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ARTICLE INFO ABSTRACT
Keywords: Tree-ring stable isotopes (TRSI) have the unique ability to capture inter-annual to multi-millennial climate trends
Tree-ring stable isotopes and extremes if the appropriate data and methods are combined. However, there is still an ongoing debate about
Cellulose age-related biases in TRSI measurements that potentially affect the fidelity of their chronologies and subsequent
Lignin methoxy groups . .

climate reconstructions.
Age trend

Here, we investigate carbon and oxygen TRSI measurements in cellulose (6"3Ceen and 680y and carbon and
hydrogen ratios in lignin methoxy groups (6'*Cpem and 5?Hpe) of more than 60 living and relict pine (Pinus
heldreichii) trees from northern Greece that span the period 512-2020 CE continuously. We identified significant
(p < 0.01) level offsets between living and relict 5180C5u values (1.49 mUr) that preclude, among others, the
combination of living and relict wood series for reliable age-trend assessment, and we found distinct differences
between cellulose and methoxy TRSI chronologies including contrasting recent trends in carbon, oxygen, and
hydrogen isotope ratios suggesting that varying environmental signals are retained in the TRSI proxies. As-
sessments are supported by comparisons with well-established ontogenetic trends in tree-ring width and late-
wood maximum density to identify significant (p < 0.01) age-trends in relict 50y values between 50 and 190
years of cambial age, and in relict 513Cmeth and 52Hmeth values in tree rings older than 100 years. Relict 513Cce11
values, on the other hand, show increasing values between 50 and 80 years of cambial age (p < 0.01), but no
evidence for long-term trends beyond these early stages.

The combined assessment of multiple TRSI from cellulose and lignin methoxy groups contributes to a better
understanding of the underlying physiological processes and extends the range of extractable climate informa-
tion from the utilized tree-ring proxies. Our findings demonstrate that raw 513cceu data from Mt. Smolikas can be
used for climate calibration and reconstruction purposes without the need for standardization (expect for rings
<80 years of cambial age), potentially providing new insights into long-term climate variability in the eastern
Mediterranean region. §'%0ceii, 5> Creth, and §?Hpeg values, however, require detrending due to long-term age-
related trends.

Pinus heldreichii
Northern Greece
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1. Introduction

Tree-ring stable isotope (TRSI) measurements of cellulose and lignin
methoxy groups are important proxies for high-resolution paleoclimate
reconstruction. While TRSI measurements of methoxy groups are rela-
tively new compared to measurements of cellulose, both compounds are
used to assess past climate information (e.g. Anhauser et al., 2017;
Biintgen 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 that have different controlling factors, such as
growing-season temperatures or precipitation totals, increases the po-
tential to reconstruct different seasonal climate variations at varying
spatiotemporal scales from the same material (McCarroll et al., 2003;
Mischel et al., 2015). 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 the stable carbon (613C), oxygen (6180),
and hydrogen (§2H) TRSI values of whole wood, cellulose, and lignin
methoxy groups and found that TRSI values of methoxy groups are
influenced by different environmental 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 standardised prior to
climate interpretation as both parameters include age-related trends
(Braker, 1981). However, removing age-related trends from a chronol-
ogy induces a loss of low-frequency climate information (Cook et al.,
1995). Several methods have been developed to preserve low-frequency
variability (Briffa et al., 1992; Esper et al., 2003; Melvin and Briffa,
2008, 2014) but these techniques require large datasets that are typi-
cally composed of living and dead trees (Esper et al., 2004). Age-related
trends can generally be divided into juvenile trends, including the first
few decades of tree growth, and long-term trends throughout the trees’
(varying) life spans. Juvenile effects have been documented in many
TRSI chronologies (e.g. Duquesnay et al., 1998; Gagen et al., 2008,
2006; McCarroll and Loader, 2004; Raffalli-Delerce et al., 2004; Tor-
benson et al., 2022). To avoid biases from these trends, the first decades
of tree rings can simply be omitted (Gagen et al., 2006). However, this is
not applicable in the presence of long-term age-related trends (Helama
et al., 2015). Esper et al. (2010) found age-related trends in cellulose
TRSI chronologies, at a rate of —0.089 mUr decade™! in §'®%0 and
+0.064 mUr decade™! in §'3C over the first 100 years of tree growth in
Pinus uncinata trees in Spain. Similar values were later found in other
studies with +0.035 mUr decade ™! in 5'3C values of pines from northern
Scandinavia (Torbenson et al., 2022) and +0.04 mUr decade ! in Pinus
sylvestris L. from northern Finnish Lapland (Helama et al., 2015).
However, there are also studies reporting no age trends in §%0 and 5'3C
values of oaks from the Czech Republic and in 5'20 values of pines from
northern Scandinavia (Biintgen et al., 2020; Torbenson et al., 2022),
suggesting that detrending is not necessary for paleoclimate recon-
struction. Given the current state of knowledge, any isotopic dataset
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 methodological approaches including sample prepa-
ration, data pooling and truncation (Borella et al., 1999; Biintgen et al.,
2020; Daux et al., 2018; Duffy et al., 2019; Leavitt, 2010; Loader et al.,
2013; McCarroll and Loader, 2004). For reliable analysis of age trends,
isotope data must contain a large number of samples with at least 10
individual series from different trees distributed over a range of cen-
turies and thus growing under different climatic conditions. For §'3C
analysis, it is advantageous to use trees that grew prior to the strong
atmospheric CO, changes during recent decades, as 5'°C values after
1850 CE must be corrected for the so-called Suess effect (decrease in
atmospheric 513C002 values) (Keeling, 1979; McCarroll and Loader,
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2004) and physiological responses due to increasing CO5 concentrations
(Keeling et al., 2017). These correction methods are still subject to large
uncertainties, and the trend added by statistical corrections could cover
potential age-related trends.

