living and relict 5'®0. and 6°Hm,
values prevent the combined use of living and relict wood for reliable age-trend assessment,
necessitating sole reliance on relict wood. The relict TRW, MXD, &'3C,, and &'®O. series are
converted from annual to decadal resolution to match the decadal 6'*Cn and &*Hn data and
are aligned by cambial age to determine long-term age trends. The chapter draws comparisons
with previous age-trend studies and provides suggestions for future paleoclimate research in
the Mediterranean. The author made significant contributions to the concept and methodolog-
ical development, participated in data analysis and interpretation, and drafted the manuscript
together with Anna Wieland and the support of the other co-authors. The manuscript was pub-
lished in Quaternary International (693) in May 2024 (Wieland et al. 2024).

Chapter 7, “Covariance and climate signals among state-of-the-art tree-ring proxies”, evalu-
ates the potential of TRW, MXD, 6"C., 8'*Cm, '80¢, 6°Hm, Drad, and CWT for high-resolution
paleoclimatic reconstructions in the Mediterranean. Proxy measurements were conducted on
the same living Bosnian pines (n = 10 trees) from Mt. Smolikas, Greece, to assess covariance
both between and within the proxies and determine their climate sensitivities. Different detrend-
ing techniques are applied in search of the optimal choice for climate calibration, and different
CO: corrections are implemented on the &'*C records to evaluate the impact on signal strength.
Sub-seasonal time series of anatomical traits are generated to quantify the intra-annual varia-
bility of Drag and CWT, and a principal component analysis is used to assess similarities and
differences between the QWA sector chronologies and the annual proxy records. The obtained
climate signals are compared with those from other Mediterranean sites to assess the proxies’
paleoclimatic skills and provide recommendations for future research. The author made signif-
icant contributions to the concept and methodological development, conducted data analysis
and interpretation, created the figures, and drafted the manuscript together with Anna Wieland
and the support of the other co-authors. The manuscript is currently under review in Quater-

nary Science Reviews.
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Abstract

Although it is evident that forest management needs to adapt to fast changing climate condi-
tions, there are still many uncertainties about how European tree species will perform under
predicted temperature increases and associated hydroclimatic extremes. Here, we present a
dendrochronological network of 1934 trees from 46 sites across southwest Germany to assess
the growth performance of Norway spruce and Scots pine between 100-820 m asl under recent
climatic changes. Growth comparisons including basal area increment (BAI) show that spruce
(BAlayg = 15.4 cm? a™') grew twice than pine (BAlag = 7.3 cm? a™') between 1952-2009 CE.
Drought is the dominant driver of conifer growth but shows a transition in seasonality along
elevational gradients. Below 550 m asl, both species are strongly limited by water availability
during summer, while spruce stands above 550 m asl become increasingly sensitive to previ-
ous-year moisture conditions. Positive correlations with February-March temperatures indicate
an increasing importance of late-winter conditions for pine growth, likely related to rapidly rising
air temperatures since the late 1980s and seasonal changes in photosynthetic activity. While
the positive associations with late-winter temperatures appear beneficial for pine, significant
moisture limitations and BAI losses up to 68% during the driest summers call for more drought-

resistant species in southwest Germany.

Keywords: climate signals, dendroecology, Picea abies, Pinus sylvestris, temperate forest,
tree-ring width.
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2.1 Introduction

Central European temperate forests are important terrestrial carbon sinks that mitigate global
warming (Harris et al. 2021). However, the health and productivity of these forests under future
climate change is highly uncertain (Bonan 2008). While rising temperatures extend the growing
season and increase photosynthetic activity in spring and autumn, they also amplify the mag-

nitude and duration of heatwaves and droughts (Masson-Delmotte et al. 2021).

Tree-ring studies offer the opportunity to quantify forest growth at annual resolution and assess
its environmental forcing over past decades. Although assessing climate-growth responses in
managed forests can be challenging (Esper et al. 2012), tree-ring width (TRW) is a reliable
indicator of forest productivity (Xu et al. 2017) and vitality (Dobbertin 2005) that provides valu-
able insights into multidecadal growth trends at regional to continental scales. In Europe, forest
growth has recently shown divergent trends across tree species and space (KaSpar et al. 2024;
Martinez del Castillo et al. 2022; Pretzsch et al. 2023). Most species benefit from the rising air
temperatures at higher latitudes and altitudes but suffer substantial growth losses at low alti-
tudes and in southern European regions. However, growth trends are less clear in the Euro-
pean lowlands, where precipitation patterns remain ambiguous (Aalbers et al. 2018) and silvi-

culture recently faces unprecedented challenges (Senf et al. 2020).

Norway spruce (Picea abies [L.] Karst) and Scots pine (Pinus sylvestris L.) are the most eco-
nomically important coniferous species in Europe, accounting for ~53% of the European-wide
growing stock (Korhonen & Stahl 2020). The two conifers were widely cultivated since the 18™
century, as they grow fast on various types of soil and ensure high timber yields (Johann et al.
2004; Spiecker 2003). Norway spruce is a shade-tolerant tree species with a shallow root sys-
tem that prefers nutrient-rich soils and naturally grows in the cold and moist environments of
the boreal zone and the European mountains (Caudullo et al. 2016). In Europe, large portions
of spruce were planted outside their natural distribution range, specifically in warmer and drier
regions (Kolling et al. 2009). In these environments, Norway spruce is particularly susceptible
to drought (e.g., Altman et al. 2017; Zang et al. 2014) and growth is frequently limited by sum-
mer precipitation (Debel et al. 2021; Esper et al. 2012; Lebourgeois 2007; Rybnicek et al. 2010;
van der Maaten-Theunissen et al. 2013; Zang et al. 2011), though effects on forest productivity

vary with regional climate and site conditions (Krejza et al. 2021; Treml et al. 2021).

Although Scots pine is more drought resilient than Norway spruce due to a distinct plasticity in
xylem anatomical structures and effective stomatal control mechanisms (Eilmann et al. 2009;
Irvine et al. 1998), Central European pine growth is also frequently limited by summer moisture
availability (Bose et al. 2020; Lévesque et al. 2014). In recent decades, late-winter tempera-
tures became important for pine growth (Diers et al. 2023, 2024; Harvey et al. 2020; Janecka

et al. 2020; Stolz et al. 2021), possibly reflecting a trade-off between enhanced winter and
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reduced summer photosynthesis. While the underlying physiological processes are not yet well
understood, there is extensive evidence for analogous late-winter temperature signals in pine
growth at several low-elevation temperate forest sites (Friedrichs et al. 2009; Koprowski et al.
2012; Lebourgeois et al. 2010; Nagavciuc et al. 2019; Seidling et al. 2012).

In the lowlands and low mountain ranges of southwest Germany, the region with the highest
national forest density (BMEL 2023), there is a lack of TRW data integrating measurements
from multiple sites to assess the regional growth of spruce and pine during the recent periods
of rapid climate change. Here, we present a TRW network for southwest Germany comprising
46 sites to (1) assess the growth performance of the two conifers during the second half of the
20™ and early 21t centuries considering the influence of elevation, tree age, and microclimate,
(I identify climatic drivers of regional spruce and pine growth, and (lll) evaluate how climate

sensitivities of the two species may have changed under recent climate change.

2.2 Material and methods

2.2.1 Study area and climate

Between 2010 and 2021, a total of 1831 spruce (Picea abies [L.] Karst) and 1942 pine (Pinus
sylvestris L.) samples were collected to establish a network of 46 sites in southwest Germany
(49-51°N/6-9°E; Fig. 2.1a). The 22 spruce and 24 pine sites are located along altitudinal gra-
dients ranging from 100 m asl in the Upper Rhine Valley to 820 m asl in the Rhenish Massif
(Table 2.1). Scots pine is the dominant conifer in the lowlands (< 400 m asl), while Norway
spruce prevails at higher elevations. The pine stands are slightly older (Fig. 2.1b) and predom-
inant in the Palatinate Forest and Upper Rhine Plain on less fertile loamy sands and sandy
clays, such as lean cambisols and fluvisols. In contrast, spruce grows mainly in the Rhenish
massif on silty loams and clays, such as podzolic cambisols, luvisols, regosols, and stagnosols
(Richter et al. 2007; Zech et al. 2014).

Table 2.1 Characteristics of the southwest German tree-ring network.

Species Sites on Elevation MSL 10 AGR t 10 Rbar
series | trees [m asl] [years] [mm]

Norway spruce 22 1831 | 948 340-820 81+16 2.35+0.60 0.46

Scots pine 24 1942 | 986 100-570 115 + 26 1.57 £ 0.47 0.50

MSL: mean segment length + 1 standard deviation (o). AGR: average growth rate [mm] calculated over the first 60
years of cambial age (+ 10). Rbar: mean inter-series correlation of the 10SP chronologies (1952-2009 CE).
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Fig. 2.1 Tree-ring and environmental data. (a) Topographic map showing spruce (circles) and pine (tri-
angles) sites colored according to their mean segment lengths (MSL). (b) Periods covered by tree-ring
chronologies and environmental records. Grey bars show the full tree-ring records, black bars indicate
lengths after truncation at n = 10 series. The common period of all series (1952-2009 CE) is highlighted
in light yellow.

Within the southwest German TRW network, mean annual air temperatures vary from 10.5°C
at the lowest pine site (109 m asl) to 6.3°C at the highest spruce site (819 m asl), while annual
rainfall totals range from 643 mm to 944 mm. Consequently, the lowlands, especially the Up-
per Rhine Plain, are more affected by summer drought than the low mountain ranges (Fig.
2.2a-c). In recent decades (1952-2009 CE), annual maximum air temperatures (Tmax) and pre-
cipitation increased by 0.03°C a' and 1 mm a™, respectively (Fig. 2.2d-f). Temperature and
precipitation changes, however, differ notably by month. Tmax increased distinctly more in July
and August, while June-August precipitation decreased contrary to the opposing trends in the
other seasons (Fig. 2.2g-h). As a result, soil moisture availability increased from fall to spring

but decreased in late-summer (Fig. 2.2i).
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Fig. 2.2 Climate and soil moisture conditions in southwest Germany. Maps of annual (a) maximum air
temperatures (Tmax), (b) precipitation (Prec), and (c¢) soil moisture indices (SMI). Time series of annual
(d) Tmax, (e) Prec, and (f) SMI derived from nearby gridded data. Each dot represents one grid. Dashed
lines show linear trends from 1952-2009 CE, R2 values are the coefficients of determination. Monthly
(g) Tmax, (h) Prec, and (i) SMI changes between the subperiods S2 (1981-2009 CE) and S1 (1952-1980
CE). Boxplots show the distribution among grid cells. White bars are the medians, boxes the 25%- and
75%-quartiles, whiskers the min and max values within 1.5x the interquartile range, and dots are outliers.
Positive residuals indicate higher values in the recent subperiod S2 compared to subperiod S1.

2.2.2 Tree-ring width and basal area increment data
At all sampling sites, one or two increment cores were collected at breast height (~1.3 m) from
dominant and suppressed conifers using a 5-mm increment borer. The network includes 948

spruce and 986 pine trees from managed, mostly even-aged monoculture stands. Sample size
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per site ranges from 39 to 148 series, with an average of 82 + 23 (10) series per site (Table
S$2.1). If more than one sample was collected, the cores were extracted from opposite stem
directions perpendicular to the slope to avoid compression wood. TRW was measured at an
accuracy of 0.01 mm using the high-precision LINTAB 6 device (Rinntech, Heidelberg, Ger-
many) and TSAP-Win software (Rinn 2012). Visual and statistical crossdating was performed
using skeleton plots (Stokes & Smiley 1996) and the COFECHA software (Holmes 1983).

TRW measurements were averaged (per tree) and converted to basal area increments (BAI;

cm? a') using the bai.out function of the R package dp/R (Bunn 2008) considering:
BAI = m (r2 — r%_), (2.1)

where r, is the distance from the pith to the outer tree-ring boundary of the actual year, and
r.-1 is the distance from the pith to the outer ring boundary of the previous year (Fig. S2.1a).
Unlike TRW, BAI accounts for geometrical constraints of adding a cross-sectional area to an
expanding stem radius. However, as age-related BAI trends may distort comparisons among
different tree and stand ages (Weiner & Thomas 2001), we additionally calculated average
growth rates (AGR) over the first 60 years of tree age by aligning each TRW series according
to its cambial age (Fig. S2.1b). The arithmetic means of the age-aligned series are referred to
as regional curves (Esper et al. 2003). Potential dependencies of BAl and AGR on tree age,
elevation, and microclimatic conditions (air temperature, precipitation, and soil moisture) were

evaluated using linear regression models.

2.2.3 Detrending and chronology development

Non-climatic trends were removed from the TRW series by calculating residuals from cubic
smoothing splines with a 50% frequency-response cutoff at 10 years (10SP) and from negative
exponential curves (EXP; Fig. $2.1c). Alternative spline detrendings were applied to evaluate
standardization effects on high-to-low frequency chronology variance and network covariance
(Fig. S2.2). Prior to each detrending, a data-adaptive power transformation was used to mini-
mize the heteroscedastic structure of the TRW data (Cook & Peters 1997). Site chronologies
were produced using the ARSTAN software (ARS41d; Cook et al. 2017) by calculating bi-
weight robust means of the detrended series. The site chronologies were variance-stabilized
(Frank et al. 2007) and truncated at n < 10 series. Inter-series correlations (Rbar) were com-
puted over 30-year segments with a 29-year overlap to estimate changes in covariance inher-
ent in the site chronologies (Cook & Kairiukstis 1990). Network covariance was assessed by
calculating Pearson correlations between the detrended site chronologies over the 1952-2009

CE common period.
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2.2.4 Climate data and calibration

High-resolution temperature and precipitation data (1 x 1 km) from the German Weather Ser-
vice (http://www.dwd.de/cdc; Kaspar et al. 2013) and soil moisture data (4 x 4 km) from the
German Drought Monitor (https://www.ufz.de/index.php?en=37937; Zink et al. 2016) were
used to characterize the conditions at each sampling site. We extracted monthly time series of
Tmax, precipitation, and the soil moisture index (SMI) from grids closest to each site and calcu-
lated seasonal means. The SMI indicates water availability in the top 180 cm of the soil (Zink
et al. 2016). April-October was defined as the growing season based on monthly temperature

and daily dendrometer data (Klippel et al. 2017).

Climate-growth relationships were assessed by computing Pearson correlations between the
10SP site chronologies and the environmental variables using the R package treeclim (Zang
& Biondi 2015). As with TRW, the environmental data were high-pass filtered prior to correla-
tion analyses by calculating residuals from cubic smoothing splines with a 50% frequency cut-
off at 10 years. Bootstrap correlations (n = 1000) were computed over the 1952-2009 CE pe-
riod using an 18-month time window ranging from previous-year May to current-year October.
Field correlations were calculated using the regional spruce and pine chronologies with 0.25°
x 0.25° gridded EOBS data (v25.0e; Cornes et al. 2018) in the KNMI Climate Explorer (Trouet
& van Oldenborgh 2013), and 21-year running correlations were applied to assess the station-

arity of climate signals.

2.3 Results

2.3.1 Southwest German growth characteristics

The regional curves of the age-aligned TRW series show distinct negative exponential trends
that are fairly homogeneous across the 22 spruce and 24 pine sites (Fig. 2.3a-d). TRW de-
creases as a function of age, though AGRs of spruce are significantly higher than those of pine
(1.2-3.5mm a' versus 1.0-2.7 mm a™, p < 0.01). The lower AGRs of pine are due to a steeper
TRW decline in the first ~25 years of cambial age and persistently lower values thereafter. The
total number of rings per series varies from five to 154 years among the 1831 individual spruce
series (X = 82 years) and from 16 to 190 years among the 1942 individual pine series (X = 118

years), indicating a higher average tree age for the pine samples.

The BAI chronologies reveal significant (p < 0.001) growth differences between spruce (15.4
+ 4.6 cm? a™) and pine (7.3 + 3.3 cm? a™') from 1952-2009 CE (Fig. 2.3e-f). While spruce BAI
increased strongly by ~0.17 cm? a™' throughout the 20" century, the pine BAI rose moderately
by ~0.08 cm? a™' during the first half of the 20" century, and remained fairly stable thereafter.
Alignment of the BAI series by cambial age outlines notable age trends consisting of growth

increases up to ~110 years, followed by a stationary growth plateau and declining phase (only
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for pine) as the trees become older (Fig. $2.3). The initial growth acceleration is much stronger
in spruce than in pine, explaining the substantial BAIl differences between the overall younger

spruce and older pine stands.
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Fig. 2.3 Spruce and pine growth characteristics. Regional curves of the (a) spruce (green) and (b) pine
(yellow) sites truncated at < 10 series. Black lines are the arithmetic means at n = 5 sites. Bottom panels
show the number of integrated site chronologies. Relationship between segment length and mean tree-
ring width (TRW) of all (¢) spruce and (d) pine series. Each dot represents one individual series. Basal
area increment (BAI) chronologies of (e) spruce and (f) pine truncated at < 10 series. Black lines are
the arithmetic means at n = 5 sites. Numbers between the vertical dashed lines indicate the mean BAI
+ 10 calculated for 1952-2009 CE. Bottom panels show the number of integrated site chronologies.

Despite the observed growth differences, the mean BAI chronologies of spruce and pine cor-
relate atr = 0.59 from 1952-2009 CE, pointing to a common climatic forcing across the network.
Covariance is particularly high among the spruce sites (r1gs2-2000 = 0.66) compared to pine (r1gs.-
2000 = 0.46), and the BAI chronologies synchronize particularly well in years of severe growth
decline that coincide with low growing-season SMI values (Fig. 2.4a). In the six driest growing
seasons (SMlao < 0.30), BAI values drop between -19% and -68% for spruce and -14% and
-61% for pine compared to previous years. The greatest growth losses were recorded in 1976
CE for both species. BAl and SMI series correlate at r = 0.85-0.86 (p < 0.001) after 10-20-year
band-pass filtering, indicating the importance of decadal soil moisture variability for southwest

German conifer growth (Fig. 2.4b).
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Inter-site BAI differences are weakly explained by stand age, elevation, growing-season Tmax,
precipitation, or soil moisture availability (Fig. 2.4c¢-1). While none of these factors is significant
for pine, spruce BAI indicates a weak but significant positive dependence (R? = 0.19, p < 0.05)
on growing-season precipitation and the SMI. Highest BAls (> 20 cm? a™') are found in young
(MSL < 90 years) and moist (SMla.0 > 0.52) spruce stands. AGRs show no significant associ-
ation with growing-season precipitation or the SMI but a significant (p < 0.01) dependence on
MSL, explaining 40% of the variance among the spruce sites (Fig. $2.4). No significant rela-

tionship was found between the stand-specific AGR and MSL of pine.
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Fig. 2.4 Growth response to soil moisture variability. (a) Basal area increment (BAI) of spruce (green)
and pine (yellow) from 1952-2009 CE. Thick curves are the average BAI of all spruce and pine sites,
respectively. Colored shadings indicate + 10. Red numbers and grey shadings label the ten driest grow-
ing seasons (1 = lowest SMI). (b) Band-pass filtered (10-20 years) z-scores of the growing-season SMI
(black) shown together with spruce (green) and pine (yellow) BAI. (c-d) Average BAI (1952-2009 CE)
of spruce (top panels) and pine (bottom panels) as a function of mean segment length (MSL), (e-f)
elevation, (g-h) maximum air temperature (Tmax), (i-j) precipitation totals, and (k-l) soil moisture indices
(SMI). The latter three variables are calculated for the growing season (April-October). Each dot repre-
sents one site. Dashed lines show linear trends. Colored areas are the 95% confidence intervals of the
regression slopes. Asterisks behind R? indicate significance at p < 0.05.
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2.3.2 Network covariance

The detrended TRW chronologies share high fractions of common variance and synchronize
well in negative pointer years such as 1976 CE (Fig. 2.5a). Covariance among the spruce sites
is slightly higher (mean rigs2-2000 = 0.66) than between the pine sites (mean rigs2-2000 = 0.62)
considering the 10SP data, and declines faster with inter-site distance (Fig. 2.5b-c). The re-
gional spruce and pine chronologies correlate at riosp = 0.63 and rexp = 0.71 from 1952-2009
CE, suggesting that the TRW variability across the network is synchronized by environmental
(climatic) forcing and that this forcing is also relevant at decadal scale, as reflected in the EXP
data. Inconsistencies among the site chronologies are rare and confined to single years, such
as 1978 CE, when two pine 10SP chronologies deviate negatively. Rbar values of the 10SP
chronologies fluctuate around a mean of 0.46 (pine) and 0.42 (spruce) and are relatively stable
from 1952-2009 CE. Rbar values of the EXP chronologies are lower overall and show a down-

ward trend toward the present.
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Fig. 2.5 Detrended tree-ring width (TRW) chronologies. (a) Spruce (green) and pine (yellow) site chro-
nologies after detrending using 10-year cubic smoothing splines (10SP, top panel) and negative expo-
nential curves (EXP, middle panel), shown together with their 30-year running inter-series correlations
(Rbar, bottom panel). Thick curves (top and middle panel) are the regional mean chronologies. (b-c)
Correlations between the 10SP spruce and pine chronologies as a function of distance. Dashed lines
indicate linear trends of all possible spruce (n = 231) and pine (n = 276) pairings.
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2.3.3 Network climate sensitivity

Climate conditions in early spring and mid-summer are most important for southwest German
conifer growth (Fig. 2.6a). For spruce, the highest correlations are found with July-September
Tmax Of the previous year (pJAS), ranging from r = -0.15 to r = -0.55 between the sites (1952-
2009 CE). Twenty of the 22 spruce stands display significant (p < 0.05) correlations with pJAS
Tmax. The regional spruce chronology correlates at rigsz-2000 = -0.47 (p < 0.001). In contrast, only
seven of the 24 pine stands are significantly correlated with pJAS Tmax (p < 0.05), of which five
stands are located at the southern border of the tree-ring network in the Palatinate Forest (49-
49.5°N/8-8.25°E). The species-specific differences in pJAS-Tmax correlations are significant at
p < 0.001 and are related to a fading temperature sensitivity of pine growth toward the end of
the 20" century (Fig. 2.6b).
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Fig. 2.6 Climate-growth relationships. (a) Distribution of bootstrap correlations of the 10SP chronologies
(spruce = green, pine = yellow) with seasonal maximum air temperatures (Tmax) and precipitation (Prec)
from 1951-2009 CE. Boxplots show the median (white bar), 25%- and 75%-quartiles (box), min and max
values within 1.5x the interquartile range (whiskers), and outliers (points). Horizontal dashed lines mark
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p < 0.05. (b) Corresponding 21-year running correlations between the TRW site chronologies and sea-
sonal Tmax. Black curves are the mean. (c) Field correlations (p < 0.05) between the 10SP regional pine
chronology and February-March Tmax (EOBS). (d) Z-Scores of the 10SP regional pine chronology (brown
dashed line) and high-pass filtered February-March Tmax (black solid line). Yellow shadings represent +
10 of all pine chronologies. R values refer to 1952-1980 and 1981-2009 CE.

For pine, the highest correlations are found with February-March (FM) Tmax, ranging from r =
0.20tor=0.63 for 1952-2009 CE (Fig. 2.6¢c-d). Twenty-three of the 24 pine chronologies show
significant (p < 0.05) positive correlations with FM Tnax. Southeastern pine sites in the Upper
Rhine Plain and the Palatinate Forest show the highest correlations with r 2 0.50. Correlations
between spruce TRW and FM Tmax (ravg = 0.20) are substantially lower compared to pine (ravyg
= 0.47) and are only significant (p < 0.05) at sites below 550 m asl (eight out of the nine sites).
However, correlations between TRW and FM Tmax have increased noticeably for both species

in recent decades.

Correlations of the 46 TRW chronologies with monthly soil moisture indices show that spruce
and pine growth are strongly affected by summer drought (Fig. 2.7a). Correlations with monthly
SMI values are generally higher than with monthly Tmax and precipitation (Fig. $2.5), indicating
greater importance of soil water availability compared to individual climate factors. The highest
correlations between TRW and SMI values are obtained for July-August (JA). Thirteen spruce
(59%) and 18 pine stands (75%) are significantly (p < 0.05) positively correlated with the JA
SMI, and the regional TRW chronologies correlate at rspruce = 0.38 (p < 0.01) and rpine = 0.49 (p
< 0.001) from 1952-2009 CE. Running correlations between TRW and the JA SMI remain fairly
stable until 1985 CE, but weaken considerably thereafter (Fig. 2.7b).

Correlations between TRW and previous-year SMI values are generally weak. However, nine
spruce (41%) and five pine (21%) stands show significant (p < 0.05) positive correlations with
the previous August-December (pA-D) SMI. While running correlations between pine TRW and
the pA-D SMI decrease slightly from 1952-2009 CE, increasing correlations between spruce
TRW and the pA-D SMI indicate an enhanced growth response to previous-year soil moisture
conditions, especially above 550 m asl (Fig. S$2.6). Linear regression models reveal a signifi-
cant (p < 0.01) dependence of SMI correlations on elevation (Fig. 2.7¢). With increasing alti-
tude, spruce TRW shows a decreasing response to the JA SMI and an increasing response to

the pA-D SMI. No significant relationship was found for pine (Fig. 2.7d).
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Fig. 2.7 Soil moisture sensitivity. (a) Distribution of bootstrap correlations of 10SP chronologies (spruce
= green, pine = yellow) with monthly and seasonal soil moisture indices from 1951-2009 CE. Boxplots
show the median (white bar), 25%- and 75%-quartiles (box), min and max values within 1.5x the inter-
quartile range (whiskers), and outliers (points). Horizontal dashed lines mark p < 0.05. (b) Mean 21-year
running correlations of the species with current-year July-August (JA) and previous-year August-De-
cember (pA-D) SMI. Soil moisture sensitivity of (¢) spruce and (d) pine as a function of elevation. Each
dot represents one site. Light colors indicate correlations (1952-2009 CE) with the pA-D SMI, dark colors
correlations with the JA SMI. Dashed lines show linear trends. Colored areas are the 95% confidence
intervals of the regression slopes. Asterisks behind R? indicate significance at p < 0.01.

2.4 Discussion

2.4.1 Conifer growth characteristics

By including more than 1900 spruce and pine trees, our network is the largest TRW dataset in
southwestern Germany. The well-replicated data fill a spatial gap between networks in north-
eastern France (Lebourgeois et al. 2010), southern Germany (Boden et al. 2014; Debel et al.
2021; Zang et al. 2014), and the low mountain ranges in central Germany (Esper et al. 2012;
Friedrichs et al. 2009), and provide new insights into the regional growth performance of spruce

and pine over several decades.

The AGRs of Norway spruce (2.3 + 0.6 mm a') and Scots pine (1.6 + 0.5 mm a™') are similar
to nearby sites in western Germany and northeastern France (Friedrichs et al. 2009; Lebour-
geois et al. 2010). The average BAI of both conifers is similar during the first 20 years of cam-
bial age (~2.9 cm? a') but increasingly diverge thereafter due to the strong growth acceleration
in spruce. The observed growth trends and spruce-pine differences are in agreement with data

across Central European temperate forests (e.g., Bouriaud & Popa 2009; Pretzsch et al. 2023;
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Seidling et al. 2012; Treml et al. 2021). The growth differences reported here are likely ampli-
fied by elevational site differences and associated soil properties. While spruce predominates
above 400 m asl on soils with high water storage capacities, pines are primarily planted below

550 m asl on sandy soils (Richter et al. 2007) and are more exposed to drought (Fig. $2.7).

The assessment of BAI data from 1952-2009 CE shows that soil water supply during summer
is of decisive importance for spruce growth. Spruce BAI increases with rising growing-season
moisture supply, with the highest growth rates (BAla,g > 20 cm? a™') recorded in young (MLS <
90 years) and moist (SMla.o > 0.52) stands. The lower BAI of spruce at drier sites and lack of
comparable dependencies in pine likely reflect the higher drought vulnerability of spruce in the

Central European lowlands and low mountain ranges (Treml et al. 2021; Zang et al. 2014).

Despite the observed age trends in BAI, differences in stand age do not explain intra-species
growth differences. However, the significant negative relationship (r =-0.63, p < 0.01) between
spruce AGR and MSL shows that older stands are characterized by lower initial growth rates
than the younger stands. Although only living trees were included in this study and thus maxi-
mum tree ages cannot be determined, our results suggest that slow juvenile growth prolongs
the life expectancy of spruce (Bigler & Veblen 2009; Castagneri et al. 2013; Rétheli et al. 2012).
There are many explanations for such a trade-off between longevity and growth rate including
the greater resilience of slow-growing trees to external disturbances (Schulman 1954), slower
regulation of growth-related processes in taller trees (McDowell et al. 2008), as well as differ-
ences in root architecture (Hamberg et al. 2018) and hydraulic resilience (Ryan & Yoder 1997).
No significant relationship was found between stand-level AGR and MSL in pine. However, a
weak but significant correlation (r = -0.24, p < 0.001) was found when accounting for the indi-
vidual growth rates of all 986 pines (Fig. S2.8), supporting similar findings from other European
sites (Bigler 2016; Bintgen et al. 2019).

2.4.2 Network covariance

Cross-correlation, principal component gradient and hierarchical cluster analyses (Fig. $2.2)
reveal that network covariance is most distinct in the high-frequency domain and likely driven
by several environmental (climatic) factors (Debel et al. 2021; Friedrichs et al. 2009; Lebour-
geois 2007; Makinen et al. 2002; Vitali et al. 2017). Compared to treeline sites, where interan-
nual TRW variability is synchronized and increased by a single growth-limiting climatic factor,
the more favourable conditions in temperate forests promote the formation of more invariable
(complacent) tree rings. High-pass filters, such as the 10-year splines, emphasize interannual
variance by eliminating low-frequency information (Esper & Gartner 2001) and thereby syn-

chronize TRW variance within and between the sites. Higher inter-site correlations in the 10SP
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data compared to the EXP data support this conclusion and indicate a stronger climatic forcing

in the high-frequency domain.

The lower covariance in the EXP data may also be related to the impact of silvicultural treat-
ments such as wood harvesting and thinning, which can induce long-term growth releases by
reducing the competition for light and nutrients (Kramer 2019). The EXP detrending does not
mitigate such rapid non-climatic trends and thereby distorts the synchronizing influence of cli-
mate variability across the network. Although this contradicts findings of Esper et al. (2012),
who report only minor effects of logging on spruce precipitation sensitivity in western Germany,
several studies support that silvicultural practices and local disturbances can alter long-term
growth (Lehtonen et al. 2023; Mehtatalo et al. 2014; Morling 2002). Insect outbreaks can affect
high-frequency covariance strongly, as shown by the strong TRW deviations of two pine stands
in the late 1980s caused by pine sawfly (Diprion pini L.) outbreaks in 1977 CE near Speyer
and Aschaffenburg (Bogenschuiitz 1981). The singularity of such striking events, however, does

not substantially affect the covariance of the 10SP data across southwest Germany.

2.4.3 Growth responses to summer drought

The assessment of species-specific climate-growth relationships shows that summer drought
is the dominant climatic driver of southwest German spruce and pine growth. Although corre-
lations between TRW and climate variables are generally weak, the uniform network growth
response to current-year summer Tnax and precipitation underlines the importance of adequate
water supply during the time of xylem formation. The positive association of TRW with summer
precipitation and the negative association with Tmax appear physiologically meaningful, as low
summer rainfall and high temperatures intensify evapotranspiration and soil moisture deficits,
and thereby reduce turgor pressure in the xylem and associated cell enlargement processes
(Peters et al. 2021). Stronger correlations with rainfall than with Trax point to a higher relevance
of summer rain for both conifers, but the significant inverse relationship between summer tem-
perature and precipitation (rjya = -0.65) makes a clear distinction between the two factors diffi-
cult. The precipitation sensitivity is in line with findings by Esper et al. (2012) and Friedrichs et
al. (2009), who report similar growth responses to May-July precipitation at several spruce and
pine stands in the Rhenish Massif. Comparable relationships between TRW and May-July pre-
cipitation were found in lowland Poland (Koprowski & Zielski 2006) and the lower French Alps
(Desplanque et al. 1998). SMI correlations peak slightly latter in summer (July-August), likely
due to delayed responses of the hydro-pedological system (Entekhabi et al. 1996).

Besides the drought response during xylem formation, spruce reveals a definite sensitivity to
previous-year late-summer (July-September) conditions. This lag-response is consistent with

other tree-ring studies (Rybnicek et al. 2010; Seidling et al. 2012; van der Maaten-Theunissen
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et al. 2013; Zang et al. 2011) and supports the significance of carry-over effects on earlywood
formation (Lebourgeois et al. 2010). The negative relationship between spruce TRW and prior-
summer Tmax Ccan likely be attributed to drought-induced reductions in carbohydrate accumu-
lation, impairment of fine root formation, and increased crown dieback, limiting radial growth in
the following year (St. George 2014). The latter explanation is supported by results of Seidling
et al. (2012) and Solberg (2004), who found positive correlations between summer tempera-
ture and the crown transparency of spruce. Summer droughts can favor needle defoliation and
discoloration, thereby reducing photosynthesis and growth in the subsequent growing seasons
(Solberg 2004). High summer temperatures can also promote flowering and seed production
in consecutive years and thereby inhibit growth by limiting the amount of available resources
(Selas et al. 2002).

Even though TRW variations among the spruce stands are highly synchronous (ra.q = 0.66 for
10SP data), the SMI signals are significantly altered by elevation. Current-summer SMI corre-
lations decrease by ~0.1 per 100 m, while previous-year SMI correlations increase towards
higher elevations. Twelve of the thirteen spruce stands that are significantly correlated with the
JA SMI are located below 550 m asl, and six of the eight stands that are significantly correlated
with the pA-D SMI are above 550 m asl. Linear regression models show that elevation explains
43% of the drought signal differences. Van der Maaten-Theunissen et al. (2013) found a similar
gradient (R? = 0.33) along elevational transects in the Black Forest. These variations in drought
sensitivity are consistent with the fact that spruce growing at drier sites are most susceptible
to current growing-season conditions, while wetter stands at intermediate elevations often lack
such signals (Hartl-Meier et al. 2014; JevSenak et al. 2021; Leal et al. 2007; Sidor et al. 2015;
Wilson & Hopfmueller 2001). Park & Spiecker (2005) show that spruce growing at drier sites
tend to form more latewood cells with thicker walls, while spruce at wetter sites generally form
larger earlywood cells, which might explain the stronger response to previous-year conditions
at mid-elevations, as earlywood formation is closely related to the mobilization of stored pho-

toassimilates (Kagawa et al. 2006).

Running correlations between TRW and SMI values indicate that previous August-December
moisture conditions became increasingly important for spruce. Although these correlations are
calculated over a short time window, coherent patterns across the network point to an increas-
ing growth response to previous-year climatic conditions, particularly above 550 m asl. These
results support findings of previous studies from eastern Europe (Cermak et al. 2019; Rybnitek
et al. 2010). The increasing growth responses to water availability in previous late-summer and
autumn may be related to the strong warming and decreasing rainfall totals in July and August,
limiting accessible soil moisture. Summer droughts can reduce fine root formation and recov-

ery (Nikolova et al. 2009), which may adversely affect growth in the following growing season,
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especially as late-summer is a distinct growth period for spruce roots in southwestern Germany
(Xu et al. 1997).

