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Stable isotopes of carbon, oxygen and hydrogen in tree rings provide a record of plant physiological processes and environmental variability. 
Although an increasing number of studies now apply triple-isotope approaches, no investigation has yet tested their temporal stability over 
millennial timescales or assessed the relative impacts of physiology versus climate on long-term isotopic signals. Here, we used 9000 years of 
multi-isotope records from co-occurring deciduous larch (Larix decidua) and evergreen cembra pine (Pinus cembra) at the Alpine treeline. We 
found a high interspecies coherence for δ18O throughout the Holocene with a robust summer hydroclimate sensitivity, confirming its dominance 
by environmental drivers. In contrast, δ13C  and  δ2H show weaker and less stable coherence, reflecting species-specific physiology. Larch exhibits 
tight δ2H–δ18O  and  δ2H–δ13C correlations and stronger climate sensitivity, consistent with its reliance on freshly assimilated carbon. Pine, by 
contrast, shows weaker δ2H–climate relationships and frequent decoupling from δ13C  and  δ18O, reflecting potential storage use and metabolic 
fractionations. Thus, inter-isotope relationships reveal that δ18O is a robust long-term climate proxy, while δ13C  and  δ2H encode contrasting 
carbon-use strategies and metabolic processes across species that may vary over time. Together, these findings demonstrate that multi-isotope, 
multi-species approaches not only strengthen climate reconstructions but also provide a physiological dimension to long-term isotope records.
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Introduction 
Stable isotope ratios in tree-ring cellulose are important prox-
ies for studying both past climates and p lant physiology 
(McCarroll and Loader 2004, Siegwolf et al. 2022, Gessler 
et al. 2024, Huang et al. 2024). The oxygen isotope ratio 
(δ18O) in tree rings primarily reflects the isotopic signature of 
source water (precipitation) and the degree of evapotranspi-
ration enrichment (Roden and Farquhar 2012, Treydte et al. 
2014). It is a robust proxy for hydroclimate because leaf water 
is enriched in 18O a s transpiration progresses before being 
transferred to cellulose (Barbour 2007, Saurer et al. 2012). 
δ18O exhibits a strong coherence with climate variables such 
as drought, making it especially valuable for paleoclimate 
reconstructions on regional to continental scales (Büntgen 
et al. 2021, Yang et al. 2021, Nagavciuc et al. 2022, Treydte 
et al. 2024, 2006, Liu et al. 2025). 

Carbon isotope ratio (δ13C) in tree rings is linked to leaf 
gas exchange processes and is an indicator of intrinsic water-
use efficiency (iWUE) and stomatal regulation (Craig 1954, 
Farquhar and Sharkey 1982). The primary driver of δ13C 
variability is the ratio of intercellular (ci) to atmospheric 
(ca) CO2 concentrations (ci/ca), which determines carbon 
isotope discrimination during c arboxylation in the Calvin 
cycle (Farquhar and Sharkey 1982, Farquhar et al. 1989). This 
ci/ca ratio is dynamically regulated by the balance between 
net photosynthetic CO2 assimilation (Anet) and stomatal 
conductance (gs), and is closely linked to intrinsic water-use 

efficiency (iWUE = Anet/g s) (Tcherkez et al. 2011). Thus, 
δ13C in cellulose records how trees optimize carbon gain 
versus water loss, serving as an integrated measure of drought 
response and physiological performance (Farquhar et al. 
1989, Saurer et al. 1995). 

