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Introduction: The Global Meteoric Water Line (GMWL) describes the linear
relationship between stable hydrogen (δ2H) and oxygen (δ18O) isotopes in
precipitation over large spatial scales and therefore represents a unique
reference for water isotopic values. Although trees have the potential to capture
the isotopic composition of precipitation, it remains unclear if the GMWL can
be reconstructed from tree-ring stable isotopes, since δ18O and δ2H undergo in
vivo physiological fractionation.

Methods: We analyze the tree rings δ18O and δ2H values from six regions along
a latitudinal gradient from Spain to Greenland.

Results: The data show that the covariance between δ18O and δ2H closely
follows the GMWL, which reflects the isotopic signature of large-scale
precipitation patterns. We show that changes in regional tree-ring δ18O and δ2H
values along wide latitudinal ranges are influenced by the isotopic composition
of precipitation with temperature and latitude being the most significant drivers
of spatial variation across the studied regions. In contrast, local tree-ring
δ18O and δ2H values are mainly controlled by plant physiological fractionation
processes that mask the isotopic signature of precipitation.

Conclusion:We conclude that covariance in tree-ring δ18O and δ2H reflects the
GMWL at larger spatial scales, but not when evaluating them at individual sites.

KEYWORDS

global meteoric water line, GMWL, hydrogen stable isotopes, oxygen stable isotopes,
paleoclimate, precipitation, tree rings
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Introduction

The isotopic composition of precipitation, represented by stable
oxygen (δ18O) and hydrogen (δ2H) isotopes, is influenced by
various factors such as temperature, the amount of precipitation,
and relative humidity, as well as geographic elements such as
latitude, altitude, and distance from the coast (Dansgaard, 1964;
Gat, 1996; Bowen et al., 2019). Their relationship is globally
defined by the Global Meteoric Water Line (GMWL), which is
described by the equation δ2H = 8 δ18O + 10 (Craig, 1961) that
primarily reflects the equilibrium fractionation factors between
δ2H and δ18O in precipitation. These factors are influenced by
evaporation processes (Dansgaard, 1964; Gat, 1996; Bowen et al.,
2019) and vary at a local scale, leading to the Local Meteoric
Water Lines (LMWL) that usually deviate from the GMWL
(Lécuyer et al., 2020; Hatvani et al., 2023).

The GMWL provides a reference for the environmental and
climatic interpretation of δ18O and δ2H values in a wide range of
paleo proxy archives, including ice cores, speleothems, and lake
sediments (Galewsky et al., 2016; Tappa et al., 2016; Pang et al., 2017;
Ghadiri et al., 2020). The GMWL has demonstrated remarkable
stability through time. Studies of European groundwaters have
provided crucial evidence for this consistency, indicating stable
atmospheric circulation patterns from the late Pleistocene through
the Holocene (Rozanski, 1985).

Stable oxygen and hydrogen isotopes are preserved in the
cellulose of living and relict tree rings, and their evaluation is used for
climate reconstruction (Hafner et al., 2011; Nakatsuka et al., 2020;
Büntgen et al., 2021; Nagavciuc et al., 2022; Xu et al., 2024) and
eco-physiological studies (Cherubini et al., 2021; Lehmann et al.,
2021; Holloway-Phillips et al., 2023; Vitali et al., 2023).The δ18Oand
δ2H isotopic values in cellulose, derived from soil water originally
sourced from precipitation, are affected by fractionation processes
occurring during pre-photosynthetic, photosynthetic, and post-
carboxylation stages (Yakir, 1992; Roden et al., 2000). Thus, it is
unclear if their final values in cellulose reflect those of the original
precipitation water and if their mutual relationship corresponds to
the GMWL. In fact, many factors affect the isotopic composition
of cellulose. For example, transpiration enriches leaf water of both
heavy isotopes (Roden et al., 2000), and carbonyl-water interactions
during cellulose biosynthesis increase δ18O ratios (εo = 27‰) with
values that are conserved in the analysed trees (Sternberg and
DeNiro, 1983; Sternberg, 2009). Tree-ring δ18O records are widely
used in paleoclimatic research as climate proxy (Siegwolf et al.,
2022; Xu et al., 2024). In contrast, the δ2H ratio is decreased during
cellulose biosynthesis compared to the leaf water (Cormier et al.,
2018; Vitali et al., 2022) due to biological fractionation processes
that are variable and differ between species (Arosio et al., 2020b).
This, and the difficulty of their measurement (Roden et al., 2000;
Cormier et al., 2018; Arosio et al., 2020a; Vitali et al., 2023),
complicate the use of tree-ring δ2H values as a proxy archive,
although they are potentially useful. One technical difficulty is
that only the non-exchangeable, C-bound δ2H (referred to here
as δ2Hn) carries climatic or physiological information, and thus,
the exchangeable, oxygen-bound H must be subtracted from the
measurements. In addition, the use of δ2Hnmeasures is complicated
by uncertainties of hydrogen biological fractionation (Vitali et al.,

2022). Moreover, there are inconsistencies between modelled and
measured δ2H values (Waterhouse et al., 2002).