In this study, we present 62 individual 5'%0 and 5'3C series of cel-
lulose and 65 §'3C and §%H series of methoxy groups from living and
relict wood samples of Pinus heldreichii from Mt. Smolikas in northern
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) level offsets between living
and relict 5'80 and 5°H values preclude the combination of living and
relict wood series for reliable age-trend assessment. Therefore, to eval-
uate potential biological trends in TRSI, we used only the relict wood
series, converted the TRSI series to a uniform decadal resolution since
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 (1) describe the
key descriptive characteristics of the novel TRSI measurements, (2)
quantify the observed differences between living and relict TRSI series,
(3) assess the temporal persistence, stability, and magnitude of
age-related trends in the relict TRSI data, and (4) infer important in-
sights into chronology development for future paleoclimatic work.

2. Material and methods
2.1. Study site and tree-ring data

Between 2011 and 2020, 751 core and disc samples of Pinus hel-
dreichii were collected at 2000-2100 m asl on Mt. Smolikas, Pindus
Mountains in northwestern Greece (Fig. 1a) (40°05'N/20°55'E). Wood
samples were processed according to standard dendrochronological
techniques (Stokes and Smiley, 1996). TRW was measured using the
high-precision Lintab (Rinntech GmbH, Heidelberg, Germany) and
Velmex (Velmex Inc., Bloomfield, USA) devices, and MXD data was
produced using a Walesch high precision DENDRO2003 X-ray densi-
tometer (Walesch Electronic GmbH, Effretikon, Switzerland).
Pith-offsets were estimated by visually matching the curvature of the
innermost cross-dated 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 this wood collection, including well-preserved
samples from living and relict trees. Stable carbon isotope measure-
ments were produced on methoxy groups and cellulose (613Cmeth and
5¥3Cea), whereas stable oxygen isotopes were only measured from cel-
lulose (6*80ce) and stable hydrogen isotopes only from lignin methoxy
groups (6% Hmetn) (Fig. 1c).

The TRSI data of methoxy (cellulose) include 65 (62) samples from
the same 49 (46) relict and 16 living trees (Table 1). The individual TRSI
series range from 512 to 2020 CE, with a constant sample replication
>10 series from 841 to 2020 CE (Fig. 1b). Please note the stepwise
distribution of uniformly aged TRSI samples with different start and end
dates throughout the 1st and 2nd millennium CE.

Since isotopic measurements of methoxy groups prior to 1861 CE are
decadal resolved, all other data sets including annually resolved TRW,
MXD, 6'3Ceer and 5'80e;; values were converted to the same resolution
by averaging the annual values of each decade. Comparison of the
annually resolved (only available for the cellulose TRSI over the entire
chronology period) and decadal 513C e and 680 mean chronologies
support the accuracy of this averaging procedure for the assessment of
long-term trends (Fig. S1). The triple TRSI data were compared with
previously established TRW and MXD data from Mt. Smolikas (Esper
et al., 2020a, 2021), which were truncated to meet the temporal length
of the isotope series.
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Fig. 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.