The hydrogen isotope ratio (δ2H) in tree-ring cellulose 
has been less explored, but it may offer novel insights into 
plant physiological processes (Cormier et al. 2018, Vitali 
et al. 2022, Lehmann et al. 2024b), particularly after the 
recent methodological advances that improved the reliability 
of its analysis (Leuenberger and Filot 2007, Loader et al. 
2015, Saurer et al. 2025) which measure the carbon-bound 
hydrogen, as the oxygen-bound hydrogen is exchanged with 
laboratory water during sample measurement (Filot et al. 
2006). The carbon-bound hydrogen comes from xylem source 
water and also from organic metabolites (via exchange with 
NADPH and other hydrogen carriers during cellulose biosyn-
thesis) (Cormier et al. 2018). The δ2H values in cellulose are 
also influenced by the isotope effects on metabolic pathways 
decoupling, which can be large, up to > 100� in different 
tree species (Holloway-Phillips et al. 2024, Lehmann et al. 
2024b). As a result, δ2H in tree rings encodes a mix of environ-
mental and metabolic information (Vitali et al. 2023, 2022), 
including modifications of carbon metabolism in response to 
stress conditions (Lehmann et al. 2021). Disturbances like 
insect defoliation or severe drought can force trees to rely on 
stored sugars, imprinting a metabolic δ2H signal that diverges
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from the normal climate-driven pattern, leading to a δ2H 
decoupling from δ13C  and  δ18 O (Vitali et al. 2023, Charlet 
De Sauvage et al. 2025, Neycken et al. 2025). 

So far, dendroclimatology studies have mainly used single-
isotope approaches, particularly using δ13C  or  δ18O, a nd 
yielded high-quality hydro-climate reconstructions from cen-
tennial to multi millennial timescales (Helama et al. 2018, 
Yang et al. 2021). However, the combined use of multiple 
isotopes, each reflecting complementary aspects of tree phys-
iology, has the potential to yield novel insights. For example, 
δ13C  and  δ18O together disentangled the relative roles of 
stomatal conductance and carbon assimilation (Siegwolf et al. 
2023): a parallel increase of both would indicate stomatal 
limitation under drought stress, while a decoupled response 
may point to shifts in photosynthetic capacity (Siegwolf et al. 
2023). The dual-isotope approach improved our understand-
ing of plant carbon-water interactions (Scheidegger et al. 
2000) and tree mortality reasons (Gessler et al. 2018). More 
broadly, the integration of δ13C, δ18O  and  δ2H may allow to 
separate environmental signal from physiological feedbacks 
(Loader et al. 2008) or improving the climate signal (Sidorova 
et al. 2008, Büntgen et al. 2021). It can detect when climatic 
signals are modulated by downstream metabolism, such as 
the decoupling of δ 18O  and  δ2H under conditions of stress or 
altered carbohydrate allocation (Vitali et al. 2023, Lehmann 
et al. 2024a). Notably, the relationship between δ13C  and  δ2 H 
remains the least explored (Neycken et al. 2025), although 
recent agricultural studies on wheat suggested positive associ-
ations between them (Sanchez-Bragado et al. 2019). 

In the tree-ring isotope research the role of interspecies 
differences remains poorly studied since most isotope studies 
focus on single species, but many multi millennial paleocli-
mate studies combine data from co-occurring species to reach 
the needed sample depth (Friedrich et al. 2004, Nicolussi 
et al. 2009, Edvardsson et al. 2016). This overlooks potential 
biases arising from species-specific physiological responses. 
Addressing species effects is therefore essential for the reli-
able interpretation of long-term isotope records. Species dif-
ferences in δ13C  and  δ18O have been documented in both 
conifers and broadleaves (Martínez-Sancho et al. 2023, Qi 
et al. 2024, Rezzouk et al. 2025). Species-specific isotopic 
values (δ2H, δ13C) have been documented, yet the short-term 
covariance patterns remain consistently similar across species 
(Hartl-Meier et al. 2015, Arosio et al. 2020). However, long-
term variations have not been thoroughly investigated. 

Despite the growing number of tree-ring isotope records, 
only few studies have systematically explored how δ13C, δ18O 
and δ2H co-vary through deep time and across species. How-
ever, species-specific differences in carbohydrate dynamics 
and water-use strategies may bias the climatic signal captured 
by each isotope. This is particularly critical for hydrogen, 
where metabolic effects may override environmental signals.