The uncertainties of the ability of tree-ring isotopes to faithfully
preserve the original precipitation isotope signal is thus a major
drawback for their utilization as proxy archives, even though
they have the potential to provide broad geographical coverage.
Initial efforts to relate δ2H and δ18O ratios to precipitation
and to the GMWL have shown promise at regional scales
(Lehmann et al., 2022; Churakova et al., 2023), but systematic studies
at the hemispheric scale are still missing.The evaluation of δ18O and
δ2Hn in the cellulose of a large number of samples collected at local
and continental scales that cover extended time periods necessary
in order to verify if they can be used to detect the GMWL and to
identify the conditions for a reconstruction of the water cycle. Here,
we show that we conduct study of δ18O and δ2Hn values in the tree-
ring cellulose of living and subfossil wood samples from larch and
non-larch conifers collected at six different sites across continental
Europe, Iceland, and Greenland. The variations in δ18O and δ2Hn
values between different sites and within each individual site were
compared to understand the biological and physiological factors
affecting the stable isotopes at different geographical scales.

Methods

Samples collection and stable isotope
analysis

The δ18O and δ2Hn tree-ring cellulose data were analyzed
from six sites across Spain, the European Alps, Iceland, and
Greenland (Figure 1A; Table 1). While the datasets from Iceland
and Greenland are unpublished, the Alpine arc data comes from
the publicly available “Alpine Holocene Triple Tree Ring Isotope
Record” (AHTTRIR) (Arosio et al., 2022), which comprises 202
trees at the tree line in the Swiss, Austrian, and Italian Alps,
covering 46.03–47.03°N and 7.55–15.25°W. This dataset spans the
last 9,000 years up to 2015 CE with a 5-year resolution. Analyses
indicate a very low correlation (r < 0.2) between tree-ring width and
isotopes in the Alpine dataset, confirming that favorable growing
conditions (wider rings) do not significantly influence the 5-year
average δ18O and δ2Hn values (Arosio et al., 2021). Greenland
samples, with exceptionally narrow rings (mean 0.123 mm), were
sectioned into 10-year blocks, while Icelandic wood was cut
into annual slices. All samples underwent cellulose extraction
(Ziehmer et al., 2018) and isotope analysis (Loader et al., 2015). The
network spans six sites from 37°N to 80°N (Figure 1A), featuring
larch and non-larch conifers. Samples from Spain and Iceland cover
four centuries, the Alps span nine millennia, and Greenland’s wood
extends over four centuries but predates the 14C dating limit by over
50 millennia (Table 1).

Isotope analysis and calibration

For the combined onlinemeasurements of δ13C, δ18Oand δ2Hn,
the samples were subjected to pyrolysis at temperatures exceeding
1,450°C in a Flash HT elemental analyzer to convert the cellulose
to carbon monoxide and hydrogen (Leuenberger and Filot, 2007)
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FIGURE 1
Comparison of δ18O and δ2H at continental and local scales. (A) plot of the δ18O and δ2H isotopic mean values for each site, the solid lines indicate
linear regressions, the red line is for larch trees, and the green line is for pine and spruce trees. The dashed blue line represents the GMWL. For each
region, the standard deviation is indicated, and linear regression fits, associated R values and p values for the two tree groups are shown. The number
of trees for each site are: Alps (larch), 85; Greenland,1; Iceland, 1; Alps2, 19; Spain1, 5; Spain2, 5; Spain3, 5; Alps1 (Picea abies), 1; Alps1 (Pinus cembra),
116. The °N latitude is indicated by the colour of the points and expressed numerically (see Table 1 for details). The round dots are for larch trees, and
the triangular dots are for pine and spruce trees. The inset shows sampling locations. (B) Scatter plot of tree-level δ2H and δ18O of the 85 larch trees
(red) and 116 cembran pine trees (cyan), with the dotted blue line representing the GMWL.

following the method described in Filot et al. (2006). This high
temperature is critical for decomposing the cellulose quantitatively
into hydrogen and carbon monoxide, with the residue (partial
carbon of the cellulose) (Leuenberger and Filot, 2007) collected
in a graphite crucible. The resulting gases were separated via a
5 Å molecular sieve and analysed using a Thermo Delta XP or an
Elementar/Isoprime mass spectrometer for δ13C and δ18O on CO
and δ2Hn on H2.