Table 1
Proxy characteristics.
TRW MXD  5%Ceanr 5'°Cmen 6'°Ocen  5°Hmem

No. series 751 192 62 65 62 65

No. living| 398 | 56 | 1646 16|49 16|46 16|49
relict 353 136
trees

Mean 320 294 224 (30) 220 (31) 224 220 (31)
segment (150) (160) (30)
length in
years
(SD)

Mean 0.76 0.7 —21.75 —25.65 33 —259.12
living | (0.47)  (0.05)  (0.68) | 1.14) | 0.71)]  (9.8) |
relict | | —21.43 —25.77 31.5 —252.6
(SD) 0.68 0.68 (0.73) (1.19) (1.51) (9.9)

(0.45) (0.06)

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 613Cmeth and 62Hmeth
values. For 5 mg 6*3C)or7 mg (6°H) grounded or sliced wood material,
250 pl 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 min at 130 °C, followed by sample equili-
bration at room temperature. Afterwards, for 513Cmeth (52Hmeth) mea-
surements, an aliquot of headspace between 10 and 90 pl 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 52Hmeth
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measurements an HP 6890N (Agilent, Santa Clara, USA) and for 513Cmeth
measurements a TraceGC (ThermoQuest Finnigan) was used. Both GCs
were fitted with a DB — 5MS, Agilent J&W capillary column (length 30
m, internal diameter 0.25 mm, film thickness 0.5 pm).

For 8%Hyer, 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;03), length 320 mm, 0.5 mm i.d., reactor temperature
1450 °C) converted CHsl to molecular hydrogen (Hj). For 513Cmeth
measurements a 20:1 split injection and helium as carrier gas at a con-
stant flow rate of 1.8 ml min~! was used. An oxidation reactor (ceramic
tube (Aly03), 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 CH3l to COs. Stable isotopes in the resulting CO5 and Hy
gases were transferred through a GC — Combustion III interface (Ther-
moQuest Finnigan) into the IRMS (DeltaP™™ XL, ThermoQuest Finnigan).
The samples were normalized against two HUBG reference materials,
respectively. For 5°Hppern, measurements HUBG 1 and 3 and for 6"°Cpperh
measurements HUBG 2 and 4 were used (Greule et al., 2019, 2020).

For the determination of 680 and 5'%Ceey values the modified
Jayme — Wise isolation method (Boettger et al., 2007) was used. About
0.5 mm wide shredded wood samples were packed into Teflon filter bags
and washed twice for 2h at 60 °C with 5 % NaOH solution, followed by
an additional wash with 7 % NaClOs solution for 30 h 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 h and locked in
Eppendorf microtubes. For the stable isotope measurements, 0.5-1.0 mg
of alpha-cellulose were placed into tin (6"3Ceer) and silver (5'%0cer)
capsules (Elementar Analysensysteme, Langenselbold, Germany). For
5'80¢en determination the samples were pyrolyzed to CO5 at 960 °C in
oxygen and for 613Cce11 analyses they were combusted to CO at 1450 °C
in an inert atmosphere (helium) using an elemental analyzer varioPYRO
cube (Elementar Analysensysteme, Germany). The resulting CO5 and CO
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gases were transferred by a continuous flow into the IRMS system
(ISOPRIME 100, Manchester, UK). The stable isotope results were
normalized using certified reference materials from the International
Atomic Energy Agency (IAEA, Vienna, Austria) and United States
Geological Survey (USGS, USA). 5'3C.e values were referenced to
caffeine (IAEA-600) and graphite (USGS24) and 51806611 values to ben-
zoic acids (IAEA-601 and IAEA-602).

Prior to the measurements, the IRMS systems were centered, tuned,
and tested for precision (10 pulses of monitoring gas) and linearity (<0.4
mUr and <1 mUr/V (6>°Hpetn), <0.02 mUr and <0.04 mUr/nA (5'80cer),
0.018 mUr and <0.06 mUr/V (5"*Cpern), <0.03 mUr and 0.04 mUr/nA
(513CCQ11)). For 52Hmeth measurements, the Hj factor was quantified prior
to each set of isotopic measurements (<3.5 ppm/nA). The measurement
accuracy was determined by analysing six (cellulose) or five (methoxy
groups) consecutive samples. Average standard deviation was 0.042
muUr for 5'3Ceen (ROmer et al., 2023), 0.089 mUr for 580, between
0.01 and 0.25 mUTr for 6'3Cpen (Greule et al., 2009) and 0.5 to 2 mUr for
8*Hpern (Greule et al., 2008).

