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ARTICLE INFO ABSTRACT

Handling Editor: Dr P Rioual Tree-ring stable isotopes and wood anatomical traits emerged as powerful proxies for paleoclimate re-

constructions, providing information beyond traditional ring width and wood density chronologies. However,

Keywords: comprehensive comparisons of these state-of-the-art tree-ring proxies derived from the same trees have yet to be
Med‘tefranean performed to identify and differentiate their full paleoclimatic skill. Here, we assess covariance and climate
Paleoclimatology signals in tree-ring width (TRW), maximum latewood density (MXD), cellulose stable carbon (5'3C.) and oxygen

Pinus heldreichii
Quantitative wood anatomy
Tree-ring stable isotopes

(6'®0,) isotopes, lignin methoxy carbon (6'*Cy) and hydrogen (§°Hy,) isotopes, radial cell lumen diameter (Draq),
and radial and tangential cell wall thickness (CWT;,q/CWTta,) 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 513Cc and 613Cm (r > 0.81). 513Cc and 6180C exhibit the highest inter-series cor-
relations (r > 0.61) among all proxies. 5*3C,, 5'3Cy,, 680, together with Dy,q, show considerable skill for
reconstructing summer precipitation, whereas MXD and 5?H,, may be used for summer temperature re-
constructions. 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 5'>C,, 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.

New millennium-length climate reconstructions are therefore urgently
needed to disentangle the roles of natural and anthropogenic forcings in
the recent aridification of the Mediterranean (Hoerling et al., 2012;

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 since the late 20th century and
the start of the 21st century (Cramer et al., 2018). The limited number of
annually resolved climate reconstructions dating back to the 1st mil-
lennium CE, however, constrains our ability to place recent hydrother-
mal dynamics into a long-term context of natural climate variability.

* Corresponding author.
** Corresponding author.

Lionello and Scarascia, 2018; Spinoni et al., 2019).

The Pinus heldreichii treeline ecotone on Mt. Smolikas (Fig. 1a) in
northern Greece is so far the only Mediterranean location where tree-
ring width (TRW) and maximum latewood density (MXD) measure-
ments enabled high-resolution climate estimates beyond the Medieval
Warm Period (Esper et al., 2020a, 2021; Klippel et al., 2018, 2019). The

E-mail addresses: phiroeme@uni-mainz.de (P. Romer), anna.wieland@geow.uni-heidelberg.de (A. Wieland).

https://doi.org/10.1016/j.quascirev.2025.109270

Received 25 July 2024; Received in revised form 20 February 2025; Accepted 20 February 2025

Available online 27 February 2025

0277-3791/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-4311-2523
https://orcid.org/0000-0003-4311-2523
https://orcid.org/0000-0003-2720-2238
https://orcid.org/0000-0003-2720-2238
https://orcid.org/0000-0001-6839-8340
https://orcid.org/0000-0001-6839-8340
https://orcid.org/0000-0002-0459-6927
https://orcid.org/0000-0002-0459-6927
https://orcid.org/0000-0002-9958-8371
https://orcid.org/0000-0002-9958-8371
https://orcid.org/0000-0002-1716-8876
https://orcid.org/0000-0002-1716-8876
https://orcid.org/0000-0002-2023-6892
https://orcid.org/0000-0002-2023-6892
https://orcid.org/0000-0003-0418-7813
https://orcid.org/0000-0003-0418-7813
https://orcid.org/0000-0003-1581-6259
https://orcid.org/0000-0003-1581-6259
mailto:phiroeme@uni-mainz.de
mailto:anna.wieland@geow.uni-heidelberg.de
www.sciencedirect.com/science/journal/02773791
https://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2025.109270
https://doi.org/10.1016/j.quascirev.2025.109270
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2025.109270&domain=pdf
http://creativecommons.org/licenses/by/4.0/

P. Romer et al.

Mt. Smolikas record, which extends back to the 5th century CE, repre-
sents the best-replicated tree-ring chronology from a high-elevation
southern European site during the 1st millennium CE (Luterbacher
etal., 2012; Romer 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 miti-
gate the heteroscedastic nature of these data (Briker, 1981; Osborn
et al., 1997). The existing reconstructions may thus not capture the
entire spectrum of hydroclimate variability, underscoring the need for
alternative proxies to complete our understanding of high-to-low fre-
quency climate fluctuations in the Eastern Mediterranean (Biintgen,
2022).

Tree-ring stable isotopes (TRSI) derived from wood -cellulose,
including stable carbon (613CC), oxygen (51806), and hydrogen (62Hc)
isotopes, have proven valuable for reconstructing past climate vari-
ability at interannual to multimillennial timescales (Biintgen et al.,
2021; Nakatsuka et al., 2020; Yang et al., 2021). TRSI measurements
often lack ontogenetic trends and thus do not require standardization
(Biintgen 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; Romer et al., 2023). In the Mediterranean,
5'3C. and 6'®0, revealed great potential for reconstructing past summer
precipitation (Dorado Linan et al., 2012; Levanic et al., 2020; Lukac
et al., 2021), temperature (Esper et al., 2015a; Szymczak et al., 2012),
and drought variability (An et al., 2023; Freund et al., 2023).