2.4.4 Growth responses to late-winter temperatures

FM temperature signals in pine growth have previously been reported from several temperate
forest sites (Debel et al. 2021; Diers et al. 2023, 2024; Friedrichs et al. 2009; Koprowski et al.
2012; Lebourgeois et al. 2010; Seidling et al. 2012; Stolz et al. 2021), suggesting a large-scale
growth-promoting influence of warm temperatures during the dormancy period across Central
Europe. However, despite extensive empirical evidence, physiological mechanisms explaining
the growth-stimulating influence of winter temperatures are poorly understood. While an onset
of growth in February-March is unlikely, elevated air temperatures during late winter may favor
physiological processes that support cambial reactivation during quiescent dormancy (Begum
et al. 2013). At the lowest elevations (~100 m asl), 38% of the February-March days exceed a
mean temperature of 6°C, and 25% exceed 8°C (Fig. $2.9), indicating that thermal thresholds
for xylogenetic activity are only sporadically reached, but FM temperatures could be sufficient
to promote photosynthesis (Rossi et al. 2008; Tanja et al. 2003). Such effects appear plausible
as evergreen conifers can remain photosynthetically active in winter and modulate their ca-
pacities within a few days (Makela et al. 2004; Nippert et al. 2004). A temperature-driven stim-
ulation of photosynthesis could also explain the lack of significant correlations between spruce
TRW and FM Tmax above 550 m asl.

In the temperate regions of France, early- and latewood width of fir, pine, and spruce are pos-
itively associated with February temperatures, suggesting that warm late winters not only pro-
mote growth in spring but also favor growth processes throughout the growing season, proba-
bly related to an enhanced photoassimilate accumulation prior to the onset of cambial activity
(Lebourgeois et al. 2010). This inference is supported by findings of Giberti et al. (2022), who
reported positive relationships between January-March temperatures and carbon sequestra-
tion in Polish pines. Since warmer winters are accompanied by higher rainfall, as shown by the
positive correlation between FM Tmax and precipitation (r = 0.43), the FM response might also
reflect an increased water availability in late winter and spring. The lack of significant precipi-
tation correlations, however, indicates that FM temperature is the key climatic driver. Besides
the effects on photosynthetic biochemistry, high late-winter temperatures might also promote
soil warming and mycorrhizal growth (Domisch et al. 2002), and reduce the risk of winter des-

iccation (Ensminger et al. 2008; Sevanto et al. 2006).

Increasing running correlations between TRW and FM Tnax indicate that late-winter tempera-
tures have become distinctly more important for southwest German spruce and pine growth in

recent decades. Our results support previous studies from the south Baltic region (Diers et al.
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2023, 2024; Harvey et al. 2020; Janecka et al. 2020) and add evidence that late-winter tem-
peratures are gaining importance for Central European forest growth. Decreasing correlations
with JJ Tmax and increasing correlations with FM Tmax since the 1980s point to putative trade-
offs between enhanced winter and reduced summer photosynthesis (Stolz et al. 2021), which
may result from a strong inter-seasonal warming (Fig. $2.10a). Even if the FM Tnax correlations
may be strengthened by the higher variance of cold-season temperatures (Fig. $2.10b), the
increasing relevance of late-winter temperatures is consistent with phenological observations

indicating earlier plant development and fruiting (Biintgen et al. 2022; Chmielewski et al. 2004).

2.5 Conclusion

We introduce a TRW network to assess the growth performance of Norway spruce and Scots
pine along elevational gradients from 100-820 m asl in southwest Germany and identify climate
drivers of regional forest growth. The data reveals that spruce has grown twice that of pine in
recent decades. Decadal BAI fluctuations of both conifers are closely related to long-term soil
moisture variability, but only spruce shows a significant dependence on growing-season water
supply, which likely reflects the higher drought vulnerability of this species at locations beyond
its natural distribution range. Correlations using high-pass filtered TRW and climate data sup-
port that summer drought is the dominant climatic driver of southwest German conifer growth,
but the seasonality of the signal changes with elevation. Sites below 550 m asl show a stronger
growth response to current-summer soil moisture conditions, whereas spruce sites above 550
m asl are particularly sensitive to previous-year moisture conditions. Possible reasons for the
changing seasonality along the elevational gradient are discussed, but remain conjectural due
to the sole focus on radial stem growth, underlining the need to address the complex interac-
tions between above- and below-ground biomass productivity in future research. In addition,
increasing growth responses to late-winter temperatures hint at potential changes in the pho-
tosynthetic seasonality of pine, likely related to an abrupt cold-season temperature increase in
the late 1980s and possibly reflecting a trade-off between enhanced winter and reduced sum-
mer photosynthesis. Our study provides new insights into the growth performance of southwest
German spruce and pine under recent environmental changes, which call for a change in plant-

ing strategies towards more drought-resistant tree species.
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2.8 Supplementary materials
Table S$2.1 Characteristics of the 46 TRW chronologies.

ID  Spec E'[f]:’gts"l‘]’“ Lat['N] Lon[E] n Period MSL Rbar AGR*1c
1 PiSY 106 2933 838 97 18862013 118 061 1204
2 PISY 118 5012  9.01 94 18872016 77 052 19405
3 PISY 130 5002 820 91  1834-2013 163 052 19405
4 PISY 139 50.01 819 96 18322016 116 039 21+06
5 PISY 140 4908 868 94  1847-2015 154 053 15403
6 PISY 140 50.01 819 74 18852018 119 051 19404
7 PISY 140 50.01 819 101 1845-2019 153 038 1340.3
8  PISY 150 4995 900 70 18952014 104 054 20405
9  PISY 230 5046 822 54  1864-2017 136 035 1940.6
10 PISY 320 5042 7.6 41  1930-2020 78 056 21405
11 PISY 334 5070 823 113 18592012 143 052 1.040.3
12 PCAB 338 4930 732 52 1940-2010 60 027 22410
13 PISY 345 5042 728 60  1929-2020 83 054 20405
14 PISY 354 4970 740 90  1881-2018 128 056 13404
15  PISY 363 4924 805 95 1879-2014 117 056 10403
16 PISY 383 4962  6.71 98  1903-2014 106 053 27407
17 PCAB 400 4934 811 59 19162013 80 038 2.740.8
18 PCAB 420 5043 776 77  1913-2010 61 032 3513
19 PCAB 420 5043 776 80  1892-2010 105 051 21+0.5
20 PCAB 434 5010 809 96  1864-2010 123 042 14403
21 PCAB 440 50.81 797 90 19172010 82 048 23407
22 PCAB 450 50.06  7.51 77 19102010 89 044 27406
23 PISY 460 4934 811 50 18922011 100 058 1440.3
24 PISY 460 4934 811 48 1880-2011 115 051 1.0403
25 PCAB 463 50.11 809 81 18982010 81 045 2.140.8
26 PCAB 470 5038 778 106 19152011 78 052 21+0.6
27 PCAB 472 5010  8.11 98  1887-2013 88 047 15404
28 PISY 490 4934 811 80  1891-2011 81 036 12405
29 PISY 490 4934 842 46 18452011 139 049 12403
30  PISY 490 4935  8.11 39 1941-2011 75 048 14404
31 PCAB 500 50.05  8.01 45  1873-2009 92 033 12403
32 PISY 500 4933 811 148 1870-2011 117 054 1.0£04
33 PISY 510 4934 810 100 1899-2012 95 048 1404
34 PCAB 518 5020  6.91 97 19172016 71 051 23+0.8
35  PISY 518 5007  7.51 63  1887-2016 117 050 21405
36 PCAB 519 5029  7.01 101 1945-2012 61 049 28407
37 PCAB 530 5069 816 92  1884-2012 85 051 2540.8
38 PCAB 540 5005  8.01 96 1925-2012 75 051 20405
39 PCAB 550 5108 804 91 19322011 74 053 31+0.6
40 PCAB 560 4998 768 96 19252018 96 056 2.140.6
41 PISY 565 4928 801 100 1864-2016 136 051 12403
42 PCAB 632 5022 843 99  1932-2020 77 052 24+0.6
43 PCAB 680 4974 720 87 18862011 95 046 19405
44 PCAB 690 5027 638 94 19222011 61 049 24407
45 PCAB 750 4973 709 57 19162009 86 043 28405
46 PCAB 819 5022 845 60 19382009 65 051 35407

Spec: Species: Picea abies (PCAB) and Pinus sylvestris (PISY). Lat: latitude. Lon: longitude. n: total number of
series. Period: chronology period at =2 10 series. MSL: mean segment length. Rbar: mean inter-series correlation
of the 10SP site chronologies. AGR: average growth rate [mm/year] + 1 standard deviation (10) calculated over the
first 60 years of cambial age.
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Fig. $2.1 Tree-ring width (TRW) and basal area increment (BAI) data. (a) Stem cross-section of a 60-
year-old tree showing the two growth parameters. (b) The AGR of each site is calculated over the first
60 years of cambial age (highlighted by vertical dashed lines) as mean (X; horizontal dashed line) of the
regional curve. (c) Effects of standardization and BAI calculation. Top panel shows a raw TRW chronol-
ogy together with a fitted 10-year cubic smoothing spline (red) and negative exponential curve (green).
Middle panel shows the index chronologies after spline (10SP, dotted curve) and negative exponential
detrending (EXP, solid curve). Bottom panel shows the BAIl record derived from the TRW measurements

using the equation shown in panel a.
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Fig. $2.2 (a) Principal component gradient analyses (Buras et al. 2016) using 10-year (10SP), 30-year
(30SP), 50-year (50SP), 100-year (100SP) spline, negative exponential (EXP), and basal area incre-
ment (BAI) chronologies (1952-2009 CE). Each arrow represents a spruce (green) or pine (yellow) site.
R values indicate average intra-species correlations. (b) Hierarchical cluster analysis of the 10SP site
chronologies. Note the distinct separation between spruce and pine in the 10SP data.
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Fig. $2.3 Age-aligned basal area increment (BAl) chronologies of the (a) 22 spruce and (b) 24 pine
sites truncated at < 10 series. Black lines represent species-specific means calculated for n = 5 sites.
Bottom panels show site chronology replications.
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Fig. S2.4 Average growth rate (AGR) of spruce (top panels) and pine (bottom panels) as a function of
(a-b) mean segment length (MSL), (c-d) elevation, (e-f) maximum air temperature (Tmax), (g-h) precipi-
tation totals, and (i-j) soil moisture indices (SMI). The latter three variables are calculated for the growing
season (April-October). Each dot represents one site. Dashed lines show linear trends. Colored areas
are 95% confidence intervals of the regression slopes for spruce (green) and pine (yellow). Asterisks
behind R? indicate p < 0.05.
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Fig. $S2.5 Monthly climate-growth correlations for 1952-2009 CE. Distribution of bootstrap correlations
of the 10SP TRW chronologies (spruce = green, pine = yellow) with (a) maximum air temperatures and
(b) precipitation from previous-year (lower case letters) May to current-year (upper case letters) Octo-
ber. Boxplots show the median (white bar), 25%- and 75%-quartiles (box), min and max values within
1.5x the interquartile range (whiskers), and outliers (points). Dashed lines mark p < 0.05.
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Fig. $2.6 Mean 21-year running correlations of spruce sites below 550 m asl (dashed curves) and above
550 m asl (solid curves) with (a) previous-year August-December (pA-D) and (b) current-year July-Au-
gust (JA) soil moisture indices (10SP data).
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Fig. $2.7 Linear regressions between (a) annual maximum air temperatures (Tmax) and annual precipi-
tation (Prec), (b) elevation and Tmax, and (c) elevation and Prec. Green circles represent the spruce
sites, yellow triangles the pine sites.
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Fig. $2.8 Linear regressions between average growth rates (AGR) calculated over the first 60 years of
cambial age and mean segment lengths (MSL) of the (a) 1831 spruce and (b) 1942 pine series. Each
circle represents one series.
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Fig. $2.9 (a) Percentage of February-March days exceeding daily mean temperatures (daily Tmean) of
4°C (yellow), 6°C (orange), 8°C (red), and 10°C (dark red) at the meteorological station in Geisenheim
from 1952-2009 CE. (b) Value distributions of the various temperature thresholds from panel a. Boxplots
show the median (black bar), 25%- and 75%-quartiles (box), and min and max values within 1.5x the
interquartile range (whiskers). The climate station data was downloaded from the German Weather Ser-
vice (https://cdc.dwd.de/portal).
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Fig. $2.10 (a) February-March maximum air temperatures (Tmax) from 1952-2009 CE. Red shading rep-
resents + 1 standard deviation of the 24 grid cells covering the pine sites. Horizontal dashed lines show
mean Tmax from 1951-1989 and 1990-2009 CE. (b) Correlation matrix of the raw and high-pass filtered
monthly Tmax series (Jan-Jun). 10 indicates one standard deviation of the Tmax series.
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3 Reduced temperature sensitivity of maximum latewood density

formation in high-elevation Corsican pines under recent warming
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Abstract

Maximum latewood density (MXD) measurements from long-lived Black pines (Pinus nigra
spp. laricio) growing at the upper treeline in Corsica are one of the few archives to reconstruct
southern European summer temperatures at annual resolution back into medieval times. Here,
we present a compilation of five MXD chronologies from Corsican pines that contain high-to-
low frequency variability between 1168 and 2016 CE and correlate significantly (p < 0.01) with
the instrumental April-July and September-October mean temperatures from 1901 to 1980 CE
(r = 0.52-0.64). The growth-climate correlations, however, drop to -0.13 to 0.02 afterward, and
scaling of the MXD data results in a divergence of > 1.5°C between colder reconstructed and
warmer measured temperatures in the early 215t century. Our findings suggest a warming-
induced shift from initially temperature-controlled to drought-prone MXD formation, and there-

fore question the suitability of using Corsican pine MXD data for climate reconstruction.

Keywords: climate change, climate signals, dendroclimatology, France, Mediterranean, Pinus

nigra, tree-ring density.
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3.1 Introduction

Southern Europe is predicted to experience increasing aridity in the 215t century mainly due to
rising temperatures (Diffenbaugh & Giorgi 2012; Gao & Giorgi 2008; Hertig & Jacobeit 2008),
and the intensity, frequency, and duration of heatwaves and droughts are expected to increase
(Beniston et al. 2007; Sanchez et al. 2004). The precise assessment of climate changes re-
quires proxy-based reconstructions of pre-instrumental conditions to place recent changes into
a long-term context. The employment of trees as high-resolution natural climate archives can
provide such valuable insights into past climate fluctuations (Fritts 1976). Although ancient
trees growing under extreme conditions and still preserved in their natural state are difficult to
find, dendroclimatic studies in Corsica offer the opportunity to reconstruct southern European

climate variability over several centuries (Hetzer 2013; Szymczak et al. 2012, 2014).

Located in the central-western Mediterranean region (Fig. 3.1a), Corsica is characterized by
strong elevational gradients between the coastal plains and the central mountain massif (Fig.
3.1b). Due to the island’s steep relief, altitude-dependent local climate regimes can be ob-
served (Knerr et al. 2020; Rome & Giorgetti 2007). Coastal regions are characterized by typical
Mediterranean climate with hot dry summers (June-August) and temperate rainy winters (Oc-
tober-April). Meteorological observations along the coast record an annual mean temperature
of 15.1°C and precipitation sums of 694 mm from 1961-1990 CE (Fig. 3.1¢), with driest condi-
tions in July (22.7°C and 12 mm). Over recent decades (1951-2016 CE), a warming trend has
been observed, which is higher in the June-August summer season (+0.035°C/year) than in
the December-February winter season (+0.014°C/year), and has been stronger since 1980 CE
(KNMI 2020). With increasing elevation, temperature generally decreases by 0.31-0.49°C/100
m and precipitation increases by approx. 160 mm/100 m (Rome & Giorgetti 2007). However,
spatial precipitation patterns are strongly influenced by topographical features and are, there-
fore, geographically much more diverse than temperature. Although precipitation generally in-
creases with altitude, high elevation areas can be subject to severe droughts during summer,
especially between July-August. Consequently, the Corsican mountains can be characterized

as xeric in summer and alpine in winter (Rome & Giorgetti 2006).
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Fig. 3.1 Study site and climate. (a) Geographical location of Corsica in the Mediterranean. (b) Topo-
graphic map of Corsica indicating the sampling sites and meteorological stations. (¢) Climate diagram
showing monthly temperatures (red curve) and precipitation (blue bars) of the combined station data
from Ajaccio and Bastia (1961-1990 CE).

Due to the great variety of microclimates, the Corsican mountains feature a high ecological
biodiversity (Médail & Verlaque 1997), including two native pine species: Maritime pine (Pinus
pinaster AITON) and Corsican Black pine (Pinus nigra ssp. laricio MAIRE). The former mainly
covers lower elevations < 1300 m asl that are strongly influenced by anthropogenic activities.
Black pine forests are in the high elevation belt between 1400-1800 m with remnants of natural
stands near the upper treeline (Fig. 3.2a). The drought- and frost-tolerant Pinus nigra (Eilmann
& Rigling 2012; Fernandez-Pérez et al. 2018) may reach ages up to 850 years (Hetzer 2013),
ranking these trees among the oldest in the Mediterranean Basin (Luterbacher et al. 2012).
Particularly resistant to parasites and decomposition due to their high resin content (Tintner &
Smidt 2018), relict pine stems can remain for centuries on the rocky slopes (Fig. 3.2b). The
presence of these well-preserved trunks in the vicinity of old living stands offers the opportunity

to develop multicentennial tree-ring chronologies.
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In drought-dominated regions, tree growth is typically determined by water availability resulting
from the mutual interaction of temperature, precipitation, and evapotranspiration (Seim et al.
2015; Touchan et al. 2017). Due to low water supply in summer, Mediterranean forest produc-
tivity is dependent on the frequency and amount of rainfall events before and during the grow-
ing season. Consequently, tree-ring width (TRW) chronologies have been used as proxies to
reconstruct precipitation (Esper et al. 2021; Griggs et al. 2007; Ruiz-Labourdette et al. 2014;
Touchan et al. 2008) and hydroclimatic variability across southern Europe (Cook et al. 2015;
Esper et al. 2007; Klippel et al. 2018; Nicault et al. 2008; Tejedor et al. 2016). High-resolution
summer temperature reconstructions are restricted to other tree-ring parameters, such as max-
imum latewood density (MXD), as TRW is less temperature sensitive in Mediterranean envi-

ronments (Buntgen et al. 2010).

MXD chronologies are less influenced by biological memory effects and correlate more closely
with instrumental temperature data (Esper et al. 2015). However, compared to the extensive
networks in Fennoscandia (Esper et al. 2012, 2014) and the Alps (Blintgen et al. 2006), the
availability of temperature-sensitive density records spanning 500+ years in the Mediterranean
is restricted to the Spanish Central Pyrenees (Blntgen et al. 2017; Dorado-Linan et al. 2012),
the Cazorla Natural Park in southern Spain (Esper et al. 2020a), and the Pindos National Park
in northern Greece (Esper et al. 2020b; Klippel et al. 2019). With respect to the central Medi-
terranean region, comparably long-term MXD chronologies are still missing. Nonetheless, two
annually resolved temperature reconstructions provide initial insight into the region’s past cli-

mate variability: Leonelli et al. (2017) developed a 300-year temperature reconstruction based
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on a multi-site MXD network in Italy, while the only temperature reconstruction for Corsica was
derived from stable carbon isotopes (6'3C) extending 560 years into the past (Szymczak et al.
2012). Hence, a long-term MXD-based temperature reconstruction from Corsica is still lacking

and remains key to unfold the region’s climate history into the early second millennium.

Here, we present the longest MXD record for the Central-Western Mediterranean based on 35
P. nigra trees growing at three high-elevation sites on the island of Corsica (France). Covering
the period 1168-2016 CE, the dataset extends existing MXD measurements (1518-1980 CE;
Schweingruber 2020a) back to medieval times as well as into the 215t century. To evaluate the
application of Regional Curve Standardization (RCS), age-band chronologies are produced
and different chronology variants are correlated against regional climate data. In this study, we
(I) assess climate signals in five chronology variants of the new Corsican MXD compilation, (II)
compare the new density data with existing records and summer temperature reconstructions
across the southern European region, and (lll) evaluate the potential of Corsican pine MXD for

climate reconstruction.

3.2 Material and methods

3.2.1 Wood density data and chronology development

In 2017, 39 increment cores from 20 living and relict Black pines (Pinus nigra ssp. laricio) were
sampled at two high-elevation sites in the Asco (Asc, 1600 m asl) and Tartagine valleys (Tar,
1450 m asl), located near the upper treeline in the northwestern mountains of Corsica. Long-
lived trees from these valleys were previously used to develop multicentennial tree-ring records
(Hetzer 2013; Szymczak et al. 2012, 2014); however, no wood density measurements have
been performed. To obtain the longest possible time series, mainly old and dominant trees as
well as relict stems were selected for this study. Following standard radiodensitometric tech-
niques (Bjorklund et al. 2019; Eschbach et. al. 1995; Schweingruber et al. 1978), all cores were
heated in 96% ethanol in a Soxhlet extraction system to remove hydrophobic components.
The purified samples were split into 3-cm segments to saw out 1.2-mm thick laths orthogonally
to the longitudinal stem axis. The laths were acclimatized at 20°C and 50% relative humidity
for 4 hours to ensure a homogeneous cell wall moisture content of ~10%. Subsequently, the
samples were radiographed for 14 min at 10 kV and 20 mA, and wood densities were deter-
mined at 0.01 g/cm? resolution using a Walesch high-precision DENDRO2003 X-ray densitom-

eter. The density peaks in each ring were used to produce interannual MXD data (Fig. 3.2¢).

After aligning the data by cambial age, a Hugershoff-shaped age trend was observed, including
an average MXD increase of 0.1 g/cm? over the first 70 years of growth and a gradual decrease
of 0.13 g/cm?® over the subsequent 330 years (71-400 years). To remove this characteristic

biological trend from the raw MXD data (Esper et al. 2012, 2014), a Hugershoff Standardization
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(HGS) and a Regional Curve Standardization (RCS) were applied in the detrending program
ARSTAN (Cook & Krusic 2005), resulting in two chronology variants: CORpes and CORRgcs.
After applying a data adaptive power-transformation to minimize heteroscedasticity within the
individual series (Cook & Peters 1997), all data were detrended by calculating residuals from
the smoothed HGS-/RCS-mean curves and variance-stabilized using a 300-year spline with a
fixed 50% cutoff to avoid deviations caused by changing sample replications and inter-series
correlations (Frank et al. 2007). Robust bi-weight mean chronologies were computed (Cook
1985), and the covariance of each chronology was assessed by calculating the inter-series
correlation (Rbar) and the expressed population signal (EPS) over semi-overlapping 30-year
periods (Wigley et al. 1984).

The new density data produced in our laboratory in Mainz (Germany) were compared with
older measurements (n = 30 series), produced in the early 1980s in Birmensdorf (Switzerland)
covering the period 1518-1980 CE (Schweingruber 2020a) (data available at the International
Tree-Ring Data Bank, www.ncdc.noaa.gov/data-access/paleoclimatology-data, accessed on
5 October 2020). The latter were derived from Black pines growing at the mountain pass Col
de Sorba on Monte Renoso (Sor, 1400 m asl), which is located ~45 km southeast of the new
sites. Given the significant correlation (rayg = 0.46) among the three site chronologies Asc, Tar,
and Sor from 1636 to 1980 CE (Fig. 3.3, Table $3.1), we produced a merged dataset integrat-
ing all Corsican MXD data (COR). The composite dataset contained 69 MXD series and ex-
ceeded a robust EPS of = 0.85 back to 1425 CE (Fig. $3.1). When merging the data, absolute
MXD values were adjusted among the sites to mitigate significant (p < 0.001) elevational MXD
effects between Tar and Sor (0.96 g/cm?®) and Asc (0.89 g/cm?®) calculated for the first 200
years of growth (Fig. $3.2).

Both detrending techniques applied in this study — HGS and RCS — are able to preserve multi-
centennial variability in dimensionless index chronologies (Esper et al. 2003; Fang et al. 2010),
although HGS is an individual detrending method and is restricted by the “segment length
curse” (Cook et al. 1995). Accurate RCS detrending, however, requires the mean cambial age
of the series combined in a chronology to be constant over time (Briffa et al. 1992; Esper et al.
2016). To avoid the typical increase in mean tree age toward the present, age-band chronolo-
gies (ABC; Briffa et al. 2001) were produced by removing tree rings younger than 30 years
and older than 200 years (ABC200), 300 years (ABC300), and 400 years (ABC400) of cambial
age (Table S3.2). Accordingly, five methodologically different chronologies were developed
considering HGS and RCS with all data, as well as RCS with the three age bands: CORes,
CORRrcs, ABC200, ABC300, and ABC400.
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Fig. 3.3 (a) Hugershoff-detrended MXD composite (CORkes) and site chronologies (Asc, Tar, and Sor)
(thin curves), and their 31-year smoothing splines (bold curves). (b) 51-year running correlations be-
tween the site chronologies (grey) shown together with their mean (black). The inserted table indicates
inter-site correlations calculated over the sufficiently replicated (n = 5 series) common period 1636-1980
CE (1636 CE is marked by a vertical dashed line). (¢) Sample replication of each chronology.

3.2.2 Climate data and signal estimation

To assess the climate sensitivity of Corsican Black pine MXD and evaluate its suitability for
reconstruction purposes, climate data from the meteorological stations in Ajaccio (41.92°N/
8.80°E, 9 m asl) and Bastia (42.54°N/9.49°E, 10 m asl), CRU TS4.04 temperature data (Harris
et al. 2020), and GPCC v2020 precipitation data (Schneider et al. 2021) were compiled using
the KNMI Climate Explorer (Trouet & van Oldenborgh 2013). The CRU and GPCC grids extend
across 42-42.5°N and 8.5-9.5°E, covering the entire study area. The GPCC data were chosen
for the analysis of precipitation signals due to the high station density in Europe and long tem-
poral coverage back to 1891 CE (Schneider et al. 2021). The temperature means and precip-
itation totals were converted into monthly and seasonal anomalies with respect to 1961-1990
CE. The observations from Ajaccio and Bastia were merged by calculating arithmetic means
from 1951 to 2016 CE. Comparison of the coastal station means with recordings from a local
station in Calacuccia (42.34°N/9.01°E, 875 m asl) back to 1975 CE (Météo-France 2021) re-
veals 3.76°C warmer conditions from April-October in Ajaccio and Bastia. The local tempera-
tures are, however, closely correlated with the coastal records (r = 0.86) and CRU tempera-
tures (r = 0.84). In contrast, the annual precipitation totals from Calacuccia are less correlated
with the coastal records (r = 0.53) and GPCC data (r = 0.67). We, therefore, used the coastal
means and CRU temperatures, as well as the GPCC precipitation data, to assess the climate

sensitivity of the high-elevation MXD records.
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All MXD chronologies were correlated (Pearson’s r) with monthly and seasonal climate data
over the 1951-1980 CE period to compare climate signals contained in the old and new density
measurements, as well as over the 1951-2016 CE period to account for recent climate varia-
bility. To evaluate the temporal robustness of the climate signals, 31-year running correlations
were calculated between the density indices and different seasonal averages of meteorological
data (April-July and September-October temperatures, as well as June-July and August-Sep-
tember precipitation). Further, all MXD chronologies were correlated with 0.5° gridded monthly
and seasonal CRU TS4.04 data using the KNMI Climate Explorer to assess spatial correlation

patterns over the Mediterranean Basin from 37-47°N and -3-21°E.

3.3 Results

3.3.1 MXD chronology characteristics

The COR MXD compilation consists of 69 radii from 35 pine trees and spans the period 1168-
2016 CE, including an increasing number of measurements toward the present. Replication
falls below five series at 1359 CE, while the maximum of 61 series is reached from 1872 to
1890 CE. COR replication decreases again in the late 20" century from 55 series in 1980 CE
to 29 series in 1981 CE, when the Sor data terminate. Over the first 400 years of cambial age,
average MXD (AMXD) is 0.91 g/cm?® (x 0.05 g/cm?®) with a minimum of 0.78 g/cm? in the fifth
year of growth and a maximum of 1.00 g/cm? in the 107" year of growth. This juvenile AMXD

increase is followed by a small but persistent decrease (Fig. S3.3).

The lengths of the individual series range from 67 to 849 years with a mean segment length
(MSL) of 325 years, whereas the age classes are unevenly distributed across the sites. Trees
sampled at the Asc site are significantly (p < 0.01) older (MSLasc = 543 years) than those at
the two lower sites (MSLrar = 290 and MSLs.r = 211 years). Consequently, COR is character-
ized by a heterogenous age structure and site composition over time. All five COR chronolo-
gies share annual to multidecadal scale variability. Further, CORKss shows a significant (p <
0.001) agreement in correlation with the site chronologies (r = 0.67-0.82) over the sufficiently
replicated (n = 5 series) 1636-1980 CE period. Compared to COR, the age-band chronologies
— ABC200, ABC300, and ABC400 — are characterized by flatter mean age and replication
curves (Fig. 3.4). Due to the removal of rings older than 200, 300, and 400 years (and younger
than 30 years), the age-band chronologies cover different periods. Whereas all chronologies
extend back to 1365 CE with n = 5 series, ABC200 already ends in 1980 CE, ABC300 in 1988
CE, and only ABC400 reaches into the 215t century until 2016 CE. Inter-chronology differences

in replication and site contributions, thus, increase toward the present.
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Fig. 3.4 Effects of age-band decomposition. (a) Detrended composite chronologies (thin curves) and
their 31-year smoothing splines (bold curves) considering all MXD data (COR), data from 30-400 years
(ABC400), 30-300 years (ABC300), and 30-200 years (ABC200). COR was detrended using HGS
(CORHes) and RCS (CORRgcs), while all age-band chronologies were detrended using RCS. (b) Mean
tree age of the chronologies. (c-f) Samples (bar plots) and replication (black lines) of the chronologies.
Each horizontal bar depicts one individual series. Percentages in brackets indicate the remaining data
compared to COR (= 100%). Grey-shaded areas mark the periods when replication in at least one record
is n <5 series.

The age-band chronologies show substantial agreement in high-to-low frequency covariance
(ravg = 0.91) and correlate significantly at ra,g = 0.92 with the untruncated chronology CORRgrcs
over the well-replicated (n = 5 series) 1365-1980 CE common period. On multidecadal scales,
MXD indices of all chronologies increase from around 1400-1440, 1600-1660, 1700-1730 and
1760-1790 CE, and decrease from 1360-1390, 1440-1460, 1580-1600, 1730-1760, 1790-
1820, 1860-1910, and 1950-1980 CE. In the 20" century, however, the smoothed chronologies
diverge considerably: CORrcs and ABC400 both show a minor increase from 1975-1990 CE
and a sharp decline thereafter; the smoothed ABC300 ends in 1990 CE and shows a striking
post-1975 CE increase due to low sample replication; while ABC200 only extends until 1980
CE and shows no remarkable deviations from the other chronologies in the 20" century, but
does in periods of n < 10 series, such as the late 17" century and before ~1510 CE. Further-
more, large differences are observed between the HGS- and RCS-indices prior to ~1425 CE,
as evidenced by a downward shift in RCS-values in the earliest density measurements. These
differences are slightly higher between CORucs and the age-bands than between CORkes and
CORRcs.
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The comparison of CORes with other long-term density records from southern Europe reveals
a generally decreasing correlation with increasing geographic distance (Table 3.1, Fig. 3.5a).
CORugs correlates significantly (p < 0.001) with the pine MXD records from the Spanish Pyre-
nees (GER, r = 0.53; Biuntgen et al. 2017) and southern Italy (CRI, r = 0.42; Schweingruber
2020b) from 1360-2004 CE, while weaker associations are found with more distant (> 1000
km) records from southern Spain (CAZ, r = 0.33; Esper et al. 2020a) and northwestern Greece
(SMO, r = 0.28; Esper et al. 2020b). Correlations with western Mediterranean sites are slightly

higher than with equidistant sites in the eastern Mediterranean.

Table 3.1 Characteristics of Mediterranean MXD records.

Code Site Species Radii Period Season Correlation Distance
CAZ Cazorla PINI 88 1288-2014 FMAM&SO 0.53]0.45 1150 km
COR Corsica PINI 69 1360-2016 AMJJ&SO 0.56|0.16 0 km
CRI  Serra di Crispo PIHE 21 1604-1980 JAS 0.60 | 0.60 650 km
GER Gerber PIUN 414 1095-2014 MJ&AS 0.5910.38 650 km
LOE Loetschental LADE 180 748-2004 JUAS 0.7710.78 450 km
SMO Mt. Smolikas PIHE 192 672-2017 AS 0.5210.56 1050 km

Species: LADE: Larix decidua, PIHE: Pinus heldreichii, PINI: Pinus nigra, PIUN: Pinus uncinata. Period: start and
end dates were set considering a replication of n = 5 radii. Correlation: Pearson correlations of HGS-detrended
MXD chronologies calibrated against nearby seasonal CRU TS4.04 temperatures over the 1901-1980 CE common
period (left value), and from 1901 to the actual end date of each chronology (right value). Distance: linear distance
from Corsica.

The weakest association is found with the nearest record from the Alps (LOE, r = 0.23; Blntgen
et al. 2006), located only ~450 km north of CORugs, which is the only chronology based on
Larix decidua instead of pine. The smoothed density records from the Mediterranean outline
both periods of high and low inter-regional correlations (Fig. 3.5b). High covariance is primarily
found in periods of pronounced variability, such as 1440-1500, 1580-1610, 1650-1670, 1810-
1830, and 1850-1890 CE, whereby the z-score levels differ among the sites. Moreover, some
chronologies indicate substantially deviating behavior, e.g., CAZ from 1760-1810 CE. Com-
parisons with tree-ring-based temperature reconstructions (Fig. 3.5¢) from Corsica (CORs1sc;
Szymczak et al. 2012) and the Spanish Pyrenees (PYRuxp; Dorado-Lifian et al. 2012) demon-
strate that the interannual MXD variability of P. nigra is more strongly associated with recon-
structed May-September temperatures from the Iberian Peninsula (riss2-2005 = 0.55) than with
reconstructed August-September temperatures from Corsica (riss2-2005 = 0.16), although the
latter is derived from stable carbon isotopes of Black pines close to the COR sites (Szymczak
et al. 2012). In contrast, the reconstruction from the Pyrenees is based on a multi-site Pinus

uncinata MXD network (Dorado-Lifian et al. 2012).
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Fig. 3.5 Comparison of long MXD chronologies from southern Europe. (a) Location of the MXD sites:
Cazorla (CAZ), Gerber (GER), Corsica (COR), Serra di Crispo (CRI), and Mt. Smolikas (SMO). The
matrix shows correlations between the HGS-detrended chronologies over their 1360-2004 CE common
period — except for CRI, which covers 1604-1980 CE. (b) 31-year smoothing splines of the normalized
HGS-detrended MXD chronologies from 1375-1989 CE (n = 5 series). (¢) CORues shown together with
the August-September temperature reconstruction from Corsican pine stable carbon isotopes (CORs13c)
and a May-September temperature reconstruction from the Pyrenees based on MXD (PYRuxp). All rec-
ords were normalized (CORues and PYRuxp from 1360-2005 CE and CORs13¢c from 1448-2005 CE) and
smoothed using 31-year splines.

3.3.2 Climate sensitivity of Corsican MXD

MXD in Mediterranean conifers is primarily influenced by warm-season temperatures (Table
3.1). In Corsica, correlations between the site chronologies and regional observations reveal
local differences in temperature sensitivity as well as temporal changes in signal strength. The
site chronologies show weak to moderate associations to the regional April-July and Septem-
ber-October mean temperatures (AMJJ&SO) over the 1951-1980 CE period (Fig. 3.6a), rang-
ing fromr=0.17 at Tarto r = 0.47 at Sor. Although correlations with regional July temperatures
are low overall (r = 0.03-0.15), analysis with CRU temperatures indicate a significant (p < 0.01)
association of r = 0.42 at Sor (Fig. S$3.4).
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Fig. 3.6 Site-specific temperature signals. Correlations between the Hugershoff-detrended chronologies
and monthly and seasonal temperatures of the combined station records from (a) 1951-1980 and (b)
1951-2016 CE. Note that Sor only extends to 1980 CE and indicates same correlations in (a) and (b).
(c¢) Thirty-one-year running correlations between the chronologies and seasonal AMJJ and SO temper-
atures of the station records (thick solid curves) and CRU data (thin dashed curves).