δ2Hn values are determined using an online equilibration
technique described by Filot et al. (2006) and extended to a triple
isotope method (COH) described by Loader et al. (2015). The
specific procedure involves equilibrating the cellulose samples with
water vapour of known δ2Hvalues (close to VSMOW, variable in the
range of −2 to +2‰ over years depending on the aliquot of internal
water standards, calibrated against VSMOW with a precision of
0.5‰) at 110°C for 10 min using a continuous flow of helium
carrier gas at 80 mL/min.The rate of equilibration was checked with
different calibration waters in the range (−429.1 (Dome C) to +1
(Meerwasser) ‰) to cover a wide range of δ2H values as already
used by Filot et al. (2006). The samples and standards are stored in a
desiccator when not being analysed. This equilibration method was
cross-calibrated with the nitrationmethod using cellulose standards
with known δ2Hn (Filot et al., 2006).

The mass spectrometric analysis involved the determination
of isotope ratios of hydrogen and carbon monoxide, which were
sequentially detected and measured after elution. This process
included working gas pulses for both hydrogen and carbon
monoxide, yielding raw delta values, which were converted in per
mil (‰) deviations relative to Vienna Standard Mean Ocean Water

(VSMOW) for hydrogen and oxygen as well as carbon based on the
calibration procedure described below.

Calibration and quality control were integral to our
methodology. A two-point calibration of the raw delta values
obtained against our working gas was performed for all isotope
ratios (Table 2). For hydrogen, we used Merck cellulose (−34.94‰
δ2Htotal, and −70.9 δ2Hn) and IAEA-CH7 polyethylene standards
(−100.3‰ for both δ2Htotal, and δ2Hn as no exchangeable hydrogen
is available). This calibration approach allows us to determine
the offset and contraction/stretching of the scale relative to the
international VSMOW-SLAP scale. These scale correction terms
are independent of whether there are available exchangeable
hydrogen atoms. To check for drift in the reference gas and to
evaluate precision over time, we additionally used Wei Ming
101 cellulose (from WEI MING Pharmaceutical MFG) and/or
IAEA-C3 cellulose (form IAEA) and IAEA-C6 sucrose (form
IAEA) standards (Rozanski et al., 1992; Coplen et al., 2006).
This led to the evaluation of the machine performance and the
implementation of the necessary corrections to a linear drift.
Furthermore, the inclusion of IAEA-CH7 specifically enabled
quality control of the non-exchangeable hydrogen measurements,
while the cellulose standards accounted for the exchangeable
portion. For δ18O and δ13C, we used Merck and IAEA-C3 for
the calibration, the corresponding values are given in Table 2. The
system’s stability allowed for consistent and reliable data within
the standard precision limits of ±0.3‰ for oxygen and ±3.0‰ for
hydrogen.

Tree-ring δ18O and δ2H data from three Spanish sites
(Figure 1A; Table 1) were generated during the ISONET project
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TABLE 2 Standard materials and assigned values: the values in bold were used for calibration. The other values were determined using these
calibration values.

Standard δ2H assigned values.
VSMOW-SLAP

δ2Hn assigned
non-exchangeable.
VSMOW-SLAP

δ18O. VSMOW-SLAP δ13C. V-PDB

Merck −34.9 −70.9 28.67 −24.57

IAEA-C6 −6.3 −33.3 36.40 −10.40

IAEA-CH-7 −100.3 −100.3 — —

IAEA-C3 32.14 −24.91

Wei Ming 101 −43.5 −82.1 29.65 −24.05

(Treydte et al., 2006) and followed the methodology for δ18O
detailed in Treydte (Treydte et al., 2014). The δ2Hn measurements
were conducted using the technique described above. All
samples in this study were measured for non-exchangeable, C-
bound hydrogen from tree-ring cellulose (Filot et al., 2006;
Loader et al., 2015).

All examined trees were absolutely dated with only one
exception, the tree from Greenland, which was estimated
to be older than 50,000 years. The fragmented remains of
this tree were discovered within a glacier moraine at an
elevation of 331 m asl, located more than 90 km away from the
open sea.

Sea-level change correction for the alpine
dataset

The δ2Hn and δ18O of the Alpine dataset were corrected
for the effect of ice volume with a gradient obtained for δ18O
(Fleitmann et al., 2009; Affolter et al., 2019) and converted
to δ2H by multiplying it by a factor of eight, resulting in a
gradient of −0.064‰ per meter of sea-level rise (Rozanski et al.,
1982); as previously done for speleothem records from Switzerland
(Affolter et al., 2019). The effect of ice volume correction on
the Alpine database for δ2Hn and δ18O values is shown in
Supplementary Figure S5. The other datasets do not require a
correction as they are from the late Holocene period, where the
correction is ineffective (Supplementary Figure S5). The Greenland
sample has not been corrected for temperature because the growth
temperature is unknown.

Larch oxygen isotope correction

The oxygen values of larch and non-larch trees are known to
have similar values if they come from the same region and time,
while those of hydrogen are known to be lower in larch than non-
larch trees (Arosio et al., 2020b). Thus, we corrected all larch values
based on the difference between the larch and non-larch species in
the Alpine database (Figure 2, Supplementary Figures S2, S4-1, S5).
The correction factor is −48.1‰.