2.3. Data treatment

The delta (8) 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 SI discourages
the use of a one-dimensional unit (Newell and Tiesinga, 2019) and %o is a
‘quantity of dimension one’, denoted by the symbol unit 1 in the SI
(Brand and Coplen, 2012; Dybkaer, 2004). To address this issue and
adhere to the principles of the SI, we use the term “Urey” (Ur, named
after Urey (1948)) as the unit for expressing isotope delta values as
suggested by Brand and Coplen (2012). Thus, 1 mUr is equivalent to 1
%o. The 6180, 5°H and §'3C values (mUr) were calculated as the deviation
from the Vienna Standard Mean Ocean Water (VSMOW) (6180 and 6°H
values) and the Vienna Pee Dee Belemnite (VPDB) (5'3C values).

513C values after 1860 CE were corrected for the 5'3Ccos decline in
the atmosphere (Figs. 2-4), the so-called Suess effect (Keeling, 1979).
Since this negative trend is a non-climatic, CO,-driven effect, 5'3C values
were corrected by adding the differences between 613CC<)2 and the
pre-industrial value (—6.41 mUr) to the measured 513C values for each
year (McCarroll and Loader, 2004). Here, we used the 5'3Coy series
from McCarroll and Loader (2004) and the Mauna Loa Observatory

Year CE
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(Keeling et al., 2001; Mauna Loa Observatory, Hawaii, last access: 9
November 2023).

Coherences between the individual isotope series were assessed by
calculating the mean inter-series correlation (Rbar) over the chronology
period from 512 to 2020 CE using the R package dplR (Bunn, 2008).

2.4. Age trend analysis

An essential criterion for age trend assessments is an even distribu-
tion of tree rings over 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
gradual distribution of samples over this extensive time span. The
datasets consist of 46 (cellulose) and 49 (methoxy) relict and 16 living
wood samples. The TRSI series of relict wood start between 512 and
1611 CE, while for living wood the start dates range from 1641 to 1881
CE. Hence, the relict wood TRSI series span over 1000 years, while the
living wood TRSI series cover the recent 350 years including the sig-
nificant climate and air composition changes since the mid-19th cen-
tury. The average pith offset (PO) of the relict series is 84 years,
compared to 201 years for the living trees. This difference in average 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. 1d), which are strongly influenced by recent trend
changes. To additionally avoid the impact of the Suess effect and
physiological response correction in the age-aligned 6'°Cper, and
5'3Ceey 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 juvenile effects that typically occur in the first few decades of tree
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 cellulose based TRSI series start at
cambial age of 54 years to meet this minimum sample replication
criterion.

To classify age-related trends, the TRSI chronologies were compared
with 353 TRW and 136 MXD relict series. Age trends in TRW, MXD,
613Cmeth, 52Hmeth, 5180ceu, and 513cce11 were analysed using the raw tree-
ring data. For an accurate comparison among the proxies, all series were

Year CE
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o 0.9 5
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o
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20 o
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Fig. 2. Decadal resolved (a) TRW, (b) MXD, (c) 5*3Ceeit, (d) 5" Crnetn, (€) 580cerr, and (f) 6*Hpern series from 512 to 2020 CE. Green curves are measurements from
living trees and coloured series from relict wood. Bold black curves are the mean chronologies.
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z-transformed before calculating mean chronologies. Individual series
were aligned by their biological age considering the pith offset of each
sample. Age trends were estimated using linear regression fitted to the
raw age-aligned series (Fig. S2) and the arithmetic mean of the z-
transformed series. This procedure was performed considering different
time intervals. We started the regression windows with variable lengths,
always beginning at tree age 50 (Fig. 6) or 100 (Fig. S6). The endpoint,
on the other hand, initially began at tree age 70 or 170 and were sub-
sequently shifted in 10-year intervals. Due to the calculation of z-scores,
trends within individual series are preserved, but level offsets between
the series are removed, leading to a potential underestimation of long-
term trends across the series. To test whether this trend calculation is
biased by the z-transformation, we additionally estimated age trends
using TRSI anomalies derived from subtracting the mean of the common
period 202-238 years from each series (Figs. S4 and S5). Significances of
trends were calculated using the modified Mann-Kendall test (Hamed
and Rao, 1998) adapted for autocorrelated datasets.

3. Results
3.1. Data characteristics

Mean Rbar values of annual 513Cce11 and 5180ceu values are highly
significant (p < 0.001) over the chronology period (512-2020 CE) with
r = 0.74 and r = 0.56, respectively, pointing to a strong environmental
forcing of the two cellulose-based isotope ratios. By transforming the
data to decadal resolution, however, mean Rbar values decrease to 0.43
(513Cce11) and 0.44 (5180ceu) (p < 0.05). The Rbar values of 513Cc511 and
5180 values calculated from 512 to 2020 CE are higher than those of
decadal resolved 613Cmeth and 6*Hper, values with r = 0.25 and r = 0.34
(Table 2).