The CORwues composite record shows a similar temperature sensitivity to Sor, with the highest
correlation found for the AMJJ and SO season (r = 0.47, p < 0.01) from 1951-1980 CE. Ex-
tending the calibration period into the 215 century results in a systematic decrease in temper-
ature sensitivities (Fig. 3.6b). While the Asc correlation with AMJJ and SO temperatures mar-
ginally weakens from rigs1.1980 = 0.34 t0 r1gs1-2016 = 0.27, the originally positive correlation of Tar
turns negative when extended into the 215t century, from rigsi-1980 = 0.17 t0 r1gs1-2016 = -0.26. In
line with these Asc and Tar responses (Sor terminates in 1980 CE), a decline toward insignif-
icant temperature correlations is also seen in CORkes when including the post-1980 CE data
(r1951-2016 = 0.04). Thirty-one-year running correlations between the chronologies and seasonal
AMJJ and SO temperatures confirm these findings (Fig. 3.6¢c). CORkes indicates a temporally
stable temperature signal until 1983 CE against station (riges-1083 = 0.34-0.47) and CRU data
(r1916-1983 = 0.42-0.67). The pre-1983 CE running correlations of CORues are higher than those
of Asc and Tar, but slightly lower than those of Sor. However, the running correlations of all
chronologies decrease sharply after 1983 CE, and this decline is stronger in Tar and weaker

in Asc, whereas CORuss remains in-between.

The five MXD composite chronologies show similar temperature sensitivities from 1901-1980
CE (Fig. 3.7). Correlations with April-July CRU temperatures (r = 0.43-0.53) are slightly higher
than with September-October means (r = 0.33-0.44), but the AMJJ and SO season fits best (r

= 0.52-0.64). The strongest association with temperature is found for the most truncated age-
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band chronology ABC200 (r = 0.64, p < 0.01). Spatial analyses using gridded CRU tempera-
tures reveal strong correlations with the April-October means across the western and central
Mediterranean regions. The highest correlations (r = 0.40) are found with June-July tempera-

tures over Corsica, Iberia, and Maghreb (Fig. 3.7a).
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Fig. 3.7 Climate signals of the Corsican MXD composite chronologies. (a) Spatial correlations between
ABC200 and 0.5° gridded monthly temperatures (CRU) over the Mediterranean Basin (1901-1980 CE).
Significant correlations at p < 0.1 are colored. (b) Correlations between the composite chronologies and
seasonal temperatures from 1901-1980 (left) and 1901-2016 CE (right). Note that ABC200 and ABC300
only extend until 1980 and 1988 CE, respectively. (¢) MXD chronologies scaled from 1901-2016 CE
against AMJJ and SO temperature anomalies (CRU). Horizontal lines display mean temperatures from
2000 to 2016 CE. 31-year running correlations between the MXD chronologies and (d) CRU AMJJ and
SO temperatures, and (e) GPCC JJ precipitation.

In August, however, correlations over the study area decline (r = 0.21). As for the site chronol-
ogies, a systematic decrease in signal strength is observed in the composite records when the
calibration period is extended into the 215t century (Fig. 3.7b). All MXD chronologies reaching
2016 CE with n = 5 series (CORuss, CORrcs, ABC400) show non-significant low correlations
with AMJJ and SO temperatures over the 1901-2016 CE period. A simple scaling of CORkes
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against post-1900 CE temperatures highlights a substantial divergence of 1.56°C between the
colder reconstructed (-0.26 £ 0.78°C) and warmer measured temperatures (+1.30 £ 0.38°C)
from 2000 to 2016 CE, although the MXD and temperature records display similar interannual-
to-decadal scale variability over most of the 20" century (Fig. 3.7¢). The observed 21%-century
divergence is caused by opposing low-frequency trends starting in the late 1990s and is even
greater when considering CORrcs and ABC400, respectively. The 31-year running correlations
support these findings (Fig. 3.7d), as all composite chronologies show temporally stable tem-
perature correlations of r 2 0.45 before 1967 CE, followed by r = 0.30-0.45 from 1968 to 1983
CE, and a sharp decrease thereafter. Simultaneously, running correlations with June-July pre-

cipitation increase since the 1980s (Fig. 3.7e).

Analyses using the GPCC data show that the Corsican MXD records are only weakly associ-
ated with precipitation (Fig. S$3.5). Between 1891-1980 CE, all chronologies correlate signifi-
cantly (p < 0.05) negatively with June-September precipitation (r = -0.28 to -0.36). Correlations
are lower and insignificant over the full 1981-2016 CE calibration period for CORkes, CORRcs,
and ABC400; however, the running correlations with June-July precipitation show a sharp post-

1980 CE increase, while correlations with August-September precipitation remain stable.

3.4 Discussion

3.4.1 Chronology variants and characteristics

The combination of MXD data from three valleys enabled the development of a regional record
(COR) characterized by a high sample replication (n = 69) and robust common signal (EPS =
0.85) back to 1425 CE. The five methodologically different composite chronologies share high
fractions of high-to-low frequency variance from 1500 to 1980 CE. Noticeable trend differences
are recorded before ~1500 CE and in the late 20" and early 215 centuries. The age-band data
more closely meet the requirements for RCS (Esper et al. 2002, 2003), as these chronologies
are characterized by more balanced replication and age curves. Thus, our findings imply that
age-band decomposition — as introduced by Briffa et al. (2001) for a large network of Northern
Hemisphere MXD data to improve the preservation of long-timescale variability and success-
fully applied in recent studies by Esper et al. (2014, 2020a) — produces a sample structure that
is likely more applicable for RCS. However, the differences between ABC200, ABC300, and
ABC400 remain small and restricted to periods of weaker sample replications (n < 10 series).
This is particularly the case in ABC200, as this chronology is most affected by the systematic
removal of old tree rings. The substantial data reduction together with the marked discrepan-
cies with all other chronologies during low-replication periods raises questions regarding the
overall reliability of ABC200. ABC300 and ABC400, on the other hand, are characterized by

less variable replication curves. Even after the removal of rings older than 400 years, ABC400
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extends until 2016 CE with sufficient data replication. Yet removing data from the comparably

small Corsica MXD dataset remains challenging.

Large differences between the HGS and RCS indices before ~1425 CE and smaller deviations
after 1900 CE raise doubts regarding the suitability of RCS for our dataset. While HGS, as a
tree-by-tree standardization technique, is barely able to preserve multicentennial variability and
produces a quasi-stationary chronology fluctuating around a mean index of one, the composite
RCS technique retains more low frequency variance and produces lower values at each chro-
nology end. Whether these low frequency trends are valid is difficult to estimate; however, we
hypothesize that the regional curves established in the RCS runs (Esper et al. 2003) do not
adequately represent the earliest and latest density measurements, particularly during the low-
replication period prior to ~1425 CE. This bias might originate from the selective sampling
approach that focuses on old living trees and leads to younger trees being underrepresented
in all chronologies (Briffa et al. 1996). However, to clarify these methodological limitations, a

larger MXD dataset including different age classes is required.

3.4.2 Bimodal temperature signals

Various studies have reported that warm-season temperatures are the main climatic driver of
MXD formation in high-elevation Mediterranean conifers (Blntgen et al. 2010, 2017; Dorado-
Linan et al. 2012; Esper et al. 2020a, 2020b; Klippel et al. 2019; Leonelli et al. 2017). Regarding
the calibration with pre-1980 CE instrumental data, our results are consistent with these find-
ings, revealing significant temperature correlations throughout the growing season from April
to October, with a lack of forcing in August. In contrast, the influence of precipitation on MXD
appears to be minor. The resulting bimodal seasonality of temperature signals is comparable

to findings reported by Buntgen et al. (2017) and Esper et al. (2020a) from Spanish sites.

Whereas bimodality at the Cazorla Natural Park in southern Spain is characterized by a weak-
ened response during mid-summer months from June-August (Esper et al. 2020a), it was less
pronounced in the Pyrenees (Blntgen et al. 2017), as well as in Corsica, where only one month
(July and August, respectively) is insignificant. Bimodal response patterns have only been ob-
served at western Mediterranean sites so far; eastern Mediterranean sites, such as SMO (Es-
per et al. 2020b; Klippel et al. 2019), as well as MXD chronologies from central (Blintgen et al.
2006; Frank et al. 2005) and northern European regions (Esper et al. 2012, 2014) have not
been found to exhibit bimodality. Given the temperature insensitive MXD formation in Morocco
(Esper et al. 2006) and the bimodal signals at the Spanish sites (Blintgen et al. 2017; Esper et
al. 2020), our findings suggest a tendency toward increased seasonal bimodality with decreas-

ing latitude and/or greater aridity throughout the Western Mediterranean. However, additional
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studies need to be conducted across the region to identify mechanisms and climatic thresholds

responsible for bimodal temperature signals.

The physiological reasons for this lack of response during peak warmth are not yet fully under-
stood but are potentially related to a temperature-decoupled carbohydrate production (Esper
et al. 2020a) and/or the effect of drought limiting xylogenesis (Camarero et al. 2010; De Micco
et al. 2016). The latter assumption is in line with previous work by Trouet (2014), who found
the MXD of P. nigra to be more sensitive to August precipitation than to temperature at several
sites in southern Italy and Greece, whereas Esper et al. (2006) reported MXD formation in the
xeric regions of Morocco to be primarily controlled by drought variability. Since the high moun-
tain regions of Corsica can also be subject to drought from June-August (Rome & Giorgetti
2006), our results imply that high evapotranspiration rates limit July-August soil water contents,
thus, temporally altering the sensitivity of latewood formation toward precipitation. This hypoth-
esis is supported by dendrometer data obtained along an elevational transect of pines in Cor-
sica, revealing fast changes in stem circumference after precipitation events in summer and
rainfall-induced cambial reactivation in autumn (Szymczak et al. 2020a). The latter might also

explain the negative correlations of MXD with September precipitation.

The wood anatomical traits of P. nigra latewood, such as tracheid diameter, lumen width, and
cell wall thickness, are strongly determined by the trees’ water status, as their expression re-
sults from trade-offs between the hydraulic requirements of the xylem and the avoidance of
embolism (Hetzer et al. 2014; Martin-Benito et al. 2013; Petrucco et al. 2016). Protecting the
trees from cavitation, smaller tracheids with thicker cell walls are formed in summer, whereas
larger tracheids with thinner walls are needed to improve hydraulic efficiency (Pittermann et al.
2006; Szymczak et al. 2014). Since the trees vascular system can be severely damaged by
embolism, cavitation protection appears to be primarily important. Thus, latewood cells tend to
be denser in years with higher monthly temperatures and adequate water supply (Fonti et al.
2010; Hetzer et al. 2014).

Temperatures at the beginning and end of the growing season appear to have a strong influ-
ence on latewood formation, as sufficient precipitation falls in spring and autumn. The positive
relationship between April-May temperatures and MXD is likely related to a combination of
early snowmelt, reinforced photosynthetic activity, and the production of non-structural carbo-
hydrates prior to the onset of cambial activity (Blntgen et al. 2017; Hetzer 2013). In contrast,
correlations in September-October demonstrate the direct influence of air temperature on sec-
ondary cell wall deposition and lignification (Fonti et al. 2010; Piermattei et al. 2015). Although
latewood cell formation generally proceeds from July to September, cell wall thickening and
the lignification of terminal tracheids can continue into October (Gri¢ar et al. 2005; Hetzer 2013;

Lebourgeois 2000), leaving discernible imprints in MXD.
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Moderate inter-site correlations and varying temperature correlations at Asc, Tar, and Sor sug-
gest that the temperature sensitivity of MXD was co-influenced by local site conditions. Since
the duration and intensity of summer drought generally decreases with altitude, trees at lower
sites generally contain stronger hydroclimatic signals (Hartl-Meier et al. 2014; Hausser et al.
2019; Szymczak et al. 2020a). This tendency might also impact the reduced temperature cor-
relations at Tar (1450 m asl), as this site is located ~150 m beneath Asc in the adjacent valley.
The MXD chronology from Sor at only 1400 m asl, however, indicates the highest temperature
sensitivity, suggesting that elevational differences are less influential overall. Previous studies
point to combined biogeographical effects of local topography, slope exposure, soil formation,
and water supply when discussing climate signals in Corsican TRW networks (Hetzer 2013),
tree-ring stable isotopes (Szymczak et al. 2012, 2019), and intra-annual density fluctuations
(Hetzer et al. 2014). This might also be applicable for MXD; however, further measurements
and a network across the island are necessary to disentangle the impact of local site conditions

on P. nigra MXD formation.

3.4.3 Fading temperature signals

In environments where temperature is the limiting factor for tree growth, MXD has proven ideal
for reconstructing past summer temperature variability (Briffa et al. 1992; Bintgen et al. 2006;
Esper et al. 2012). However, hemispheric studies reported a decreasing temperature sensitiv-
ity since the second half of the 20" century (Briffa et al. 1998, 2004). This phenomenon, known
as the “divergence problem”, describes the inability of temperature-sensitive tree-ring chronol-
ogies to adequately capture 20™"-century warming. The lack of mirroring recent warming ques-
tions the reliability of tree-ring-derived temperature reconstructions during putative pre-instru-
mental warm periods. Despite widespread evidence in a network of MXD data obtained from
multiple sites across the Northern Hemisphere (Briffa et al. 1998), divergence appears to be
more prevalent at northern latitudes (D’Arrigo et al. 2007). As most records were developed in
the 1980s and 1990s, respectively, and only a few extend to the 215 century (Briffa et al. 1998;
Schweingruber & Briffa 1996), there is a need to update MXD records toward the present for

further in-depth-investigations on the divergence problem.

Our Corsican MXD chronologies reveal a similar decoupling from temperature in the late 20™
century, resulting in an underestimate of = 1.56°C between the warmer instrumental and colder
reconstructed temperatures in the 215 century. In contrast to the results by Briffa et al. (1998,
2004), this decoupling starts in the late 1990s and not in the 1960s. We suggest that the rising
temperatures throughout recent decades have resulted in more severe summer drought peri-
ods with higher evapotranspiration rates at our study sites. Instrumental observations support

this assumption and reveal that warm-season temperatures have continuously increased over
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the past 100 years, particularly after 1980 CE. While AMJJ and SO temperatures from 1980-
2000 CE are comparable to those of the 1940s or 1950s, warming amplified rapidly thereafter
surpassing nearly all 20""-century observations. Since this temperature increase is not accom-
panied by increasing rainfall, the offset between precipitation and potential evapotranspiration

is widening toward the present (Laffoley et al. 2018).

Drought episodes have begun to occur more frequently and persist longer, particularly since
the 1990s, when hydroclimate extreme events were most severe in the Western and Central
Mediterranean (Cook et al. 2016; Spinoni et al. 2015). In Corsica, the frequency of dry years
since intensified rapidly from 20% to 50%, while heavy rainfall events occurred more frequently
(Laffoley et al. 2018), further promoting summer drought as water infiltration is impeded by the
rocky slopes and large portions of precipitation are lost to surface runoff (Szymczak et al.
2020a). We therefore conclude that the P. nigra trees growing at the upper treeline suffer from
enhanced drought stress since the 1990s, causing the decrease in MXD sensitivity to warm-
season temperatures toward the end of the 20" century. At the same time, running correlations
reveal that June-July precipitation became increasingly important for MXD formation, although
precipitation signals are weak overall. The 1990s are identified as the turning point in climate
sensitivity. It appears that the succession of several severe drought events caused a shortage
of carbohydrate reserves due to inhibited photosynthetic activity during summer (Martin-Benito
et al. 2013; Medrano et al. 2002).

Although Black pines feature an effective stomatal control mechanism (Lebourgeois et al.
1998) and indicate a plastic response to dryness with a rapid recovery thereafter (Eilmann et
al. 2012), trees at Tar have suffered particularly from prolonged drought stress since the 1990s.
This could explain the anticorrelations with temperature over the most recent calibration period.
The effects of high temperatures and low water availability stimulate stomatal closure, limit the
absorption of carbon dioxide, and further a shortage of non-structural carbohydrates required
for cell wall formation (Hartl-Meier et al. 2015; Medrano et al. 2002; Olano et al. 2014). This
conclusion is consistent with previous dendroclimatological studies detailing drought as an im-
portant driver of Mediterranean tree growth and suggesting that the increasing frequency and
duration of summer aridity has reduced the temperature-growth relationship at southern Euro-
pean sites (Buntgen et al. 2012; Castagneri et al. 2014; Galvan et al. 2015; Martin-Benito et
al. 2010; Thiel et al. 2012).

The Corsican pine forests are also affected by regular wildfires characteristic for Mediterranean
forests (Mouillot et al. 2003; Souléres 2000). Wildfires have been recognized as disturbance
events in dendroclimatic studies as they can leave distinct fingerprints in the tree-ring series
of pines (Fulé et al. 2008; Szymczak et al. 2020b; Touchan et al. 2012). However, whereas

the number of recorded fires increased throughout the 20" century in many Mediterranean
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regions (Pausas et al. 2008), there was no indication of a change in Corsican fire regime co-
inciding with the altered climate sensitivity in high-elevation MXD data as reported here. The
striking coherence among TRW chronologies from multiple Corsican pine sites, extending well
into the 215t century (Szymczak et al. 2014), supports the conclusion that local fire events are

of minor importance for the climate signals recorded in tree-ring growth proxies.

Despite possible uncertainties in climate signal estimation emerging from the application of
gridded and instrumental station data from the coastal plain, the Corsican composite chronol-
ogies contain crucial temperature information, as CORHgs indicates a high coherence in low-
frequency variability with the world’s best replicated (n = 414) MXD record from the Spanish
Pyrenees (GER). The GER chronology correlates significantly (r1gs0-2014 = 0.72, p < 0.01) with
May-June and August-September temperatures over large parts of the Western Mediterranean
(Buntgen et al. 2017). Similar spatial correlations are recorded between the ABC200 and AMJJ
and SO temperatures prior to 1980 CE. Despite the greater geographical distance, CORngs is
more closely related to the May-September temperature reconstruction based on MXD from
Pyrenean mountain pines (Dorado-Lifian et al. 2012) than to the August-September tempera-
ture reconstruction derived from stable carbon isotopes of Corsican Black pines (Szymczak et
al. 2012). This discrepancy could result from both the different seasonalities and/or the climate
proxies, as carbon isotopes are more closely influenced by the mutual interactions of temper-
ature, precipitation, and transpiration, and carry a mixed climate signal (Szymczak et al. 2012).
Based on these findings, we hypothesize that interannual MXD variability derived from Corsi-
can Black pines can reliably represent large-scale temperature patterns across the Central-
Western Mediterranean over more than 500 years. However, due to the decreasing sensitivity
since the late 20™ century, a formal reconstruction of past temperatures is not warranted. The
development of more and better-replicated MXD chronologies are required to determine how
the increasing drought sensitivity affects P. nigra growth and to improve our understanding of

past climate dynamics in Corsica.

3.5 Conclusion

By combining 69 MXD measurements from three high-elevation sites in Corsica, we update
previously established density data by 36 years into the 215t century and by 350 years back to
the Middle Ages. After applying two detrending techniques that are able to preserve multicen-
tennial variability, as well as age-band decomposition, all chronologies of the now longest MXD
record for the Central-Western Mediterranean indicate similar associations with climate data.
The strongest correlations are observed with April-July and September-October temperatures
over calibration periods prior to 1980 CE. August temperatures are found to play a minor role

in MXD formation, accentuating a bimodal seasonality in temperature response that is similar
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to observations at Spanish sites in the Pyrenees and Andalusia. The bimodality in temperature
sensitivity is likely related to (I) an unimpeded carbohydrate production during mid-summer,
when temperatures do not fall below the physiological thresholds; while, at the same time, (ll)
distinct drought conditions cause stomatal closure inhibiting photosynthetic activity. Compari-
sons with other temperature-sensitive MXD chronologies from the Mediterranean region show
that the Corsican density record contains large-scale climate information over more than 500
years. However, weakening temperature associations since the 1990s caused by differing low-
frequency trends between wood density and instrumental temperature data raise doubts re-
garding the reliability of P. nigra MXD for climate reconstruction. We demonstrate that the post-
1990 CE divergence was likely due to a shift from thermal to hydroclimate forcing. In context
of recent warming, our results underline the significance of updating tree-ring density data into
the present to assess whether MXD-based temperature reconstructions derived from 20" cen-
tury calibration periods remain valid into the 215t century. For a better understanding of under-
lying physiological mechanisms and the influence of drought on MXD formation, additional

studies of wood anatomical traits would be helpful.
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3.8 Supplementary materials
Table $3.1 MXD site chronology characteristics.

Code Site [elevation] Radii Period MSL Rbar EPS AC1 AMXD

Asc Asco 19 1360-2016 543 034 090 033 083
[1600 m asl]

Tar Tartagine 20 1636-2016 282 029 091 044  0.95
[1450 m asl]

Sor Col de Sorba 30 1622-1980 211 036 094 026  0.94
[1400 m asl]

Period: start and end dates when replication = 5 radii. MSL: mean segment length [years]. Rbar: mean inter-series
correlation. EPS: expressed population signal. AC1: first-order autocorrelation. AMXD: average MXD [g/cm3)].

Table $3.2 MXD composite chronology characteristics.

Chronology Radii Period MSL Rbar EPS AC1 AMXD
CORRcs 69 1360-2016 325 0.23 0.91 0.44 0.92
ABC400 69 1361-2016 247 0.27 0.93 0.38 0.93
ABC300 69 1361-1988 200 0.27 0.93 0.37 0.94
ABC200 66 1365-1980 141 0.27 0.90 0.35 0.95

Period: start and end dates when replication = 5 radii. MSL: mean segment length [years]. Rbar: mean inter-series
correlation. EPS: expressed population signal. AC1: first-order autocorrelation. AMXD: average MXD [g/cm3)].
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Fig. S3.1 Effects of merging site measurements. (a) Hugershoff-detrended MXD composite (CORngs)
and site chronologies (Asc, Tar, Sor) (thin curves) shown together with their 31-year smoothing splines
(bold curves), (b) their expressed population signal (EPS) computed for 30-year segments with 15-year
overlaps, and (c) their mean tree age curves.
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Fig. $3.2 Effects of mean adjustment. Regional curves (thin curves) shown together with their 300-year
splines (bold curves) and boxplots displaying growth rates of the site-specific MXD data (a-b) before
mean-adjustment and (c-d) after mean-adjustment. (e) COR chronologies (thin curves) and their 300-
year splines (bold curves) after applying RCS to the mean-adjusted data (black), to the unadjusted data
(orange), and to the site-specific data before merging (red). Start and end dates were set to n = 5 series.
Note the considerably lower indices of the unadjusted chronology version before ~1600 CE (caused by
the dominance of higher elevated trees from Asc).
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Fig. $3.3 Sample replication and regional curves of the composite MXD data. (a) Replication curves of
age-aligned tree rings highlighting the data sections: ABC200 contains rings from 30-200 years, ABC300
from 30-300 years, and ABC400 from 30-400 years. Rings younger than 30 years and older than 400
years are only included in COR. (b) Regional curves of the chronologies (light) shown together with their
100-year low pass filters (bold). Pith-offset estimates are considered. Note the Hugershoff-shaped age
trend in COR.
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Fig. $3.4 Temperature signal estimation using the CRU TS4.04 data. Correlations between the HGS-
detrended chronologies and monthly and seasonal temperatures from (a) 1901-1980 and (b) 1901-2016
CE. Note that Sor ends in 1980 CE.
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Fig. $3.5 Precipitation signal estimation using the GPCC v2020 data. Correlations between the compo-
site chronologies and monthly and seasonal precipitation totals from (a) 1891-1980 and (b) 1891-2016
CE. Note that ABC200 and ABC300 end in 1980 and 1988 CE, respectively. (¢) 31-year running corre-
lations between the chronologies and June-July (JJ) and August-September (AS) precipitation totals.
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Abstract

In recent decades, xylem anatomical traits have become increasingly important in dendro-
chronological research, as they offer the unique opportunity to assess eco-physiological driv-
ers of tree growth at intra-annual resolution. However, standard protocols for generating such
data are still missing, leading to methodological uncertainty and complicating data exchange
among laboratories. Here, we compare protocols for high-quality permanent slide preparation
in dendroanatomy and address effects of paraffin embedding vs. non-embedding approaches.
Tests are conducted on both gymnosperm and angiosperm wood types of widely distributed
European tree species, considering cell wall thickness (CWT), mean lumen area (MLA), and
hydraulic diameter (Dn). Results indicate that non-embedding does not significantly alter the
qualitative and quantitative characteristics of permanent slides compared to embedded sam-
ples. Whereas the mean chronologies of MLA and Dy and their non-embedded counterparts
share substantial high-frequency variance, CWT chronologies reveal slightly larger discrepan-
cies at interannual scale. However, methodological differences do not exceed 11.1% for any
parameter. While these results reveal high similarity between the two approaches, we recom-
mend adopting the non-embedding procedure, since it saves resources and therefore allows
to produce larger datasets. Regardless of the protocol used to build wood anatomical datasets,
assembling large-scale networks of wood anatomical data could transform our understanding

of forest responses to global changes.

Keywords: cell wall thickness, dendroanatomy, hydraulic diameter, mean lumen area, paraffin

embedding, xylem.
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4.1 Introduction

Microscopic analyses of xylem anatomical features provide a unique opportunity to study the
response of tree and forest growth to environmental changes at intra-annual resolution (Lopez-
Saez et al. 2023; Piermattei et al. 2020). Methodological and technological advances in quan-
titative wood anatomy (QWA) progressively enabled detailed and resource-efficient analyses
of xylem-specific components (Katzenmaier et al. 2023; Prendin et al. 2017; von Arx & Carrer
2014; von Arx et al. 2016), namely the structural and conductive elements forming wood, such
as fibers, vessels, and tracheids. As a result, recent tree-ring studies increasingly focused on
the analyses of wood anatomical traits, indicating dendroanatomy to be a powerful tool to study
tree responses to environmental changes (Arni¢ et al. 2021; Carrer et al. 2016, 2018; von Arx
et al. 2016). Among numerous wood anatomical traits, cell wall thickness (CWT), mean lumen
area (MLA), and hydraulic diameter (Dy) are most commonly used to address a variety of phys-
iological, ecological and palaeoclimatological research questions (Castagneri et al. 2017; Fonti
et al. 2009; Piermattei et al. 2020; von Arx et al. 2016; Ziaco et al. 2023).

Whereas QWA adds cell-specific information to traditional tree-ring proxies such as ring width
(TRW) or maximum latewood density (MXD), data development is quite time consuming com-
pared to conventional dendrochronological techniques. Standard protocols for generating
wood anatomical data are still lacking, while methodological assessments (Bjoérklund et al.
2019) routinely enable the construction of large-scale TRW and MXD networks, providing a
powerful tool for studying regional to continental forest responses to climate change (Briffa et
al. 2001; Esper et al. 2002, 2012). In fact, tree-ring laboratories across the world currently use
slightly different methodological approaches to prepare wood samples for the wide spectrum
of QWA (Carrer et al. 2018; Seftigen et al. 2022), xylogenesis (Martinez del Castillo et al. 2018;
Rossi et al. 2006), and other eco-physiological analyses (Schneider & Gartner 2013; Yeung et
al. 2015). These methodological differences hamper the seamless comparison and exchange
of data and material among laboratories and research groups, and hinder the development of
large-scale dendroanatomical networks that would likely add new insights to our understanding

of large-scale forest changes.

One of the main methodological differences in sample preparation for QWA involves the pro-
cedure of sealing xylem tissue into an embedding medium, such as paraffin, versus boiling the
sample in water or in baths of glycerin to soften the cellular walls before sectioning (Gartner &
Schweingruber 2013; von Arx et al. 2016). While embedding is routinely used to prevent cell
wall collapse during cutting by injecting liquid paraffin into cell lumina under vacuum pressure,
especially in soft and living cells of the cambial zone (Rossi et al. 2006), non-embedding allows
for a faster sample processing, simultaneously preventing the employment of harmful chemi-

cals (e.g., xylol) intrinsic to the embedding procedure. Here, we compare these two protocols
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for high-quality permanent slides preparation in dendroanatomy, demonstrating the covariance
of QWA data from embedding and non-embedding approaches. We use three major European
tree species, including deciduous hardwoods and coniferous softwoods, and compare micro-
sections obtained with and without paraffin embedding for any quantitative differences in CWT,
Dy, and MLA.

4.2 Materials and methods

Two coniferous and one deciduous tree species were selected for the comparison: Stone pine
(Pinus cembra L., PICE), European larch (Larix decidua L., LADE), and European beech
(Fagus sylvatica L., FASY), growing in montane and subalpine belts between 1000 and 2200
m asl in the Italian Southern Alps (PICE and LADE) and the Northern Apennines (FASY). One
sample per tree, selected based on visual appearance to avoid damage, decay, and structural
anomalies, was taken at breast height (~1.3 m) using a 10-mme-increment borer. Samples were
split orthogonally to the longitudinal stem axis to produce two datasets of transverse microsec-
tions, one with and one without embedding. For the latter, core halves were separated into 4-
5 cm long pieces and boiled in distilled water to soften these (5-10 min for PICE and LADE;
20-25 min for FASY). Ten um thick transverse microsections were obtained using a Leica
rotary microtome (Leica Biosystems, Wetzlar, Germany) and bleached in 10% sodium hypo-
chlorite for 10 minutes to decolor cell walls. After removing the bleach with water, microsec-
tions were stained in a 1:1 safranin-astra blue solution, dehydrated in successive ethanol baths
(50% and 100% purity), permanently mounted onto glass microscope slides with Euparal (Carl
Roth, Karlsruhe, Germany), and dried in an oven at 60°C for 48 hours. The remaining core
halves were separated and embedded in paraffin using an automatic Slee MTP Tissue Pro-
cessor (Slee, Nieder-Olm, Germany) and a Medite Tissue Embedding Center TES 99 (Medite,
Burgdorf, Germany) before cutting 10 um microsections. Digital images at a resolution of 2.2
pixels/um were obtained from all microsections using a NanoZoomer slide scanner (Hamama-
tsu Photonics, Shizuoka, Japan). For both paraffin-embedded (PAR) and non-embedded sec-
tions (NoPAR), digital images were taken exactly for the same areas, verified considering pe-

culiarities in the xylem structure, including resin ducts and parenchyma rays.

Images were processed using the ROXAS software (v4.0) to automatically identify individual
tracheids in softwood and vessels in hardwood by using specific settings for both groups (von
Arx & Carrer 2014). Wood anatomical traits, namely conduit size (mean lumen area, MLA),
cell wall thickness (CWTai, the average between tangential and radial CWT), and hydraulic
diameter (Dn), were measured on 15 rings in each section. While MLA was measured for all
species, CWT was measured exclusively for LADE and PICE, whereas Dy was computed only

for FASY (after Sperry et al. 1994). For all three parameters, the arithmetic mean and standard
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deviation were calculated for each ring, thus building two chronologies per parameter. All tree-
ring series were visually crossdated using TRW measurements obtained from ROXAS to ac-

curately compare the embedded and non-embedded slides.

To assess differences between the measurements derived from embedded vs. non-embedded
sections, we measured the relative difference (|%]) between mean ring values of each ana-

tomical trait as follows:

A = |AN0P£:;RAPAR| , 4.1)
where AA is the absolute value of the ratio between the difference of the mean anatomical
parameter measured on the non-embedded (AAnoear) and embedded sections (AAgar) over
the value for the embedded section. To quantify average values of MLA, Ds, and CWT, and
assess their variability within each ring, we considered the relationship between absolute dif-
ferences in the mean (AA) with annual means and standard deviations measured on the par-
affin-embedded sections by using linear regressions. We used the absolute value since the
aim was to quantify differences regardless of sign. High-frequency variability for the anatomical
parameter was assessed by calculating the “Gleichlaufigkeit” (GLK; Eckstein & Bauch 1969)
of the mean and standard deviation series for MLA, Dn, and CWT, using embedded and non-
embedded samples. Standardized tracheidograms (Campelo et al. 2016; Olano et al. 2012;
Vaganov 1990; Ziaco 2020), averaging 15 rings on each sample, were computed to evaluate
intra-annual variability of MLA and CWT in LADE and PICE. The tracheidograms were com-
puted by aligning cell radial files for each ring using RAPTOR (Peters et al. 2018) and then
normalizing the number of cells to 20 (LADE) and 50 (PICE) using tgram (DeSoto et al. 2011).

All statistical analyses were performed in the R environment (R Core Team 2022).

4.3 Results and discussion

Visual assessment of the images of paraffin-embedded and non-embedded sections reveals
no significant differences between the two approaches. Considering the minimal intrinsic dif-
ferences due to the progressive cutting of a given sample, PAR and NoPAR sections are es-
sentially indistinguishable from a qualitative perspective (Fig. 4.1). Mean and standard devia-

tion chronologies show overall good interannual agreement in all parameters (Fig. 4.2, S4.1).
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Fig. 4.1 Visual comparison of microscopic sections (100x magnification) produced from the same sam-
ples of Fagus sylvatica (FASY), Larix decidua (LADE), and Pinus cembra (PICE) processed with both
paraffin embedding (PAR) and without paraffin embedding (NoPAR) (scale bar = 1 mm).
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Fig. 4.2 Mean (blue curves) and standard deviation (green curves) chronologies of (a) vessel area, (b-
c¢) tracheid lumen area, (d) hydraulic diameter, and (e-f) cell wall thickness measured on the paraffin-
embedded (PAR) and non-paraffin-embedded (NoPAR) samples of Fagus sylvatica (FASY), Larix de-
cidua (LADE), and Pinus cembra (PICE).

The CWT chronologies, however, display larger high-frequency discrepancies, though their AA
values are notably lower compared to MLA and Dy (Table 4.1). The largest AA value (11.1%)
is recorded in MLA of LADE. For all species, AA values are higher in MLA than in CWT or Dy,
indicating a higher absolute measurement error for the larger anatomical features. High GLK
values among the PAR and NoPAR MLA chronologies (GLKrasy = 0.64, GLKiape = 1, GLKpice
= 0.86), on the other hand, prove that interannual variability is less affected by this bias com-
pared to CWT. GLK values calculated between PAR and NoPAR CWT chronologies are com-
parably lower (GLKiape = 0.5, GLKpice = 0.57). The visible differences between the CWT chro-
nologies may be due to minor cutting imprecisions affecting the smaller CWT parameter more
than the other features; the aforementioned progressive cutting issue, which inevitably causes
the comparison of two sections with minimal differences between each other; and/or the toler-
ance of the instrument we used: even though microtomes are precise tools, they can still cause
0.5-1 ym errors in the cutting (cutting thickness range is usually 0.5-100 ym; Leica Biosystems
2023), leading to slight differences in thickness among and within individual QWA samples.
However, the overall good agreement of the mean and standard deviation chronologies shows
that both approaches are able to capture the intra-annual variability of the cellular parameters

and describe their dispersion around the mean.
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Table 4.1 Summary of the measured wood anatomical traits on the paraffin-embedded (PAR) and
non-paraffin-embedded sections (NoPAR).

PAR NoPAR Difference GLK
Mean sSD Mean SD AA PAR NoPAR

Fagus sylvatica

MLA (um2) 982 789 974 817 7.7% 0.64 0.79
D (Um) 30.5 15.4 30.1 15.8 5.3% 0.93 0.79
Larix decidua

MLA (um2) 663 426 588 407 11.1% 1 0.71
CWT (um) 4.4 0.7 4.2 0.8 6.0% 0.5 0.64
Pinus cembra

MLA (um2) 672 454 660 443 7.7% 0.86 0.57
CWT (um) 53 1 5.4 0.9 4.5% 0.57 0.86

Mean: mean of lumen area (MLA), hydraulic diameter (Dn), and cell wall thickness (CWT). SD: one standard devi-
ation. AA: relative differences between PAR and NoPAR sections (mean interannual ratio between the difference
of the mean anatomical parameter measured on non-embedded (Anorar) and embedded sections (Arar) over the
value for the embedded section. GLK: gleichlaufigkeit.