Climate data

Monthly temperature andprecipitation datawere extracted from
theClimatic ResearchUnit’s CRUTS4.03 dataset (Harris et al., 2020)
for the period 1905-2002 at each study site.

Summer (JJA) and winter (DJA) seasonal means deviation
for monthly precipitation hydrogen (δ2Hp) and oxygen (δ18Op)
stable isotope values were calculated per site by extrapolating the
monthly values from the gridded data defined by Bowen et al.
(2005), using each site’s latitude, longitude, and altitude. The
modelled data are based on precipitation measurements from 1960
to the present (Bowen et al., 2005).

Statistical analysis

To assess the variable’s dependency, a linear regression has
been calculated (Figures 1, 2, 3; Supplementary Figures S1–S5) and
associated with the P value and the Statistical power. The Statistical
power is defined as one minus the probability of type II error
(Greenland et al., 2016). The choice to use the average and standard
deviation to represent the site values is based on the normal
distribution of the isotopic values (Supplementary Figures S3A, B).

To account for the uncertainty linked to the average of each
region for δ2Hn and δ18O, we conducted a Monte Carlo simulation
with 10,000 iterations whereby the linear model was fitted to δ2Hn
and δ18O incorporating the uncertainty by randomly adding the
standard deviation of both isotopes.

The inferred mean linear regression is 8.03 for larch and 6.64 for
the non-larch group (Supplementary Figure S1.1).The same analysis
was carried out for all regions together but with the correction
for larch and not including the Greenland sample, with a mean
linear regression of 8.19 (Supplementary Figures S1.2). To show
the uncertainty generated from the Monte Carlo simulation, we
calculated the distribution density of the simulated slopes and
intercepts (Supplementary Figures S1.2B, C), simulated values and
all linear interpolations (Supplementary Figure S1.2C).

The relationships between the isotope data (δ2Hn and
δ18O) and geographical/climatic variables were analysed
using two approaches: 1) linear regression between each
isotope and each individual variable (Supplementary Figure S2,
Supplementary Figure S4.1) and 2) multivariate regression

Frontiers in Earth Science 05 frontiersin.org

https://doi.org/10.3389/feart.2024.1440064
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Arosio et al. 10.3389/feart.2024.1440064

FIGURE 2
Comparison of δ18O and δ2H of cellulose and precipitation. (A) Modelled δ18O and δ2H isotopic mean values (Bowen et al., 2005) of the JJA (June, July
and August) precipitation from the linear regression fits, representing the LMWL, associated R values and p values, in light blue. Dashed blue line
represents the GMWL. (B) Plot of δ18O and δ2H isotopic region mean values. The larch values (round shapes) have been corrected to overlap the
non-larch values (triangular shapes). Linear regression fits, associated R values and p values are shown. Round dots are for larch trees, and triangular
dots are for pine and spruce trees. The Greenland point (blue) was not taken into account in the linear regression.

analysis incorporating all variables simultaneously, excluding the
Greenland sample (Supplementary Table S1).

All the data analysis was performed in R version 4.3.2.

Results

Species-specific analysis at continental
scale

Our network is mostly focused over Europe and covers
a large part of the Northern Hemisphere from the south of
Spain to northern Greenland, across a range of time periods,
and it shows that the slope of the linear interpolation of the
regional averages of tree-ring δ18O and δ2H parallels that of the
GMWL (Figure 1A) and the LMWL (Figure 2B). It is important
to note that the GMWL has remained stable throughout the
Holocene, providing a consistent reference for isotopic studies
across this geological epoch (Rozanski, 1985). In contrast, we
observe no relationship between δ18O and δ2Hn at the single
site level (Figure 1B). An analysis of the Alpine dataset shows
that the isotopes present a normal t-distribution (McCarroll and
Loader, 2004) (Supplementary Figure S3), supporting the use of
mean values and standard deviations for the representations of
our datasets.

Larch was shown to have δ2Hn values different from those
of non-larch conifers, in agreement with the previous study
(Arosio et al., 2020b). Thus, δ18O and δ2Hn data were initially
analysed separately. The linear regression of the means of their
δ18O and δ2Hn values was statistically significant (Figure 1A, p
< 0.05, R2 = 0.98 and slope = 8.13, power = 0.80, n = 4). This