The §'3Ceep and 6 3Cperh, values show a constantly decreasing trend
between 512 and 1860 CE, followed by an increasing trend in 613Cmeth
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Table 2
Proxy covariance and age-trend estimates.
Raw data
TRW [mm] MXD [g cm™3] 63Ceen [mUF] "3Cpern [MUT] 6'%0en [mUr] 6%Hpmern [mUr]
Rbar annual (p-value) 0.55 (<0.001) 0.55 (<0.001) 0.74 (<0.001) - 0.56 (<0.001) -
Rbar decadal (p-value) 0.43 (0.03) 0.27 (0.13) 0.43 (0.04) 0.25 (0.2) 0.44 (0.04) 0.34 (0.11)
Trend decade ! +0.0012 +3.68 x 107° —0.00086 +0.0097 +0.003 —0.055
(1820-2020)
Age-aligned normalized data
TRW [mm MXD [g 513Ceeny [mUF 13Cpen [MUF 5'%0en [mUF 6%Hpetn, [mUF
decade™'] cm3decade '] decade™'] decade™'] decade™'] decade™']
Age trend (50-350 —0.0042 —0.0021 —0.0009 —0.0022 —0.0005 +0.0031
years)
Age trend (subset —0.02 (50-70) +0.012 (50-70) +0.027 (50-80) —0.003 (100-350) —0.0074 (50-120) -+0.004 (100-350)
period)

values and a decreasing trend in 5'3C ey values thereafter (Fig. 2). The
5180ceu and 52Hmeth values display more variability over time, as both
proxies show an early decreasing trend until ~750 CE, followed by
relatively stagnant values until ~1000 CE. After 1500 CE, 6180C6u values
increase strongly at 0.004 mUr decade™!, while 52Hmeth values decrease
steadily at —0.02 mUr decade ™.

To assess the variability of the isotopic 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 six proxies (Fig. 3).
While there are almost no differences between the living and relict wood
of TRW, MXD, 6'3Cep, and 6"3Cpperh (Aliv/rel: mean difference between
values of living and relict wood calculated across all series and calendar
years), 5'80.ey values of living wood are +1.49 mUr higher than the
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relict wood values. In contrast the living-tree 5°Hper, values are —6.57
mUr lower than their relict wood counterparts (Fig. 3). Variance of
living and relict wood is similarly in TRW, MXD, 513Cce11, 513Cmeth, and
62Hmeth, except for 6180@11 showing increased interquartile ranges in
relict wood (2.4) compared to the living wood (1.1) (Figs. 2 and 3).
Comparable level offsets in 5'80.an values between living and relict
wood were also seen when considering the common period from 1641 to
1820 CE, whereas offsets in 6°Hpmewn values are no longer visible
(Fig. S3).

Fig. 4 shows the mean intra-series standard deviation (SD of indi-
vidual series), the mean inter-series SD (SD among series in each decade)
and the Ajjy/rel. Intra-series SD is smaller than the inter-series SD for all
six proxies. The intra- and inter-series SD of the methoxy-based TRSI
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Fig. 5. Age-aligned TRW, MXD, 5'3Ceelt, 53 Crmeth, 8 80ell, and 5Hper data of relict wood. Top curves in each panel show the raw series (grey) and their arithmetic

means (coloured), lower curves are the means of the normalized data.
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values is higher compared to the intra- and inter-series SD of the
cellulose-derived TRSI values. Comparison between intra- and inter-
series SD and Ajjy/re; Shows that Apy el values in TRW, MXD, and
513Cmeth are negligible compared to the intra- and inter-series SD. Ajiy/rel
in 6'3Cee reaches similar amounts as the intra-series variation, indi-
cating that the signal in the 613CC311 series is as high as the mean offset
between living and relict wood values. Ajy/rel in 5'80cen and 6% Hpetn
values are even more pronounced, as the Ajy e Of 580,11 exceeds the
intra- and inter-series SD, and the Ajjy/re; Of 8% Hpmer, values were
considerably higher than the intra-series SD.

3.2. Age trend observations

The age-aligned raw and z-transformed TRW and MXD series show
clear ontogenetic trends (Fig. 5). Similar to an exponential curve the
decline in TRW is more pronounced in early years compared to the later
stages. As a result, the 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 cambial age, followed by a persistent negative trend
thereafter. The 5'3Ceey series show an initial increasing trend between
50 and 80 years, whereas the 5'80¢e series show a decreasing trend
until a tree age of 190 years (Table 2). Thereafter, neither 513Cce11 nor
6180ce11 series show any trend. In contrast, the 52Hmeth series show
decreasing values between 50 and 70 years of cambial age, and the
5'3Cneth series show short-term increasing trends between the tree ages
of 90 and 100 years. Both 5'3Cmeth and 5°Humern series exhibit further
trends, especially after the tree age of 200 years.