Differences in MLA between PAR and NoPAR are unaffected by the average size of the ves-
sels and tracheid lumina. There is neither a significant relationship between ring-specific AA
values and MLA in the PAR sections for any species (Fig. 4.3a), nor between AA and standard
deviation (Fig. 4.3b). Similar results are observed for D, and CWT, considering both parame-
ter-specific mean values and standard deviations (Fig. 4.3c-f). Only the CWT of LADE shows
a significant (p < 0.05) negative relationship between AA and standard deviation, which is in
line with the low GLK value of 0.64 and suggests that differences between PAR and NoPAR
decrease toward high-frequency (intra-annual) CWT variability. This might indicate that during
periods of increased CWT variability fewer cells with particularly larger walls collapse, thereby

mitigating damage (Hacke & Sperry 2001) and reducing PAR versus NoPAR differences.

The tracheidograms of PAR and NoPAR sections show only minor differences reaching ~10%
for MLA and ~5% for CWT in LADE and PICE (Fig. 4.4). While the CWT differences (AA) are
relatively stable throughout the ring, a sharp increase of > 15% in AA values is recorded in the
latewood sections. The increasing MLA difference between PAR and NoPAR tracheidograms
in these last ring sections can be attributed to an improved preservation of very small latewood
cells after embedding or to a potential lack of paraffin infiltration in the thinnest latewood cells,
compromising the integrity of these cells while cutting. Even though this effect must be consid-
ered when choosing one of the two approaches, it only affects a small portion of the ring and
has no detectable impact on annually resolved MLA values. CWT measurements in the late-
wood appear to be completely unaffected by this tendency. Differences in late-season MLA
chronologies may be less relevant, as climate signals typically derived from these ring portions
are usually weak, while CWT data from the same portions often retain highly significant climatic
information (Carrer et al. 2018; Castagneri et al. 2017; Puchi et al. 2020).
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Fig. 4.3 Scatterplots showing the relationships between the average values of (a) vessel/tracheid lumen
area, (c) hydraulic diameter, (e) cell wall thickness, and (b, d, f) respective standard deviations meas-
ured on paraffin-embedded sections (PAR) with the absolute difference between the mean values meas-
ured on PAR and NoPAR samples. Colored lines are linear regressions (dashed lines indicate p > 0.05;
solid lines p < 0.05).
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Fig. 4.4 Standardized tracheidograms (solid bold lines) of lumen area and cell wall thickness from par-
affin-embedded (PAR, dark blue lines) and non-paraffin-embedded (NoPAR, green lines) samples of
(a-b) LADE and (c-d) PICE. Thin curves represent +1 standard deviation. Dotted curves show the mean
differences between the tracheidograms.

Several factors might prevent a perfect match of the two approaches, including twisted fiber
orientation, localized damage to woody tissue due to insufficient cutting precision, and arbitrary
decisions of the sample section chosen for the analysis. Nevertheless, the small differences
found in MLA, Dn, and CWT between PAR and NoPAR are considered minor, since the errors
are toward the lower end of the range of 5-30% typically introduced by inaccurate microslide
preparation (von Arx et al. 2016). This conclusion is supported by the decision to exclude man-
ual editing of images and filter application from this comparison, which are expected to further
mitigate methodological differences. Moreover, it is important to note that the differences be-
tween the two approaches are probably accentuated by the exceptionally thin cutting thickness
of 10 ym. By producing thicker slides, deviations in wood anatomical traits between PAR and
NoPAR are likely to decrease. Lastly, necessary chemical treatments required to produce high-

quality wood anatomical sections, such as bleaching with hypochlorite, might add some minor
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uncertainties on absolute QWA metrics through chemical reactions with the wood compounds,
but are unproven and negligible due to the major benefit of minimizing other sources of error

during the preparation (von Arx et al. 2016).

4.4 Conclusion

We show that the non-embedding procedure does not significantly alter the quality of perma-
nent slides prepared for QWA analysis. The lack of substantial biases between embedding
and non-embedding approaches reinforces the reliability of diverse QWA protocols, data ex-
change, and the development of joint networks. Given the high similarity between the two ap-
proaches, we recommend following the non-embedding procedure since is less time-consum-
ing, less expensive, while it also prevents the utilization of harmful chemicals. Such approach,
by saving more resources, allows to produce larger data and is therefore recommended for
experienced applicants. However, attention might be required with certain tree species, such
as Larix decidua, and anatomical features, such as particularly thin cell walls that are suscep-
tible to tissue damage. In these cases, embedding is recommended, particularly for less expe-
rienced applicants. Deciduous species are generally less prone to tissue damage and can be
processed and combined regardless of the preparation approach. The establishment of large-
scale, robust, and unbiased wood anatomical networks is essential for studying inter-regional
forest growth responses to rapidly changing environmental conditions. We advise to continue
working on the other steps of the QWA protocol to maximize the quality of the material used
for anatomical measurements. Accurate sample collection, starting from the correct functioning
of the tools (i.e., increment borers), boiling time, cutting precision, as well as specific ROXAS
settings, are crucial steps in the QWA protocol that should always be considered and per-

formed in the best possible way to obtain high-quality dendroanatomical data.
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Fig. S4.1 PAR (blue curves) and NoPAR (green curves) distribution of (a) vessel area, (b-c) tracheid
lumen area, (d) hydraulic diameter, and (e-f) cell wall thickness measured over 15 rings on Fagus syl-

vatica (FASY), Larix decidua (LADE), and Pinus cembra (PICE).
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Abstract

Annually precise dating is the cornerstone of dendrochronology. The accurate crossdating of
relict wood is, however, frequently challenged during early chronology periods when sample
replication is typically low. Here we present a multi-proxy approach in which stable carbon
(6"C) and radiocarbon ('“C) isotope data are used to evaluate and correct dating errors in the
early period of the longest high-elevation tree-ring chronology from the Mediterranean Basin.
The record was initially developed using 878 tree-ring width (TRW) and 192 maximum late-
wood density (MXD) series from living and relict Bosnian pines (Pinus heldreichii) from Mt.
Smolikas in Greece to reconstruct hydroclimate and temperature variability back to the 8" cen-
tury. New annually resolved and non-pooled &'*C series now suggest a re-dating of first mil-
lennium relict pine samples during a period when sample replication was too low for proper
TRW and/or MXD crossdating. The associated correction shifts the start of the Mt. Smolikas
chronology from 575 back to 468 CE, a change independently confirmed by wiggle-matching
annual "C data along the 774/775 CE cosmic event. Our study demonstrates the importance
of independent age validation for robust chronology development and shows how multi-proxy

crossdating can improve dating success during periods of low sample replication.

Keywords: Bosnian pine, Mt. Smolikas, paleoclimate, radiocarbon isotopes, relict wood, tree-

ring stable isotopes.
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5.1 Introduction

The fundamental principle of dendrochronology is crossdating, a method used to accurately
assign tree rings to their exact year of formation, routinely accomplished by determining co-
herent patterns of interannual ring-width (TRW) variability (Stokes & Smiley 1996). This match-
ing technique allows the dating of relict samples, such as subfossil, archeological or historical
construction timber, an indispensable step in developing multicentennial to millennial-long tree-
ring records (Esper et al. 2016; Ljungqvist et al. 2020). Absolute calendric dating is advanta-
geous compared to other proxy archives and enables the development of high-resolution en-
vironmental reconstructions that provide unique information to study, for example, the climate
response to volcanic forcing (Buntgen et al. 2020a; Sigl et al. 2015) or the history of natural

forest disturbances (Esper et al. 2007) at annual resolution.

Crossdating is most effective when tree growth is constrained by a single limiting environmen-
tal factor (Fritts 1976). Dating success based on TRW can be hampered either by favorable
conditions resulting in invariant (complacent) rings or structural anomalies such as false, miss-
ing, and wedging rings, or intra-annual density fluctuations (Schweingruber et al. 2008). Com-
pared to TRW, maximum latewood density (MXD) measurements typically contain less non-
climatic noise, such as biological memory effects (Esper et al. 2015) and spectral biases
(Franke et al. 2013), and are less susceptible to large-scale disturbances (Rydval et al. 2018),
improving crossdating success. Despite various methodological advances in recent decades
(Bjorklund et al. 2019), dating relict wood of unknown age using well-established TRW/MXD
records as a reference, however, remains challenging. This is particularly noticeable in the
early period of many tree-ring chronologies, where sample replication and overlap usually de-
crease substantially. Incorrectly dated series can lead to critical errors in composite chronolo-
gies, propagating back through time and eliminating crucial high-frequency signals (Black et
al. 2016). Hence, only samples with high dating certainty are routinely included in final records.
As a result, a large number of undated relict wood is neglected, often limiting the further ex-

tension of absolutely dated tree-ring chronologies into the past.

Besides TRW and MXD, stable carbon (6'*C) and oxygen (5'80) isotopes have proven valua-
ble tools for dating living (Roden 2008) and historic construction timber (Loader et al. 2019,
2021). As 8"C reflects the balance between stomatal conductivity and photosynthetic CO,
assimilation, and 6'®0 is determined by source water and leaf transpiration (McCarroll &
Loader 2004), both tree-ring stable isotopes (TRSI) contain crucial information on past climatic
conditions and show strong coherences across species and sites (Hartl-Meier et al. 2015;
Saurer et al. 2008; Treydte et al. 2007). Climate signals in TRSIs are less dependent on eco-
logical conditions and thus increasingly used for paleoclimate reconstructions, particularly in

lowland regions where traditional parameters are less sensitive to climate (Blintgen et al. 2021;
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Labuhn et al. 2016). Moreover, despite juvenile effects (Gagen et al. 2008), TRSIs often lack
long-term biological age trends (Blntgen et al. 2020b; Gagen et al. 2007; Young et al. 2011)
and require comparatively small sample sizes (4-6 trees) to produce reliable site-representa-

tive chronologies (Belmecheri et al. 2022; Leavitt 2010).

Independent of regional growth and climate, high-precision radiocarbon (*#C) measurements
calibrated against the International Northern Hemisphere Radiocarbon Age Calibration Curve
(IntCal20; Reimer et al. 2020) allow the determination of sample ages. Recent methodological
advances have made annually resolved Accelerator Mass Spectrometer (AMS) measurements
more readily available and reasonably affordable (Sookdeo et al. 2016; Wacker et al. 2014),
opening new opportunities for independent crossdating confirmation. To minimize *C dating
uncertainties resulting from the non-monotonicity of IntCal20, so-called '*C “wiggle-matching”
is performed where multiple rings along a single wood sample are measured and systemati-
cally compared to the calibration curve (Bronk Ramsey et al. 2001). Furthermore, abrupt, sin-
gular, and globally coherent "*C enrichment events, likely due to short-term enhanced cosmic
radiation, represent objective time markers allowing for absolute dating beyond the methodo-

logical dating uncertainty of "C (Blintgen et al. 2018; Miyake et al. 2012).

Here, we apply state-of-the-art multi-proxy crossdating, including TRW, MXD, 6'C, and "C,
to overcome dating issues of relict pine logs from Mt. Smolikas in Greece. We show that an-
nually resolved and non-pooled 6'*C measurements of a-cellulose from whole wood samples
enable the correction of TRW-based dating errors in the earliest period of the chronology de-
spite weak sample replication. Verified by high-precision "C wiggle-matching, our findings ex-

tend the longest Mediterranean tree-ring record more than a century back in time.

5.2 Material and methods

5.2.1 TRW and MXD measurements

A total of 878 TRW and 192 MXD measurements on living (5-mm increment cores) and relict
(discs) Bosnian pines (Pinus heldreichii) from Mt. Smolikas (= 2000 m asl) in northwestern
Greece (Fig. 5.1a) enabled the development of tree-ring records dating back to early medieval
times (Esper et al. 2020a, 2021). The distinct climate seasonality (i.e., warm-dry summers and
cold-snowy winters) of the Mediterranean mountain massif permitted the preservation of relict
logs for centuries. Core and disc samples were processed according to standard dendrochron-
ological techniques (Stokes & Smiley 1996). TRW was measured along two stem radii per tree
(labeled as a-core and b-core; e.g., Pine16a and Pine16b) using the high-precision LINTAB 6
(Rinntech, Heidelberg, Germany) and Velmex (Velmex, Bloomfield, NY, USA) devices, while
MXD data were produced using the DENDRO2003 X-ray densitometer (Walesch Electronic,
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Effretikon, Switzerland). Visual and statistical crossdating was performed using the TSAP-Win
(Rinn 2012) and COFECHA (Holmes 1983) software, respectively.

Year CE
600 700 800 900 1000
1 1 1 1 L 1

W'

“C Reference (Pine44b) — = =

100 . EPS=0.85 —

EPS

Rbar

6(I)O ‘ 700 ‘ 8(IJO I 9(|)0 I 1 OIOO
Year CE

Fig. 5.1 Mt. Smolikas tree-ring data (as published in Esper et al. 2020a, 2021). (a) Photograph of relict
Pinus heldreichii trunks and map showing the geographical location of Mt. Smolikas in Europe. (b) Seg-
ment length plot indicating the sample replication of the tree-ring width (TRW), maximum latewood den-
sity (MXD), stable carbon (5'3C) and radiocarbon isotope (“C) data in the first millennium CE. Each
horizontal bar represents one measurement series. Vertical dashed lines mark the years when sample
replication falls below 10 series/year. (c) Expressed population signal (EPS) and (d) mean inter-series
correlation (Rbar) for each proxy calculated over 50-year windows, lagged by 49 years. Dotted curves
highlight periods when Rbar/EPS-calculations are based on two series only. Note the sharp decrease
in Rbar/EPS of 6'3C at the early chronology end caused by the misdating of Pine16a.
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5.2.2 8"*C measurements

A total of 78 TRW series (~17% of the entire relict wood material) date to the first millennium.
From this collection, 17 well-preserved discs were selected to develop a continuous, annually
resolved &'3C chronology including 4151 individual measurements. In contrast to TRW and
MXD, 6"C was measured along a single radius per tree. The disc samples were sawn into ~7-
mm-wide radial sections to allow the precise separation of individual rings using a scalpel un-
der a stereomicroscope. To avoid potential juvenile effects (Gagen et al. 2008), the 50 inner-
most rings of each sample (considering pith offset) were omitted as a conservative precaution.
After carefully cutting and dividing each tree ring into similarly sized fiber flakes, the a-cellulose
was extracted from the whole wood via the modified Jayme-Wise isolation method (Boettger
et al. 2007) at the Global Change Research Institute (CzechGlobe) in the Czech Republic. For
this, the shredded wood fibers of each ring were packed in Teflon filter bags and washed suc-
cessively with 5% NaOH (twice for 2 hours at 60°C) and 7% NaClO; solution (30 hours at
60°C) to remove hemicellulose, resin, fatty acids, ethereal oils, and lignin. Acetic acid (99.8%)
was added to the latter solution to set a pH of 4-5. The remaining a-cellulose was rinsed three
times with 90°C distilled water, dried at 50°C for 24 hours, locked in Eppendorf microtubes,

and stored in a dark room at constant room temperature (21°C).

For &'3C measurements, 0.2-1.0 mg of a-cellulose was placed in tin capsules and combusted
to CO, at 960°C using the varioPYRO cube elemental analyzer (Elementar Analysensysteme,
Langenselbold, Germany). From the CO. gas, the ratio of heavy ('*C) to light (*2C) carbon
isotopes was determined using the ISOPRIME100 mass spectrometer (Isoprime, Manchester,
UK) operating in a continuous flow mode. The ion source of the mass spectrometer was cen-
tered, tuned, and tested for stability (10 < 0.04%o0 on ten pulses over three runs) and linearity
(10 < 0.03%0/nA) before each measurement. *C/'2C ratios were referenced to caffeine (IAEA-
600) and graphite (USGS24) and expressed in the conventional é notation (in %o), relative to

the Vienna Pee Dee Belemnite standard according to the formula:
§13C = (Rsample/Rstandard - 1) x 1000, (5.1)

where R is the ratio between heavy and light carbon isotopes ('*C/'?C). Six consecutive meas-
urements of the same a-cellulose sample were made to determine the precision of §'*C ratios.
The range between minimum and maximum values and standard deviation (10) were 0.12%o

and 0.042%o, respectively.

89



5 Multi-proxy crossdating extends the longest high-elevation tree-ring chronology [...]

5.2.3 Chronology development

To normalize the TRW, MXD, and §'C data, the individual tree-ring series were power-trans-
formed and high-pass filtered by calculating residuals from cubic smoothing splines with a 50%
frequency cutoff at 30 years (Cook & Peters 1981; Wigley et al. 1987), removing large portions
of low-frequency variability, positive autocorrelation, and skewness. Master chronologies were
developed using ARSTAN (Cook & Krusic 2016) by calculating the bi-weight robust mean
(Cook 1985) and performing variance stabilization to account for altering sample replication
and covariance over time (Frank et al. 2007). Coherences among the individual series were
assessed using the inter-series correlation (Rbar) and the expressed population signal (EPS;
Wigley et al. 1984) computed over 50-year segments with a 49-year overlap. Although the new
0"3C series were dated according to their respective TRW/MXD measurements (Esper et al.
2020a, 2021), their degree of internal crossdating was evaluated using COFECHA (Holmes
1983). Moving correlations between the high-pass filtered 5'*C series and the COFECHA mas-
ter chronology thereby cast doubt on the age of the second oldest relict pine (Pine 16) by pro-
posing a putative redating of the a-core (Pine 16a) from its original TRW-derived placement at
597-852 CE (Opt1) to 468-723 CE (Opt2).

5.2.4 Radiocarbon dating

For independent age validation, annually resolved '*C measurements were performed on two
samples, Pine16a with a total ring number of 256 and Pine44b with 325 rings. The latter pro-
vided a high dendrochronological dating confidence due to significant (p < 0.001) strong cor-
relations with the TRW (r = 0.57) and 6"*C (r = 0.87) master chronologies over the well-repli-
cated period 695-925 CE (n = 10 series/year). From each sample, 13 rings from the initial,
middle, and end section, ideally from identical calendric dates derived from TRW, were pre-
cisely cut and fragmented into equally sized fiber flakes using a scalpel. Material believed to
cover the 772-777 CE period was selected to use the 774/775 CE cosmic event as an inde-

pendent time marker.

At the Curt-Engelhorn-Centre of Archaeometry (Mannheim, Germany), holocellulose was ex-
tracted from each ring using the BABA bleaching method (Brock et al. 2010) by washing the
wood fibers sequentially at 60°C in 4% NaOH (overnight), 4% HCI (30 min), 4% NaOH (30
min), 4% HCI (30 min), and repeatedly 5% NaClO, (60 min) until cellulose turned white. HCI
was added to the NaClO; solution to set a pH of 3. The material was rinsed 1-3 times between
each step with Milli-Q water. After chemical extraction, samples were dried overnight at 60°C.
Holocellulose yield (Mholoceliuiose/Mwood) ranged from 48 to 62%. Holocellulose was combusted
using the vario MICROcube elemental analyzer (Elementar Analysensysteme, Langenselbold,

Germany), and the resulting CO» gas was catalytically graphitized using either a custom build
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or the commercially available graphitization system AGE3 (lonPlus, Dietikon, Switzerland;
Némec et al. 2010; Wacker et al. 2010a). The cellulose-based graphite was pressed into alu-
minum targets and analyzed for its "C concentration using the high-precision MICADAS-type
(lonPlus, Dietikon, Switzerland) AMS (Kromer et al. 2013; Synal et al. 2007; Wacker et al.
2010b). To determine absolute calendrical dates (CE), the '*C measurements from Pine16a
and Pine44b were wiggle-matched against the IntCal20 curve (Reimer et al. 2020) using the

D_Sequence function in OxCal 4.4 (Bronk Ramsey 2009; Bronk Ramsey et al. 2001).

5.3 Results and discussion

5.3.1 TRW, MXD, and &'"°C chronology statistics

Although the statistical properties of raw &'*C are less problematic for correlation analyses
than those of TRW and MXD, a first-order autocorrelation of 0.41 and pronounced skewness
highlight the need for detrending. High-pass filters effectively remove multidecadal-scale vari-
ability while emphasizing high-frequency variability and moving the data closer to normal dis-
tribution (Fig. $5.1). In the first millennium, the chronology replication decreases continuously
toward the past, falling below a threshold of n < 10 series/year before 693 CE for TRW, 730
CE for MXD, and 790 CE for 6'*C (Fig. 5.1b). Over the well-replicated 790-1000 CE period,
the detrended records (excluding Pine16) correlate < 0.5, indicating a high independence be-
tween the tree-ring proxies, with more than 75% of the variance unexplained. Mean segment
length of the 6'3C data (244 years) is 60-70 years shorter than those of TRW and MXD (Table
5.1), while mean tree age decreases almost equally for all proxies, from an average of 154
years in 1000 CE to 61 years in 790 CE.

Table 5.1 TRW, MXD, and &'3C statistics of the Mt. Smolikas tree-ring chronology.

Rbar AC1

n Period MSL Mean 10 RAW [DET  RAW | DET Reference

TRW 449|878 468-2019 314  0.82:0.38 0.30]0.31 0.77]0.25 Esf;g;t)a’-

MXD 103|192 4682017 303 069004 021[030 051|008 Ccsperetal
(2020a)

5'3C 17 |17 514-1235 244 -21.09+0.55 047|060 0.41]0.08 This study

n: total number of trees | radii. Period: first and last year (CE) of the chronologies. MSL: mean segment length
[years]. Mean: average raw TRW [mm], MXD [g/cm?] and &'3C [%o] values + 10. Rbar: mean inter-series correlation.
ACH1: first-order autocorrelation. The latter two statistics are provided for raw and detrended (DET) data. Chronolo-
gies are Pine16-corrected.

In periods of sufficient sample replication (n = 10 series/year), the EPS values of all detrended
proxy chronologies persistently exceed 0.85 (Fig. 5.1¢), indicating an adequate signal strength
for robust chronology development (Wigley et al. 1984). Rbar values, however, are substan-
tially higher in 8'*C than in TRW and MXD throughout the first millennium (Fig. 5.1d), despite
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the constantly lower 6'C replication (nag ~25% of TRW). Since the isotope data include only
one radial measurement per tree — unlike TRW and MXD — the high Rbar values in 8'°C reflect
strong correlations among the Bosnian pines. These results are in line with previous studies
from the Mediterranean reporting high Rbar values for §'3C in several pine species, e.g., Pinus
heldreichii from the Dinarides in Montenegro (Luka¢ et al. 2021), Pinus nigra from Corsica
(Szymczak et al. 2012), Pinus uncinata from the Spanish Pyrenees (Konter et al. 2014) and
the Cazorla Natural Park in southern Spain (Dorado-Lifian et al. 2011). The strong correlations
among the individual trees outline §'*C as a valuable crossdating proxy, especially in periods

where the Mt. Smolikas record is based on less than ten replicates.

5.3.2 Dendrochronological dating of Pine16a

While 16 of the 17 &'3C series display highly consistent year-to-year variations, a strikingly low
correlation with the isotopic master chronology (ress-ss0= 0.15) is found for Pine16a at its TRW-
based dating position (Opt1, 597-852 CE), causing a sharp decline in Rbar/EPS values. At an
alternative &'*C-derived position (Opt2, 468-723 CE) proposed by COFECHA and supported
by visual inspection, Pine16a shows higher agreement in all proxies (Fig. 5.2). However, only
the 6'3C (rs97.711=0.62) and TRW (rs7s.723 = 0.26) correlations are significant at p < 0.001, while
MXD correlations are not. The lack of MXD coherence is striking, especially since its annual-
to-decadal scale variability is highly temperature-sensitive (Esper et al. 2020a; Klippel et al.
2019). However, this is likely related to the insufficient replication after 850 CE, which is up to
50% lower than for TRW. Similar replication-related inconsistencies are found in Larix decidua
MXD from the Tatra Mountains in Slovakia, hindering the further extension of living tree chro-

nologies utilizing historical construction wood (Klippel et al. 2020).

While sole TRW and MXD crossdating yields inconclusive results, the synergistic combination
with non-pooled &'3C data provides convincing evidence for the actual age of Pine16. Although
the &'3C chronology is only based on a single tree between 597-683 CE, the agreement with
Pine16a at Opt2 is remarkably high after detrending (r«et = 0.57, p < 0.001) and still significant
in the raw &'*C data (raw = 0.27, p < 0.05). Visual inspection reveals distinct marker years (e.g.,
660-661 CE) and periods (654-681 CE) in both time series (Fig. $5.2), with only a brief period
of high-frequency discrepancies between 613-625 CE. Minor level offsets in raw §'*C values
are likely related to a mixture of varying microsite conditions (Hartl-Meier et al. 2015) and tree-
internal variability (Esper et al. 2020b). However, unlike the observed TRW results (Klippel et
al. 2017), the high-frequency variability in 5'*C appears to be less or not at all affected, rein-

forcing its high suitability for crossdating.
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Fig. 5.2 Crossdating of Pine16a. (a) Bars indicating the two potential dating positions: Opt1 (597-852
CE) and Opt2 (468-723 CE) with color code as in Fig. 5.1. High-pass filtered (b) TRW, (c) MXD, and (d)
0"3C time series of Pine16a (color) and the master chronologies (grey). All series are z-transformed for
better comparison. Brackets highlight the maximum overlap and corresponding Pearson correlations.

5.3.3 Radiocarbon verification

The *C measurements on Pine16a and Pine44b, calibrated against the IntCal20 record, pro-
vide unambiguous results. Wiggle-matching and calibrated *C ages of Pine44b are in line with
the dendrochronological derived position. The innermost ring, dated to 699 CE by both TRW
and 6"C, returns a C age of 1307 + 19 BP that is calibrated to 688-711 CE at 99.7% (30),
689-706 CE at 95.4% (20), and 691-700 CE at 68.3% probability (10). The dating accuracy of
the twelve remaining rings along Pine44b is similarly accurate (Table S5.1). Furthermore, the
sharp decline in uncalibrated C ages of rings dated to 773-776 CE, ranging from 1318 + 19
BP to 1159 + 19 BP, coincides with the 774/775 CE cosmic event (Fig. 5.3) and thus confirms
the annual dating precision of the Mt. Smolikas tree-ring chronology. In contrast, no similar '*C
anomaly is found in the corresponding rings of Pine16a. Wiggle-matching of Pine16a results
in a calibrated '*C age of 487-678 + 28 CE (30), supporting Opt2 as the correct dating position
by the distinct agreement between 8'C and '“C (Table 5.2, Fig. S5.3).
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Fig. 5.3 Radiocarbon dating. Symbols represent *C ages BP + 1o (whiskers) of single rings and brack-

ets the calibrated age ranges (CE) at 99.7% probability (Fig. S5.4 for details). The uncalibrated *C ages
(BP) are aligned to their 6'3C dates (CE). The blue line is the IntCal20 calibration curve.

Table 5.2 “C and 6'3C dating results of sample Pine16a.

Unmodelled Modelled

: 14 14 +
Ring F'“C t1o0 Caget 1o from o from to

o3C  &'3C date

629 0.8248 + 0.0019 1547 £ 19 430 596 473 501 - -

630 0.8231 +0.0019 1564 + 19 421 579 474 502 - -

631 0.8218 + 0.0019 1577 £ 19 419 565 475 503 - -

699 0.8296 + 0.0019 1500 + 18 540 641 543 571 -21.06 570
700  0.8296 + 0.0019 1500 + 19 538 643 544 572 -21.14 571
701 0.8272 + 0.0020 1524 £ 19 435 634 545 573 -21.60 572
772 0.8383 +0.0020 1417 £ 19 591 663 616 644 -21.50 643
773  0.8325+0.0020 1473 £ 19 551 648 617 645 -21.24 644
774  0.8366 + 0.0020 1433 £ 19 578 658 618 646 -21.14 645
775 0.8359 + 0.0019 1440 £ 19 572 655 619 647  -20.50 646
776  0.8362 + 0.0020 1437 £ 19 575 656 620 648 -20.78 647
777  0.8357 +0.0020 1442 + 19 570 655 621 649 -21.64 648
820 0.8510 +0.0020 1296 + 19 659 778 664 692 -20.54 691

Ring: original TRW-based dates CE (Opt7). F'4C: normalized '“C activity ratios (+ 10). '4C age: uncalibrated *C
ages BP (+ 10). Unmodelled: individually calibrated '“C age ranges CE (30; 99.7% probability). Modelled: wiggle-
matched '“C age ranges CE (30; 99.7% probability). 8'*C: stable carbon isotope ratios [%o]. 1*C date: &'3C-derived
dates CE (Opt2). Note the discrepancies between the TRW and &'3C dates CE (129-year offset).

5.3.4 Chronology improvements
The revised age of Pine16 extends the existing tree-ring records from Mt. Smolikas by more
than a century back in time. The TRW and MXD chronologies now start in 468 CE. Due to the

exclusion of juvenile wood portions, the new §'C chronology begins 47 years later (514 CE).
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The corrected records show greater year-to-year variability, a higher common signal strength,
and reduced error ranges in the 6" and 7" centuries CE (Fig. 5.4). These findings are in line
with error simulations by Black et al. (2016), which demonstrate the loss of distinct high-fre-

quency variability by adding incorrectly dated tree-ring sequences.
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Fig. 5.4 Changes in the (a) TRW, (b) MXD, and (c) &'3C chronologies. Upper panels show the re-dated,
new chronologies (color) compared to their old versions (black). Filled areas in the background indicate
the underlying sample replication. Lower panels show the expressed population signal (EPS; solid lines)
and mean inter-series correlation (Rbar; dashed lines) of the new (color) and old (black) chronologies
calculated over 50-year windows with a lag of 49 years and truncated at n < 2 correlations. Horizontal,
black-dashed lines mark the EPS threshold of 0.85. All chronologies are high-pass filtered and z-trans-
formed.
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Due to higher inter-series correlations, the EPS values of the corrected proxy records exceed
the 0.85 threshold up to 65 years longer into the past, indicating stronger temporal robustness
in the first millennium. However, using the EPS as an indicator of sufficient sample replication
— to explain = 85% of the variance of a theoretical population (Wigley et al. 1984) — outlines
notable differences between the proxies. While more than ten series are necessary to obtain
a representative stand-level signal in TRW and MXD, only three 6'*C series are required to
produce a robust isotope chronology. This result is consistent with previous TRSI studies that
outline a sample replication of four to six trees sufficient for developing robust site-representa-
tive chronologies (Belmecheri et al. 2022; Leavitt 2010). The application of high-pass filters
and the calculation of coherence statistics that neglect inter-tree differences in absolute isotope
ratios (up to ~3.5%o), however, limit the assessment of the entire 5'*C variance spectrum and

restrict the explanatory power of this study to the high-frequency domain.

5.4 Applications, limitations, and conclusions

Interannual &'3C variability of Pinus heldreichii a-cellulose holds great potential to overcome
tentative crossdating of relict wood and improve robust chronology development. Several stud-
ies have previously shown that TRSIs can support conventional ring-width dating of living trees
(Leavitt et al. 1985; Roden 2008) and historical construction wood (Loader et al. 2019, 2021)
when isotopic reference chronologies are sufficiently replicated. In this study, we now demon-
strate that combining TRW and non-pooled 6'°C measurements enable robust dating in the
earliest chronology period, overcoming typical crossdating issues such as low sample replica-
tion and poor inter-series correlations. Although the &'*C record is only based on a single tree
prior to 683 CE, the highly consistent year-to-year variations among the individual pines ensure

a precise age determination that is independently confirmed by high-resolution ™C dating.

Due to the exclusion of juvenile tree rings, it remains unclear whether these strong inter-series
correlations in 8'3C are stable within the innermost stem sections. Even though juvenile effects
are primarily described as low-frequency phenomena in the scientific literature (Bert et al.
1997; Duquesnay et al. 1998; Esper et al. 2010; Gagen et al. 2008; Raffalli-Delerce et al.
2004), 6"C depletions in early growth rings may challenge an isotope-based dating of relict
tree samples with highly decayed sapwood (Reinig et al. 2018). We, therefore, recommend
further in-depth investigations on interannual §'3C variability incorporating initial tree rings to
assess whether juvenile effects exist in Pinus heldreichii and how they may affect the common

variability among trees.

Despite many technological and methodological advances in recent decades (e.g., Andreu-
Hayles et al. 2019; Schollaen et al. 2017), it is unlikely that TRSIs will replace TRW for routine

crossdating due to resource-intensive sample preparation and measurement. Traditional
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dendrochronological dating techniques, such as pointer year analysis, skeleton plotting, and
consideration of wood anatomical features, remain key for the development of long tree-ring
chronologies (Schweingruber et al. 1990). However, the observed robust &'*C covariance
among individual trees provides a unique opportunity to date problematic samples with rea-
sonable effort. Annually resolved and non-pooled &'*C measurements thus offer a high-quality
alternative to '*C dating if suitable reference records exist. The strong high-frequency coher-
ence is likely related to climatic drivers that require further in-depth investigations. It is im-
portant to note that crossdating success was only possible through annually performed &'*C
measurements across various trees containing common high-frequency variability. Although
the pooling of material from different trees significantly reduces costs and analysis time, and
is often the only way to develop multicentennial TRSI records with sufficient sample depth, our
results highlight the superior advantage of annual and tree-individual isotope measurements
for quasi-independent age validation through multi-proxy crossdating. Moreover, non-pooled
TRSIs provide the opportunity to enhance our knowledge of isotopic age trends, low-frequency
variability, and underlying physiological processes, topics that are lively debated in the dendro-
isotopic community (e.g., Blntgen et al. 2020b; Esper et al. 2010; Helama et al. 2015; Torben-
son et al. 2022). Thus, our results stress the need for more high-resolution TRSI measure-

ments on an individual tree level.

The new Mt. Smolikas &'*C chronology spanning from 514-1235 CE is the oldest, high-reso-
lution TRSI record in the Mediterranean Basin. Our results call for renewed efforts to reassess
the still significant amount of undated Mt. Smolikas relict wood and extend the existing tree-
ring records further back in time. Moreover, the new 6'*C record can serve as a benchmark for
the development of robust stable isotope records in neighboring Mediterranean regions. The
unique synchronicity between the individual 6'*C measurements, hinting at a common climatic
driver, underscores the need for further investigation of the paleoclimatic value of 5'C, pref-
erably by extending the isotope record into the 215 century. Several multicentennial tree-ring
records from the Mediterranean region exist (Luterbacher et al. 2012) and our results highlight

the potential for supra-regional reconstruction based on §'*C measurements.
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5.7 Supplementary materials
Table S5.1 '“C and &'3C dating results of sample Pine44b.