was confirmed by a Monte Carlo analysis, which includes the
uncertainty of averages through the use of standard deviation.
It produced a regression δ18O vs. δ2Hn with a similar slope
(mean = 8.03, first quartile = 6.85 and third quartile = 9.01)
(Supplementary Figure S1.1C). Importantly, the 8.13 slope value is
close to that of the GMWL (Craig, 1961) (8.0), and to that of
the LMWL (7.9 calculated with the modelled precipitation values)
(Figure 2A). The linear regression of the δ18O and δ2Hn mean
values of the non-larch was also significant but only marginally
(p = 0.054, R2 = 0.76 and slope = 7.46, power = 0.54, n = 5),
confirmed by Monte Carlo simulations that produced a similar
slope value (mean = 6.64, first quartile = 4.67 and third quartile
= 8.23) (Supplementary Figure S1.1B). Thus, the linear regression
analysis of the δ18O-δ2Hnmean values of all the sites was statistically
significant (Figure 1A) and alignedwith theGMWL (Figure 1A) and
the LMWL (Figure 2). However, the intercepts of the larch (−358‰)
and of non-larch (−275‰) linear regressions differed remarkably
from that of the GMWL (+10) (Craig, 1961), because of the isotopic
fractionation occurring in trees. Their different intercepts could be
explained as the δ18O in cellulose is ∼27‰ higher than that of
leaf/precipitation water, while the δ2Hn was shown to be −171‰
after photosynthetic and +158‰ at post-photosynthetic steps
(Lehmann et al., 2022) and differ in larch and non-larch conifers
(Arosio et al., 2020b).

Larch correction and continental analysis

The regression lines of larch and non-larch trees have very
similar slopes, indicating that the difference between larch and
non-larch values is roughly constant among different sites. The
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FIGURE 3
Seasonal modelled precipitation isotopic values vs. tree-ring isotopic values. Scatter plots of the correlation between isotopic measurements from tree
rings and modelled precipitation during summer (JJA) and winter seasons (DJA). (A) Tree-ring δ18O (TR) versus summer δ18O precipitation, (B) Tree-ring
δ2H versus summer δ2H precipitation, (C) Tree-ring δ18O versus winter δ18O precipitation, (D) Tree-ring δ2H versus winter δ2H precipitation. Each point
represents a specific geographical location labelled accordingly. The lines of best fit are shown along with coefficient of determination (R2) and
p-value, indicating the strength of the correlation. The Greenland point (red) was not taken into account in the linear regression.

use of the two species together is possible but only by correcting
the larch samples (Figure 2B, Supplementary Figure S1.2). After
correction and considering all the regions together, the linear
regression produced a slope value of 8.2 (p < 001, R2 = 0.79,
n = 8, power = 0.91, mean of 8.19 with a Monte Carlo
analysis) (Figure 2B; Supplementary Figure S2).This value is similar
to that of the regressions adjusted for the simulated isotopic
precipitation values of the same sites (Figure 2A), which are 7.9
and 8.0 for the LMWL and the GMWL (Craig, 1961), respectively.
Of note, we excluded the Greenland sample for the statistical
analysis of Figure 2B, because it lacks an exact dating and its sea-
level correction; moreover, its rather low values may affect the linear
interpolation. Nevertheless, it remains an interesting verification
sample.

Figure 2B shows that the mean values of all sites are well aligned
on the regression line, except Spain1, which has higher δ2Hn values
than Spain 2. This difference cannot be explained by climatic or
geographical effects (Table 1), or isotopic value of precipitation
(Figure 2A), and we attributed the increased δ2Hn values to
physiological stress at Spain 1 that may increase autotrophic
metabolism and affect isotopic fractionation (Cormier et al., 2018)
(Figure 4).

Seasonal, geographical, and present
climatic influence

After excluding the Greenland sample, we found that the
relationship between the mean regional summer temperatures and
the mean regional isotopic values for both δ2H and δ18O was
significant (p < 0.01 R2 = 0.85 and 0.83 for both δ18O and
δ2Hn respectively) (Supplementary Figures S4-1A, B). In contrast,
summer precipitation amounts do not seem to be a representative
parameter of the regional tree-ring δ2Hn and δ18O, as the
correlation is not significant (Supplementary Figures S4-1C, D). We
conclude that temperature was the primary factor driving the
variations observed in both δ2H and δ18O mean values across the
different regions.

In addition, we found a strong significant correlation between
the regional tree-ring δ18O and δ2Hn (larch corrected) and the
modelled summer isotope precipitation values (Bowen et al.,
2005; IAEA/WMOA, 2006; Bowen, 2012), while the correlation
with winter isotope precipitation values was weaker, especially
for δ18O (Figure 3). The correlation between tree-ring δ2Hn and
precipitation δ2Hp is lower than that between tree-ring δ18O and
δ18Op (Figure 3). This difference is likely caused by the higher
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FIGURE 4
Scheme of the factors affecting tree-ring δ2H and δ18O and the GMWL.
Incoming precipitation generally falls around the GMWL, described by
the equation δ2H = 8∗δ18O+ 10. The range of precipitation isotope
ratios at a given location is strongly related to its temperature,
elevation, and continentality. The slope of 8.0 reflects the relative
equilibrium fractionation factors between δ2H and δ18O and defines
the GMWL. At the leaf or needle level, transpiration occurs along a line
(light blue), the slope of which is controlled by the relative humidity
(Lehmann et al., 2022). Biological fractionation of both isotopes can
modify the isotopic values of leaf water. Hydrogen isotopic values can
be enriched by reserve uses (Cormier et al., 2018) and have lower
values in larch species compared to other conifers
(Arosio et al., 2020b).