In recent decades, isotopic measurements of carbon and hydrogen on
lignin methoxy groups (Fig. 1b) have emerged as valuable 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 (§°Hp,) are unaffected by the evapora-
tive 2H enrichment of leaf water and thus closely reflect the 5°H values
of precipitation, which are predominantly controlled by air temperature
(Dansgaard, 1964), making Hp a promising temperature proxy in
mid-to-high latitudes (Anhauser et al., 2017, 2020; Feakins et al., 2013;
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Greule et al., 2021; Keppler et al., 2007; Lu et al., 2020). Lignin methoxy
s'3¢c (513Cm) has shown a similar temperature sensitivity at selected 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).

In addition, methodological advances in quantitative wood anatomy
(QWA) have opened new research perspectives for paleoclimatology
(Prendin et al., 2017; von Arx and Carrer, 2014). The quantification of
anatomical features improved the spatiotemporal resolution of tradi-
tional proxies and allowed to disentangle the effects of environmental
conditions on the structural properties of the xylem at the cellular level
(Fonti et al., 2010; Pandey, 2021). Among numerous xylem anatomical
traits, tracheid lumen area, radial lumen diameter (D;aq), 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; Gonzalez-Casares et al., 2019; Lopez--
Saez et al., 2023; Ziaco et al., 2016).

Using samples from ten living Bosnian pines from Mt. Smolikas
(Greece), we here combine TRW, MXD, §'3C,, 6'0c, 6'°Cpn, 5?°Hp, Drads
and CTW measurements to assess covariance both within and among
these state-of-the-art tree-ring proxies and their climate sensitivities. We
evaluate whether specific proxies may be combined and provide rec-
ommendations on the suitability of individual proxies for future paleo-
climate research in the Mediterranean.

2. Material and methods
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, >2000 m a.s.l.) 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
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Fig. 1. Study material and tree-ring data. (a) Living Bosnian pine on Mt. Smolikas. (b) Illustration of tree-ring width (TRW), maximum latewood density (MXD),
radial cell lumen diameter (Dyq), radial and tangential cell wall thickness (CWT;aq/CWTiay), cellulose carbon (§'3C.) and oxygen isotopes (5'%0.), as well as methoxy

carbon (513Cm) and hydrogen (62Hm) isotopes.
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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, Germany) and TSAP-Win software
(Rinn, 2012). Dating precision was verified by comparing the new TRW
data with the old measurements (Figs. S1a-b). One core each was used
for isotopic and 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 (Figs. S1c—d) with a sample replication equal to
the other proxies. A detailed description of the MXD methodology is
provided in Klippel et al. (2019).

2.2. Stable isotope measurements

The isotopic measurements of s'3¢,, 6'%Cy, 6'%0,, and §°Hy, were
performed at annual resolution 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 parti-
tioning, 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 Republic (details in Wieland
et al., 2024). After extraction, 0.5-1.0 mg of a-cellulose was placed in tin
(513Cc) and silver (5180c) capsules. The tin capsules were combusted to
CO4 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, Germany). The
ratios of heavy to light carbon (13C/!2C from CO,) and oxygen (:%0/'%0
from CO) isotopes were measured using the ISOPRIME100
continuous-flow isotope ratio mass spectrometer (IRMS) (Isoprime,
Manchester, UK). Isotopic measurements were calibrated using certified
reference materials from the International Atomic Energy Agency
(IAEA) and the United States Geological Survey (USGS). 13C/!2C ratios
were referenced to caffeine (IAEA-600) and graphite (USGS24), and
180,160 ratios to benzoic acid (IAEA-601 and IAEA-602).

Isotopic measurements on lignin methoxy groups were performed at
the Institute of Earth Sciences, Heidelberg University (Germany), using
the modified Zeisel method (Greule et al., 2008, 2009; Keppler et al.,
2004, 2007) in which gaseous iodomethane (CHgl) is formed from the
reaction between methyl ethers and esters and hydroiodic acid (Zeisel,
1885). For this, 5 mg (513Cm) and 7 mg (52Hm) of wooden material and
250 pl of hydroiodic acid were heated in crimp glass vials for 30 min 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 513Cm measurements or a thermo
conversion reactor [ceramic tube (Aly0O3), length 320 mm, 0.5 mm i.d.]
for 5°Hy, measurements. CHl was oxidized to CO5 at 960 °C and py-
rolyzed to Hy at 1450 °C. The two resulting gases were transferred
through a Finnigan GC-Combustion III interface into a Thermo Finnigan
DeltaplusXL IRMS (Thermo Fisher Scientific, Waltham, USA) to measure
the ratio of heavy to light carbon (}3C/*2C from CO,) and hydrogen
(®H/'H from Hy) isotopes. The isotope measurements were normalized
using HUBG reference materials (Greule et al., 2019, 2020). HUBG2 and
HUBG4 were used for the 613Cm measurements, and HUBG1 and HUBG3
for §°H,, measurements.