Ring F“C t10 C'“aget1o :Jnmodelled Modelled 8'3C  &'3C date
rom to from to

699 0.8499 £ 0.0020 1307 £ 19 656 777 688 711 -20.71 699
700 0.8497 £ 0.0020 1308 + 19 656 777 689 712 -21.02 700
701 0.8498 £ 0.0021 1308 =+ 19 656 777 690 713 -21.45 701
772 0.8472 +0.0021 1332 + 18 646 778 761 784 -20.79 772
773 0.8487 + 0.0021 1318 £ 19 651 778 762 785 -20.42 773
774  0.8533 + 0.0021 1275 £ 19 661 829 763 786 -20.95 774
775 0.8592 + 0.0021 1219 £ 19 685 890 764 787 -20.74 775
776  0.8656 + 0.0022 1159 + 19 771 986 765 788 -20.76 776
777 0.8633 £ 0.0021 1181 £ 19 770 973 766 789 -20.56 777
820 0.8554 + 0.0021 1255 + 19 669 879 809 832 -20.17 820
999 0.8793 + 0.0021 1034 £ 19 899 1040 988 1011 - -
1000 0.8771 +£0.0021 1054 + 19 895 1034 989 1012 - -
1001 0.8779 £ 0.0021 1046 + 19 896 1035 990 1013 - -

Ring: TRW-based dates CE, F'4C: normalized '“C activity ratios (+ 10). “C age: uncalibrated “C ages BP (z 10).
Unmodelled: individually calibrated *C age ranges CE (30; 99.7% probability). Modelled: wiggle-matched '“C age
ranges CE (30; 99.7% probability). &'3C: stable carbon isotope ratios [%o]. 13C date: 5'3C-derived dates CE.
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Fig. $5.1 Effects of high-pass filtering. Distribution of z-scored proxy data for (a-c) the entire dataset
and for (d-f) Pine16a. Probability density of the raw (grey) and detrended (color) data with Shapiro-Wilk
test results (p-values), skewness (skew), kurtosis (kurt), and sample size (n; total number of rings). Note
that high-pass filtering pushes the data closer to normal distribution and reduces skewness and kurtosis,
especially in the large datasets (a-c).
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Fig. $5.2 Pine16a at Opt2 (468-723 CE). (a) Raw and (b) high-pass filtered 5'3C series with correspond-
ing Pearson correlations between Pine16a and the master chronology when n = 1 series (597-683 CE).
Note the strong covariance between the two time series. The yellow area in the background highlights
a short period (613-625 CE) of high-frequency mismatch. (c) Sample replication of the '3C chronology.
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Fig. $5.3 Independent age validation. Symbols represent the mean calendric ages CE of the '“C wiggle-
match and whiskers the age ranges at 99.7% probability. The dashed line denotes similar years between

calibrated '*C ages and dendrochronological dates. Note that Pine44b and Opt2 whiskers consistently
overlap with the dashed line and are therefore considered correct.
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Fig. $5.4 OxCal results of (a) Pine16a and (b) Pine44b. The individual rings are coded by their TRW-
based dates. Smoothed histograms represent the probability distributions of the individual (yellow) and
wiggle-match (grey) age ranges (CE) at 99.7% probability. The wiggle-match results are highlighted by
red brackets. Uncalibrated '*C ages (BP) of (¢) Pine16a and (d) Pine44b plotted against IntCal20.
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Abstract

Tree-ring stable isotopes (TRSI) have the unique ability to capture interannual to multimillen-
nial climate trends and extremes if the appropriate data and methods are combined. However,
there is still an ongoing debate about age-related biases in TRSI measurements that potentially
affect the fidelity of their chronologies and subsequent climate reconstructions. Here, we in-
vestigate stable carbon and oxygen isotope ratios in cellulose (6"*C. and 6'®Qc), and carbon
and hydrogen ratios in lignin methoxy groups (6'*Cr and 6°Hrm) of more than 60 living and relict
pines (Pinus heldreichii) from northern Greece that span the period 512-2020 CE continuously.
We identify significant (p < 0.01) level offsets between living and relict 5'0; values (1.49 mUr)
that prevent the combination of living and relict wood series for reliable age-trend assessment,
and we observe differences between cellulose and methoxy TRSI chronologies, including con-
trasting recent trends in carbon, oxygen, and hydrogen isotope ratios, suggesting that varying
environmental signals are retained in the proxies. Assessments are supported by comparisons
with ontogenetic trends in tree-ring width and latewood maximum density to identify significant
(p < 0.01) trends in relict 680 between 50-190 years of cambial age, and in relict §"*°Cr, and
&°Hm in tree rings older than 100 years. Relict 5'*C values, on the other hand, show increasing
values between 50-80 years of cambial age (p < 0.01) but no evidence for long-term age trends
beyond these early stages. The assessment of TRSIs from cellulose and methoxy groups con-
tributes to a better understanding of underlying physiological processes and extends the range
of extractable climate information from the utilized proxies. Our findings demonstrate that raw
6"3C, data from Mt. Smolikas can be used for climate reconstruction purposes without the need
for standardization (expect for rings < 80 years of cambial age), potentially providing new in-
sights into long-term climate variability in the eastern Mediterranean region. 6'Qc, 6'*Cn, and

6°Hm, however, require detrending due to long-term age-related trends.

Keywords: age trends, cellulose, lignin methoxy groups, Greece, Pinus heldreichii, tree-ring

stable isotopes.
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6.1 Introduction

Tree-ring stable isotope (TRSI) measurements of cellulose and lignin methoxy groups are im-
portant proxies for high-resolution paleoclimate reconstruction. While TRSI measurements of
methoxy groups are relatively new compared to measurements of cellulose, both compounds
are used to assess past climate information (e.g., Anhauser et al. 2017; Bintgen et al. 2021;
Esper et al. 2015; Hafner et al. 2011; Lu et al. 2022; Riechelmann et al. 2017; Treydte et al.
2001; Wieland et al. 2022). Combining proxies with different controlling factors, such as grow-
ing-season temperatures or precipitation totals, increases the potential to reconstruct different
seasonal climate variations at varying spatiotemporal scales from the same material (McCarroll
et al. 2003). Moreover, comparing various plant components provides additional information
on differences in isotopic fractionation within variable biochemical pathways. To date, however,
only two studies have compared the stable isotope ratios of cellulose and methoxy groups from
the same material: Gori et al. (2013) and Mischel et al. (2015). Both studies compared stable
carbon (6"C), oxygen (6'®0), and hydrogen (6°H) ratios of whole wood, cellulose, and meth-
oxy groups and found that TRSI values of methoxy groups are influenced by different environ-

mental and biochemical factors than those of cellulose and whole wood.

Classic tree-ring proxies such as tree-ring width (TRW) and maximum latewood density (MXD)
need to be standardized prior to climate interpretation as both parameters include age-related
trends (Braker 1981). However, removing age-related trends from a chronology induces a loss
of low-frequency climate information (Cook et al. 1995). Several methods have been devel-
oped to preserve low-frequency variability (Briffa et al. 1992; Esper et al. 2003; Melvin & Briffa
2008, 2014), but these techniques require large datasets that are typically composed of living
and dead trees (Esper et al. 2004). Age trends can generally be divided into juvenile trends,
including the first few decades of tree growth, and long-term trends throughout the trees’ (var-
ying) lifespans. Juvenile effects have been documented in many TRSI chronologies (Duques-
nay et al. 1998; Gagen et al. 2006, 2008; McCarroll & Loader 2004; Raffalli-Delerce et al. 2004;
Torbenson et al. 2022). To avoid biases from these trends, the first decades of tree rings can
simply be omitted (Gagen et al. 2008). However, this is not applicable in the presence of long-
term age-related trends (Helama et al. 2015). Esper et al. (2010) found age trends in cellulose
TRSI chronologies, at a rate of -0.089 mUr decade™ in §'®0 and +0.064 mUr decade™ in §'*C
over the first 100 years of tree growth in Pinus uncinata trees from Spain. Similar values were
found in other studies, with +0.035 mUr decade™ in '3C of pines from northern Scandinavia
(Torbenson et al. 2022) and +0.04 mUr decade™ in Pinus sylvestris from northern Finnish Lap-
land (Helama et al. 2015). However, there are also studies reporting no age trends in 5'80 and
6"3C values of oaks from the Czech Republic (Blintgen et al. 2020) and in §'80 values of pines

from northern Scandinavia (Torbenson et al. 2022), suggesting that detrending is not needed
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for paleoclimate reconstruction. Given the current state of knowledge, any isotopic data should
therefore be tested for ontogenetic trends before using TRSI data for reconstruction purposes
(Helama et al. 2015).

Discrepancies among studies could be related to species- and site-effects as well as method-
ological approaches including sample preparation, data pooling, and truncation (Borella et al.
1999; Blintgen et al. 2020; Daux et al. 2018; Duffy et al. 2019; Leavitt 2010; Loader et al. 2013;
McCarroll & Loader 2004). For reliable age-trend analyses, tree-ring data must contain a large
number of samples, with at least ten individual series from different trees distributed over a
range of centuries and thus growing under different climatic conditions. For 8*C analysis, it is
advantageous to use trees that grew prior to the strong atmospheric CO, changes during re-
cent decades, as §'*C values after 1850 CE must be corrected for the so-called Suess effect
(decrease in atmospheric 6'*Cco. values; Keeling 1979; McCarroll & Loader 2004) and physi-
ological responses due to increasing CO» concentrations (Keeling et al. 2017). These correc-
tion methods are still subject to large uncertainties, and the trends added by statistical correc-

tions could cover potential age-related trends.

In this study, we present 62 individual 580 and 6'C series of cellulose and 65 6'*C and &H
series of methoxy groups from living and relict wood samples of Pinus heldreichii from Mt.
Smolikas in Greece. The data are of annual and decadal resolution and developed from pines
with different germination and end dates over the last 1500 years, making them well suited for
assessing biological (non-climatic) age trends. However, significant (p < 0.01) offsets between
living and relict 60 and &°H values preclude the combination of living and relict wood series
for reliable age-trend assessment. Therefore, to evaluate potential biological trends in TRSIs,
we used only the relict wood series, converted the TRSI series to a uniform decadal resolution
as the methoxy-based relict wood samples were measured decadally, and compared the new
TRSI data to the well-established TRW and MXD data from Mt. Smolikas (Esper et al. 2020a,
2021). Here, we (I) describe the key characteristics of the new TRSI measurements, (llI) quan-
tify the differences between living and relict TRSI series, (lll) assess the temporal persistence,
stability, and magnitude of age-related trends, and (IV) infer important insights into chronology

development for future paleoclimatic work.

6.2 Material and methods

6.2.1 Study site and tree-ring data

Between 2011 and 2020, 751 core and disc samples of Pinus heldreichii were collected at
2000-2100 m asl on Mt. Smolikas (40.1°N/21.0°E), Pindus Mountains in northern Greece (Fig.
6.1a). Wood samples were processed according to standard dendrochronological techniques
(Stokes & Smiley 1996). TRW was measured using the high-precision LINTAB 6 (Rinntech,
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Heidelberg, Germany) and Velmex (Velmex, Bloomfield, NY, USA) devices, and MXD data
was produced using the Walesch high-precision DENDRO2003 X-ray densitometer (Walesch
Electronic, Effretikon, Switzerland). Pith offsets were estimated by visually matching the cur-
vature of the innermost rings with a set of concentric circles on a template (details in Klippel et
al. 2017). TRSI measurements were performed on a representative subset of the wood collec-
tion, including well-preserved samples from living and relict trees. Stable carbon isotope meas-
urements were produced on methoxy groups and cellulose (6'*Cr and 8"C;), whereas stable
oxygen isotopes were only measured from cellulose (6'80.) and stable hydrogen isotopes only

from lignin methoxy groups (6°Hnm).
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Fig. 6.1 Study site and proxy data. (a) Location of Mt. Smolikas in Europe. (b) Temporal distribution of
the tree-ring stable isotope (TRSI) series. Asterisks denote series with only methoxy data. (¢) Pinus
heldreichii tree and schematic illustration of plant components used for TRSI measurement. (d) Cambial
age of the individual tree-ring series.

The TRSI data of methoxy (cellulose) include 65 (62) samples from the same 49 (46) relict and
16 living trees (Fig. 6.1b-c, Table 6.1). The individual TRSI series range from 512 to 2020 CE,
with a constant sample replication = 10 series from 841 to 2020 CE. Please note the stepwise

distribution of uniformly aged TRSI samples with different start and end dates throughout the
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15t and 2™ millennium CE. Since isotopic measurements of methoxy groups prior to 1861 CE
are decadally resolved, all other datasets, including annually resolved TRW, MXD, 6'C,, and
6'®80., were converted to the same resolution by averaging the annual values of each decade.
Comparison of the annual (only available for cellulose TRSIs over the entire chronology period)
and decadal 6*C. and &'®0. mean chronologies support the accuracy of this averaging pro-
cedure for the assessment of long-term trends (Fig. $S6.1). The TRSI data were compared with
previously established TRW and MXD records from Mt. Smolikas (Esper et al. 2020a, 2021),

which were truncated to meet the temporal length of the isotope series.

Table 6.1 Proxy characteristics.

TRW MXD 6"3C. &3Cnm 5'%0. &°Hn
No. series 751 192 62 65 62 65
No.lVing | | 3981353 56136 16 | 46 16 | 49 16 | 46 16 | 49
relict series
MSL (SD) | 320(150) 294 (160) 224 (30) 220 (31) 224 (30) 220 (31)
Mean living 0.76 0.70 -21.75 -25.65 33.00 -259.12
(SD) (0.47) (0.05) (0.68) (1.14) (0.71) (9.80)
Mean relict 0.68 0.68 2143 2577 31.50 -252.60
(SD) (0.45) (0.06) (0.73) (1.19) (1.57) (9.90)

No. series: total number of integrated series (divided into living and relict series in the 2" row). MSL: mean segment
length in years (+ 1 standard deviation). Mean: arithmetic means of the living and relict TRW [mm], MXD [g/cm?],
8"3C¢, 6'80¢, 6'3Cm, 6Hm [mUr] series (+ SD). The §'3C data are corrected for the Suess effect.

6.2.2 Stable isotope measurements

The modified Zeisel method (Greule et al. 2008, 2009; Keppler et al. 2004, 2007) was used for
the determination of 6'*Cr, and &Hm values. For 5 mg (6'C) or 7 mg (6°H) grounded or sliced
wood material, 250 ul hydroiodic acid was added, and based on the reaction between methyl
ethers and esters and hydroiodic acid, iodomethane was formed (Zeisel 1885). The samples
were sealed with crimp caps in 1.5 ml crimp glass vials and heated for 30 minutes at 130°C,
followed by sample equilibration at room temperature. Afterwards, for 6'*Cn, (6°Hm) measure-
ments, an aliquot of headspace between 10 and 90 ul was injected into a gas chromatograph
- combustion (thermo conversion) - isotope ratio mass spectrometer (GC-C(TC)-IRMS) via an
autosampler (A200S, CTC Analytics, Zwingen, Switzerland). For 8°Hn measurements, an HP
6890N (Agilent, Santa Clara, USA) and, for '*Cr, measurements, a TraceGC (ThermoQuest
Finnigan) were used. Both gas chromatographs were fitted with a DB-5ms, Agilent J&W capil-

lary column (length 30 m, internal diameter 0.25 mm, film thickness 0.5 pm).

For Hm measurements, we used a 4:1 split injection and helium as carrier gas at a constant
flow rate of 0.6 ml min'. A pyrolysis reactor (ceramic tube (Al.O3), length 320 mm, 0.5 mm i.d.,

reactor temperature 1450°C) converted CHsl to molecular hydrogen (H.). For 8"Cn
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measurements, a 20:1 split injection and helium as carrier gas at a constant flow rate of 1.8 ml
min~' was used. An oxidation reactor (ceramic tube (Al2O3), length 320 mm, internal diameter
0.5 mm) with Cu, Ni, and Pt wires inside (activated by oxygen), and a reaction temperature of
960°C, oxidized CHsl to CO,. Stable isotopes in the resulting CO, and H, gases were trans-
ferred through a GC-Combustion Il interface (ThermoQuest Finnigan) into the IRMS (Delta-
plusXL, ThermoQuest Finnigan). The samples were normalized against two HUBG reference
materials, respectively. For Hmn measurements, HUBG 1 and 3, and for 6"*C, measurements,
HUBG 2 and 4 were used (Greule et al. 2019, 2020).

For the determination of §'®O. and &'3C., the modified Jayme-Wise isolation method was used
(Boettger et al. 2007). About 0.5 mm wide shredded wood samples were packed into Teflon
filter bags and washed twice for 2 hours at 60°C with 5% NaOH solution, followed by an addi-
tional wash with 7% NaClIO- solution for 30 hours at 60°C. To keep the pH between 4 and 5,
acetic acid (99.8%) was added to the solution. Afterwards, the samples were dried at 50°C for
24 hours and locked in Eppendorf microtubes. For the isotope measurements, 0.5-1.0 mg of
a-cellulose were placed into tin (6'*C.) and silver (6'®0.) capsules (Elementar Analysensys-
teme, Langenselbold, Germany). For 'O, determination, the samples were pyrolyzed to CO;
at 960°C in oxygen, and for 5'*C, analyses, they were combusted to CO at 1450°C in an inert
atmosphere (helium) using an elemental analyzer varioPYRO cube (Elementar Analysensys-
teme, Germany). The resulting CO; and CO gases were transferred by a continuous flow into
the IRMS system (ISOPRIME 100, Manchester, UK). The isotope results were normalized us-
ing certified reference materials from the International Atomic Energy Agency (IAEA) and the
United States Geological Survey (USGS). '3C values were referenced to caffeine (IAEA-600)
and graphite (USGS24), and 5'®0; values to benzoic acids (IAEA-601 and IAEA-602).

Prior to the measurements, the IRMS systems were centered, tuned, and tested for precision
(ten pulses of monitoring gas) and linearity (10 < 0.4 mUr and < 1 mUr/V for 3*Hm, < 0.02 mUr
and < 0.04 mUr/nA for &8O, 0.018 mUr and < 0.06 mUr/V for "Cn, < 0.03 mUr and 0.04
mUr/nA for 8'3C.). For 6°Hm measurements, the Hs* factor was quantified prior to each set of
isotopic measurements (< 3.5 ppm/nA). Measurement accuracy was determined by analyzing
six (cellulose) or five (methoxy groups) consecutive samples. Average standard deviation was
0.042 mUr for 6"*C. (Rémer et al. 2023), 0.089 mUr for 5'0., between 0.01 and 0.25 mUr for
0"3Cm (Greule et al. 2009), and 0.5 to 2 mUr for &Hn (Greule et al. 2008).

6.2.3 Data treatment
The delta (&) notation is used for all TRSI values. It is important to note that the commonly
used ‘unit’ per mil (%o) is not considered acceptable in the International System of Units (SI),

as the Sl discourages the use of one-dimensional units (Newell & Tiesinga 2019), and %o is a
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‘quantity of dimension one’, denoted by the symbol unit 1 in the S| (Brand & Coplen 2012;
Dybkaer 2004). To address this issue and adhere to the principles of the SlI, we use the term
“Urey” (Ur; Urey 1948) as the unit for expressing & values. One mUr is equivalent to 1%o. 6'0,
6°H, and &'3C values were calculated as deviations from the Vienna Standard Mean Ocean
Water (VSMOW; &'80; and &°Hn) and the Vienna Pee Dee Belemnite (VPDB; 6'3C).

6"3C values after 1860 CE were corrected for the §'*Cco2 decline in the atmosphere, the so-
called Suess effect (Keeling 1979). Since this negative trend is a non-climatic, CO.-driven ef-
fect, 8'3C values were corrected by adding the differences between §'*Cco, and the pre-indus-
trial value (-6.41 mUr) to the measured &'*C values for each year (McCarroll & Loader 2004).
Here, we used the §'*Cco. series from McCarroll & Loader (2004) and the Mauna Loa Obser-
vatory (Keeling et al. 2005). Coherences between the individual isotope series were assessed
by calculating mean inter-series correlations (Rbar) over the 512-2020 CE chronology period
using the R package dp/R (Bunn 2008).

6.2.4 Age-trend analysis

An essential criterion for age-trend assessments is the even distribution of tree rings across a
wide range of calendar years, including rings grown under different climate conditions. In our
study, we present decadally resolved TRSI data from 512 to 2020 CE characterized by a grad-
ual distribution of samples over this extensive time span. The datasets consist of 46 (cellulose)
and 49 (methoxy) relict and 16 living wood samples. TRSI series of relict wood start between
512 and 1611 CE, while for living wood start dates range from 1641-1881 CE. Hence, the relict
wood TRSI series span over 1000 years, while the living-tree TRSI series cover the recent 350
years, including the significant climate and air composition changes since the mid-19™ century.
The average pith offset (PO) of the relict samples is 84 years, compared to 201 years for the
living trees. This difference in mean PO estimates indicates that the TRSI values of living trees
represent distinct older trees. When generating age-aligned TRSI series, tree ages above 350
years are therefore predominantly represented by living wood samples (Fig. 6.1d), which are
strongly influenced by recent trend changes. To avoid the impact of the Suess effect and phys-
iological response correction in the age-aligned &'*C, and 8'C. series, age-trend analyses for
these proxies have been conducted using the relict wood only. The age-trend analysis in this
study focuses primarily on long-term age-related trends over the tree’s lifespan, rather than on
juvenile effects that typically occur in the first few decades of growth. Hence, the first 50 years
of cambial age were omitted, and with a sample replication of = 10 series, the age range from
50 to 355 years is covered. Age-trend analyses of the cellulose TRSI series start at a cambial

age of 54 years to meet this minimum sample replication criterion.
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To classify age-related trends, the TRSI chronologies were compared with 353 TRW and 136
MXD relict wood series. Age trends in TRW, MXD, §'3Cr, 8Hm, 6'80c, and 6'*C. were analyzed
using the raw tree-ring data. For an accurate comparison among the proxies, all series were
z-transformed before calculating mean chronologies. Individual series were aligned by cambial
age considering the pith offset of each sample. Age trends were estimated using linear regres-
sions fitted to the age-aligned series (Fig. $6.2) and the arithmetic mean of the z-transformed
series. This procedure was performed considering different time intervals. We started the re-
gression windows with variable lengths, always beginning at tree age 50. The endpoint, on the
other hand, initially began at a tree age of 70 or 170 years and was subsequently shifted in 10-
year intervals. Due to the calculation of z-scores, trends within individual series are preserved,
but level offsets among the series are removed, leading to a potential underestimation of long-
term trends across the series. To test whether the trend calculations are biased by the z-trans-
formation, we additionally estimated age trends using TRSI anomalies derived from subtracting
the mean of the common period (202-238 years) from each series. The significance of trends
was calculated using the modified Mann-Kendall test (Hamed & Rao 1998), adapted for auto-

correlated datasets.

6.3 Results

6.3.1 Data characteristics

Mean Rbar values of annual 6"C. and &80, are significant (p < 0.001) over the chronology
period (512-2020 CE) with r = 0.74 and r = 0.56, respectively, pointing to a strong environmen-
tal forcing of the two cellulose isotopes. By transforming the data to decadal resolution, how-
ever, mean Rbar values decrease to 0.43 (6"*C.) and 0.44 (5'®0.) (p < 0.05). Rbar values of
0"3C. and 680 calculated from 512 to 2020 CE are higher than those of the decadally resolved
0"3Cm and &Hm, with r = 0.25 and r = 0.34, respectively (Table 6.2).

The &"*C. and 6"C, values show a constantly decreasing trend from 512 to 1860 CE, followed
by an increasing trend in "C, values and a decreasing trend in §'*C; values thereafter (Fig.
6.2). 5'®0. and &°Hn, display more variability over time, as both proxies show an early decreas-
ing trend until ~750 CE, followed by relatively stagnant values until ~1000 CE. After 1500 CE,
0'80; values increase strongly at 0.004 mUr decade™, while 5°Hr, values decrease steadily at
-0.02 mUr decade™.
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Table 6.2 Proxy covariance and age-trend estimates.

Raw data
TRW MXD 513C. 51C,, 5'%0m 5Hem
Rbar annual 0.55 0.55 0.74 _ 0.56 _
(o-value) (<0.001)  (<0.001)  (<0.001) (< 0.007)
Rbar decadal 0.43 0.27 0.43 0.25 0.44 0.34
(p-value) (0.03) (0.13) (0.04) (0.20) (0.04) (0.11)
-1
Trend decade™® | 5510 4+368x10% -0.00086  +0.0097 +0.003  -0.055

for 1820-2020

Age-aligned normalized data

Age trend for

50.350 CA -0.0042 -0.0021 -0.0009 -0.0022 -0.0005  +0.0031
Age trend -0.02 +0.012 +0.027 -0.003 -0.0074 +0.004
(subset period) | (50-70) (50-70) (50-80) (100-350) (50-120)  (100-350)

Rbar: mean inter-series correlations at annual and decadal resolution. Trend decade': decadal trends in the TRW
[mm], MXD [g/cm?], §'3C¢, 6'8Oc, &'3Cm, 8°Hm [mUr] chronologies calculated for 1820-2020 CE. Age trend for 50-
350 CA: trends in the age-aligned data calculated from 50-350 years of cambial age. Age trend (subset period):
strongest trends in the age-aligned proxy data. Numbers in brackets indicate the subset period.
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Fig. 6.2 Decadally resolved (a) TRW, (b) MXD, (c) 6'3Ce, (d) 6'3Cm, (e) 6'8Oc, and (f) 5°Hm series from
512 to 2020 CE. Green curves are measurements from living trees and colored series from relict wood.
Black curves are the mean chronologies.

To assess the variability of the TRSI data and discern the influence of environmental changes
or other factors, we calculated and compared the ranges of living and relict wood values for all
proxies (Fig. 6.3). While there are almost no differences between the living and relict wood of
TRW, MXD, 6"C., and 6"*Cn (Aiwre: mean difference between values of living and relict wood
calculated across all series and calendar years), the '80; values of living trees are +1.49 mUr

higher than those of the relict wood. In contrast, the living-tree 3*Hm values are -6.57 mUr lower
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than their relict wood counterparts. Variance of living and relict wood is similar in TRW, MXD,
0"3C,, 6'*Cm, and 6°Hm, except for §'80. showing increased interquartile ranges in relict wood
(2.4) compared to the living wood (1.1). Comparable level offsets in §'80O. between living and
relict wood are also seen when considering the common period from 1641-1820 CE, whereas

offsets in °Hm values are no longer visible (Fig. $6.3).
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Fig. 6.3 Distribution and range of (a) TRW, (b) MXD, (c) &'3Ce, (d) 6'3Cnm, (e) 0'8QOc, and (f) 5°Hm values.
Green boxes correspond to living trees, while other colors represent the proxy-specific relict wood (same
color code as in Fig. 6.2). Vertical black lines are the median (50" percentile), boxes the 25" and 75t
percentiles, whiskers the 95% confidence interval, and points denote outliers. Numbers next to the ar-
rows indicate the offsets between living and relict means (4ivrel). Numbers next to the boxplots indicate
the sample replication.

Fig. 6.4 shows the mean intra-series standard deviation (SD of the individual series), the mean
inter-series SD (SD among the series in each decade), and the Aje. Intra-series SD is smaller
than inter-series SD for all six proxies. Intra- and inter-series SD of methoxy TRSIs are higher
compared to those of the cellulose TRSIs. Comparison between intra- and inter-series SD and
Aijivire Shows that Ajirer values in TRW, MXD, and &'*Cr, are negligible compared to the intra-
and inter-series SD. Ajrel in 8°C, reaches similar amounts as the intra-series variation, indi-
cating that the signal in the 6'3C; series is as high as the mean offset between living and relict

wood values. Ajyre in 8'80; and 6°Hrm values are even more pronounced, as the Ajise of 680,
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exceeds the intra- and inter-series SD, and the Ajre Of &Hn is considerably higher than the

intra-series SD.
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Fig. 6.4 Intra-series standard deviation (mean SD within individual series), inter-series standard devia-
tion (mean SD between all series in a certain decade), and mean offset between living and relict wood
(Aivirer) calculated for (@) TRW, (b) MXD, (c) 6'3Cc, (d) 6'3Cm, (e) 6'8Oc, and (f) 6?Hm.

6.3.2 Age-trend observations

The age-aligned raw and z-transformed TRW and MXD series show clear ontogenetic trends
(Fig. 6.5). Similar to an exponential curve, the decline in TRW is more pronounced in early
years compared to later stages. As a result, mean TRW in year 350 is less than half of that in
year 50. In contrast, the MXD series show a slight increase between 50 and 70 years of cam-
bial age, followed by a persistent negative trend thereafter. The §'3C. series show an initial
increasing trend between 50 and 80 years, whereas the 'O, series show a decreasing trend
until a tree age of 190 years. Thereafter, neither the §'*C. nor the 'O, series show any trend.
In contrast, the 6°Hn, series show decreasing values between 50 and 70 years of cambial age,
and the &'*Cn, series show short-term increasing trends between 90 and 100 years. Both §*Cn,

and &°Hnm series exhibit further trends, especially after 200 years of tree age.
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Fig. 6.5 Age-aligned (a) TRW, (b) MXD, (c) &'3Ce, (d) 6'3Cnm, (e) 6'80Oc, and (f) 5°Hm relict wood series.
Top panels show the raw series (grey curves) and their arithmetic means (colored curves). Lower panels
show the means of the normalized data.

A detailed slope examination of the z-transformed data (Fig. 6.6) verifies the trend observa-
tions in the raw data. TRW shows a consistent and significant (p < 0.01) decreasing trend over
50-350 years of cambial age at a rate of -0.004 mm decade™'. On the other hand, MXD shows
an initial increasing trend between 50 and 70 years, but this trend reverses and becomes sig-
nificantly (p < 0.01) negative after 50-120 years. The initial positive trend in 8'*C. (p < 0.01 up
to 50-100 years) is related to comparatively low '3C. values at young tree ages (50-80 years),
as no significant trend is found after an age of 100 years (Fig. $6.4, $6.5). The initial decrease
in 8'80; values is significant between 50 and 190 years (p < 0.01, maximum slope from 50 to
120 years at -0.007 mUr decade™). For '3Cn, an increasing trend is found from 50-120 to 50-
140 years (p < 0.01). However, significant negative 6'°Cy, trends of -0.002 mUr decade™ are
observed from 50 to 290 years. For 8°Hn, initially decreasing values at -0.04 mUr decade™ are
recorded at young ages (between 50 and 70 years), followed by significantly increasing values
from 50 to 210 years (p < 0.01).
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Fig. 6.6 Linear slopes of the mean z-transformed TRW (orange), MXD (yellow), 5'3Cc (light red), 5'3Cm
(dark red), 6'80c (light blue), and d°Hm (dark blue) series. White bars represent non-significant (p > 0.01)
and colored bars significant slopes at p < 0.01.

Trend analyses of the mean relative chronologies (Fig. $6.6) support these findings and reveal
significant (p > 0.01) positive trends in 5'*C. between 50-100 years, as well as significant neg-
ative trends in 8'*Cn, and significant positive trends in °Hm over the last third and the second
half of the age-aligned data, respectively. However, trend analyses reveal significant slopes in
6"*Cm and &°Hn, to start earlier, from 50 to 270 years and from 50 to 200 years, respectively,
compared to the z-transformed series. These differences, as well as the varying initial trends

in 8'80; and &Hn series, are considered in the following discussion.

6.4 Discussion

6.4.1 Inter- and intra-proxy differences

The notable variations in stable carbon isotope values of cellulose, ranging from -22.2 to -20.9
mUr, and methoxy groups, ranging from -26.6 to -24.9 mUr, originate from different physiolog-
ical processes that lead to considerable fractionation differences during the formation of the
two plant components. While lignin methoxy groups are depleted of '*C by ~4 mUr compared
to cellulose, the '3C values of cellulose and lignin methoxy groups vary within the same range,
with 1.3 mUr for 8"3C.; and 1.7 mUr for 6'3Cn.. Therefore, by combining different plant compo-
nents from the same trees, it is possible to gain a deeper insight into the varying biochemical
formation processes. In addition, the combination of different climate proxies, deliberately cho-

sen for their dissimilarity, offers the potential to increase climate signal strength and the range

119



6 Tree-ring stable isotopes in cellulose and lignin methoxy groups reveal different [...]

of extractable climate information. The high Rbar values between 512-2020 CE, especially in
0"C. (r = 0.74) and 680 (r = 0.56), are in line with previous observations from the Mediterra-
nean (Konter et al. 2014; Lukac et al. 2021; Rémer et al. 2023) and support the importance of

climate drivers on interannual to decadal TRSI variability.

In this study we found discrepancies between the TRSI chronologies of cellulose and methoxy
groups, particularly during the most recent 200 years CE, where contrasting long-term trends
in the carbon, oxygen, and hydrogen values of the two plant components are observed. Differ-
ences among TRSI data may be attributed to several factors. One plausible explanation is that
the isotopic signature of the plant components is affected by varying environmental determi-
nants, likely climatic factors such as temperature, drought, or precipitation. An alternative ex-
planation is that the proxies may capture the same climate signal, but the seasonality of this
signal varies due to temporal differences in the biosynthetic formation of these compounds. It
is also possible that a mixture of factors collectively contributes to the observed variations. A
previous study, comparing the isotopic composition of cellulose and lignin methoxy groups in
Pinus sylvestris from central Germany, found that 3'*C. values are more sensitive to climatic
variables of the entire growing season (March to October), while 5'*Cr, values are more sen-
sitive to climatic conditions at the beginning of the growing season (Mischel et al. 2015). Similar
observations have been made for §'® O, and &Hm. While 6'®0O. was described to be primarily
related to maximum air temperatures from March-October, &Hn revealed significant (p < 0.01)

correlations with maximum air temperatures from March-May (Mischel et al. 2015).

The observed level offsets between living and relict °Hn values over the full chronology period
(512-2020 CE), and the absence of similar offsets over the common period of living and relict
wood (1641-1820 CE), show that Ajire is mainly influenced by the strong negative trend inher-
ent in the last 200 years of the chronology, which may reflect a significant change in environ-
mental conditions. In contrast, the A Of the 3'80, series seems to be influenced by a factor
other than recent environmental change, as we find an offset between living and relict 5’0
values over the entire chronology period as well as over the common period of living and relict
wood. In addition to the isotopically lighter relict wood, strong level differences are observed in
the relict wood series, with relict 5'®0. values covering a distinctly wider range than the living
6'80. values. The Ajvre of the §'80. data is of practical importance, as it exceeds the intra- and
inter-series SD and is thus higher than the common isotope signal preserved in the chronology.
The wider distribution of relict 5'80. values could be related to cellulose decomposition asso-
ciated with exchange processes with the surrounding water. Water exchange in 'O, but sta-
ble 6°Hm values could be explained by the fact that the lignin content in trees is more resistant
to degradation than cellulose. Anhauser et al. (2015) detailed losses of cellulose and lignin in

foliar litter over a 27-month period for four different tree species. While three of the four species

120



6 Tree-ring stable isotopes in cellulose and lignin methoxy groups reveal different [...]

showed minor lignin losses up to 0.4%, all species revealed large cellulose decreases ranging
from 50.7% to 86.1%. Although, the process of litter decomposition on a forest floor cannot be
directly equated with the conditions observed at Mt. Smolikas, where climatic factors contribute
to a slow rate of wood decomposition, the study by Anhauser et al. (2015) shows that cellulose

decomposition is accelerated compared to lignin decomposition.

A second and more likely explanation for the high level differences in relict 5'0; values is the
influence of the sampled tree height. While living tree cores were always taken at breast height
~1.3 m above the ground, the disc samples of relict wood are from unknown tree heights due
to centuries of decomposition (Fig. $6.7). Gaglioti et al. (2017) documented isotopically lighter
080, values with increasing trunk height, and if the relict stems in this study are affected by a
similar trend, the samples seem to represent mainly material from higher tree heights. In addi-
tion to the negative Ajvre value, this would also explain the wider data distribution of the relict
wood, as the series represent samples from diverse heights. Esper et al. (2020b) documented
systematic changes in 8"*C. with stem height and sharply increasing values toward the crown.
The 6"3C values in this study, however, appear to be unaffected by this tree-height bias, as
none of the two 8'C chronologies shows substantially higher Ajvre values or strong differences
in the data distribution of relict logs and living trees. Possible explanations for stem-longitudinal
6"3C shifts include microclimatic changes and/or CO; stratification with tree height (Ehleringer
et al. 1986; Esper et al. 2020b; Francey et al. 1985; Vogel 1978). However, the trees used in
this study grow in a rather open forest, and microclimatic differences and CO stratification with
tree height appear unlikely. Future studies should incorporate multiple stem-height measure-

ments to assess this source of uncertainty.