biological fractionation of δ2Hn, which can dampen the seasonal
climate signal. However, since hydrogen and oxygen come from
the same water sources, the seasonal δ2H should reflect the
summer seasonality as δ18O does. The correlations between tree-
ring isotopes and the summer temperatures are similar(δ18O) or
higher (δ2Hn) than those between model precipitation isotopes and
temperatures (Supplementary Figures S4-1, S4-2).

The stronger summer δ18O signal is probably due to the high
altitude (>1,000 m) (Spain and the Alps) or the high latitude
(Greenland and Iceland) of the sampling sites, where tree growth
occurs only in the summer season (Moser et al., 2010) and depends
on δ18O of summer precipitation (Szymczak et al., 2020). This
contrasts with lowland broadleaved trees, the leaf water of which
reflects the winter δ18O precipitation stored in the soil (Allen et al.,
2019). Note that the Greenland sample was excluded from this
analysis since it comes from another interglacial stage where
temperatures and precipitation amounts are unknown.

The relationship of δ2Hn and δ18O with latitude showed
significant negative regression slopes (p < 0.01 for both isotopes,
R2 = 0.88 for δ18O and R2 = 0.81 for δ2Hn) (Figures 1A,
2A; Supplementary Figures SA, B). This agrees with the known
temperature-controlled isotope fractionation in precipitation caused
by poleward air mass transport that carries lower δ2Hn and δ18O
values at higher latitude sites (Dansgaard, 1964). The altitude effect
was not statistically significant (R2 = 0.4, p= 0.08 for δ18O;R2 = 0.4, p
= 0.09 for δ2Hn) (Supplementary Figures S2C, D), possibly because
of the limited altitudinal range of our data (Kern et al., 2014).

A multivariate regression analysis confirms that a key driver
of spatial δ18O and δ2Hn variation is summer temperatures and

that the δ2Hn values are also significantly related to δ2Hn summer
precipitation, latitude, and altitude (Supplementary Table S1).

Analysis of individual trees

In the sections above, we considered the mean values of the
different regions, but it is also important to analyse the isotopic
variation in the individual sites. We focused on our largest database,
the Alps1 sites. In the larch and non-larch trees of the dataset,
the correlations between the two isotopes were statistically non-
significant (Figure 1B).The low correlation (R2 < 0.1) remained even
after the normalisation of all trees (Supplementary Figure S3A), and
also when considering themean value of the different sites (R2 < 0.1)
(Supplementary Figure S3B). Thus, the low correlation is intrinsic
to the trees and is not due to the merging of trees from the same
region, with mean R2 < 0.25 for all larch and R2 < 0.2 for all
cembra pine (Supplementary Figure S3C).

Greenland sample

The Greenland sample was found at an altitude of 313 m a.s.l
and 90 km from the ocean, indicating in situ growth during an
interglacial phase when the climate in Greenland was warm. Now
there are no trees nearby. Nevertheless, the Greenland sample falls
remarkably close to the linear regression line for the region (shown
by the red dot in Figure 2B).

Discussion

Species-specific analysis at continental
scale

Present work analyses six sites covering a large part of
the Northern Hemisphere from the south of Spain to northern
Greenland, across a range of time periods. Our data show that the
δ18Oand δ2Hnmeans of regions exhibit a covariance that follows the
GMWL, indicating that the tree-ring isotopes capture the regional
value of precipitation isotopes, although with a difference between
larch and non-larch conifers (Figure 1A).

The consistent offsets of the larch and non-larch linear regressions
from the GMWL across the entire dataset suggest a nearly constant
difference in the isotopic fractionation of the two groups during
the processes of cellulose formation (Figure 1A). This suggests that
large-scale systematic physiological effects on isotope fractionation
do not occur over the large spatial and temporal range of our data,
although there are exceptions, such as the deviation observed at Spain
1 attributed to metabolic fractionation (Figure 2B).

Larch correction and continental analysis

From the regression of the means of δ2Hn and δ18O, using
all the samples corrected, we obtained a slope value close to 8,
which is very close to the slope of the GMWL (Craig, 1961). Similar
recent study reported slightly different results with a δ2Hn and δ18O
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slope value of 10, higher than the expected 8.0 for the GMWL or
7.8 for the LMWL (Supplementary Figure S9 in the appendix of
Vitali et al. (2022)). The work was based on the ISONET dataset
(Vitali et al., 2022) that contains conifers and oak trees of high and
low altitudes and different δ2Hn measurement systems that may
cause variability in tree-ring δ18O and δ2Hn (Kern et al., 2014;
Allen et al., 2019). This may explain the difference from our study,
which contains only high altitude/latitude conifers and uses the
same δ2Hn measurement system. The precipitation signal appears
coherent across our network and reflects the regional summer
isotopic precipitation signal (Figure 2).