Isotope ratios are expressed in the conventional § notation in Urey
(Ur) relative to the Vienna Pee Dee Belemnite standard (5'°C) and the
Vienna Standard Mean Ocean Water (6180c and 52Hm). One mUr is
equivalent to 1 per mille (Brand and Coplen, 2012). The ion sources of
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the IRMS systems were centered, tuned, and tested for stability (¢ < 0.03
mUr for 513Cc, <0.02 mUr for 513Cm, <0.02 mUr for 51800 <0.04 mUr
for 5Hpy, 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 5'%0,, <1 mUr/V
for 5°Hy,) before each sequence of isotopic measurements. The Hf factor
was quantified before each set of 52Hy, measurements (<3.5 ppm/nA).
Six (cellulose) and five (methoxy group) consecutive measurements on
the same samples were performed to assess the precision of the isotopic
measurements. Average standard deviations were 0.04 mUr for 613Cc,
0.09 mUr for 5180c, between 0.01 and 0.25 mUr for 6'°C,,, and between
0.5 and 2 mUr for 6°Hp,.

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 [pm] thick transverse microsections were cut from each
piece using a rotary microtome (Leica, Wetzlar, Germany). The micro-
sections were bleached in 10% NaOCI for 10 min, stained with a 1:1
safranin and astra blue solution, 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/pm using a Hamamatsu
NanoZoomer slide scanner (Hamamatsu Photonics, Shizuoka, Japan).

The obtained digital images were processed using ROXAS v4.0 (von
Arx and Carrer, 2014; Prendin et al., 2017) to quantify xylem anatomical
traits, including radial cell lumen diameter (Dy,q) as well as radial and
tangential cell wall thickness (CWT;aq/CWTp). After the automated
detection of individual cells by ROXAS, a manual editing was performed
to remove incorrectly recognized features such as resin ducts and pa-
renchyma cells. Tree-ring sequences were crossdated by comparing the
TRW output of ROXAS with the LINTAB measurements. To quantify
intra-annual 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 and Liang, 2019), with ten sectors generally
considered an appropriate compromise between higher temporal reso-
lution 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.
Principal components (PCs) were tested for significance using random-
ization tests and the Rnd-Lambda stopping rule (Peres-Neto et al., 2005).

2.4. Data treatment and chronology development

To account for the depletion of atmospheric 1*C due to anthropo-
genic CO, emissions, 513C. and 6'3C,, 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. S2). The atmo-
spheric 13¢ data were obtained from McCarroll and Loader (2004) and
the Mauna Loa Observatory (https://scrippsco2.ucsd.edu; Keeling et al.,
2005). Both 513C 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 methoxy groups,
we used the Suess-effect-corrected 5'°C data for inter-proxy comparisons
and climate calibration. Results on the pin-corrected 5'C data can be
found in the supplementary material.

The individual time series of each proxy were detrended using the
ARSTAN software (Cook et al., 2017) by calculating residuals from
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horizontal means (HOM) and cubic smoothing splines with 50% fre-
quency cutoffs at 100 years (100SP) and 30 years (30SP) to emphasize
high-to-low frequency variance. Tree-ring data were power-transformed
and variance-stabilized (Cook and Peters, 1997; Frank et al., 2007) and
mean chronologies were developed by computing the 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.

2.5. Meteorological data and climate signal detection

The proxy chronologies were correlated against monthly tempera-
ture, 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 (http
s://climexp.knmi.nl). To reduce uncertainty arising from the limited
number of meteorological stations reaching back to the early 20th
century (Fig. 2), climate correlations were calculated for 1931-2020 CE.
The year 1931 CE was selected as the starting year as two nearby pre-
cipitation stations (Kerkyra and Thessaloniki) are included in the grid
thereafter. The meteorological data were tested for normal distribution
and climate-proxy relationships assessed by using Pearson (temperature
and cloud cover) and Spearman rank (precipitation and PDSI) correla-
tions. Prior to the correlation calculations, the climate data were stan-
dardized 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 the climate signals.
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3. Results
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. S3) and terminate in 2017 CE.
Mean segment lengths (MSL) vary slightly among the proxies due to
different measurement periods, ranging from 157 years in 6'3Cy, and
52Hp, to 218 years in Dyaq and CWT. However, all proxy chronologies are
well replicated (n > 8 series) over the 1861-2020 CE period (Table 1).

The raw TRW and CWT (CWT;,q and CWTy,y,) chronologies show the
highest first-order autocorrelations (AC1 > 0.65) for 1861-2020 CE.
AC1 is higher in methoxy (ACl;,w = 0.41) than in cellulose isotopes
(AClpaw < 0.30), reflecting the stronger trends in 613Cm (+0.004 mUr
yr 1) and 6°Hp, (—0.03 mUr yr 1) from 1861 to 2020 CE (Fig. 3). §3C.
values decrease on average by —0.002 mUr yr~! and 680, values in-
crease by +0.001 mUr yr~ " in the same period. TRW and Dy,q values
increase by +0.002 mm yr~! and +0.008 pm yr~, while trends in CWT
and MXD are <0.001 pum yr~! and g cm™3 yr~!. Similar AC1 values
between the raw and HOM-detrended data indicate retention of low-
frequency variability after detrending. Lower AC1 values after spline
detrending demonstrate the removal of this low-frequency information,
but coincide with an increase in covariance among series. The spline-
detrended 5'3C, 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 Dyaq. MXD, CWT;a4, and CWTy,, indicate the lowest Rbar
<0.28 (Fig. S4).