6.4.2 Age trends in TRSI series

The gradual distribution of relict wood series and the multi-proxy approach of this study provide
important insights into age-dependent trends in Pinus heldreichii tree-ring proxies. The trees
used grew over several centuries, from 512 to 1820 CE, including both warm and cold periods
(Esper et al. 2020a), and climatic signals in the age-aligned series should therefore be leveled
out (Esper et al. 2003). Our results demonstrate distinct age trends in the traditional growth
parameters, including a decrease of -0.004 mm decade™ in TRW and -0.002 g cm™ decade™
in MXD between 50 and 350 years of cambial age (Braker 1981).

Age-related trends are also apparent in all TRSI chronologies. We found initial short-term age-
related trends in 8'*C. and &°Hm, decreasing trends in '80. until a tree age of 190 years, and
significant negative and positive trends in §'°Cr, and °Hr from 50 to 290 and 50 to 210 years,
respectively. Most of the age trends in TRSI were of lesser magnitude than TRW and of shorter

duration than MXD. While 6'3C; values clearly increase between 50-80 years of cambial age,
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no significant age-related trends are recorded thereafter. Compared to the age trends in TRW,
the juvenile 5'3C. trends are of comparable magnitude. Several 5'*C studies have documented
this juvenile 8'3C trend during the first decades of cambial age (Esper et al. 2010, 2018; Konter
et al. 2015; McCarroll & Pawellek 2001; Torbenson et al. 2022; Treydte et al. 2001). The initially
increasing 6'3C. values could therefore be classified as a juvenile effect, which appears to be
extended (up to 80 years) in relation to the high tree ages of Pinus heldreichii at Mt. Smolikas
(Konter et al. 2017). Common explanations for such juvenile effect in the early years of growth
include shading of smaller trees and depleted CO; respiration from the forest floor (Francey &
Farquhar 1982; van der Merwe & Medina 1991). These explanations, however, are unlikely to
account for the juvenile trends in our &'3C. series, as these trees grow at high altitudes with an
open canopy and almost permanent air mixing due to ever present wind. An alternative expla-
nation refers to changes in hydraulic conductivity affecting stomatal conductance, which in turn
affects carbon isotope values (McCarroll & Loader 2004). With increasing tree height, soil-to-
leaf hydraulic conductivity decreases, coupled with a reduction in stomatal conductance, which
would lead to increasing &'*C values until tree growth ceases (Esper et al. 2010; McDowell et
al. 2002). Tree growth may not be completed after 80 years, but the observed increasing '°C.

values may coincide with periods of greatest height growth.

In contrast, 5°Hm values show an initially decreasing trend until an age of 70 years, from -251
to -255 mUr or -0.16 mUr decade™ (p < 0.01), followed by a smaller increasing trend starting
at 100 years from -254 mUr to -251 mUr. Our study is the first to analyze long-term age trends
in TRSIs of wood lignin methoxy groups, and there are no comparable methoxy-based results
yet. Arosio et al. (2020) documented age-related trends in Larix decidua °H. with a decreasing
trend of ~7 mUr in the first 50 years, followed by an increasing trend of ~2.5 mUr over the
remaining tree ages up to 480 years. These findings are consistent with our observations. A
possible explanation for juvenile *Hm trends could be that the shallow root systems of younger
trees access different water sources than the deeply rooted older trees. In particular, soil water
has often been characterized by an enrichment in ?H from the deep to the shallow soil layers
due to evaporation processes and the loss of isotopically lighter water molecules (Allison et al.
1983; Lin & Sternberg 1993). The 6"Cn, chronology shows a steep increase at a cambial age
of ~100 years, followed by a constant decline, resulting in long-term trends of -0.002 mUr dec-
ade™' (50-350 years) and -0.003 mUr decade™ (100-350 years). These trends are comparable

in magnitude to the age-related trends in MXD.

The 6'0. values show a negative trend at the beginning, which is significant between 50 and
190 years of cambial age. This negative trend is not solely attributed to the relatively high 68O,
values in younger tree ages (between 50-80 years), as significant (p < 0.01) negative trends

are also observed when analyzing cambial ages ranging from 100 to 170 and 100 to 180 years.
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Changes in hydraulic conductivity with plant age could explain the juvenile trends in 5'3C., but
not the decreasing trends in 680, as reduced stomatal conductance would lead to higher 5'80
values (Barbour et al. 2004). However, similar to the initial negative trend in 8°Hm, a change in
the root system from shallower to deeper soils could also affect 5'0.. Positive trends in &°H
and negative trends in 80 of cellulose were also observed by Nakatsuka et al. (2020), while

negative trends in 5'®0. were documented by Esper et al. (2010) and Treydte et al. (2006).

With the exception of juvenile trends in 3'*C. and &Hm, none of the observed long-term trends
in TRSIs are comparable to the age trends in TRW. However, long-term trends in 6'*C, and
6°Hm are similar or even higher than the observed age trends in MXD. Juvenile effects in §°C,
and 6°Hm should be considered when using the Mt. Smolikas TRSI data for climate reconstruc-
tion. 880, 6"*Cm, and 6°Hn, series must be detrended for proper climate signal determination,
whereas no standardization is required for 5'*C,. The current literature does not show a com-
mon pattern of long-term age-related trends in TRSI measurements. While some studies found
age-related trends during the juvenile period in C; of pines from the Swiss Alps (Pinus cem-
bra; Arosio et al. 2020) and northern Finland (Pinus sylvestris; Gagen et al. 2008), others found
age-related trends throughout the trees’ lifespans in pines from the Spanish Pyrenees (Pinus
uncinata; Esper et al. 2010), northern Scandinavia (Pinus sylvestris; Torbenson et al. 2022),
and Lapland (Pinus sylvestris; Helama et al. 2015). However, there are also studies that found
no evidence for age-related trends in oaks from the Czech Republic (Blintgen et al. 2020) and
larches from the UK (Kilroy et al. 2016). A similar inhomogeneous pattern can be observed for
6'80., with significant age trends reported in pines (Pinus uncinata) from the Spanish Pyrenees
(Esper et al. 2010), and the absence of such trends in pines from northern Scandinavia (Pinus
sylvestris; Torbenson et al. 2022) and oaks from the Czech Republic (Blintgen et al. 2020), as
well as after 100 years of tree age in pines from the Swiss Alps (Pinus cembra; Arosio et al.
2020). These contrasting observations could be related to the use of different tree species from
different environments, but could also be due to different methodological approaches, such as
measurements on different ring components (whole-ring vs. latewood), pooling procedures, or
data pruning. Therefore, age dependencies must be tested in each isotopic dataset before

TRSI measurements can be used for climate reconstructions.

6.5 Conclusion

In this study, we analyze isotope data from two different plant components, cellulose and lignin
methoxy groups, to investigate biochemical fractionation differences and age trends. We com-
pare stable carbon, oxygen, and hydrogen isotope ratios and observe significant temporal var-

iations between cellulose and lignin methoxy groups, particularly over the past two centuries.
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Our findings suggest that different environmental factors control decadal variability and long-

term trends of the two plant components.

While age dependencies in TRW and MXD are well-known and widely accepted in dendro-
chronological literature, the existence of age-related trends in TRSIs is still strongly debated.
Notably, no previous research has examined age dependencies in stable isotopes of methoxy
groups. Our analysis of cellulose and methoxy TRSI data reveals initially increasing age trends
in 63C. and decreasing trends in °Hm, indicating the presence of extended juvenile effects in
both proxies. 80, series show significantly decreasing trends over the first 190 years of cam-
bial age, whereas 6"C, and &*Hn series indicate decreasing and increasing trends starting at
tree ages of ~100 years, respectively. Hence, 6'®Q, 6'*Cm, and 6°Hn, series require detrending
prior to climate reconstruction, whereas §'3C. data may be used in paleoclimate analyses with-
out detrending and therefore offer the unique potential to preserve low-frequency climate var-
iability throughout the last two millennia CE. So far, the mechanisms behind age-related trends
in TRSIs are not fully understood and the findings of this study highlight the complexity of age
trends in TRSI data. It is therefore still important to test each site and tree species before using

TRSI data for climate reconstructions.
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Fig. $6.7 Example of a relict wood fragment where a disc sample was taken from unknown tree height.
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Abstract

Tree-ring stable isotopes and wood anatomical traits emerged as powerful proxies for paleo-
climate reconstructions, providing information beyond traditional ring width and wood density
chronologies. However, comprehensive comparisons of these state-of-the-art tree-ring proxies
derived from the same trees have yet to be performed to identify and differentiate their full
paleoclimatic skill. Here, we assess covariance and climate signals in tree-ring width (TRW),
maximum latewood density (MXD), cellulose stable carbon (6'3C.) and oxygen (6'8Q) iso-
topes, lignin methoxy carbon (6'*Cr) and hydrogen (6°Hnm) isotopes, radial cell lumen diameter
(Drag), and radial and tangential cell wall thickness (CWT.aa/CWTan) of ten Bosnian pines (Pinus
heldreichii) from a treeline site on Mt. Smolikas, Greece. Proxy cross-comparison over the
period 1861-2020 CE reveals strong covariance between detrended 6'*C. and 6"*Cn, (r 2 0.81).
6"3C. and &'®0, exhibit the highest inter-series correlations (r 2 0.61) among all proxies. &'C,
0"3Cnm, "0, together with Draq, show considerable skill for reconstructing summer precipita-
tion, whereas MXD and &*Hm may be used for summer temperature reconstructions. Enhanced
inter-series and hydroclimate correlations, along with a prolonged seasonality are significant
advances of the isotopic and wood anatomical measurements compared to TRW. Our findings
highlight the importance of integrating new isotopic, particularly §'3C., and xylem anatomical
data into existing TRW networks to enhance our understanding of past hydroclimate variability

and contextualize the recent aridification of the Mediterranean region.

Keywords: Mediterranean, paleoclimatology, Pinus heldreichii, wood anatomy, tree-ring sta-

ble isotopes.
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7.1 Introduction

The Mediterranean region is facing significant environmental and socio-economic challenges
due to the increasing intensity, frequency, and duration of heatwaves and droughts in the late
20™ and 21°t centuries (Cramer et al. 2018). The limited number of annually resolved climate
reconstructions dating back to the 1%t millennium CE, however, constrains our ability to place
recent hydrothermal dynamics into a long-term context of natural climate variability. New mil-
lennium-length climate reconstructions are therefore urgently needed to disentangle the roles
of natural and anthropogenic forcing in the recent aridification of the Mediterranean (Hoerling
et al. 2012; Lionello & Scarascia 2018; Spinoni et al. 2019).

The Pinus heldreichii treeline ecotone at Mt. Smolikas (Fig. 7.1a) in northern Greece is so far
the only Mediterranean location where tree-ring width (TRW) and maximum latewood density
(MXD) measurements enabled high-resolution climate estimates beyond the Medieval Warm
Period (Esper et al. 2020a, 2021; Klippel et al. 2018, 2019). The Smolikas record, which ex-
tends back to the 5" century CE, represents the best-replicated tree-ring chronology from a
high-elevation southern European site during the 15t millennium CE (Luterbacher et al. 2012;
Roémer et al. 2021). However, the TRW-based hydroclimate reconstructions lack distinct low-
frequency information due to the detrending required to remove ontogenetic trends in growth
and mitigate the heteroscedastic nature of these data (Braker 1981; Osborn et al. 1997). The
existing reconstructions may therefore not capture the entire spectrum of hydroclimate varia-
bility, underscoring the need for alternative proxies to complete our understanding of high-to-

low frequency climate fluctuations in the Eastern Mediterranean region (Blintgen 2022).

Tree-ring stable isotopes (TRSI) derived from wood cellulose, including stable carbon (6'Cs),
oxygen (8'®Qg), and hydrogen (&*H.) isotopes, have proven valuable for reconstructing past
climate variability at interannual to multimillennial timescales (Blintgen et al. 2021; Nakatsuka
et al. 2020; Yang et al. 2021). TRSI measurements often lack ontogenetic trends and thus do
not require standardization (Blntgen et al. 2020; Gagen et al. 2007; Young et al. 2011), exhibit
strong inter-series correlations (Hartl-Meier et al. 2015; Treydte et al. 2007), and require small
sample sizes to create reliable site chronologies (Belmecheri et al. 2022; Rémer et al. 2023).
In the Mediterranean, &'*C. and &80, revealed great potential for reconstructing past summer
precipitation (Dorado Lifian et al. 2012; Levani€ et al. 2020; Luka€ et al. 2021), temperature
(Esper et al. 2015a; Szymczak et al. 2012), and drought variability (Freund et al. 2023).

In recent decades, isotopic measurements of carbon and hydrogen on lignin methoxy groups
(Fig. 7.1b) have emerged as credible climate proxies, providing a fast and cheap alternative
to cellulose isotopic measurements (Greule et al. 2008, 2009; Keppler et al. 2007). 5°H values
of lignin methoxy groups (6°Hm) are unaffected by the evaporative ?H enrichment of leaf water

and thus closely reflect the 6°H values of precipitation, which are predominantly controlled by
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air temperature (Dansgaard 1964), making &’Hm a promising temperature proxy in mid-to-high
latitudes (Anhauser et al. 2017, 2020; Feakins et al. 2013; Greule et al. 2021; Keppler et al.
2007; Lu et al. 2020). Lignin methoxy 86'C (6'*Cm) has shown a similar temperature sensitivity
at select sites in Europe (Gori et al. 2013; Riechelmann et al. 2016; Wieland et al. 2022) and
Asia (Lu et al. 2020; Wang et al. 2020).
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tion of tree-ring width (TRW), maximum latewood density (MXD), radial tracheid lumen diameter (Drad),
radial and tangential cell wall thickness (CWT:ad/CWTtan), cellulose carbon (6'3Cc) and oxygen isotopes
(0'80c), as well as lignin methoxy carbon (6'3Cm) and hydrogen (6?Hm) isotopes.

In addition, methodological advances in quantitative wood anatomy (QWA) have opened new
research perspectives for paleoclimatology (Prendin et al. 2017; von Arx & Carrer 2014). The
quantification of wood anatomical features improves the spatiotemporal resolution of traditional
proxies and allows for disentangling the effects of environmental conditions on xylem structural
properties at a cellular level (Fonti et al. 2010; Pandey 2021). Among numerous anatomical
traits, tracheid lumen area, radial lumen diameter (D:aq4), cell wall thickness (CWT), and inferred
wood anatomical densities have proven to be reliable climate predictors (Balanzategui et al.
2021; Bjorklund et al. 2020, 2023; Carrer et al. 2018; Gonzéalez-Casares et al. 2019; Lopez-
Saez et al. 2023; Ziaco et al. 2016).

Despite their undisputed paleoclimatic potential, an accurate comparison of the various proxies
using the same wood has not been conducted yet. Using samples from living Bosnian pines
from Mt. Smolikas (Greece), we here combine TRW, MXD, 8"C;, 6'80¢, 6"™Cm, 3*Hm, Drad, and

CTW measurements to (l) assess covariance both within and among these state-of-the-art
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tree-ring proxies and their climate sensitivities. We (ll) evaluate whether specific proxies may
be combined and (lll) provide recommendations on the suitability of individual proxies for future

paleoclimate research in the Mediterranean.

7.2 Material and methods

7.2.1 TRW and MXD measurements

Between 2015 and 2019, a total of 878 core and disc samples were collected from living and
relict Bosnian pines (Pinus heldreichii H. Christ) on Mt. Smolikas in Greece (40.1°N/21.0°E, 2
2000 m asl) to establish well-replicated TRW (n = 878 series) and MXD (n = 192 series) chro-
nologies (Esper et al. 2020a, 2021). In 2021, ten of the living pines were resampled to develop
new stable isotopic and wood anatomical records extending to 2020 CE. Two 1-cm increment
cores were extracted from each tree at breast height (~1.3 m) from the same stem direction
(~5 cm above each other) perpendicular to the slope. TRW was measured on each core with
an accuracy of 0.01 mm using the high-precision LINTAB 6 device (Rinntech, Heidelberg, Ger-
many) and TSAP-Win software (Rinn 2012). Dating precision was verified by comparing the
new TRW data with the old measurements (Fig. $7.1a-b). One core each was used for isotopic
and wood anatomical analyses. No MXD measurements were performed on the new samples.
However, to ensure a robust comparison between MXD and the other proxies, a subset of ten
living-tree series was selected from the data used in Esper et al. (2020a) to create a repre-
sentative MXD record (Fig. S7.1c-d) with a sample replication equal to the other proxies. A

detailed description of the MXD methodology is provided in Klippel et al. (2019).

7.2.2 Stable isotope measurements

The isotopic measurements of §'°C,, 6'°Cn, 6'80., and 6°Hm were performed at annual reso-
lution on the same increment cores. The tree rings of each sample were carefully separated
with a scalpel, cut into smaller pieces, and divided equally into two Eppendorf microtubes for
cellulose and methoxy isotope measurements. When cutting and partitioning, care was taken

to ensure that the microtubes contained the original earlywood-latewood proportions.

For cellulose isotopic measurements, a-cellulose was extracted via the modified Jayme-Wise
isolation method (Boettger et al. 2007) at the Global Change Research Institute, Czech Re-
public (details in Wieland et al. 2024). After extraction, 0.5-1.0 mg of a-cellulose was placed in
tin (8'3C.) and silver (6'0;) capsules. The tin capsules were combusted to CO, at 960°C, while
the silver capsules were pyrolyzed to CO at 1450°C using the high-temperature cell of the
varioPYRO cube elemental analyzer (Elementar Analysensysteme, Langenselbold, Ger-
many). The ratios of heavy to light carbon (*C/'?C from CO;) and oxygen ('0/'®O from CO)

isotopes were measured using the ISOPRIME100 continuous-flow isotope ratio mass
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spectrometer (IRMS) (Isoprime, Manchester, UK). Isotopic measurements were calibrated us-
ing certified reference materials from the International Atomic Energy Agency (IAEA) and the
United States Geological Survey (USGS). *C/'C ratios were referenced to caffeine (IAEA-
600) and graphite (USGS24), and '80/'®0 ratios to benzoic acid (IAEA-601 and IAEA-602).

Isotopic measurements on lignin methoxy groups were performed at the Institute of Earth Sci-
ences, Heidelberg University (Germany), using the modified Zeisel method (Greule et al. 2008,
2009; Keppler et al. 2004, 2007), in which gaseous iodomethane (CHzsl) is formed from the
reaction between methyl ethers and esters and hydroiodic acid (Zeisel 1885). For this, 5 mg
(6"Cm) and 7 mg (&*Hm) of wooden material and 250 ul of hydroiodic acid were heated in crimp
glass vials for 30 minutes at 130°C, followed by a sample equilibration at room temperature.
Ten to 90 pl aliquot of headspace were injected via an autosampler (A200S, CTC Analytics,
Zwingen, Switzerland) into a gas chromatograph (HP 6890N, Agilent, Santa Clara, USA)
equipped with a combustion reactor [ceramic tube (Al>.O3), length 320 mm, 0.5 mm i.d., Cu/Ni/
Pt wires inside (activated by oxygen)] for 6'*C» measurements or a thermo conversion reactor
[ceramic tube (Al,O3), length 320 mm, 0.5 mm i.d.] for Hmn measurements. CHsl was oxidized
to CO, at 960°C and pyrolyzed to H, at 1450°C. The resulting gases were transferred through
a Finnigan GC-Combustion lll interface into a Thermo Finnigan DeltaplusXL IRMS (Thermo
Fisher Scientific, Waltham, USA) to measure the ratios of heavy to light carbon (*C/'?C from
CO,) and hydrogen (°H/'H from H,) isotopes. The isotope measurements were normalized
using HUBG reference materials (Greule et al. 2019, 2020). HUBG2 and HUBG4 were used

for the &'°C,, measurements, and HUBG1 and HUBGS3 for the 8?H,, measurements.

Isotope ratios are expressed in the conventional ¢ notation in Urey (Ur) relative to the Vienna
Pee Dee Belemnite standard (6'3C) and the Vienna Standard Mean Ocean Water (6'80. and
6°Hm). One mUr is equivalent to 1 per mille (Brand & Coplen 2012). The ion sources of the
IRMS systems were centered, tuned, and tested for stability (10 < 0.03 mUr for 6'°C,, < 0.02
mUr for §"*Cr, < 0.02 mUr for 880, < 0.04 mUr for 5°Hm, on ten pulses of monitoring gas) and
linearity (< 0.04 mUr/nA for 6"3C,, < 0.06 mUr/V for §"Cp, < 0.04 mUr/nA for §'®Q,, < 1 mUr/V
for 5°Hm) before each sequence of isotopic measurements. The Hs* factor was quantified be-
fore each set of Hm measurements (< 3.5 ppm/nA). Six (cellulose) and five (lignin methoxy)
consecutive measurements on the same samples were performed to assess the precision of
the isotopic measurements. Average standard deviations were 0.04 mUr for §'*C,, 0.09 mUr
for 5'80c, between 0.01-0.25 mUr for §'*C,, and between 0.5-2 mUr for °Hn.

7.2.3 Quantitative wood anatomy
To produce high-quality wood anatomical images, increment cores were cut into 4-5 cm long

pieces and boiled in distilled water. Ten micrometer [um] thick transverse microsections were
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cut from each piece using a rotary microtome (Leica, Wetzlar, Germany). The microsections
were bleached in 10% NaOCI for 10 minutes, stained with a 1:1 safranin and astra blue solu-
tion, dehydrated successively in 50% and 100% ethanol baths, and permanently mounted on
microscope slides with Euparal (Carl Roth, Karlsruhe, Germany). The permanent slides were
scanned at a resolution of 2.2 pixels/um using a Hamamatsu NanoZoomer slide scanner (Ha-

mamatsu Photonics, Shizuoka, Japan).

The obtained images were processed using ROXAS v4.0 (Prendin et al. 2017; von Arx & Car-
rer 2014) to quantify xylem anatomical traits, including radial cell lumen diameter (Draq) as well
as radial and tangential cell wall thickness (CWT o/ CWTian). After the automated detection of
individual cells by ROXAS, a manual editing was performed to remove incorrectly recognized
features, such as resin ducts and parenchyma cells. Tree-ring sequences were crossdated by
comparing the TRW output of ROXAS with the LINTAB measurements. To quantify intra-an-
nual variability in the wood anatomical structures, we computed standardized tracheidograms
(Vaganov 1990; Ziaco 2020) by aligning cell radial files for each ring using the R package
RAPTOR (Peters et al. 2018), normalizing cell numbers to 30 using the tgram function, and
dividing each ring into ten tangential sectors. Tree-ring sectoring allows for the refinement of
climatic signals encoded in xylem cellular traits (Ziaco & Liang 2019), with ten sectors generally
considered an appropriate compromise between higher temporal resolution and maintaining a
reliable cell count in each sector (Belokopytova et al. 2019; Carrer et al. 2018). A principal
component analysis (PCA) was applied to assess similarities and differences between the
sectorial QWA chronologies and the annual TRW, MXD, and TRSI chronologies. The principal
components (PCs) were tested for significance using randomization tests and the Rnd-Lambda

stopping rule (Peres-Neto et al. 2005).

7.2.4 Data treatment and chronology development

To account for the depletion of atmospheric *C due to anthropogenic CO, emissions, the §'°C,
and 6"C., series were corrected for the Suess effect (Keeling 1979) by adding residuals to
pre-industrial levels of -6.41 mUr to the tree-ring values after 1860 CE (Fig. $7.2). The atmos-
pheric '*C data were obtained from McCarroll & Loader (2004) and the Mauna Loa Observatory
(https://scrippsco2.ucsd.edu; Keeling et al. 2005). Both &'3C records were further corrected for
the increasing leaf-internal "3C discrimination under elevated CO, concentrations using a loess
regression model proposed by McCarroll et al. (2009). However, since the latter so-called pin-
correction was developed using cellulose-derived isotope data and its application might lead
to increasing uncertainty in the isotopic measurements on lignin methoxy groups, we used the
Suess-effect-corrected &'3C data for inter-proxy comparisons and climate calibration. Results

on the pin-corrected 6'*C data can be found in the supplementary material.
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The individual time series of each proxy were detrended using the ARSTAN software (Cook &
Krusic 2017) by calculating residuals from horizontal means (HOM) and cubic smoothing
splines with 50% frequency cutoffs at 100 years (100SP) and 30 years (30SP) to emphasize
high-to-low frequency variance. The tree-ring records were power-transformed and variance-
stabilized (Cook & Peters 1997; Frank et al. 2007), and mean chronologies were developed
by computing bi-weight robust means of the individual series. Series covariance was assessed
by calculating average inter-series correlations (Rbar) over the 1861-2020 CE common period
(Wigley et al. 1984), except for MXD which was confined to 1861-2017 CE.

7.2.5 Meteorological data and climate signal detection

The proxy chronologies were correlated against monthly temperature, precipitation, and cloud
cover data (CRU TS4.07; Harris et al. 2020), as well as against the Palmer Drought Severity
Index (PDSI; Wells et al. 2004). The meteorological data were retrieved for the closest 0.5°
grid (40.0-40.5°N/20.5-21.0°E) using the KNMI climate explorer (https://climexp.knmi.nl). To
reduce uncertainty arising from the limited number of meteorological stations reaching back to
the early 20" century (Fig. 7.2), climate correlations were calculated from 1931-2020 CE. The
year 1931 CE was selected as the starting year as two nearby precipitation stations (Kerkyra

and Thessaloniki) are included in the grid thereafter.
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Fig. 7.2 Climate data. June-August (JJA) (a) mean air temperature (Tmean) and (b) precipitation anoma-
lies (wrt. 1961-1990 CE) from the CRU TS4.07 grid (black lines) closest to Mt. Smolikas and the mete-
orological stations (grey lines) in Kerkyra (KER), Larissa (LAR), and Thessaloniki (THE). (c-d) Temporal
coverage of the temperature and precipitation stations used to interpolate the gridded data. Each hori-
zontal bar represents one station. The dark red and dark blue bars highlight (“active”) stations providing
measurements until 2020 CE. (e) Spatial coverage of the “active” and “inactive” stations integrated into
the gridded data. The dashed circles indicate linear distances (250 and 500 km) from the study site.
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The meteorological data were tested for normal distribution and climate-proxy relationships
were assessed by using Pearson (temperature and cloud cover) and Spearman rank (precipi-
tation and PDSI) correlations. Prior to the correlation calculations, the climate data were stand-
ardized the same way as the tree-ring data. Thirty-one-year running and field correlations were

computed to test the temporal robustness and spatial extent of climate signals.

7.3 Results

7.3.1 Proxy characteristics and covariance

Mean cambial age of the TRW, TRSI, and QWA series ranges from 298 years in 1861 to 457
years in 2020 CE. In contrast, the MXD series are, on average, ~40 years younger (Fig. S7.3)
and terminate in 2017 CE. Mean segment lengths (MSL) vary slightly among the proxies due
to different measurement periods, ranging from 157 years for 6'*Cr, and 6°Hnm to 218 years for
Drag and CWT. However, all proxy chronologies are well replicated (n = 8 series) over the 1861-
2020 CE period (Table 7.1).

Table 7.1 Proxy characteristics.

Proxy n (zzesr;c:i:s) MSL1o  caw| HOI\/‘IA ﬁ ;osp |30SP  HOM | 1%2; | 30SP
TRW 10  1810-2020 205 +47 0.720.73] 0.56 | 0.25 0.38]0.34 | 0.37
MXD 10  1810-2017 20147 0.53]0.53 | 0.36] 0.16 0.18]0.23|0.28
5C. 10 1810-2020 205 +47 0.30 ] 0.30 | 0.16 | 0.00 0.56 | 0.62 | 0.67
5%Cm 10  1861-2020 157 £07 0.41]0.43|0.18 | -0.01 0.40]0.30 | 0.33
5'%0. 10  1810-2020 205247 0.25]0.25 | 0.16 | 0.06 0.39]0.610.62
5Hm 10  1861-2020 157 + 07 0.41]0.41]0.24]0.09 0.34]0.36 | 0.40
Drad 10 1807-2020 218 + 47 0.45]0.45]0.16 | 0.00 0.27]0.36 | 0.43
CWTwma 10 1807-2020 218 + 47 0.65]0.65]0.48]0.18 0.08]0.15 | 0.21
CWTwn 10  1807-2020 218+ 47 0.65]0.65 | 0.46 | 0.21 0.1210.17 | 0.22

n: total number of series. MSL: mean segment length * 1 standard deviation (10). AC1: first-order autocorrelation
of the raw and detrended chronologies. Rbar: average inter-series correlation between the detrended series. The
latter two statistics are calculated for 1861-2020 CE (MXD for 1861-2017 CE).

The raw TRW and CWT (CWT..q and CWTan) chronologies show the highest first-order auto-
correlations (AC1 = 0.65) for 1861-2020 CE. AC1 is higher in methoxy (AC1raw = 0.41) than in
cellulose isotopes (AC1rw < 0.30), reflecting the stronger trends in §'*Cr, (+0.004 mUr a™') and
6°Hm (-0.03 mUr a') from 1861 to 2020 CE (Fig. 7.3). 6'3C. decreases, on average, by -0.002
mUr a' and 680 increases by +0.001 mUr a' over the same period. TRW and D.q increase
by +0.002 mm a' and +0.008 ym a™!, while trends in CWT and MXD are < 0.001 um a'and g
cm? a’!, respectively. Similar AC1 values between the raw and HOM-detrended data indicate
retention of low-frequency variability after detrending. Lower AC1 values after spline detrend-

ing demonstrate the removal of this low-frequency information, but coincide with an increase
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in covariance among series. The spline-detrended 6'C. and 680, series exhibit the highest
Rbar = 0.61. Rbar values of the methoxy isotopes are noticeably lower and similar to those of
TRW and Drag. MXD, CWT a4, and CWTwn indicate the lowest Rbar < 0.28 (Fig. S7.4).
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Fig. 7.3 Individual series (grey curves) and mean chronologies (black curves) of raw (a) TRW, (b) MXD,
(c) 6'3Cc, (d) 6'3Cm, (e) 6'8Oc, (f) 2Hm, (g) Drad, (h) and CWT. The latter represents the mean of CWT:ad
and CWTtan (details in Fig. S7.4). The &'3C series are corrected for the Suess effect. Values at the right
top are the arithmetic mean * 1 standard deviation calculated over all tree rings between 1861-2020 CE
(1861-2017 CE for MXD).

The Suess-effect-corrected 6'C, values fluctuate around -21.83 + 0.83 mUr and are on aver-
age 3.15 mUr higher than the 6'°Cn, values (-24.98 + 1.14 mUr). However, high correlations (r
=0.81, p <0.001) between the spline-detrended 6'3C chronologies indicate a close association
between 6'3C. and &'*Cn.. Inter-proxy correlations are overall higher after the 30SP detrending
than after 100SP detrending (Table 7.2). The 30SP-detrended &'*C records are positively cor-
related with MXD (r 2 0.51) and 6'®Oc (r 2 0.44), and negatively correlated with Dyaq (r < -0.32),
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with overall higher correlations for §'*C. than for 6'*C. §'80. is most strongly correlated with
0"C. (r = 0.59) and Draq (r = -0.51). 6°Hm displays negative correlations with MXD and CWT;aq
(r <-0.28) and a positive correlation with D¢ (r = 0.30). TRW is positively correlated with Daq
and CWTwn (r = 0.41), while MXD shows significant (p < 0.001) correlations with all proxies
except TRW. A correlation of r = 0.71 between CWT, and CWT,4q indicates a strong associ-
ation between the two CWT orientations, but only CWT.aq shows significant (p < 0.001) corre-
lations with 6'Q., 8Hm, and Draq.

Table 7.2 Correlations between the spline-detrended proxy chronologies for 1861-2020 CE.

TRW MXD 613Cc 61 3Cm 61809 62Hm Drad CWTrad CWTtan

TRW 0.12 -0.04 0.19 -0.08 0.12 0.41 -0.03 0.35

MXD 0.15 0.52 0.51 0.44 -0.33 -0.46 0.47 0.28
63C. 0.03 0.45 0.81 0.59 -0.20 -0.59 0.11 -0.15
63Cm 0.27 0.44 0.81 0.44 -0.14 -0.32 0.02 -0.09
6'®*0. -0.04 0.37 0.57 0.42 -0.05 -0.51 0.33 0.10
6°Hm 0.05 -0.40 -0.20 -0.17 -0.06 0.30 -0.28 -0.14

Drad 0.38 -0.38 -0.55 -0.27 -0.49 0.25 -0.45 0.09
CWTwe 0.1 0.38 0.12 0.12 0.28 -0.29 -0.41 0.71
CWTtwn  0.48 0.30 -0.12 0.03 0.09 -0.18 0.13 0.70

Note: Values in the left bottom are correlations between the 100SP chronologies, values in the right top are corre-
lations between the 30SP chronologies. Bold numbers indicate significance (p < 0.001). Significant positive corre-
lations are red; significant negative correlations are blue. Correlations with MXD are computed for 1861-2017 CE.

7.3.2 Climate signals

Climate signals are most distinct in summer and after 30SP detrending, but maximum seasonal
responses vary slightly among the proxies (Fig. 7.4). TRW correlations with mean temperature
(Tmean), precipitation, and the PDSI are all insignificant (p > 0.01) for 1931-2020 CE. Significant
(p < 0.01) TRW correlations are restricted to June-July (JJ) cloud cover (r = 0.28) and diurnal
temperature range (r = -0.38; Fig. S7.5). MXD shows the highest correlations with July-Sep-
tember Tmean (r = 0.55), precipitation (r = -0.41) and cloud cover data (r =-0.62). TRW and MXD
correlations with the PDSI are insignificant for all months, except for MXD in September. TRW
and MXD correlations with previous-year climate are weak and only significant between 30SP-
detrended MXD and July Tmean (r = -0.29), as well as between TRW and August precipitation
(r=0.32) and cloud cover (r = 0.33; Fig. S7.6).
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Fig. 7.4 Climate signals. Correlations between the 30SP-detrended chronologies and monthly/seasonal
(a) mean air temperature (Tmean), (b) precipitation, (¢) the PDSI, and (d) cloud cover data calculated for
1931-2020 CE. Horizontal dashed lines indicate the significance level of p < 0.01. Please note that the
significance level for MXD is marginally higher (~0.004) due to the shorter calibration period (1931-2017
CE), but is not displayed for the sake of clarity.

The 30SP-detrended &'*C., 6"*Cn, and 6'80. records show the highest correlations with June-
August (JJA) Tmean (r = 0.52/0.40/0.40), precipitation (r = -0.69/-0.55/-0.55), and cloud cover
data (r = -0.64/-0.50/-0.55, p < 0.001). Correlations with the PDSI are lower overall and range
from r = -0.38 in 880, to r = -0.49 in &"3C.. While the correlations with JJA precipitation are
temporally stable for all detrendings, Tmean COrrelations decrease toward the lower frequency
domain (Fig. 7.5). Spectral coherence analyses between the isotope and climate data support
these findings and point to precipitation as the dominant climatic factor for 8'*C., 6'*Cn, and
0'®0, variability (Fig. S$7.7). Similar results are found for the pin-corrected 8*C data (Fig.
§7.8). For &*Hnm, the highest correlation is found with June-September (JJAS) Tmean (r = -0.44,
p < 0.001), while no significant correlations are obtained with precipitation. Running correla-
tions between 6°Hm and JUAS Trmean are stable over time and for all detrendings, but 6°Hrm, lacks
significant coherence with temperature data at mid-to-low frequencies (~2-4 and > 10 years;

Fig. S7.9). Correlations between TRSI and previous-year climate data are weak and significant
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(p < 0.01) only for 6"*C and August Tmean (r = -0.29 for 6"*C.and -0.33 for 6'*C), and for &°Hm
and June Tmean (r =-0.31).
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Fig. 7.5 Temporal stability of the temperature (Tmean) and precipitation (Prec) signals in (a) 6'3C., (b)
0"3Cm, (c) 6'80c, and (d) Draq. Vertical bars (left) show correlations between the HOM, 30SP, and 100SP
proxy records and June-August Tmean (red) and precipitation (blue) calculated for 1931-2020 CE. Curves
in the right panels show 31-year running correlations for the different detrendings.