A detailed slope examination of the z-transformed data (Fig. 6)
verifies the trend observations in the raw data. TRW shows a consistent
and significant (p < 0.01) decreasing trend over the 50-350 years of
cambial age at a rate of —0.004 mm decade™! (Table 2). On the other
hand, MXD shows an initial increasing trend between 50 and 70 years,
but this trend reverses and becomes significantly (p < 0.01) negative
after 50-120 years. The initial positive trend in 5'3Ceen (p < 0.01 up to
50-100 years) is related to comparatively low 5'°C values at young tree
ages (50-80 years), as no significant trends are found after a tree age of
100 years (Fig. S6). The initial decreasing 51806611 values are significant
between 50 and 190 years (p < 0.01, maximum slope from 50 to 120
years at —0.007 mUr decade™ ). For 613Cmeth values, an initially
increasing trend is found from 50 to 120 to 50-140 years at p < 0.01.
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However, significant decreasing trends of —0.002 mUr decade™! years
are observed from 50 to 290 years. In 62Hmeth, initially decreasing values
at —0.04 mUr decade ™! are recorded at young ages (between 50 and 70
years), followed by significant increasing values from 50 to 210 years (p
< 0.01).

Trend analyses of the mean relative chronologies (Fig. S5) support
these findings and reveal significant (p > 0.01) positive trends in 5'3Ceen
values between 50 and 100 years, as well as significant negative trends
in 6"3Cpern and significant positive trends in 8% Hpmern values over the last
third and the second half of the age aligned data, respectively. However,
trend analyses reveal significant slopes in 513Cmeth and (52Hmeth to start
earlier from 50 to 270 years and from 50 to 200 years, respectively,
compared to the assessments of the mean z-transformed series. These
differences, as well as the observed varying initial trends in 5180C611 and
5?Hpmeth series are considered in the following discussion.

4. Discussion
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 physiological processes
that lead to considerable fractionation differences during the formation
of the two plant components. While methoxy groups are depleted of 13C
by ~4 mUr compared to cellulose, the 5*3C values of cellulose and lignin
vary within the same range with 1.3 mUr for 5'3Ceey values and 1.7 mUr
for 5'3Cpern values. Therefore, by combining different plant components
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 chosen for their dissimilarity,
offers the potential to increase the strength of the climate signal and the
range of extractable climate information. The observed high Rbar be-
tween 512 and 2020 CE, especially in 513Ccent (r = 0.74) and 680y (r =
0.56), are in line with previous observations from the Mediterranean
region (Konter et al., 2014; Lukac et al., 2021; Romer et al., 2023) and
support the importance of climate drivers on annual-to-decadal TRSI
variability.

In this study we found discrepancies between the TRSI chronologies
of cellulose and methoxy groups, particularly during the most recent
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Fig. 6. Linear slopes of the mean z-transformed TRW (orange), MXD (yellow), §'3Cceny (light red), §'*Cpew (dark red), §'80cey (light blue), and 6?Hppeq, (dark blue)
series. White bars represent non-significant (p > 0.01) and coloured bars significant slopes at p < 0.01.
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200 years CE, where contrasting long-term trends in the carbon, oxygen,
and hydrogen values of the two plant components are observed (Fig. 2,
Table 2). Differences 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 determinants,
likely climatic factors such as temperature, drought, or precipitation. An
alternative explanation is that the proxies may capture the same climate
signal, but the seasonality of this signal varies due to temporal differ-
ences 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 513C,ey1 values are more sensitive to climatic vari-
ables of the entire growing season (from March to October), whereas
5'3Cmern values are more sensitive to climatic conditions at the begin-
ning of the growing season (Mischel et al., 2015). Similar observations
have been made for §'80ce and 6°Hpetn values. While 6180, values
were described to be primarily related to maximum air temperatures
from March to October, 8*°Hpen values revealed significant (p < 0.01)
correlations with maximum air temperatures from March to May (Mis-
chel et al., 2015).

The observed offsets between living and relict 5?Hmeth values over
the full chronology period (512-2020 CE) and the absence of similar
offsets over the common period of the living and relict wood
(1641-1820 CE, Fig. S3) show that Ajjy/re is mainly influenced by the
strong negative trend inherent in the last 200 years of the chronology,
which may reflect a significant change in environmental conditions.