The Suess-effect-corrected §'3C, values fluctuate around —21.83 +
0.83 mUr and are on average 3.15 mUr higher than the 5'Cy, values
(—24.98 + 1.14 mUr). However, high correlations (r = 0.81, p < 0.001)
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Fig. 2. Climate data. June-August (JJA) (a) mean air temperature (Tpean) and (b) precipitation anomalies (wrt. 1961-1990 CE) from the CRU TS4.07 grid (black
lines) nearest 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 used to interpolate the gridded data. Each horizontal 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. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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Table 1
Proxy characteristics.
Proxy n Period (>5 MSL + AC1 RAW | Rbar HOM |
series) 1o HOM |100SP | 100SP | 30SP

30SP

TRW 10 1810-2020 205+47  0.72]0.73 | 0.38 ] 0.34 |
0.56 | 0.25 0.37

MXD 10  1810-2017 201+47 0.53]0.53] 0.18 ] 0.23 |
0.36 | 0.16 0.28

53¢, 10 1810-2020 205+47  0.30]0.30 | 0.56 | 0.62 |
0.16 | 0.00 0.67

5%Cpy 10 1861-2020 157 £07  0.41 | 0.43 | 0.40 | 0.30 |
0.18 | —0.01 0.33

5'%0, 10 1810-2020 205+47  0.25]0.25 | 0.39 | 0.61 |
0.16 | 0.06 0.62

5Hp 10 1861-2020 157 £07  0.41|0.41 | 0.34]0.36 |
0.24 | 0.09 0.40

Drad 10  1807-2020 218 +47  0.45]0.45 | 0.27 ] 0.36 |
0.16 | 0.00 0.43

CWTpe 10 1807-2020 218+ 47  0.65]0.65 | 0.08 | 0.15 |
0.48 | 0.18 0.21

CWT,, 10  1807-2020 218 +47  0.65]0.65 | 0.12]0.17 |
0.46 | 0.21 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).

between the spline-detrended 5'3C chronologies indicate a close asso-
ciation between 5'3C, and 6'3Cp,. Inter-proxy correlations are overall
higher after the 30SP detrending than after the 100SP detrending
(Table 2). The 30SP-detrended §'3C records are positively correlated
with MXD (r > 0.51) and 6180C (r > 0.44), and negatively correlated
with Dy,q (r < —0.32), with overall higher correlations for 513C, than for
53Ch. EIBOC is most strongly correlated with 613Cc (r=0.59) and Dy»q (r
= —0.51). 5°Hp, displays negative correlations with MXD and CWT,,q (r
< —0.28) and a positive correlation with Dyaq (r = 0.30). TRW is posi-
tively correlated with D;,q and CWT, (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,,q indicates a strong
association between the two CWT orientations, but only CWT;,q shows
significant (p < 0.001) correlations with 580, 6%Hp, and Djaq.

3.2. Climate signals

Climate signals are most distinct in summer and after the 30SP
detrending, but the maximum seasonal responses vary slightly among
the proxies (Fig. 4). TRW correlations with mean air temperature
(Tmean), Precipitation, and the PDSI are all non-significant (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. S5). MXD shows the highest correlations with July-Sep-
tember Trean (r = 0.55), precipitation (r = —0.41) and cloud cover data
(r = —0.62). TRW and MXD correlations with the PDSI are non-
significant for all months, except for MXD in September. TRW and
MXD correlations with previous-year climate are weak and only signif-
icant between 30SP-detrended MXD and July Tpean (r = —0.29), as well
as between TRW and August precipitation (r = 0.32) and cloud cover (r
= 0.33; Fig. S6).

The 30SP-detrended §'3C,, §'3Cpp, and 5'%0, data show the highest
correlations with June-August (JJA) Tpean (r = 0.52/0.40/0.40), pre-
cipitation (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 overall lower and
range from r = —0.38 in 580 to r = —0.49 in 6'3C.. While the corre-
lations with JJA precipitation are temporally stable for all detrendings,
Tmean correlations decrease towards the lower frequency domain
(Fig. 5). Spectral coherence analyses between the isotope and climate
data support these findings and point to precipitation as the dominant
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climatic factor for §'3C, 5'%Cy,, and %0, variability (Fig. S7). Similar
results are found for the pin-corrected 5'3C data (Fig. S8). For 8%Hpy, the
highest correlation is found with June-September (JJAS) Tyean (r =
—0.44, p < 0.001), while no significant correlations are obtained with
precipitation. Running correlations between 5°Hy, and JJAS Tmean are
stable over time and for all detrendings, but §°Hy, lacks significant
coherence with temperature data at mid-to-low frequencies (~2-4 and
>10 years; Fig. S9). Correlations between TRSIs and previous-year
climate data are weak and significant (p < 0.01) only for 513C and
August Tpean (r = —0.29 for 513Cc and —0.33 for 6'3Cy), and for 6°Hp,
and June Tyean (r = —0.31).