Seasonal, geographical, and present
climatic influence

The δ2H and δ18O values of local precipitation are primarily
influenced by regional-scale processes (Rozanski et al., 1982), which
include geographical and climatic factors such as temperature,
precipitation, latitude, continentality, and altitude (Craig, 1961;
Ingraham, 1998). Given that this study employs what is likely
one of the largest datasets available for continental-scale isotopic
analysis, it enables a deeper investigation into the geographical
and climatic factors driving tree rings isotopic variation. Our
findings demonstrate that regional tree-ring δ2Hn and δ18O mean
values reflect these continental precipitation isotopic variations,
with temperature and latitude emerging as dominant drivers. The
seasonal investigation points to regional tree-ring δ2Hn and δ18O
values as predominantly reflecting summer precipitation isotopic
patterns, suggesting that temperature and latitude significantly
influence spatial variation. The globally coherent nature of the
water cycle during the Common Era (Konecky et al., 2023) further
supports the capacity of tree-ring δ2Hn and δ18O measurements to
capture geographic isotopic shifts across different time periods.

This finding may be important for archaeological studies
(Bernabei et al., 2019), as well as for tracing the origin of Arctic
driftwood (Hellmann et al., 2013). However, this is partially limited
by the difference between larch and non-larch conifers and possibly
other species. Another potential confounding factor is that at
high latitudes and under certain climatic conditions, the active
permafrost with low δ2H and δ18O values can contribute to the tree
water supply (Kirdyanov et al., 2024).

Themain limitation of this study is the small and variable sample
sizes across regions due to the scarcity of δ2Hn measurements.
Strengths include wide spatial dataset coverage, exclusive use
of conifer species, and consistent δ18O and δ2Hn measurement
systems. Notably, an ancient Greenland sample, excluded from
statistical analyses due to its uniqueness, was used for verification.

Analysis of individual trees

We found an absence of correlation if a single site is analysed;
this absence of correlation is intrinsic to the trees and is not due
to the merging of trees from the same region (Figure 1B). This
cannot be explained by the relatively small spatial range or variation
in the LMWL values in the European Alps (between 7.84 and
8.29) (Flaim et al., 2013; Hürkamp et al., 2019) or by the different

sampling sites or offsets between trees. More likely, it is due to
temporal variations of δ18O and δ2Hn in response to climate and
weather conditions, which include leaf transpiration, soil condition
and rooting variation. These factors influence the fractionation of
tree-ring δ18O variations can retain temperature or hydroclimate
signals utilized by paleoclimatic studies (McCarroll and Loader,
2004; Nagavciuc et al., 2019; Yang et al., 2021). However, they are
masked in the continental analysis by averaging the regional tree-
ring isotopic values. From this analysis, we conclude that the low
correlation between δ18O and δ2Hn at the local level is due to the
temporal variations of isotope fractionations rather than database
heterogeneity.

Greenland sample

The Greenland sample is not used for the correlation analysis
as it is not dated. Nevertheless, its proximity to the Conifers
MWL (shown by the red dot in Figure 2B) could indicate that it
experienced similar hydrological conditions and biological δ2Hn
fractionations. However, the sample has lower δ2Hn and δ18Ovalues
compared to the present precipitation isotopic values (Figure 3),
which can be interpreted as being due to a lower temperature
than nowadays (Supplementary Figures S4-1A, B), or that the tree
used melting ice water that has lower δ2H and δ18O values.

Conclusion

Our network analysis reveals that regional tree-ring δ18O and
δ2Hn averages align with the GMWL, influenced by geographic
and climatic gradients of summer precipitation isotopes. When
site variance in δ18O and δ2H precipitation is large, the isotopic
precipitation signal dominates, driven primarily by temperature
and latitude. Effective reconstruction of these relationships requires
multi-century regional averaging. Thus, tree-ring isotope variability
can trace the geographic origin of living and relict wood on a
hemispheric scale during interglacial phases. In contrast, short-
term and local isotopic changes decouple the two isotopes due
to distinct biological fractionation effects (Holloway-Phillips et al.,
2023). The information obtained in this work is summarized in
Figure 4. Precipitation δ2H and δ18O vary globally following the
GMWL with local variations (LMWL). This global variation is
reflected in the δ2Hn and δ18O of tree rings, which allow the
identification of a European coniferMWLwith a slope of about 8 and
an intercept of −301‰ (Figure 4). Tree species diversity must also
be taken into account as in our case by applying a larch correction.
Of note, this global-continental variation can only be detected using
data covering >300 years of length. For shorter time periods at local
levels, the two isotopes no longer show a significant covariance but
carry distinct climatic or physiological information, which may be
exploited in climate reconstructions.
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SUPPLEMENTARY FIGURE S1.1
Linear regression using a 1000-time Monte Carlo simulation: a) the linear
regression of larch (red) and non-larch group (cyan) separately, b) the frequency
of the coefficient values for Monte Carlo simulation of the linear regression of the
non-larch group, the vertical line is the mean slope value. c) the frequency of the
coefficient values for Monte Carlo simulation of the linear regression of larch
group, the vertical line is the mean slope value.