The climate sensitivity of Dy.q is inverse to that of 3'*C., 6'*Crm, and "0, yet similar in terms
of seasonality and strength. The annual D:aq record, which represents the average radial lumen
diameter of earlywood and latewood cells, shows the highest 30SP correlations with JJA pre-
cipitation (r = 0.56), Tmean (r = -0.55), and cloud cover (r = 0.62, all p < 0.001). Although 30SP
correlations between Dyaq and cloud cover are slightly higher than those with precipitation, con-
siderably lower correlations obtained for the HOM-detrended data (r = 0.43) indicate a stronger
low-frequency coherence with precipitation (r = 0.60; Fig. $7.10). The 30SP correlations with
the PDSI are significant from August to October (r = 0.28-0.34, p < 0.01) and about as strong
as with previous-year June Tmean (r = 0.38). CWT.ag and CWTi,n indicate almost no significant
climate correlations at annual resolution. Only CWT.q correlates significantly with September

Tmean (r = 0.28) and cloud cover in current and previous August (r = -0.28 and 0.28, p < 0.01).

7.3.3 QWA sector chronologies

The total QWA data comprise ~2.5 million individual cell measurements. The ten anatomical
sectors, ranging from the early- (1) to the latewood (X), represent the intra-annual variability of
Drad, CWTrad, and CWTian from 1861-2020 CE (Fig. 7.6a). Drag decreases from 30.3 £ 4.2 um
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(x 10, sector 1) to 6.7 £ 1.5 um (sector X) throughout the ring. CWTian increases from 3.2 £ 0.3
pm in sector | to 3.8 £ 0.5 pm in sector VIII and decreases to 3.3 + 0.4 ym in sector X, whereas
CWTaq increases from 3.7 £ 0.4 ym (I) to 5.0 £ 0.5 pm (X). Consequently, CWT.q is, On aver-
age, 0.8 um larger than CWTan. Drag displays higher Rbar values than CWT in all sectors. The
Rbar values of Drag and CWTaq generally increase toward the latewood, while those of CWTian
remain relatively stable throughout the ring (Table $7.1). AC1 values of CWT (0.43-0.67) are
overall higher than those of Draq (0.23-0.44).
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Fig. 7.6 Intra-ring sectors of wood anatomical traits. (a) Tracheidograms of Dras (upper panel), CWTrad,
and CWTtan (middle panel), shown together with the mean Rbar of each 30SP sector chronology calcu-
lated for 1861-2020 CE (bottom panel). Shaded areas indicate + 10. The sectors are labeled with Roman
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numerals (I-X). (b) Three-dimensional PCA plot showing the first three principal components computed
on the 30SP-detrended TRW, MXD, 8'3Cc, 6'3Cm, 0'80c¢, &?Hm (black circles) records, and the 30 Drad,
CWTrad, and CWTtan sector chronologies (colored circles). (¢) Correlations between the anatomical sec-
tor chronologies (I = left, X = right) and their main climate targets for 1861-2020 CE. Horizontal dashed
lines indicate the significance level of p < 0.01.

PCA on the 30 sector chronologies and the six annually resolved TRW, MXD, and TRSI rec-
ords reveals close similarities in interannual variability between the final three CWT sectors
(VIII-X) and MXD, 6'®Qc, 6'C,, and 8'*Cn, as well as between the initial Draq sectors (I-11) and
TRW, and the subsequent D;aq sectors (Il1-X) and 6°Hrm, (Fig. 7.6b). The first three components
(PC1-3) explain 69% of the variance and are significant according to the Rnd-Lambda stopping
rule (Table §7.2). PC1 separates Drag from CWT. The CWT sectors show a smooth transition
along PC2 and PC3, while PC3 primarily separates the Draq sectors.

Correlations between the Drq sectors and climate data support the results obtained from the
annually resolved Di.4 record, indicating precipitation as the dominant climatic factor for radial
cell expansion (Fig. 7.6¢). Daq displays significant (p < 0.01) correlations with JJA precipitation
across all sectors, with r ranging from 0.38 (1) to 0.54 (IX) for the 30SP data (1931-2020 CE).
Although Drag lacks significant correlation with August precipitation (p > 0.01), the scores for
June-August are consistently higher than for June-July in all sectors and for all detrendings. In
addition, all Draq sectors indicate significant positive correlations with JJA cloud cover (r = 0.32-
0.71), particularly prominent in the final three sectors (rvii-x =2 0.60). The strong Dr.q response
to JJA cloud cover in sectors VIII-X coincides with the pronounced sensitivity of these data to
August Tmean (r 2 0.42; Fig. S7.11) and the strong negative relationship between August Trmean
and cloud cover (r = -0.67). For comparison, in June and July, both climate variables are no-
tably less correlated (r = -0.45 and -0.38).

The sectorial CWT chronologies show the strongest response to Tmean, particularly in sectors
VIII-X. The highest correlations are found between CWT.q sectors VIII-X and JJAS Tmean (r =
0.46-0.57, p < 0.01 for the 30SP data). The equivalent CWTwn sectors correlate substantially
weaker with JJAS Tmean (r = 0.24-0.34), suggesting a stronger temperature response in CWTaq
compared to CWTn. Combining the final three CWT,aq4 sectors (VIII-X) into one mean chronol-
ogy representing the latewood (CWTaq.w) results in a 30SP correlation of r = 0.55 with JJAS
Tmean (P < 0.001). The CWT 4w record covaries with Tmean at interannual to decadal scales (2-

10 years) but exhibits inconsistencies at lower frequencies (Fig. S7.8c).
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7.4 Discussion

7.4.1 Proxy characteristics and covariance

Among the Mt. Smolikas proxies, cellulose stable carbon and oxygen isotope ratios show the
highest inter-series correlations. The strong 6'*C. and §'80. coherence is particularly reflected
in the high-frequency domain (Rbar = 0.62 for the 30SP data) but is also evident in closely
aligned low-frequency trends among the individual series (Fig. 7.3). These findings are in line
with previous studies on Mt. Smolikas relict wood (Rémer et al. 2023) and living Bosnian pines
from the Dinaric Alps (Lukac et al. 2021). Methoxy isotopes show less agreement among the
series, with Rbar values ranging from 0.30 to 0.40, which are similar those reported for Larix
decidua from the Western Alps (Riechelmann et al. 2016, 2017) and Fagus sylvatica from
southern Germany (Anhauser et al. 2020; Wieland et al. 2022).

Despite lignin methoxy groups exhibiting an average *C depletion of 3.15 mUr compared to
cellulose, which is consistent with estimates between cellulose and lignin 6'3C (Loader et al.
2003; Robertson et al. 2004; Wilson & Grinsted 1977), the 8'C records of both compounds
display significant coherence at interannual to decadal timescales (~2-20 years; Fig. S7.12),
indicating that these proxies capture similar environmental signals. The lack of lower-frequency
covariance (> 20 years) partially results from opposing multidecadal trends, which are partic-
ularly evident before ~1910 CE and after ~2000 CE, but weaken when the 6'°C; data is pin-
corrected (McCarroll et al. 2009; Fig. S7.13).

The anatomical trait profiles of Pinus heldreichii closely resemble those of other pine species
in central and southern Europe (Carrer et al. 2018; Cuny et al. 2014; Hetzer et al. 2014). The
gradual decline in Do from early- to latewood agrees well with that of Pinus nigra from Corsica
(Hetzer et al. 2014), but is noticeably stronger due to the formation of smaller latewood cells
(6.7 £ 1.5 ym in sector X). CWT shows a monotonic increase toward the latewood, marked by
a decline in the final sector, which is more pronounced in CWTwn than CWTraq. The CWT in-
crease in the earlywood and the decline in the final latewood portion are characteristic for most
conifer species (e.g., Babushkina et al. 2024; Cuny et al. 2014; Zharkov et al. 2022; Ziaco et
al. 2014). The CWTan values of Pinus heldreichii are similar to those reported for Pinus cembra
growing at the upper treeline in the Alps (~2100 m asl), while CWTq values are, on average,
0.7 um higher at Mt. Smolikas (Carrer et al. 2018).

The Rbar values of the Drg sector chronologies, ranging from r = 0.25 to 0.40 after the 30SP
detrending, are consistently higher than those of CWTag and CWTwn. The highest Rbar value
for Drag is found at annual resolution (r = 0.43), indicating that intra-ring partitioning does not
enhance the covariance among the individual series. A similar pattern is observed for CWTian.
However, CWT .4 sectors VIII-X exhibit notably higher Rbar values (= 0.25 for the 30SP data)
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than the annual record, suggesting a stronger climatic signal in latewood CWT. The obtained
Rbar values of the last CWT..q sectors VIII-X are similar to those of MXD (Esper et al. 2020a,
2020b; Rémer et al. 2021) and latewood CWT at other high-elevation southern European pine
sites (Carrer et al. 2018; Lopez-Saez et al. 2023; Stirbu et al. 2022).

The high AC1 values of TRW and CWT (= 0.6), particularly evident in the earlywood sectors
(Table 87.1), likely reflect carry-over effects resulting from remobilized photoassimilates during
earlywood formation (Kagawa et al. 2006) and indicate greater biological memory effects in
TRW and CWT compared to the other proxies (Esper et al. 2015b). Draq exhibits lower AC1
values than CWT in all sectors, with higher first-order autocorrelations in the early- than in the
latewood. Low AC1 values in §"*Cc, §'*Cm, 880, and &*Hm (< 0.41) point to negligible memory
effects in the TRSI measurements and are consistent with the fact that the isotopic composition
of the samples is not systematically biased by changing earlywood-latewood proportions (Tor-
benson et al. 2023).

7.4.2 Climate signals in TRW and MXD

TRW and MXD measurements on Bosnian pines from Mt. Smolikas have proven to be valuable
hydroclimate and temperature proxies. However, while the observed temperature sensitivity in
MXD agrees well with previous studies in terms of seasonality and correlation (Esper et al.
2020a; Klippel et al. 2019), the lack of significant hydroclimate signals in TRW is striking (Esper
et al. 2021; Klippel et al. 2018). Although the updated TRW chronology shares more than 72%
of variance with the well-replicated (n = 872 series) and precipitation-sensitive TRW record of
Esper et al. (2021) from 1861-2016 CE, TRW correlations with climate are weak and significant
only with diurnal temperature range and summer cloud cover (Fig. 7.7a). The lack of significant
precipitation correlations can be attributed to the fading sensitivity in the early to mid-20™ cen-
tury, likely due to the limited number of nearby precipitation stations included in the CRU data
(Esper et al. 2021; Klippel et al. 2018).

For MXD, we found significant correlations with late-summer (July-September) temperature,
precipitation, and cloud cover. Given the weak correlation between temperature and precipita-
tion in July-September (r;as =-0.19, p > 0.05), the observed MXD responses indicate that Pinus
heldreichii reacts to both elevated temperatures and low water availability with the formation
of denser latewood (Cook et al. 2015; Leonelli et al. 2017). Summer temperature, however, is
the dominant climatic driver of MXD formation (Fig. 7.7b). The strong cloud-cover correlations
reflect the significant dependence of summer precipitation and air temperature on cloud cover
(rsas = 0.56 and -0.52, p < 0.001), which can significantly modulate solar radiation fluxes, evap-

otranspiration processes, and rainfall patterns at the surface level (Geiger et al. 2009).
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Fig.7.7 Best-fit climate targets. Horizontal-mean (HOM) or 30-year-spline (30SP) detrended proxy chro-
nologies (black curves), shown with the best-correlated climate records (colored curves). All records are
z-transformed. TRW, 6'3Cc, &'3Cm, 6'8QOc, and 6°Hm are inverted. R values indicate the corresponding
correlations between the tree-ring and climate data for 1931-2020 CE (2017 CE for MXD). Right panels
display field correlations (p < 0.05) between the HOM and 30SP-detrended proxies and their climate
targets (CRU TS4.07). Thick frames highlight the best fitting frequency (HOM data is preferred). Black
stars mark the study site.
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7.4.3 Climate signals in stable isotopes

Stable carbon and oxygen isotopes from cellulose and lignin methoxy groups reflect significant
temperature and hydroclimatic signals that support previous findings from the Mediterranean
(Andreu et al. 2008; Konter et al. 2014; Levanic et al. 2020; Lukac et al. 2021; Szymczak et al.
2012; Treydte et al. 2007). The positive 6'3C correlation with summer temperature and nega-
tive correlation with summer precipitation appear physiologically meaningful, as high air tem-
peratures and vapor-pressure deficits (VPD) impair CO; diffusion into the needles by stomatal
closure, thereby reducing internal CO. concentrations and carboxylation discrimination against
13C, leading to higher 6'C values (Farquhar et al. 1982). Precipitation events otherwise reduce
VPD and allow stomata to open. Moreover, high temperatures and low humidity increase tran-
spiration, which leads to a loss of lighter oxygen isotopes (®0) at the leaf level and therefore
to higher 6'0 values than those of the source water (McCarroll & Loader 2004). Hence, both
6"3C and 6'®0 are closely linked to summer temperature and moisture conditions, as reflected

in the strong correlations of §'*C., 6'*Cm, and §'0. with these climate variables.

Higher and more robust correlations with June-August precipitation than with air temperature
suggest that summer precipitation is the dominant climatic forcing of 6'*C and &80 variability.
This conclusion is supported by significant correlations between §'80. and the §'80 of precip-
itation (Fig. S$7.14), revealing that 6'8O. reflects the §'80 signature of the precipitation-derived
source water, but is modulated by soil evaporation and transpiration-induced 8O enrichment
(Yakir & Sternberg 2000). The lack of significant correlations with previous-year climate data
and the low AC1 values of §'®Q; indicate that the water used for photosynthetic carbohydrate
formation primarily originates from recent precipitation events. Correlations with precipitation
are robust over time and for all detrendings, suggesting that both '3C and 580 reliably reflect
summer moisture variations at interannual to multidecadal timescales. Only §'°C, reveals a
weaker association at lower frequencies. The robust precipitation signals and the fading tem-
perature sensitivities toward the present, particularly evident at lower frequencies (i.e., for the
HOM data), support previous results on Pinus heldreichii 5'*C. and 50, from the Dinaric Alps
in Montenegro (Levani€ et al. 2020; Lukac et al. 2021), the Apennines in Italy, and the Pirin
Mountains in Bulgaria (Freund et al. 2023; Treydte et al. 2007).

Unlike carbon and oxygen isotopes, 6°Hm is negatively correlated with June-September tem-
perature (p < 0.01). Given the lack of studies assessing the climate sensitivity of 3°Hrm in similar
environments, our results demonstrate for the first time that Hn may serve as a reliable tem-
perature proxy in the Mediterranean (Fig. 7.7f). However, most previous studies reported pos-
itive correlations between &°Hr and air temperatures at mid-latitudes and lower altitudes (An-
hauser et al. 2020; Lu et al. 2020; Mischel et al. 2015; Wang et al. 2020; Wieland et al. 2022).
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Only Riechelmann et al. (2017) found a comparable (negative) temperature response in Hm
of Larix decidua trees from the Western Alps. One plausible explanation for this inverse tem-
perature response could be related to the seasonally fluctuating 6°H signature of precipitation.
Since lignin synthesis takes place in the xylem tissue, °Hnm is unaffected by the evaporative
2H enrichment of leaf water and thus closely reflects the &H signature of the plant’s source
water, which is positively related to air temperature (Anhauser et al. 2017). However, similar
to Riechelmann et al. (2017), we found a negative correlation between the H values of meth-
oxy groups and summer precipitation (ryas = -0.27). In summer, the &*H values of precipitation
are notably higher compared to the other seasons (Fig. $7.15), resulting in elevated 5°H val-
ues in soil water during years with abundant summer rain and cooler temperatures. Vice versa,
in warm and dry summers, the 6°H values of soil water decrease due to the lower contribution
of 2H-enriched summer rain. Hence, 6°Hm seems to reflect the seasonal origin of the source
water used for lignin methoxy group formation (Allen et al. 2019). The use of deeper ground
water sources may also explain the missing association with precipitation 6°H, but seems un-

likely due to the shallow soils at Mt. Smolikas.

7.4.4 Climate signals in wood anatomical traits

The wood anatomical features of Pinus heldreichii are highly sensitive to hydrothermal condi-
tions in summer. Drag, Which primarily determines the conductive xylem area, shows a strong
summer precipitation response at annual resolution, surpassing that of the sectorial chronolo-
gies (Fig. 7.7g). Greater covariance among the series and stronger climatic responses in Diag,
compared to tangential diameter and lumen area (not shown), support that climatic imprints
are distinctly stronger in the radial than in the tangential lumen diameter (Cuny et al. 2014).
The precipitation sensitivity of Dr.q is likely transmitted through soil moisture deficits controlling
turgor pressure and cell enlargement (Carvalho et al. 2015; Ziaco 2020). Abundant rainfall, on
the other hand, can promote the formation of larger tracheid lumina (Fonti et al. 2010; Peters
et al. 2021). The precipitation response of D:q4 aligns with studies on western Mediterranean
pine species, providing empirical evidence for the importance of summer water availability on
conductive xylem features (Hetzer et al. 2014; Pacheco et al. 2016), and confirms similar hy-

droclimate signals in Pinus heldreichii from high-elevation Eastern Mediterranean sites.

The distinction between CWT.qg and CWTn, along with the intra-ring partitioning, reveals that
Bosnian pines primarily respond to high summer temperatures through radial wall thickening
of the latewood cells. The final three CWT sectors VIII-X show significant positive temperature
responses, which are notably stronger in CWT.aq than in CWTwn. These results are supported
by the regular displacement of the PCA loadings, suggesting a higher agreement with MXD

for latewood CWTaq than for CWTwn. The latewood CWT .4 record is positively correlated with

153



7 Covariance and climate signals among state-of-the-art tree-ring proxies

MXD (rigs1-2017 = 0.68, p < 0.001 for 30SP data) and shows a strong temperature signal from
June to September (Fig. 7.7h). The temperature sensitivity of latewood CWT and the lack of
similar climatic responses in earlywood CWT are in line with studies on Pinus nigra (Hetzer et
al. 2014), Picea abies (Castagneri et al. 2017), and Larix decidua (Carrer et al. 2016), but differ
from those on Pinus cembra growing in the Alps and Carpathians, reporting consistent tem-
perature signals in both earlywood and latewood CWT (Carrer et al. 2018; Lopez-Saez et al.
2023; Stirbu et al. 2022).

7.4.5 Paleoclimatic skill of the tree-ring proxies

Among all proxies, §'*C. shows the greatest potential to reconstruct the full spectrum of high-
to-low-frequency summer precipitation variability (Fig. 7.8). The 8'*C. data is characterized by
an exceptionally strong covariance among the series and stationary correlations with June-
August precipitation throughout the 20" and 215 centuries. The lack of long-term ontogenetic
trends in 6"C. precludes biologically induced low-frequency noise, supporting the use of raw
6"3C. data for climate calibration (Wieland et al. 2024). Given the high inter-series correlation
and hydroclimate signal strength, along with the prolonged climate seasonality compared to
TRW (June-July) and the absence of age-related trends, we conclude that annually resolved
and non-pooled 6'3C. measurements are a superior proxy to reconstruct past summer precip-

itation in the Mediterranean, far exceeding the skill of traditional TRW chronologies.

8. Workload

7. Detrending

6. Covariance high

5. Stationarity

4. Correlation

3. Frequency

2. Seasonality ij;;:::fa/ 2021

1. Climate signal (2) Esper et al. 2020a

E——— (3) Wieland et al. 2024 |  fow

TRW Tdiur JJ high -0.38 no 0.32 required ™ (@)
MXD Tmean JAS full 0.58 yes 0.26 required® (@)
&13Cec Precipitation JJA full -0.60 yes 0.56 no® @)
53Cm Precipitation JJA high -0.52 yes 0.30 required® O
&'®0c Precipitation JJA full -0.54 yes 0.55 required® (@)
&Hm Tmean JJAS full -0.41 yes 0.24 required® O
Drad Precipitation JJA full 0.57 yes 0.29 likely required @)

CWTrad.LW Tmean JJAS high 0.55 yes 0.36 likely required ]

Fig. 7.8 Paleoclimatic skill of the tree-ring proxies. Summary of the best-fit climate calibrations computed
for 1931-2020 CE (1931-2017 CE for MXD). Please note that correlation and covariance values refer to
the optimum frequency (high = 30SP, full = HOM data) and may deviate slightly from the values in Table
7.1 due to the shorter period.
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0'80¢, 6'*Cm, and Draq also exhibit strong summer precipitation signals. However, these proxies
face stronger statistical limitations due to long-term age-related trends in §'®0. and 6'*Cr, and
substantial 5'80; offsets between living and relict wood (Wieland et al. 2024). Significant onto-
genetic trends are also characteristic for Dr.q, particularly over the first 100-150 years of tree
age (Carrer et al. 2015). Future QWA measurements of relict wood will improve our under-
standing of such non-climatic noise inherent in anatomical traits. The overlapping precipitation
seasonality and strong covariance among 6"3C,, 'O, '*Crm, and Dr.q at interannual to mul-
tidecadal timescales, despite minor low-frequency discrepancies in §'*Cn, suggest that proxy
combinations could be useful to improve reconstruction skills and assess uncertainties. More-
over, the close association between D.g and summer cloud cover, driven by the dependence
of precipitation on cloud cover and particularly evident at high frequencies, underscores the

potential to gain new insights into past climatic extremes.

MXD shows the greatest skill to reconstruct the full range of interannual to multidecadal sum-
mer temperature variability. Although MXD requires standardization prior to chronology devel-
opment and climate calibration (Braker 1981), its stronger temperature sensitivity compared to
CWT g w and 6°Hm, along with its lower workload, highlight MXD’s superior paleoclimatic skill
in high-elevation Mediterranean environments (Blintgen et al. 2017, 2024; Esper et al. 2020a,
2020b). While latewood CWTaq4 lacks significant correlation with observational temperatures
at decadal to multidecadal scales and can thus only provide valuable information on past tem-
perature extremes, 6°Hm can be considered as an alternative temperature proxy to MXD. How-
ever, further research is needed to consolidate the inverse temperature response of &Hn, in
the Mediterranean and to assess signals strengths at lower elevations (Feakins et al. 2013;

Greule et al. 2021), where MXD typically fails as a climate proxy.

7.5 Conclusion

Our assessment of covariance and climate signals in TRW, MXD, &'3C,, 6'®0;, 6"°Cm, 6°Hm,
Drad, and CTW from Mt. Smolikas (Greece) reveals advantages of TRSI and QWA measure-
ments over traditional TRW for reconstructing past hydroclimate variability, thereby opening
new avenues for an enhanced understanding of past climate dynamics in the Mediterranean
over the Common Era (Anchukaitis et al. 2024; Cook et al. 2015). Among all proxies, "C.
exhibits the greatest potential for an inter-regional summer precipitation reconstruction, which
would be key to contextualize the recent aridification of the Mediterranean. MXD proves to be
the most skilful summer temperature proxy, driven by temperature-induced reductions in Drag
and increases in CWT, especially in August and September. However, while the temperature

signals of the wood anatomical traits alone do not surpass those of MXD, 6°Hm may serve as
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an alternative temperature proxy, potentially capable of capturing climate signals in lower-ele-

vation regions where MXD typically fails as a climate predictor.
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7.8 Supplementary materials

Table S7.1 Summary statistics of the sub-seasonal radial lumen diameter (Daq) and cell wall thick-
ness (CWTyag and CWTian) chronologies.

Drad CWTrad CWTtan

SeC | Meant1o AC1 Rbar | Meant 1o AC1  Rbar | Meantis AC1  Rbar

I 30.3+42 035 027 3.7+04 0.63 0.17 3.2+0.3 0.62 0.21
! 203+39 040 025 3.7+04 0.67 0.12 3.2+0.3 0.59 0.22
i 281+38 044 027 3.7+04 0.65 0.11 3.3+04 0.60 0.23
v 26.7+3.8 043 029 3.8+04 0.63 0.13 3.3+04 0.58 0.22
Vv 248+37 040 0.31 39+£0.5 0.58 0.15 34+04 0.53 0.21
Vi 222+40 0.31 0.35 41+05 0.51 0.20 35+04 0.48 0.22
Vil 184+40 024 038 44+0.6 0.44 0.24 3.7+£0.5 0.45 0.23
Vil 14.0+33 023 040 48+0.6 0.44 0.25 3.8+£0.5 0.48 0.22
IX 10.2+24 0.31 0.39 51+£0.5 0.46 0.28 3.7+£0.5 0.56 0.21
X 6.7+1.5 0.29 0.30 5.0+£0.5 0.43 0.29 3.3+04 0.58 0.20

Sec: sector. Mean * 10: arithmetic mean [um] £ 1 standard deviation (10) calculated over all rings between
1861-2020 CE. ACA1: first-order autocorrelation of the raw chronologies. Rbar: average inter-series correla-
tion between the 30SP-detrended series. All statistics are calculated for the period 1861-2020 CE.

Table S7.2 Results of the principal component analysis (PCA) applied on the annual TRW, MXD,
0"3C¢, 6"Cnm, 0'80¢, 6°Hm, and the 30 Drag, CWTraq, and CWTan sector chronologies.

Principal . Explained Cumulative percen- o
Eigenvalue . o ] o P value of randomization
component variance [%] tage of variance [%]
1 12.27 34.09 34.09 < 0.001
2 8.99 24.97 59.06 < 0.001
3 3.54 9.83 68.89 < 0.001
4 2.04 5.66 74.55 < 0.001
5 1.65 4.59 79.14 >0.05

Note that according to the Random-Lambda rule, PC4 is the last useful axis.
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Fig. $7.1 Tree-ring width (TRW) chronology of this study (black curves) compared to the well-replicated
(n = 872 series) TRW chronology of Esper et al. (2021; grey curves) after detrending with (a) 30-year
and (b) 100-year cubic smoothing splines (left panels). Boxplots (right panels) show the distribution of
TRW indices over the 1861-2016 CE common period. Maximum latewood density (MXD) chronology of
this study (black curves) compared to the well-replicated (n = 192 series) MXD chronology of Esper et
al. (2020; grey curves) after detrending with (¢) 30-year and (d) 100-year cubic smoothing splines. Box-
plots show the distribution of MXD indices over the 1861-2017 CE common period. R values indicate
correlations between the TRW and MXD chronologies calculated from 1861 to 2016 (TRW) and 2017
CE (MXD), respectively. All correlations are significant at p < 0.001.
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Fig. S7.2 Carbon isotope corrections. Raw mean chronologies of (a) cellulose (6'3Cc) and (b) methoxy
(0'3Cm) stable carbon isotopes. Grey curves are the raw chronologies (6'3Craw), black solid curves are
the Suess-effect-corrected chronologies (6'3Catm), and black dashed curves are the pin-corrected chro-
nologies (6'3Cpin).
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Fig. S7.3 Cambial ages of the individual series (grey lines) and their arithmetic mean (black lines) over
the 1861-2020 CE period for (a) the TRW, TRSI and QWA data, and (b) the MXD data.
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Fig. S7.4 Individual series (grey lines) and mean chronologies (black lines) of raw (a) CWTq and (b)
CWTtn. Values (right top) are the arithmetic mean + 1 standard deviation calculated over all tree rings
between 1861-2020 CE. The mean chronologies of CWTrad and CWTtan correlate at r = 0.77 (p < 0.001)
over the 1861-2020 CE common period.

COITRW mmMXD ®=m§®Cc EmSCm £26%0c ®EGPHm E=Drad BECWTrad I CWTtan

0.5 | L 1 A ul i |

I
+
-+
-
<
£
-
-
=

Apr May Jun Jul Aug Sep Oct JJ JUA JAS JJAS
Months Season

Fig. S§7.5 Correlations between the 30SP-detrended proxy chronologies and diurnal temperature range
for 1931-2020 CE. The &'3C data are corrected for the Suess effect. Horizontal dashed lines indicate
the significance level of p < 0.01. Please note that the significance level for MXD is marginally higher
due to the shorter calibration period (1931-2017 CE), but is not displayed for the sake of clarity.
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Fig. S7.6 Correlations between the 30SP-detrended proxy chronologies and previous-year (a) mean air
temperature (Tmean), (b) precipitation, (c) the PDSI, and (d) cloud cover data calculated for 1931-2020
CE. The 6'3C data are corrected for the Suess effect. Horizontal dashed lines indicate the significance
level of p < 0.01. Please note that the significance level for MXD is marginally higher due to the shorter
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Fig. S7.7 Squared coherence (1931-2020 CE) between (a-b) &'3Cc, (c-d) &'3Cm, (e-f) 5180, (g-h) Drad
and June-August temperature (top panels) and precipitation (bottom panels). Grey dashed lines are the
95% confidence intervals.
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Fig. $7.8 Temperature (Tmean) and precipitation (Prec) signals in the Suess-effect-corrected (ATM) and
pin-corrected (PIN) (a) 6'3Cc and (b) 6'3Cmdata. Vertical bars (left) show correlations between the HOM-
detrended 6'3C records and June-August Tmean (red) and precipitation (blue) for 1931-2020 CE. Curves
in the right panels show 31-year running correlations for the different detrendings.
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Fig. $7.9 (a) Thirty-one-year running correlations between the detrended 6°Hm chronologies and June-
September mean temperature (JJAS Tmean) and between the detrended CWTraa.Lw chronologies (mean
of sectors VIII-X) and JJAS Tmean. Squared coherence between (b) 6°Hm and JJAS Tmean and between
(c) CWTrad.w and JJAS Tmean for 1931-2020 CE. Grey dashed lines are the 95% confidence intervals.
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Fig. $7.10 (a) Z-scores of the HOM-detrended (annual) Draqg record (black line), raw June-August (JJA)
precipitation (blue line), and JJA cloud cover (orange line). R values indicate correlations between Drag
and the climate records. (b) Corresponding 31-year running correlations between the HOM-detrended
Drad chronology and JJA precipitation and cloud cover, respectively (same colors as in panel a).
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Fig. $7.11 Correlations between the 30SP-detrended Drad sector chronologies (I = left, X = right) and
Tmean calculated for 1931-2020 CE. Horizontal dashed lines indicate the significance level of p < 0.01.
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50-year cubic smoothing splines. Scatterplots on the right show the relationship between the §'3C data.
The single points are colored according to their year. Dashed lines are the linear trends.
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Fig. §7.14 Z-scores of the 580 record (black lines) together with (a-b) annual and (c-d) summer pre-
cipitation 680 (blue lines). The precipitation 680 data are from Nelson et al. (2021) and were calculated
for the Mt. Smolikas site (https://isotope.bot.unibas.ch/PisoAl). Scatterplots on the right show the rela-
tionships between §'80¢ and seasonal precipitation §'80 for 1950-2010 CE. Dashed lines are the linear
trends.
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Fig. S7.15 Seasonality of precipitation 5H. The precipitation 5°H data are from Nelson et al. (2021) and
were calculated for the Mt. Smolikas site (https://isotope.bot.unibas.ch/PisoAl). The thick black line is
the arithmetic mean and the shaded area indicates £ 1 standard deviation for 1950-2010 CE.
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This dissertation examines the preservation of climate signals in multi-proxy tree-ring chronol-
ogies from Europe, providing new insights into the paleoclimatic value of state-of-the-art tree-
ring proxies, including TRW, MXD, &'C, §'®0, &°H, as well as several wood anatomical traits.
Key findings include the advantage of TRSI measurements over traditional TRW data for re-
constructing past hydroclimate variability at interannual to multimillennial timescales, method-
ological advances in QWA data development, and the effectiveness of multi-proxy approaches

in enhancing dating precision and preserving climate signals in early chronology periods.

First, the paleoclimatic limitations of TRW (chapter 2) and MXD (chapter 3) are contextualized
by analyzing non-stationary climate-growth responses and diverging trends between summer
temperatures and MXD chronologies in the 215t century. The analysis of low-elevation spruce
and pine growth across southwest Germany (100-800 m asl), including the application of var-
ious detrending techniques, calibration against multiple climate variables, and comparison with
nearby forest sites, confirms a pronounced drought vulnerability for both conifers and reveals
that temperate forest growth has become increasingly sensitive to late-winter/early-spring tem-
peratures in recent decades (Diers et al. 2023, 2024; Harvey et al. 2020; Janecka et al. 2020;
Stolz et al. 2021). The non-stationary climate-growth responses of spruce and pine, along with
the restriction of significant climate signals to the high-frequency domain, emphasize key chal-
lenges in climate signal preservation using TRW from low- and mid-elevation Central European
forests (Buntgen et al. 2010; Wilson et al. 2005).

Chapter 3 presents a new 850-year-long MXD chronology for the central Mediterranean region,
which fills a spatial gap in the Mediterranean MXD network (Buintgen & Esper 2024). The MXD
record aligns well with the world’s best replicated MXD chronology from the Spanish Pyrenees
(Blintgen et al. 2017, 2024), but diverges from regional temperature trends in the 215 century.
The observed divergence between colder reconstructed and warmer instrumental tempera-
tures suggests a warming-induced shift from initially temperature-controlled to drought-prone
MXD formation and prevents the reconstruction of past summer temperatures using Corsican
pine MXD. Confirmation of these results at other Mediterranean sites would substantially ques-
tion the reliability of existing MXD-based temperature reconstructions in the Mediterranean. In
light of recent warming, there is thus a crucial need to update existing MXD records toward the
present to assess whether increasing drought conditions in the 215t century may alter the rela-
tionship between MXD and instrumental temperatures. QWA studies on Corsican pines (Pinus
nigra ssp. laricio) may help elucidate the effects of recent climatic change on xylem anatomical
properties (Hetzer et al. 2014). Future research should focus on the development of long QWA
chronologies to unveil the drivers of the observed MXD divergence and refine existing climate

reconstructions by incorporating insights from wood anatomical traits (Bjorklund et al. 2023).
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Despite various methodological advances in QWA, the development of long wood anatomical
records remains time-consuming due to elaborate slide preparation (Gartner & Schweingruber
2013), digital image analyses (von Arx & Carrer 2014), and subsequent post-processing steps
(DeSoto et al. 2011; Peters et al. 2018). Further improvements are needed to accelerate and
enhance data development. In chapter 4, we show that high-quality microslide preparation for
QWA analyses can be achieved without paraffin embedding, a step that typically adds over 20
hours to preparation time (Rossi et al. 2006). By comparing CWT, MLA, and Dy chronologies
of embedded and non-embedded microsections from various European tree species, including
Fagus sylvatica, Larix decidua, and Pinus cembra, we demonstrate that water boiling for 5-10
minutes is sufficient to produce thin sections of comparable quality to those obtained with em-
bedding. Given the high similarity between the anatomical chronologies of embedded and non-
embedded samples, we recommend using water boiling instead of paraffin embedding to im-
prove QWA efficiency by reducing preparation time and eliminating the need for costly equip-
ment and harmful chemicals. Additionally, integrating machine-learning approaches into digital
image analysis and post-processing holds significant potential for advancing data development
(Garcia-Pedrero et al. 2020; Katzenmaier et al. 2023; Keret et al. 2024; Resente et al. 2021).
Future research should focus on incorporating these advanced techniques into standard QWA

workflows to enhance data processing and analytical precision.