The climate sensitivity of Dyyq is inverse to that of 53¢, 5'3Cy, and
5'80,, yet similar in terms of seasonality and strength. The annual D;aq
chronology, which represents the average radial lumen diameter of
earlywood and latewood cells, shows the highest 30SP correlations with
JJA precipitation (r = 0.56), Trean (r = —0.55), and cloud cover data (r
= 0.62, all p < 0.001). Although 30SP correlations between D;,q and
cloud cover are slightly higher than those with precipitation, consider-
ably lower correlations obtained for the HOM-detrended data (r = 0.43)
indicate a stronger low-frequency coherence with precipitation (r =
0.60; Fig. S10). 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 Tpean (r = 0.38). CWT,5q and CWTyy,;, indicate almost
no significant climate correlations at annual resolution. Only CWTy,q
significantly correlates with September Tp,ean (r = 0.28) and cloud cover
in current and previous August (r = —0.28 and 0.28, p < 0.01).

3.3. QWA sector chronologies

The total QWA data comprise ~2.5 million individual cell mea-
surements. The ten anatomical sectors, ranging from the early- (I) to the
latewood (X), represent the intra-annual variability of Dyaq, CWTrag, and
CWTyqap, from 1861 to 2020 CE (Fig. 6a). Dyaq decreases from 30.3 + 4.2
pm (+1o, sector I) to 6.7 + 1.5 pm (sector X) throughout the ring.
CWTyyy increases from 3.2 4+ 0.3 pm in sector I to 3.8 + 0.5 pm in sector
VIII and decreases to 3.3 + 0.4 pm in sector X, whereas CWT;,q increases
from 3.7 £+ 0.4 pm (I) to 5.0 £ 0.5 pm (X). Consequently, CWT;,q is, on
average, ~0.8 pm larger than CWTyap. Draq displays higher Rbar values
than CWT in all sectors. The Rbar values of D;5q and CWT,,q generally
increase towards the latewood, while those of CWT,, remain relatively
stable throughout the ring (Table S1). AC1 values of CWT (0.43-0.67)
are overall higher than those of D;,q (0.23-0.44).

PCA on the 30 sector chronologies and the six annually resolved
TRW, MXD, and TRSI records reveals close similarities in interannual
variability between the final three CWT sectors (VIII-X) and MXD, 5180C,
53¢, and 6'3C,,, as well as between the initial Dy,q sectors (I-IT) and
TRW, and the subsequent D,,q sectors (III-X) and 5%Hp (Fig. 6b). The first
three components (PC1-3) explain 69% of the variance and are signifi-
cant according to the Rnd-Lambda stopping rule (Table S2). PC1 sepa-
rates Dy,q from CWT. The CWT sectors show a smooth transition along
PC2 and PC3, while PC3 primarily separates the D,q sectors.

Correlations between the Dyyq sectors and climate data support the
results obtained from the annually resolved D,q record, indicating
precipitation as the dominant climatic factor for radial cell expansion
(Fig. 6¢). Draq displays significant (p < 0.01) correlations with JJA
precipitation across all sectors, with r ranging from 0.38 (I) to 0.54 (IX)
for the 30SP data (1931-2020 CE). Although D;,q lacks significant cor-
relation with August precipitation (p > 0.01), the scores for June-Au-
gust are consistently higher than for June-July in all sectors and for all
detrendings. In addition, all D;q sectors indicate significant positive
correlations with JJA cloud cover (r = 0.32-0.71), particularly promi-
nent in the final three sectors (ryyr.x > 0.60). The strong Dy,q response to
JJA cloud cover in sectors VIII-X coincides with the pronounced sensi-
tivity of these data to August Tpean (r > 0.42; Fig. S11) and the strong
negative relationship between August Tpean and cloud cover (r =
—0.67). For comparison, in June and July, both climate variables are
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Fig. 3. Individual series (grey curves) and mean chronologies (black curves) of raw (a) TRW, (b) MXD, (c) 5'3C,, (d) 5'3Cp, (e) 5'0, (f) 5°Hp, (g) Drag, (h) and
CWT. The latter represents the mean of CWT,,q and CWTy,, (details in Fig. S4). The 5'3C 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 and 2020 CE (1861-2017 CE for MXD).

Table 2
Correlations between the spline-detrended proxy chronologies for 1861-2020 CE.
TRW MXD 53¢, 53Cn 5180, %Hp Drad CWTrag CWTan

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
53¢, 0.03 0.45 0.81 0.59 —-0.20 —0.59 0.11 -0.15
6'%Cm 0.27 0.44 0.81 0.44 -0.14 —0.32 0.02 —-0.09
5'%0, —0.04 0.37 0.57 0.42 —-0.05 —0.51 0.33 0.10
5°Hp, 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
CWT;aq 0.11 0.38 0.12 0.12 0.28 —0.29 —0.41 0.71
CWTyan 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 correlations between the 30SP chronologies. Bold numbers

indicate significance (p < 0.001). Correlations with MXD are computed for 1861

notably less correlated (r = —0.45 and —0.38).