Here, we analyze the Alpine Holocene Triple T ree Ring 
Isotope Record (AHTTRIR) (Arosio et al. 2022)  from  larch  
(Larix decidua) and cembra pine (Pinus cembra) trees that 
grew at the treeline in the Central Alps database. It uses this 
unique dataset of cellulose δ13C, δ 18O and  δ2H spanning from 
2015 to ca 9000 BP. This allows us to address several aims: 

(i) Inter-species coherence—we compare isotope records 
from larch and cembra pine to disentangle common 
climate signals from species-specific physiological 
imprints. By evaluating the temporal stability of inter-

species coherence over 9000 years, we assess how 
consistently shared or divergent signals are expressed 
through time.

(ii) Climate sensitivity of each isotope—we quantify how 
δ13C, δ18O  and  δ2H in each species correlate with envi-
ronmental variables (e.g., moisture, temperature, drought 
indices, 1900–2015) and investigate the stability and 
coherence of inter-isotope relationships, as a measure 
of how consistently climate signals are expressed across
physiological pathways.

(iii) Mechanistic insights and multi-proxy integration— 
we explore the physiological mechanisms underlying 
observed isotope relationships, including the coupling 
between carbon and water cycles (carbon–water cou-
pling) in the trees. We discuss how processes like stomatal 
control, photosynthetic acclimation and carbohydrate 
storage/use manifest in the multi-isotope patterns, and 
what this implies for interpreting long-term tree-ring 
records in terms of tree function and climate response.

Materials and methods 
Samples and sampling sites 
Holocene wood remains (n = 186) and wood material from 
modern, i.e., living trees (n = 16) were collected at the alpine 
treeline environment. Samples include the 86 evergreen cem-
bra pine (Pinus cembra) and 114 deciduous european larch 
(Larix decidua), gathered a SW–NE transect in the central
European Alps (46◦02′–47◦03′ N, 7◦00′–12◦15′ E) from 29 
different sites, spanning elevations from 1930 to 2400 m a.s.l. 
Holocene wood sections were available at the Department of 
Geography of the University of Innsbruck, where the Eastern 
Alpine Conifer Chronology (EACC) has been established on 
the basis of calendar-dated tree-ring-width series (Nicolussi 
et al. 2009). Cores from living trees of the two species were 
taken in 2015 at three treeline sites in the Swiss Alps with 
up to five trees sampled per species at breast height, avoiding 
compression wood. The combined dataset of modern and 
subfossil wood samples spans from 6980 BCE (8880 BP) to 
2015 CE with a 5-year temporal resolution and the data are in
the publicly available AHTTRIR (Arosio et al. 2022). This is 
based on a measurement of 7708 isotope ratios of δ18O, δ2H 
and δ 13C. 

Tree ring width and dating 
Tree-ring widths (TRW) were measured with a precision of 
0.001 mm using a LINTAB device and TSAPW software. 
Mean TRW series were established by cross-dating and aver-
aging radii. In case of pith decay, the number of missing inner 
rings was estimated (pith-offset, PO) to determine cambial 
age of a sample. Modern samples were dated using known 
sampling dates, while relict samples were cross-dated with 
reference chronologies through statistical and visual controls
(Nicolussi et al. 2009). 

Cellulose extraction and triple stable isotope 
analysis 
The triple isotope analyses of carbon, oxygen and hydrogen 
isotope ratios (δ13C, δ18O, δ2H) were carried out using wood 
blocks of consecutive five tree rings at the level of individual 
trees. The separation of wood samples into 5-year blocks was 
performed at the University of Innsbruck, Austria. The choice
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of 5-year blocks was a compromise between time resolution 
and total number of manageable samples. For cellulose extrac-
tion, wood samples were cut into wedges and 5-year tree-ring 
blocks were prepared without pooling between trees and then 
scaled to 20–50 mg dry weight, accounting for the expected 
weight loss during α-cellulose extraction. The blocks were 
subsequently cut into slices (<1 mm), packed in heat-sealed 
fiber f ilter bags and individually labeled.

Alpha cellulose extraction followed a modif ied Jayme-Wise 
procedure (Borella et al. 1999, Boettger et al. 2007). Samples 
were delignified in 1% NaClO2 + CH3COOH solution at 
70 ◦C for 30+ h, then treated with 17% NaOH at 25 ◦C  for  
45 min. After neutralizing with 1% HCl, samples were washed 
until pH ∼ 7 and dried at 50 ◦C, with drying time dependent 
on sample size (Ziehmer et al. 2018). 