Over recent decades, the integration of stable isotopes into dendrochronological analyses sig-
nificantly advanced high-resolution paleoclimatology (Blintgen et al. 2021; Freund et al. 2023;
Nakatsuka et al. 2020; Torbenson et al. 2023; Yang et al. 2021), forest ecology (Adams et al.
2020; Guerrieri et al. 2019; Lavergne et al. 2022), and archaeology (Loader et al. 2019, 2021;
Roden 2008). By comparing new 6'*C measurements on first millennium CE relict pine sam-
ples from Mt. Smolikas (Greece) with previous TRW and MXD records, we show that annually
resolved and non-pooled '*C measurements on cellulose can help overcome crossdating is-
sues in early chronology periods where sample sizes are insufficient for accurate TRW and/or
MXD crossdating (chapter 5). The associated redating of relict pine samples extends the TRW
and MXD chronologies by over a century back in time (from 575/574 to 468 CE) and eliminates
errors that previously diminished the covariance among series, thereby enhancing the ability
of TRW and MXD to preserve environmental signals in early chronology periods. The corrected
proxy records show greater variance and reduced error ranges for the 6! and 7" centuries CE.
While traditional dendrochronological crossdating methods, such as pointer-year analysis and
skeleton plots, remain crucial for developing long tree-ring chronologies (Schweingruber et al.
1990), the strong 6'*C. covariance among Pinus heldreichii trees provides a unique opportunity

to date challenging samples with reasonable effort, calling for renewed efforts to reassess the
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still significant amount of undated relict wood from Mt. Smolikas, which could potentially extend

the existing tree-ring records even further back in time.

Chapter 6 addresses an ongoing debate in the dendro-isotope community regarding long-term
age trends in TRSIs. Isotopic measurements on living and relict pines from Mt. Smolikas, cov-
ering various germination and end dates over the past 1500 years, provide an ideal framework
for determining ontogenetic trends in a-cellulose and lignin methoxy isotopes, including 6'*Ce,
6'3Cm, 680, and Hnm. Significant level offsets between living and relict 5'® 0. and °Hr, values
prevent the combined use of living and relict wood for reliable age-trend assessment and stress
the need for in-depth investigations on circumferential and longitudinal 68O, and °Hr varia-
bility within Pinus heldreichii stems. Such investigations are crucial for addressing uncertainties
related to incorporating subfossil material of unknown sampling heights into TRSI chronologies
(Esper et al. 2020c), and should also be conducted on other paleoclimatically significant tree
species. Cambial-age-alignment of the isotopic series reveals significant age trends in §"*Cp,
080, and &*Hm, but no significant trends in 5'*C. beyond a tree age of 80 years. This suggests
that raw 6'3C. data can be used for climate reconstruction purposes without the need for stand-
ardization, except for rings younger than 80 years. The absence of age trends in §'*C., beyond
juvenile trends in the first 100 years of tree age, aligns with previous studies on various Euro-
pean pine species (Arosio et al. 2020; Esper et al. 2010; Gagen et al. 2007; Torbenson et al.
2022; Young et al. 2011). This large-scale consistency highlights the potential of pine §'*C; to
address one of the key challenges in high-resolution paleoclimatology: the preservation of low-
frequency climate variability (Esper et al. 2002). However, further assessments of different ring
compounds (whole-ring versus latewood) are needed to determine if age trends in '3C. differ

when using varying ring materials.

Chapter 7 compares new isotopic (6'*C., 6"*Cm, 680, and 6°Hm) and wood anatomical meas-
urements (Draa and CWT) from ten Bosnian pines at Mt. Smolikas with existing TRW and MXD
data to evaluate their palaeoclimatic skills. The comprehensive assessment of covariance both
within and among these proxies, along with their climate sensitivities, highlights significant ad-
vances in TRSI and wood anatomical measurements over TRW in reconstructing past summer
hydroclimate variability across the Eastern Mediterranean region. In particular, 3'*C. emerges
as a superior hydroclimate proxy due to high inter-series correlations, strong precipitation de-
pendencies, a prolonged seasonality compared to TRW, and the lack of long-term ontogenetic
trends (chapter 6). These results support previous studies on Pinus heldreichii 5'*C. from the
Dinarides (Levanic et al. 2020; Lukac et al. 2021), the southern Apennines in Italy and the Pirin
Mountains in Bulgaria (Freund et al. 2023). If it holds true that Pinus heldreichii 5"*C. does not
show any significant age trends at other locations, developing and integrating more centennial-

to-millennial 6'3C. chronologies from this long-lived tree species (Konter et al. 2017; Piovesan
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et al. 2018) could significantly enhance existing large-scale hydroclimate reconstructions, such
as the Old World Drought Atlas (Anchukaitis et al. 2024; Cook et al. 2015), by preserving higher
levels of low-frequency variability (Blintgen 2022). Future research should thus aim to develop
new high-resolution (annual and non-pooled) 6'3C. records from high-elevation Mediterranean
pines, ideally spanning several centuries and using both living and relict wood, to improve our
understanding of late-Holocene natural hydroclimate variability. 3°Hmn may serve as an alter-
native summer temperature proxy to MXD. However, further research at other Mediterranean
sites is needed to consolidate the inverse temperature response of 5°Hm (Anhauser et al. 2020;
Lu et al. 2020; Mischel et al. 2015; Wang et al. 2020; Wieland et al. 2022) and assess whether
6°Hm also provides robust temperature signals at lower elevations (Feakins et al. 2013; Greule

et al. 2021), where MXD typically fails as a temperature proxy.

This dissertation delivers a comprehensive evaluation of the strengths and limitations of state-
of-the-art tree-ring proxies for paleoclimatic, archaeological, and ecological research. In reject-
ing age-related limitations and demonstrating enhanced climate dependencies, it provides new
insights into the significant advances of §'3C, for reconstructing past hydroclimate variability at
interannual to multicentennial timescales and improving crossdating precision in early chronol-
ogy periods. The collection of 14,148 individual 5'*C. measurements from living and relict Bos-
nian pines offers the unique opportunity to develop a new summer precipitation reconstruction
for the Eastern Mediterranean region. This reconstruction will advance our knowledge of long-
term hydroclimatic trends beyond existing TRW-based reconstructions (Esper et al. 2021) and
may help disentangle the contributions of natural and anthropogenic forces in the recent arid-
ification of the Mediterranean (Hoerling et al. 2012; Lionello & Scarascia 2018; Spinoni et al.
2019). 6'®0. (annual resolution) and 6'*C, (decadal resolution before 1860 CE) data may help
assess reconstruction uncertainties, while the annual and sub-seasonal D;.q and CWT records
could provide new insights into past cloud cover and temperature extremes. For developing a
mean &80, chronology, however, different correction procedures should be tested to account

for the significant offsets between living and relict 'O, values (Arosio et al. 2024).

The frequent occurrence of “Blue rings” (Piermattei et al. 2015) on the stained microsections
of Pinus heldreichii from Mt. Smolikas (Fig. 8.1), enables the development of a 1500-year-long
blue-ring chronology. Blue rings, which represent unlignified latewood portions associated with
low late-growing season temperatures at treeline sites (Crivellaro et al. 2022; Piermattei et al.
2020; Siekacz et al. 2024; Tardif et al. 2020), can enhance the dating of past volcanic eruptions
and provide deeper insights into sub-seasonal relationships between volcanism, weather, and
society that TRW or MXD records might not capture (Buntgen et al. 2020a). A new 1500-year

blue-ring chronology from Mt. Smolikas could therefore help identify and elucidate the impact
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of weather extremes on human history, potentially offering insights beyond existing documen-

tary and tree-ring evidence (e.g., Brazdil et al. 2005; Piermattei et al. 2020; Telelis 2008).
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Fig. 8.1 “Blue Rings” on stained microsections of Pinus heldreichii from Mt. Smolikas.

Despite various technological and methodological advances over recent decades, increasing
TRSI and QWA measurement efficiency by decreasing time and costs remains one of the key
challenges in dendrochronological research. Improvements in tree-ring dissecting (Dodd et al.
2008; Schollaen et al. 2014), chemical extraction (Andreu-Hayles et al. 2019; Kagawa et al.
2015; Keppler et al. 2007; Schollaen et al. 2017), IRMS systems (Zech et al. 2013), microslide
preparation (Gartner et al. 2015), and digital image analyses (Katzenmaier et al. 2023; von Arx
& Carrer 2014) have significantly advanced both approaches. However, the development of
long isotopic and anatomical chronologies still requires substantially more labor than traditional
TRW and radiodensitometric measurements, despite their superior paleoclimatic skill (Allen et
al. 2022; Bjorklund et al. 2023; Blntgen et al. 2021; Lopez-Saez et al. 2023; Nakatsuka et al.
2020; Seftigen et al. 2022; Yang et al. 2021). Further methodological advances are therefore
urgently needed to enhance the efficiency and accessibility of both TRSI and QWA measure-

ments for the broader scientific community in the near future.
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Chapter 1

Fig. 1.1 | Magnified cross-section of a gymnosperm xylem (Pinus heldreichii from Mt. Smolikas,
Greece). The image shows two consecutive tree rings with large earlywood and smaller
latewood cells. Tree-ring boundaries are marked by orange dashed lines ..................... 2

Fig. 1.2 | Location of the study sites and images of the investigated tree species: Fagus syl-
vatica (FASY), Larix decidua (LADE), Picea abies (PIAB), Pinus cembra (PICE), Pinus hel-
dreichii (PIHE), Pinus nigra (PINI), and Pinus sylvestris (PISY) .......c.cococviiiiiiiiiniinnnn. 5

Chapter 2

Fig. 2.1 | Tree-ring and environmental data. (a) Topographic map showing spruce (circles) and
pine (triangles) sites colored according to their mean segment lengths (MSL). (b) Periods
covered by tree-ring chronologies and environmental records. Grey bars show the full tree-
ring records, black bars indicate lengths after truncation at n = 10 series. The common
period of all series (1952-2009 CE) is highlighted in light yellow ......................o.oonel. 12

Fig. 2.2 | Climate and soil moisture conditions in southwest Germany. Maps of annual (a)
maximum air temperatures (Tmax), (b) precipitation (Prec), and (c) soil moisture indices
(SMI). Time series of annual (d) Tmax, (€) Prec, and (f) SMI derived from nearby gridded
data. Each dot represents one grid. Dashed lines show linear trends from 1952-2009 CE,
R? values are the coefficients of determination. Monthly (g) Tmax, (h) Prec, and (i) SMI
changes between the subperiods S2 (1981-2009 CE) and S1 (1952-1980 CE). Boxplots
show the distribution among grid cells. White bars are the medians, boxes the 25%- and
75%-quartiles, whiskers the min and max values within 1.5x the interquartile range, and
dots are outliers. Positive residuals indicate higher values in the recent subperiod S2 com-
pared t0 SUDPEIO ST ... 13

Fig. 2.3 | Spruce and pine growth characteristics. Regional curves of the (a) spruce (green)
and (b) pine (yellow) sites truncated at < 10 series. Black lines are the arithmetic means at
n = 5 sites. Bottom panels show the number of integrated site chronologies. Relationship
between segment length and mean tree-ring width (TRW) of all (c) spruce and (d) pine
series. Each dot represents one individual series. Basal area increment (BAl) chronologies
of (e) spruce and (f) pine truncated at < 10 series. Black lines are the arithmetic means at
n = 5 sites. Numbers between the vertical dashed lines indicate the mean BAI + 10 calcu-
lated for 1952-2009 CE. Bottom panels show the number of integrated site chronologies
..................................................................................................................... 16

Fig. 2.4 | Growth response to soil moisture variability. (a) Basal area increment (BAI) of spruce
(green) and pine (yellow) from 1952-2009 CE. Thick curves are the average BAI of all
spruce and pine sites, respectively. Colored shadings indicate + 10. Red numbers and grey
shadings label the ten driest growing seasons (1 = lowest SMI). (b) Band-pass filtered (10-
20 years) z-scores of the growing-season SMI (black) shown together with spruce (green)
and pine (yellow) BAI. (c-d) Average BAI (1952-2009 CE) of spruce (top panels) and pine
(bottom panels) as a function of mean segment length (MSL), (e-f) elevation, (g-h) maxi-
mum air temperature (Tmax), (i-j) precipitation totals, and (k-I) soil moisture indices (SMI).
The latter three variables are calculated for the growing season (April-October). Each dot
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represents one site. Dashed lines show linear trends. Colored areas are the 95% confi-
dence intervals of the regression slopes. Asterisks behind R? indicate significance at p <
001 17

Fig. 2.5 | Detrended tree-ring width (TRW) chronologies. (a) Spruce (green) and pine (yellow)
site chronologies after detrending using 10-year cubic smoothing splines (10SP, top panel)
and negative exponential curves (EXP, middle panel), shown together with their 30-year
running inter-series correlations (Rbar, bottom panel). Thick curves (top and middle panel)
are the regional mean chronologies. (b-c) Correlations between the 10SP spruce and pine
chronologies as a function of distance. Dashed lines indicate linear trends of all possible
spruce (n =231) and pine (N = 276) PAINNGS ... cc.ueueieitiieaae e eeaaaas 18

Fig. 2.6 | Climate-growth relationships. (a) Distribution of bootstrap correlations of the 10SP
chronologies (spruce = green, pine = yellow) with seasonal maximum air temperatures
(Tmax) @and precipitation (Prec) from 1951-2009 CE. Boxplots show the median (white bar),
25%- and 75%-quartiles (box), min and max values within 1.5x the interquartile range
(whiskers), and outliers (points). Horizontal dashed lines mark p < 0.05. (b) Corresponding
21-year running correlations between the TRW site chronologies and seasonal Tnax. Black
curves are the mean. (c) Field correlations (p < 0.05) between the 10SP regional pine chro-
nology and February-March Tmax (EOBS). (d) Z-Scores of the 10SP regional pine chronol-
ogy (brown dashed line) and high-pass filtered February-March Tmax (black solid line). Yel-
low shadings represent + 10 of all pine chronologies. R values refer to 1952-1980 and 1981-
2009 CE ..ttt et 19

Fig. 2.7 | Soil moisture sensitivity. (a) Distribution of bootstrap correlations of 10SP chronolo-
gies (spruce = green, pine = yellow) with monthly and seasonal soil moisture indices from
1951-2009 CE. Boxplots show the median (white bar), 25%- and 75%-quartiles (box), min
and max values within 1.5x the interquartile range (whiskers), and outliers (points). Hori-
zontal dashed lines mark p < 0.05. (b) Mean 21-year running correlations of the species
with current-year July-August (JA) and previous-year August-December (pA-D) SMI. Soil
moisture sensitivity of (c) spruce and (d) pine as a function of elevation. Each dot represents
one site. Light colors indicate correlations (1952-2009 CE) with the pA-D SMI, dark colors
correlations with the JA SMI. Dashed lines show linear trends. Colored areas are the 95%
confidence intervals of the regression slopes. Asterisks behind R? indicate significance at p
S 2K 21

Fig. S$2.1 | Tree-ring width (TRW) and basal area increment (BAl) data. (a) Stem cross-section
of a 60-year-old tree showing the two growth parameters. (b) The AGR of each site is cal-
culated over the first 60 years of cambial age (highlighted by vertical dashed lines) as mean
(X; horizontal dashed line) of the regional curve. (c) Effects of standardization and BAI cal-
culation. Top panel shows a raw TRW chronology together with a fitted 10-year cubic
smoothing spline (red) and negative exponential curve (green). Middle panel shows the
index chronologies after spline (10SP, dotted curve) and negative exponential detrending
(EXP, solid curve). Bottom panel shows the BAI record derived from the TRW measure-
ments using the equation showninpanela ... 36

Fig. S2.2 | (a) Principal component gradient analyses (Buras et al. 2016) using 10-year (10SP),
30-year (30SP), 50-year (50SP), 100-year (100SP) spline, negative exponential (EXP), and
basal area increment (BAI) chronologies (1952-2009 CE). Each arrow represents a spruce
(green) or pine (yellow) site. R values indicate average intra-species correlations. (b)

192



List of figures

Hierarchical cluster analysis of the 10SP site chronologies. Note the distinct separation be-
tween spruce and pineinthe 10SP data ............coo i 37

Fig. S2.3 | Age-aligned basal area increment (BAI) chronologies of the (a) 22 spruce and (b)
24 pine sites truncated at < 10 series. Black lines represent species-specific means calcu-
lated for n = 5 sites. Bottom panels show site chronology replications .......................... 37

Fig. S2.4 | Average growth rate (AGR) of spruce (top panels) and pine (bottom panels) as a
function of (a-b) mean segment length (MSL), (c-d) elevation, (e-f) maximum air tempera-
ture (Tmax), (g-h) precipitation totals, and (i-j) soil moisture indices (SMI). The latter three
variables are calculated for the growing season. Each dot represents one site. Dashed lines
show linear trends. Colored areas are 95% confidence intervals of the regression slopes for
spruce (green) and pine (yellow). Asterisks behind R? indicate p < 0.05 ........................ 38

Fig. S2.5 | Monthly climate-growth correlations for 1952-2009 CE. Distribution of bootstrap
correlations of the 10SP TRW chronologies (spruce = green, pine = yellow) with (a) maxi-
mum air temperatures and (b) precipitation from previous-year (lower case letters) May to
current-year (upper case letters) October. Boxplots show the median (white bar), 25%- and
75%-quartiles (box), min and max values within 1.5x the interquartile range (whiskers), and
outliers (points). Dashed lines mark p < 0.05 ... 38

Fig. S$2.6 | Mean 21-year running correlations of spruce sites below 550 m asl (dashed curves)
and above 550 m asl (solid curves) with (a) previous-year August-December (pA-D) and (b)
current-year July-August (JA) soil moisture indices (10SP data) ...............coceiienenannn. 39

Fig. S2.7 | Linear regressions between (a) annual maximum air temperatures (Tmax) and an-
nual precipitation (Prec), (b) elevation and Tmax, and (c) elevation and Prec. Green circles
represent the spruce sites, yellow triangles the pine sites ... 39

Fig. S2.8 | Linear regressions between average growth rates (AGR) calculated over the first
60 years of cambial age and mean segment lengths (MSL) of the (a) 1831 spruce and (b)
1942 pine series. Each circle represents one Series ...........coooviiiiiiiiiiiiicii e, 39

Fig. $2.9 | (a) Percentage of February-March days exceeding daily mean temperatures (daily
Tmean) Of 4°C (yellow), 6°C (orange), 8°C (red), and 10°C (dark red) at the meteorological
station in Geisenheim from 1952-2009 CE. (b) Value distributions of the various tempera-
ture thresholds from panel a. Boxplots show the median (black bar), 25%- and 75%-quar-
tiles (box), and min and max values within 1.5x the interquartile range (whiskers). The cli-
mate station data was downloaded from the German Weather Service (https://cdc.dwd.
E/POMAN) e 40

Fig. $2.10 | (a) February-March maximum air temperatures (Tmax) from 1952-2009 CE. Red
shading represents * 1 standard deviation of the 24 grid cells covering the pine sites. Hori-
zontal dashed lines show mean Tmax from 1951-1989 and 1990-2009 CE. (b) Correlation
matrix of the raw and high-pass filtered monthly Tmax series (Jan-Jun). 10 indicates one
standard deviation of the Tmax SEMHES .....eieiriii e 40

Chapter 3

Fig. 3.1 | Study site and climate. (a) Geographical location of Corsica in the Mediterranean.
(b) Topographic map of Corsica indicating the sampling sites and meteorological stations.
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(c) Climate diagram showing monthly temperatures (red curve) and precipitation (blue bars)
of the combined station data from Ajaccio and Bastia (1961-1990 CE) .............ccccenenee. 43

Fig. 3.2 | Corsican pines and wood density. (a) Living trees and (b) relict trunks of P. nigra at
the upper treeline. (c) Thin section of three consecutive tree rings and their density profile
(red curve) across the earlywood (EW) and latewood (LW). Yellow dots indicate the maxi-
mum latewood density (MXD) ... 44

Fig. 3.3 | (a) Hugershoff-detrended MXD composite (CORHes) and site chronologies (Asc, Tar,
and Sor) (thin curves), and their 31-year smoothing splines (bold curves). (b) 51-year run-
ning correlations between the site chronologies (grey) shown together with their mean
(black). The inserted table indicates inter-site correlations calculated over the sufficiently
replicated (n = 5 series) common period 1636-1980 CE (1636 CE is marked by a vertical
dashed line). (c) Sample replication of each chronology .........ccccceiiiiiiiiiiiiii, 47

Fig. 3.4 | Effects of age-band decomposition. (a) Detrended composite chronologies (thin
curves) and their 31-year smoothing splines (bold curves) considering all MXD data (COR),
data from 30-400 years (ABC400), 30-300 years (ABC300), and 30-200 years (ABCZ200).
COR was detrended using HGS (CORues) and RCS (CORRgcs), while all age-band chronol-
ogies were detrended using RCS. (b) Mean tree age of the chronologies. (c-f) Samples (bar
plots) and replication (black lines) of the chronologies. Each horizontal bar depicts one in-
dividual series. Percentages in brackets indicate the remaining data compared to COR (=
100%). Grey-shaded areas mark the periods when replication in at least one record is n <
ST 4= 49

Fig. 3.5 | Comparison of long MXD chronologies from southern Europe. (a) Location of the
MXD sites: Cazorla (CAZ), Gerber (GER), Corsica (COR), Serra di Crispo (CR/), and Mt.
Smolikas (SMO). The matrix shows correlations between the HGS-detrended chronologies
over their 1360-2004 CE common period — except for CRI, which covers 1604-1980 CE. (b)
31-year smoothing splines of the normalized HGS-detrended MXD chronologies from 1375-
1989 CE (n = 5 series). (c) CORues shown together with the August-September temperature
reconstruction from Corsican pine stable carbon isotopes (CORs13¢c) and a May-September
temperature reconstruction from the Pyrenees based on MXD (PYRwuxp). All records were
normalized (CORues and PYRuxp from 1360-2005 CE and CORs13c from 1448-2005 CE)
and smoothed using 31-year SPliNES ... 51

Fig. 3.6 | Site-specific temperature signals. Correlations between the Hugershoff-detrended
chronologies and monthly and seasonal temperatures of the combined station records from
(a) 1951-1980 and (b) 1951-2016 CE. Note that Sor only extends to 1980 CE and indicates
same correlations in (a) and (b). (c) Thirty-one-year running correlations between the chro-
nologies and seasonal AMJJ and SO temperatures of the station records (thick solid curves)
and CRU data (thin dashed CUrVeS) ........ .o 52

Fig. 3.7 | Climate signals of the Corsican MXD composite chronologies. (a) Spatial correlations
between ABC200 and 0.5° gridded monthly temperatures (CRU) over the Mediterranean
Basin (1901-1980 CE). Significant correlations at p < 0.1 are colored. (b) Correlations be-
tween the composite chronologies and seasonal temperatures from 1901-1980 (left) and
1901-2016 CE (right). Note that ABC200 and ABC300 only extend until 1980 and 1988 CE,
respectively. (¢) MXD chronologies scaled from 1901-2016 CE against AMJJ and SO tem-
perature anomalies (CRU). Horizontal lines display mean temperatures from 2000 to 2016
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CE. 31-year running correlations between the MXD chronologies and (d) CRU AMJJ and
SO temperatures, and (e) GPCC JJ precipitation ... 53

Fig. S3.1 | Effects of merging site measurements. (a) Hugershoff-detrended MXD composite
(CORHues) and site chronologies (Asc, Tar, Sor) (thin curves) shown together with their 31-
year smoothing splines (bold curves), (b) their expressed population signal (EPS) computed
for 30-year segments with 15-year overlaps, and (c) their mean tree age curves ........... 68

Fig. S3.2 | Effects of mean adjustment. Regional curves (thin curves) shown together with their
300-year splines (bold curves) and boxplots displaying growth rates of the site-specific MXD
data (a-b) before mean-adjustment and (c-d) after mean-adjustment. (e) COR chronologies
(thin curves) and their 300-year splines (bold curves) after applying RCS to the mean-ad-
justed data (black), to the unadjusted data (orange), and to the site-specific data before
merging (red). Start and end dates were set to n = 5 series. Note the considerably lower
indices of the unadjusted chronology version before ~1600 CE (caused by the dominance
of higher elevated trees from ASC) .......ooviiiii i 69

Fig. S3.3 | Sample replication and regional curves of the composite MXD data. (a) Replication
curves of age-aligned tree rings highlighting the data sections: ABC200 contains rings from
30-200 years, ABC300 from 30-300 years, and ABC400 from 30-400 years. Rings younger
than 30 years and older than 400 years are only included in COR. (b) Regional curves of
the chronologies (light) shown together with their 100-year low pass filters (bold). Pith-offset
estimates are considered. Note the Hugershoff-shaped age trend in COR .................... 69

Fig. S3.4 | Temperature signal estimation using the CRU TS4.04 data. Correlations between
the HGS-detrended chronologies and monthly and seasonal temperatures from (a) 1901-
1980 and (b) 1901-2016 CE. Note that Sorendsin 1980 CE ..................oiiiiiiia, 70

Fig. S3.5 | Precipitation signal estimation using the GPCC v2020 data. Correlations between
the composite chronologies and monthly and seasonal precipitation totals from (a) 1891-
1980 and (b) 1891-2016 CE. Note that ABC200 and ABC300 end in 1980 and 1988 CE,
respectively. (c) 31-year running correlations between the chronologies and June-July (JJ)
and August-September (AS) precipitation totals ... 70

Chapter 4

Fig. 4.1 | Visual comparison of microscopic sections (100x magnification) produced from the
same samples of Fagus sylvatica (FASY), Larix decidua (LADE), and Pinus cembra (PICE)
processed with both paraffin embedding (PAR) and without paraffin embedding (NoPAR)
(SCAlE DA = 1 MM i e e e e e 75

Fig. 4.2 | Mean (blue curves) and standard deviation (green curves) chronologies of (a) vessel
area, (b-c) tracheid lumen area, (d) hydraulic diameter, and (e-f) cell wall thickness meas-
ured on the paraffin-embedded (PAR) and non-paraffin-embedded (NoPAR) samples of
Fagus sylvatica (FASY), Larix decidua (LADE), and Pinus cembra (PICE) ................... 76

Fig. 4.3 | Scatterplots showing the relationship between the average values of (a) vessel/tra-
cheid lumen area, (c) hydraulic diameter, (e) cell wall thickness, and (b, d, f) respective
standard deviations measured on paraffin-embedded sections (PAR) with the absolute
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difference between the mean values measured on PAR and NoPAR samples. Colored lines
are linear regressions (dashed lines indicate p > 0.05; solid lines p < 0.05) .................. 78

Fig. 4.4 | Standardized tracheidograms (solid bold lines) of lumen area and cell wall thickness
from paraffin-embedded (PAR, dark blue lines) and non-paraffin-embedded (NoPAR, green
lines) samples of (a-b) LADE and (c-d) PICE. Thin curves represent +1 standard deviation.
Dotted curves show mean differences between the tracheidograms ........................... 79

Fig. S4.1 | PAR (blue curves) and NoPAR (green curves) distribution of (a) vessel area, (b-c)
tracheid lumen area, (d) hydraulic diameter, and (e-f) cell wall thickness measured over 15
rings on Fagus sylvatica (FASY), Larix decidua (LADE), and Pinus cembra (PICE) ........ 84

Chapter 5

Fig. 5.1 | Mt. Smolikas tree-ring data (as published in Esper et al. 2020a, 2021). (a) Photograph
of relict Pinus heldreichii trunks and map showing the geographical location of Mt. Smolikas
in Europe. (b) Segment length plot indicating the sample replication of the tree-ring width
(TRW), maximum latewood density (MXD), stable carbon (5'C) and radiocarbon isotope
("*C) data in the first millennium. Each horizontal bar represents one measurement series.
Vertical dashed lines mark the years when sample replication falls below 10 series/year. (c)
Expressed population signal (EPS) and (d) mean inter-series correlation (Rbar) for each
proxy calculated over 50-year windows, lagged by 49 years. Dotted curves highlight periods
when Rbar/EPS-calculations are based on two series only. Note the sharp decrease in
Rbar/EPS of &'3C at the early chronology end caused by the misdating of Pine16a ....... 88

Fig. 5.2 | Crossdating of Pine16a. (a) Bars indicating the two potential dating positions: Opt1
(597-852 CE) and Opt2 (468-723 CE) with color code as in Fig. 5.1. High-pass filtered (b)
TRW, (c) MXD, and (d) &'*C time series of Pine16a (color) and the master chronologies
(grey). All series are z-transformed for better comparison. Brackets highlight the maximum
overlap and corresponding Pearson correlations ..o 93

Fig. 5.3 | Radiocarbon dating. Symbols represent '“C ages BP + 10 (whiskers) of single rings
and brackets the calibrated age ranges (CE) at 99.7% probability (Fig. S5.4 for details). The
uncalibrated C ages (BP) are aligned to their §'*C dates (CE). The blue line is the IntCal20
Calibration CUIVE ... e e e 94

Fig. 5.4 | Changes in the (a) TRW, (b) MXD, and (c) 6"*C chronologies. Upper panels show
the re-dated, new chronologies (color) compared to their old versions (black). Filled areas
in the background indicate the underlying sample replication. Lower panels show the ex-
pressed population signal (EPS; solid lines) and mean inter-series correlation (Rbar;
dashed lines) of the new (color) and old (black) chronologies calculated over 50-year win-
dows with a lag of 49 years and truncated at n < 2 correlations. Horizontal, black-dashed
lines mark the EPS threshold of 0.85. All chronologies are high-pass filtered and z-trans-
101 107 P 95

Fig. $5.1 | Effects of high-pass filtering. Distribution of z-scored proxy data for (a-c) the entire
dataset and for (d-f) Pine16a. Probability density of the raw (grey) and detrended (color)
data with Shapiro-Wilk test results (p-values), skewness (skew), kurtosis (kurt), and sample
size (n; total number of rings). Note that high-pass filtering pushes the data closer to normal
distribution and reduces skewness and kurtosis, especially in the large datasets (a-c) ... 104
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Fig. S5.2 | Pine16a at Opt2 (468-723 CE). (a) Raw and (b) high-pass filtered '*C series with
corresponding Pearson correlations between Pine16a and the master chronology when n
= 1 series (597-683 CE). Note the strong covariance between the two time series. The
yellow area in the background highlights a short period (613-625 CE) of high-frequency
mismatch. (c) Sample replication of the §'*C chronology ..............cccoeeviiiieiiiineinnnn. 105

Fig. $5.3 | Independent age validation. Symbols represent the mean calendric ages CE of the
14C wiggle-match and whiskers the age ranges at 99.7% probability. The dashed line de-
notes similar years between calibrated "C ages and dendrochronological dates. Note that
Pine44b and Opt2 whiskers consistently overlap with the dashed line and are therefore
CONSIAEIEA COITECT ... e eaeaaas 105

Fig. $5.4 | OxCal results of (a) Pine16a and (b) Pine44b. The individual rings are coded by
their TRW-based dates. Smoothed histograms represent the probability distributions of the
individual (yellow) and wiggle-match (grey) age ranges (CE) at 99.7% probability. The wig-
gle-match results are highlighted by red brackets. Uncalibrated “C ages (BP) of (c) Pine16a
and (d) Pine44b plotted against IntCal20 ................coiiiii i, 106

Chapter 6

Fig. 6.1 | Study site and proxy data. (a) Location of Mt. Smolikas in Europe. (b) Temporal
distribution of the tree-ring stable isotope (TRSI) series. Asterisks denote series with only
methoxy data. (c) Pinus heldreichii tree and schematic illustration of plant components used
for TRSI measurement. (d) Cambial age of the individual tree-ring series ................... 110

Fig. 6.2 | Decadally resolved (a) TRW, (b) MXD, (c) 6"C, (d) 8"*Cn, (e) 6'®0¢, and (f) 5Hn
series from 512 to 2020 CE. Green curves are measurements from living trees and colored
series from relict wood. Black curves are the mean chronologies .......................oo..l. 115

Fig. 6.3 | Distribution and range of (a) TRW, (b) MXD, (c) 6'C., (d) 8"Cn, (e) 6'®Qc, and (f)
6°Hm values. Green boxes correspond to living trees, while other colors represent the proxy-
specific relict wood (same color code as in Fig. 6.2). Vertical black lines are the median (50™"
percentile), boxes the 25" and 75™ percentiles, whiskers the 95% confidence interval, and
points denote outliers. Numbers next to the arrows indicate the offsets between living and
relict means (Aivrel). Numbers next to the boxplots indicate the sample replication ....... 116

Fig. 6.4 | Intra-series standard deviation (mean SD within individual series), inter-series stand-
ard deviation (mean SD between all series in a certain decade), and mean offset between
living and relict wood (Aivrel) calculated for (a) TRW, (b) MXD, (c) 8"3Ce, (d) 6"*Cn, (e) 6'8Q,
AN (1) OZHm c e et e 117

Fig. 6.5 | Age-aligned (a) TRW, (b) MXD, (c) 6"C,, (d) 6"*Cn, (e) 880, and (f) &Hn relict
wood series. Top panels show the raw series (grey curves) and their arithmetic means (col-
ored curves). Lower panels show the means of the normalized data .......................... 118

Fig. 6.6 | Linear slopes of the mean z-transformed TRW (orange), MXD (yellow), 6"*C. (light
red), 6'*Cn, (dark red), 680 (light blue), and 6°Hr, (dark blue) series. White bars represent
non-significant (p > 0.01) and colored bars significant slopes atp <0.01..................... 119

Fig. S6.1 | Mean age-aligned (a) 6"*C. and (b) 6'®O. chronologies of the decadal (black lines)
and annual (colored lines) relict wood series. (c) Linear slopes of the mean z-transformed
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6"3C. and 6"Q. series at annual resolution. White bars represent non-significant (p > 0.01)
and colored bars significantslopes atp <0.01 ... 131

Fig. $6.2 | Linear slopes (unit per decade) of the raw, age-aligned (a) TRW, (b) MXD, (c) 6"C.,
(d) 8"*Cn, (e) 60, and (f) 5°Hn series. Horizontal black lines are the median (50" percen-
tile), boxes the 25 and 75" percentiles, and whiskers the 95% confidence interval ...... 131

Fig. S6.3 | Distribution and range of (a) 6"C., (b) 6"Cnm, (c) 6'®Oc, and (d) &*Hm values over
the common period of living and relict wood (1641-1820 CE). Green boxes correspond to
the living trees, while other colors represent the relict wood. Vertical black lines are the
median (50" percentile), boxes the 25th and 75th percentiles, whiskers the 95% confidence
interval, and points denote QUtliers ... 132

Fig. S6.4 | Relative age-aligned (a) 6"3C, (b) 6"*Cm, (c) 60, and (d) 6°Hn, relict wood series.
Relative TRSI values were calculated by subtracting the arithmetic mean of the common
period (202-238 years). Colored lines represent the means of the individual series ...... 132

Fig. S6.5 | Linear slopes of the mean z-transformed TRW (orange), MXD (yellow), 5'*C. (light
red), 6'3Cn, (dark red), 68O (light blue), and 6°Hrm, (dark blue) series. White bars represent
non-significant (p > 0.01) and colored bars significant slopesatp<0.01 .................... 133

Fig. $6.6 | Linear slopes (unit per decade) of the relative (a) 8'°Cs, (b) 8'*Cm, (c) 68O, and (d)
6°Hm series. White bars represent non-significant (p > 0.01) and colored bars significant
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Fig. S6.7 | Example of a relict wood fragment where a disc sample was taken from unknown
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Fig. 7.1 | Study material and tree-ring data. (a) Living Bosnian pine at Mt. Smolikas, Greece.
(b) lllustration of tree-ring width (TRW), maximum latewood density (MXD), radial tracheid
lumen diameter (Dr.q), radial and tangential cell wall thickness (CWTa/CWTan), cellulose
carbon (6"C;) and oxygen isotopes (6'0;), as well as lignin methoxy carbon (6'*Cr) and
hydrogen (0?Hm) ISOIOPES ... ...oveieiie e 137

Fig. 7.2 | Climate data. June-August (JJA) (a) mean air temperature (Tmean) and (b) precipita-
tion anomalies (wrt. 1961-1990 CE) from the CRU TS4.07 grid (black lines) closest to Mt.
Smolikas and the meteorological stations (grey lines) in Kerkyra (KER), Larissa (LAR), and
Thessaloniki (THE). (c-d) Temporal coverage of the temperature and precipitation stations
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