The sectorial CWT chronologies show the strongest climatic response
to Tmean, particularly in sectors VIII-X. The highest correlations are
found between CWT;,q sectors VIII-X and JJAS Tpean (r = 0.46-0.57, p
< 0.01 for the 30SP data). The equivalent CWT,, sectors correlate

2017 CE.

substantially weaker with JJAS Tpean (r = 0.24-0.34), suggesting a
stronger temperature response in CWT,q compared to CWT,.
Combining the final three CWT,,q sectors (VIII-X) into one mean chro-
nology representing the latewood (CWTyaq1w) results in a 30SP corre-
lation of r = 0.55 with JJAS Tpean (p < 0.001). The CWToq 1w record
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Fig. 4. Climate signals. Correlations between the 30SP-detrended chronologies and monthly/seasonal (a) mean air temperature (Tmean), (b) precipitation, (c) 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.

covaries with Tpean at interannual to decadal scales (2-10 years) but
exhibits inconsistencies at lower frequencies (Fig. S8c).

4. Discussion
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 §'3C,
and 6'®0. 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. 3). This
finding is in line with previous studies on Mt. Smolikas relict wood
(Romer 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
(Anhé&user 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 513C (Loader et al., 2003; Robertson et al.,
2004; Wilson and Grinsted, 1977), the 8'3C records of both plant com-
pounds show significant coherence at interannual to decadal timescales
(~2-20 years; Fig. S12a), indicating that these proxies capture similar
environmental signals. The lack of lower-frequency covariance (>20

years) partially results from opposing multi-decadal trends, which are
particularly evident before 1910 CE and after 2000 CE, but weaken
when the 513Cc data is pin-corrected (McCarroll et al., 2009; Fig. S13).

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 D;5q
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 pm in sector X). CWT shows a mono-
tonic increase towards latewood, marked by a decline in the final sector,
which is more pronounced in CWT,, than CWT,,4q. The CWT increase in
the earlywood and decline in the final latewood portion are character-
istic for most conifer species (Babushkina et al., 2024; Cuny et al., 2014;
Zharkov et al., 2022; Ziaco et al., 2014). The CWT,, values of Pinus
heldreichii are similar to those reported for Pinus cembra growing at the
upper treeline in the Alps (~2100 m a.s.l.), while CWT;,q values are, on
average, ~0.7 pm higher at Mt. Smolikas (Carrer et al., 2018).

The Rbar values of the Dyyq sector chronologies, ranging from r =
0.25 to 0.40 after the 30SP detrending, are consistently higher than
those of CWT;aq and CWTta,. The highest Rbar value for Dy,q 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 in CWT,,. However, CWT,,q sectors VIII-X exhibit
notably higher Rbar values (>0.25 for the 30SP data) than the annual
record, suggesting a stronger climatic signal in latewood CWT. The
obtained Rbar values of the last CWTy,q sectors VIII-X are similar to
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those of MXD (Esper et al., 2020a, 2020b; Romer 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 S1), likely reflect carry-over effects
resulting from remobilized photoassimilates during earlywood forma-
tion (Kagawa et al., 2006) and indicate greater biological memory ef-
fects in TRW and CWT compared to the other proxies (Esper et al.,
2015Db). Dyaq exhibits lower AC1 values than CWT in all sectors, with
higher first-order autocorrelations in the earlywood than in the late-
wood. Low AC1 values in 5'3C, 6'3Cp, 520, and §°Hp, (<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 sys-
tematically biased by changing earlywood-latewood proportions
(Torbenson et al., 2023).

4.2. Climate signals in TRW and MXD

TRW and MXD measurements on Bosnian pines from Mt. Smolikas
have proven to be valuable hydroclimate (Esper et al., 2021; Klippel
et al., 2018) and temperature proxies (Esper et al., 2020a; Klippel et al.,
2019). 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 hydro-
climate 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 (m = 872 series) and
precipitation-sensitive TRW record of Esper et al. (2021) from 1861 to
2016 CE, TRW correlations with climate are weak and significant only
with diurnal temperature range and summer cloud cover data (Fig. 7a).
The lack of significant precipitation correlations can be attributed to the
fading sensitivity in the early and mid-20th century, likely related 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 precipitation in
July-September (rjas = —0.19, p > 0.05), the observed responses indi-
cate 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 (Fig. 7b). The strong cloud-cover
correlations reflect the significant dependence of summer precipitation
and temperature on cloud coverage (rjas = 0.56 and —0.52, p < 0.001),
which can significantly modulate solar radiation fluxes, evapotranspi-
ration processes, and rainfall patterns at the surface level (Geiger et al.,
2009).