SUPPLEMENTARY FIGURE S1.2
Linear regression using a 1000-time Monte Carlo simulation adding the
uncertainty to both isotopes: A) the linear regression of all species but with the
correction for the larch species, excluding the Greenland sample in red; B) the
frequency of the slope values for Monte Carlo simulation of the linear regression,
the vertical line is the mean slope value. C) all the linear regressions of the Monte
Carlo simulation, and the simulated points in gray, the Greenland sample was not
considered, D) the frequency of the intercept values for the Monte Carlo
simulation of the linear regression, the vertical line is the mean slope value.

SUPPLEMENTARY FIGURE S2
Geographical variables vs. tree-ring isotopic values. Linear regression latitude (°N)
and elevation (m) vs. cellulose δ18O and δ2H isotope value by region, with linear
regression fits and associated R2 values. The Greenland point (red) has not been
taken into account in the linear regression. A) latitude °N vs. cellulose δ18O. B)
latitude °N vs. cellulose δ2H. C) elevation (m) vs. cellulose δ18O. D) elevation (m)
vs. cellulose δ2H.

SUPPLEMENTARY FIGURE S3
Scatter plot of tree-mean δ2Hn and δ18O and R2 of all the trees of the Alpine
database. A) Scatter plot of tree-level δ2H and δ18O of the 85 larch trees (red,
LADE) and 116 cembran pine trees (cyan, PICE). Along the top and right margins
of the scatter plot, there are density plots that show the distribution of the δ1⁸O
and δ2H values for both species. B) Scatter plot of tree-level δ2H and δ18O of the
85 larch trees (red, LADE) and 116 cembran pine trees (cyan, PICE), after the
normalisation of the mean for each tree in both isotopes. Along the top and right
margins of the scatter plot, there are density plots that show the distribution of the
δ1⁸O and δ2H values for both species. C) Scatter plot of tree-level δ2H and δ18O
of the mean value of 85 larch trees (red, LADE) and 116 cembran pine trees (cyan,
PICE). D) Box plot showing the R2 of the δ2Hn and δ18O correlation, for 85 larch
(red, LADE) tree) and 116 cembran pine trees (cyan, PICE) of the Alpine database.

SUPPLEMENTARY FIGURE S4-1
Climate variables vs. tree-ring δ18O and δ2Hn values. Linear regression between
mean isotope value by region and mean seasonal climate variable by region, with
linear regression fits and associated R2 values. A) JJA temperature (1905–2002
CE) vs. cellulose δ18O. B) JJA precipitation (1905–2002 CE) vs. cellulose δ18O. C)
JJA temperature vs. cellulose δ2H. D) JJA precipitation vs. cellulose δ2H. The
Greenland point (red) has not been taken into account in the linear regression.

SUPPLEMENTARY FIGURE S4-2
Climate variables vs. modelled precipitation δ18O and δ2H values. Linear
regression between mean isotope value by region and mean seasonal climate
variable by region, with linear regression fits and associated R2 values. A) JJA
temperature (1905–2002 CE) vs. cellulose δ18O. B) JJA precipitation (1905–2002
CE) vs. cellulose δ18O. C) JJA temperature vs. cellulose δ2H. D) JJA precipitation
vs. cellulose δ2H. The Greenland point (red) has not been taken into account in
the linear regression.

SUPPLEMENTARY FIGURE S5
Alpine δ18O and δ2Hn tree-ring isotope values Correction effect. Before using the
Alpine database, which covers the last 9,000 years, δ18O and δ2Hn were
corrected for the effect of ice volume with a gradient obtained for δ18O
(Fleitmann et al., 2009; Affolter et al., 2019), converted by a factor of eight to δ2H
of −0.064‰ per-meter of sea-level rise (Rozanski et al., 1982); previously done in
speleothems from Switzerland(Affolter et al., 2019). Non-corrected values are
shown in black, corrected values are shown in red.

SUPPLEMENTARY TABLE S1
Multivariate analysis for δ18O and δ2Hn. Multivariate regression model results of
predicting tree-ring δ18O (top) and δ2Hn (bottom) values based on climate
variables. Listed are model coefficient estimates, standard errors, t-values, and
p‐values indicating statistical significance.
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