In contrast, the Ajjy/re) Of the 5180, series seems to be influenced by
a factor other than recent environmental change, as we find an offset
between relict and living 5'80¢e 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 580y values covering
a distinctly wider range than the living 5'80cey values (Figs. 2 and 3).
The Ajiv/rel Of the 5lsoceu 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
6180@11 values could be related to cellulose decomposition associated
with exchange processes with the surrounding water. Water exchange
processes in 5180, but stable 5°Hper, 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 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 factor for the high level differences in relict
61806511 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. S7). Gaglioti et al. (2017) documented
isotopically lighter §'®0ce values with increasing trunk height, and if
the relict trees in this study are affected by a similar trend, the wood
obtained in this study seems to represent mainly material from higher
trunk heights. In addition to the negative Ay el Value, this would also
explain the wider data distribution of the relict wood, as the series
represent samples from diverse tree heights. Esper et al. (2020b) docu-
mented systematic changes of 613Cceu with stem height and sharply
increasing values towards the tree crown. The 5*3C values in this study,
however, do not appear to be affected by this tree-height bias, as none of
the two §'3C chronologies showed substantially high Ajy/re1 values or
strong differences in the data distribution of relict logs and living trees
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(Fig. 3). Possible explanations for stem-longitudinal §'>C shifts include
microclimatic changes and CO; stratification with tree height (Ehler-
inger 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 mea-
surements to assess this source of uncertainty.

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 from northern Greece. The trees used grew
over several centuries from 512 to 1820 CE including warm and cold
periods (Esper et al., 2020a), and climatic signals in the age-aligned
series should therefore be levelled (Esper et al., 2003). Our results
clearly demonstrate common age trends in traditional growth parame-
ters (Braker, 1981), including a decrease of —0.004 mm decade™! in
TRW and of —0.002 g cm > decade ™! in MXD between 50 and 350 years
of cambial age.

Age-related trends are also apparent in all TRSI chronologies. We
found initial short-term age-related trends in 5'3Ceep; and 6%Hyperp, values,
decreasing trends in 5180ceu values until the tree age of 190 years, and
significant negative and positive trends in 5"3Cpeth and 6°Hpew values
from 50 to 290 and 50-210 years, respectively.

Most of the age trends in TRSI were of lesser magnitude than TRW
and of shorter duration than MXD. While 513CC311 values clearly increase
between 50 and 80 years of cambial age, no significant age-related
trends are recorded thereafter. Compared to the age-trends in TRW,
the juvenile 613Cce11 trends are of comparable magnitude. Several 53¢
studies have documented this juvenile 5!3C trend during the first de-
cades of cambial age (e.g. Esper et al., 2018, 2010; Francey and Far-
quhar, 1982; Konter et al., 2015; McCarroll and Pawellek, 2001;
Torbenson et al., 2022; Treydte et al., 2001). The initially increasing
élgcceu values in this study could therefore be classified as a juvenile
effect that appears to be extended (up to 80 years) in relation to the
overall high tree ages of Pinus heldreichii at the Mt. Smolikas site (Konter
et al., 2017). Common explanations for the juvenile effect in the early
years of tree growth include shading of smaller trees and depleted CO,
respiration from the forest floor (Francey and Farquhar, 1982; van der
Merwe and Medina, 1991). These explanations, however, are unlikely to
account for the juvenile trends in our 513C o1 series, as trees grow at high
altitudes with a completely open canopy and almost permanent air
mixing due to ever present wind. An alternative explanation refers to
changes in hydraulic conductivity affecting stomatal conductance,
which in turn affects carbon isotope values (McCarroll and Loader,
2004). With increasing tree height, soil to leaf hydraulic conductivity
decreases, coupled with a steady 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 513Ceep values
may coincide with periods of greatest increasing height growth.

In contrast, 5°Hpmeh values show an initial decreasing trend until a
tree age of 70 years, from —251 to —255 mUr or —0.16 mUr decade™! (p
< 0.01, Fig. S5), followed by a smaller increasing trend starting at 100
years from —254 mUr to —251 mUr. Our study is the first to analyse
long-term age-trends in TRSI 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 8%Hee values with a
decreasing trend in the first 50 years by ~7 mUr, followed by an
increasing trend over the remaining tree ages up to 480 years by ~2.5
mUr. These findings are consistent with our observations. A possible
explanation for the age-related trends in the juvenile phase 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 2H from the deep to the shallow
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soil layer due to evaporation processes and the loss of isotopically lighter
water molecules (Allison et al., 1983; Lin and Sternberg, 1993). Our
5'3Cpmeth chronology shows a steep increase of 5'3Cmern values at a
cambial age of ~100 years with constantly decreasing values thereafter,
resulting in a long-term negative trend of —0.002 mUr decade™!
(50-350 years of cambial age, Fig. 6) and —0.003 mUr decade !
(100-350 years of cambial age, Fig. S6). These trends are of comparable
magnitude compared to the age-related trends in MXD (Fig. 6).