4.3. Climate signals in stable isotopes

Stable carbon and oxygen isotopes from a-cellulose and lignin
methoxy groups reflect significant temperature and hydroclimatic sig-
nals that support previous findings from the Mediterranean region (An
et al., 2023; 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 5'3C correlation with summer temperature and negative cor-
relation with summer precipitation appear physiologically meaningful,
as high air temperatures and vapor-pressure deficits (VPD) impair CO4
diffusion into the needles by stomatal closure, thereby reducing internal
CO, concentrations and carboxylation discrimination against 3C,
leading to higher 53¢ values (Farquhar et al., 1982). Precipitation
events, on the other hand, reduce VPD and allow stomata to open.
Moreover, high temperatures and low humidity increase transpiration,
which leads to a loss of lighter oxygen isotopes (*°0) at the leaf level and
thus to higher 5'80 values than those of the source water (McCarroll and
Loader, 2004). Hence, both 5'3C and §'®0 are closely linked to summer
temperature and moisture conditions, as reflected in the strong corre-
lations of 8'3C,, 6'3Cp,, and 580, with these climate variables.

Higher and more robust correlations with June-August precipitation
than with air temperature suggest that summer precipitation is the
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Fig. 6. Intra-ring sectors of wood anatomical traits. (a) Tracheidograms of D,q (upper panel), CWT,,g, and CWTy,, (middle panel), shown together with the mean

Rbar of each 30SP sector chronology calculated for 1861-2020 CE (bottom panel)

. Shaded areas indicate + 1c. The sectors are labeled with Roman numerals (I-X).

(b) Three-dimensional PCA plot showing the first three principal components computed on the 30SP-detrended TRW, MXD, §'3C,, 6'3Cy,, 680, 6°Hy, (black circles)
records, and the 30 Dyng, CWT;,q, and CWTy,, sector chronologies (colored circles). (c) Correlations between the anatomical sector 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.

dominant climatic forcing of §'3C and 5'80 variability (Fig. 7c—e). This
conclusion is supported by significant correlations between 580, and
the 580 of precipitation (Fig. S14), revealing that 580, reflects the 580
signature of the precipitation-derived source water, but is modulated by
soil evaporation and transpiration-induced 0 enrichment (Yakir and
Sternberg, 2000). The lack of significant correlations with previous-year
climate and the low AC1 values of 50, 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 5'3C and 5'%0 reliably
reflect summer moisture variations at interannual to multidecadal
timescales. Only 5'3Cy, reveals a weaker association at lower fre-
quencies. The robust precipitation signals and the fading temperature
sensitivities towards present, particularly evident at lower frequencies
(i.e. after the HOM detrending), support previous results on Pinus hel-
dreichii 5'3C. and §'®0, from the Dinaric Alps in Montenegro (Levanic
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).
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Unlike carbon and oxygen isotopes, §°Hy, is negatively correlated
with June-September temperature (p < 0.01). Given the lack of studies
assessing the climate sensitivity of 5°Hp, in similar environments, our
results demonstrate for the first time that 5°Hy, may serve as a reliable
temperature proxy in the Mediterranean (Fig. 7f). However, most pre-
vious studies reported positive correlations between §°Hy, and air tem-
peratures at mid-latitudes and lower altitudes (Anhauser et al., 2020; Lu
et al., 2020; Mischel et al., 2015; Wang et al., 2020; Wieland et al.,
2022). Only Riechelmann et al. (2017) found a comparable negative
temperature response in the §°Hy, of high-elevation Larix decidua trees
from the Western Alps. One plausible explanation for this inverse tem-
perature response could be related to the seasonally fluctuating 52H
signature of precipitation. Since lignin synthesis takes place in the xylem
tissue, 62Hm is unaffected by the evaporative °H 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 findings by Riechelmann et al. (2017), we found a
negative correlation between the §°H values of methoxy groups and
summer rain (rjjas = —0.27). In summer, the 5°H values of precipitation
are notably higher compared to the other seasons (Fig. S15), resulting in
elevated §%H values in soil water during years with abundant summer
rain and cooler temperatures. Vice versa, in warm and dry summers, the
5%H values of soil water decrease due to the lower contribution of
®H-enriched summer rain. Hence, 5°Hy, 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 5°H, but seems un-
likely due to the shallow soils at Mt. Smolikas.

4.4. Climate signals in wood anatomical traits

The wood anatomical features of Pinus heldreichii are highly sensitive
to hydrothermal conditions in summer. Dy,g, which primarily de-
termines the conductive xylem area, shows a strong summer precipita-
tion response at annual resolution, surpassing that of the sectorial
chronologies (Fig. 7g). Greater covariance among the series and stronger
climatic responses in Dy,q, 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 Dyaq is likely transmitted through soil
moisture deficits controlling turgor pressure and cell enlargement
(Carvalho et al., 2015; Ziaco, 2020). Abundant rain, on the other hand,
promotes the formation of larger tracheid lumina (Fonti et al., 2010;
Peters et al., 2021). The precipitation response of Dy,q aligns with studies
on western Mediterranean pine species, providing empirical evidence
for the importance of summer water availability on conductive xylem
properties (Hetzer et al., 2014; Pacheco et al., 2016), and confirms
similar hydroclimate signals in Pinus heldreichii from high-elevation
Eastern Mediterranean sites.