The 5lsoce11 values show a decreasing 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 5180en values in
younger tree ages (between 50 and 80 years), as significant (p < 0.01)
negative trends are also observed when analysing cambial ages ranging
from 100 to 170 and 100-180 years (Fig. S6). Changes in hydraulic
conductivity with plant age could explain the juvenile trends in §*3Ceey
values, but not the decreasing trends in 6180ce11 values, as reduced sto-
matal conductance would lead to higher 5180 values (Barbour et al.,
2004). But, similar to the initial negative trend in 62Hmeth values, a
change in the root system from shallower to deeper soils could also affect
the 6'80,e values. Positive trends in 6°H and negative trends in 580 of
cellulose were also observed by Nakatsuka et al. (2020) and negative
trends in 580 were documented by Esper et al. (2010) and Treydte
et al. (2006).

With the exception of the juvenile trends in 5'3Ceen and 5%Humetn
values, none of the observed long-term trends in TRSI are comparable to
the age-related trends in TRW. However, the long-term trends in
5'3Cmeth and 8*Hpmer, are similar or even higher than the observed age
trends in MXD (Fig. 6). Hence, juvenile effects in 5'3Ceent and 8®Hpeth
should be considered when using the new Mt. Smolikas TRSI data for
climate reconstruction. §'80¢ei1, 6 >Ceth, and *Hpeth chronologies must
be detrended for proper climate signal determination, whereas no
standardization is required for 6'3Cepy values. The current literature
does not show a common pattern of long-term age-related trends in
TRSIL. While some studies found age-related trends during the juvenile
period in 513CC511 values of pines (Pinus cembra) from the Swiss Alps
(Arosio et al., 2020) and pines (Pinus sylvestris) from northern Finland
(Gagen et al., 2008), others found age-related trends throughout the tree
lifespans in pines (Pinus uncinate) from the Spanish Pyrenees (Esper
et al.,, 2010) and in pines (Pinus sylvestris) from northern Scandinavia
(Torbenson et al., 2022) and northern Lapland (Helama et al., 2015).
However, there are also studies that found no evidence for age-related
trends in oaks from the Czech Republic (Biintgen et al., 2020) and in
larches from West Wales, UK (Kilroy et al., 2016). A similar inhomo-
geneous pattern can be observed for 580,y values, with significant age
trends reported in pines (Pinus uncinate) from the Spanish Pyrenees
(Esper et al., 2010) and the absence of such trends in pines (Pinus syl-
vestris) from northern Scandinavia (Torbenson et al., 2022) and in oaks
from the Czech Republic (Biintgen et al., 2020) as well as after 100 years
of cambial age in pines (Pinus sylvestris) from the Swiss Alps (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.

5. Conclusion

In this study we analysed multi-isotope data from two different plant
components, cellulose and lignin methoxy groups, to investigate
biochemical fractionation differences and age-related trends. We
compared stable carbon, oxygen, and hydrogen isotope ratios and found
significant temporal variations between cellulose and methoxy groups,
particularly over the past two centuries. Our findings suggest that
different environmental factors control decadal variability and long-
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term trends of the two plant components.

While age dependencies in TRW and MXD are well-known and
widely accepted in dendrochronological literature, the existence of age-
related trends in TRSI 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 series revealed
initial increasing age trends in 5'3Ceen and initial decreasing trends in
5°Hpern values, indicating the presence of an extended juvenile effect in
both proxies. 580 series show significant decreasing trends over the
first 190 years of cambial age, whereas 613Cmeth and 52Hmeth series
indicate decreasing and increasing trends starting at tree ages of 100
year. Hence, 580, 5'3Crmeth, and 6?Hpesn series require detrending
prior to climate reconstruction, whereas 513C, ey values may be used in
paleoclimate analyses without detrending and therefore offer the unique
potential to preserve low-frequency climate variability throughout the
last two millennia CE. So far, the potential mechanisms behind age-
related trends are not fully understood and the findings of this study
highlight the complexity of ontogenetic trends in TRSL It is therefore
still important to test each site and tree species before using TRSI data
for climate reconstructions.
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