The distinction between CWT,q and CWTy,y,, along with the intra-
ring partitioning, reveal that Bosnian pines primarily respond to high
summer temperatures through radial wall thickening of the latewood
cells. The final CWT sectors VIII-X show significant positive temperature
responses, which are notably stronger in CWTy,q than in CWTy,,. These
results are supported by the regular displacement of the PCA loadings,
suggesting a higher agreement with MXD for latewood CWT,,q than for
CWTan. The latewood CWTy,q record is positively correlated with MXD
(r1861-2017 = 0.68, p < 0.001 for the 30SP data) and shows a strong
temperature signal from June to September (Fig. 7h). The significant
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 temperature
signals in both earlywood and latewood CWT (Carrer et al., 2018;
Lopez-Saez et al., 2023; Stirbu et al., 2022).
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4.5. Paleoclimatic skill of the tree-ring proxies

Among all proxies, 5'3C. shows the greatest potential to reconstruct
the full spectrum of high-to-low-frequency summer precipitation vari-
ability (Fig. 8). The §'3C, data is characterized by an exceptionally
strong covariance among the series and stationary correlations with
June-August precipitation throughout the 20th and 21st centuries. The
lack of long-term ontogenetic trends in 5'°C. precludes biologically
induced low-frequency noise, supporting the use of raw 5'3C, data for
climate calibration (Wieland et al., 2024). Given the high inter-series
correlation and hydroclimate signal strength (rgaw = 0.63, p < 0.001,
1931-2020 CE), 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 §'3C. measurements are a su-
perior proxy to reconstruct past summer precipitation in the Mediter-
ranean, far exceeding the skill of traditional TRW chronologies.

5'80,, 8'3Cy, and Dyyq also exhibit strong summer precipitation
signals. However, these proxies face stronger statistical limitations due
to long-term age-related trends in 580, and §'3Cpy, and substantial 5'80,
offsets between living and relict wood (Wieland et al., 2024). Significant
ontogenetic trends are also characteristic for D;,q, particularly over the
first 100-150 years of tree age (Carrer et al., 2015). Future QWA mea-
surements of relict wood will improve our understanding of such
non-climatic noise inherent in anatomical traits. The overlapping pre-
cipitation seasonality and strong covariance among 613Cc, 6180C, 5t 3Cm,
and Dyyq at interannual to multidecadal timescales, despite minor
low-frequency discrepancies in 5'3Cy,, suggest that proxy combinations
could be useful to improve reconstruction skills and assess uncertainties.
Moreover, the close association between D;,q and summer cloud cover,
driven by the dependence of precipitation on cloud cover and particu-
larly evident at high frequencies, underscores the potential to gain new
insights into past climatic extremes.

MXD shows the greatest potential to reconstruct the full range of
interannual to multidecadal summer temperature variability. Although
MXD requires standardization prior to chronology development and
climate calibration (Braker, 1981), its stronger temperature sensitivity
compared to CWTpqw and 5°Hp, along with its lower workload,
highlight MXD’s superior paleoclimatic skill in high-elevation Mediter-
ranean environments (Biintgen et al., 2017, 2024; Esper et al., 2020a,
2020b). While latewood CWT;,q lacks significant correlation with
observational temperatures at decadal to multidecadal scales and can
therefore only provide valuable information on past temperature ex-
tremes, 5°Hy, can be considered an alternative temperature proxy to
MXD. However, further research is needed to consolidate the inverse
temperature response of 52Hy, in the Mediterranean region and to assess
signals strengths at lower elevations (Feakins et al., 2013; Greule et al.,
2021), where MXD typically fails as a climate proxy.

5. Conclusion

Our assessment of covariance and climate signals in TRW, MXD,
513CC, 6180c, 513Cm 62Hm, Drad, and CTW from Mt. Smolikas (Greece)
reveals advantages of TRSI and QWA measurements 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, 53C, 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 D;,q and increases in CWT, especially
in August and September. However, while the temperature signals of the
anatomical traits alone do not surpass those of MXD, 5°H,,, measure-
ments appear as alternative temperature proxy, potentially capable of
capturing climate signals in lower-elevation regions where MXD typi-
cally fails as a climate predictor.
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8. Workload
7. Detrending
6. Covariance high
5. Stationarity
4. Correlation
3. Frequency
2. Seasonality ij;g:grc Z?al. 2021
1. Climate signal (2) Esper et al. 2020a
EE———— (3) Wieland et al. 2024 | low
TRW Tdiur JJ high -0.38 no 0.32 required ™ @]
MXD Tmean JAS full 0.58 yes 0.26 required @ (@)
5"3Cc Precipitation JUA full -0.60 yes 0.56 no® (@)
&"Cm Precipitation JUA high -0.52 yes 0.30 required® O
5'®0c Precipitation JJA full -0.54 yes 0.55 required ® @)
52Hm Tmean JUAS full -0.41 yes 0.24 required® (@)
Drad Precipitation JJA full 0.57 yes 0.29 likely required Q@
CWTrad.LW Tmean JJAS high 0.55 yes 0.36 likely required ()

Fig. 8. Paleoclimatic potential 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 data, full = HOM data) and may deviate slightly from the values in Table 1

due to the shorter period.
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