The triple-isotope analysis followed protocols previously 
established by Loader et al. (2015). For simultaneous mea-
surements of δ13C, δ18O  and  δ2H values, cellulose samples 
underwent high-temperature pyrolysis (>1450 ◦C) in a Flash 
HT elemental analyzer, converting the cellulose into carbon 
monoxide and hydrogen gasses according to the methodology
described by Filot et al. (2006). This high temperature is 
crucial for decomposing the cellulose quantitatively into 
hydrogen and carbon monoxide, with the residue (partial car -
bon of the cellulose) (Leuenberger and Filot 2007) collected 
in a graphite crucible. The resulting gasses were separated via 
a 5 Å molecular sieve and analyzed using a Thermo Delta 
XP or an Elementar/Isoprime mass spectrometer for δ13C  and  
δ18O  on  CO  and  δ2H  on  H2. The fraction of exchange and the 
carbon-bound non-exchangeable δ2H values are subsequently 
calculated following the equations in Filot et al. (2006).  The  
specific procedure involves equilibrating the cellulose samples 
with waters of known δ2H values (−429.1�) at 110 ◦C  for  
10 min using a continuous flow of helium carrier gas at 
80 mL min−1. The samples and standards are stored in a des-
iccator when not being analyzed. This equilibration method 
was cross-calibrated with a nitration method to determine 
the δ2H values of cellulose (Filot et al. 2006). Calibration and 
quality control were integral to our methodology. A two-point 
calibration of the raw delta values obtained against our work-
ing gas was performed for all isotope ratios. For hydrogen, we 
used Merck cellulose and IAEA-CH7 polyethylene standards. 
This calibration approach allows us to determine the offset 
and contraction/stretching of the scale relative to the inter-
national 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 1994). 
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 (i.e., no exchangeable portion), while the 
cellulose standards accounted for the exchangeable portion. 
The system’s stability allowed for consistent and reliable 
data within the standard precision limits of ±0.3� for 
oxygen, ±0.15� for carbon and ± 3.0� for hydrogen 
(Loader et al. 2015). 

For all the δ13C values after 1000 CE we applied the factor 
described in Leuenberger (2007) to correct for the δ13C 

depletion of CO2 caused by the Industrial Revolution from 
about 1850 onwards (Leuenberger 2007). 

Age trend correction and larch hydrogen cor rection 
As tree-ring isotope data can exhibit species-specif ic juvenile 
age-related trends (Arosio et al. 2020), we applied the 80-
year spline Regional Curve Standardization (RCS) method 
separately for each species and for each isotope (Briffa et al. 
1996)  (Figure S1 available as Supplementary Data at Tree 
Physiology Online). This approach removes age-related trends 
while preserving low-frequency variability and maintaining 
the absolute values of the original time series (Esper et al. 
2003, Helama et al. 2018). Specifically, for each species, we 
calculated cambial age for each ring and fit a smoothing 
spline to the mean isotope values grouped by age. For rings 
younger than a species-specific age threshold (e.g., 130 years 
for δ18O  and  δ13C, 400 years for δ2H), we subtracted the 
spline value from the raw isotope data to obtain detrended 
values, minimizing ontogenetic effects while retaining the 
climate signal. For older rings, no correction was applied 
to preserve potential long-term trends. The hydrogen values 
are known to be lower in larch than non-larch trees (Arosio 
et al. 2020). Thus, we corrected all larch values based on the 
average difference between the larch and non-larch species in 
the Alpine database. The correction factor is −48.1� (Arosio 
et al. 2024). 

Inter-species and inter-isotope correlation 
Correlations between isotopes were assessed for at the tree 
and species level. Pearson correlation coefficients (r) with cor-
responding P-values were calculated to quantify the relation-
ships among isotopes within species. To evaluate the temporal 
evolution of isotope correlations, we calculated correlation 
coefficients for each individual tree and plotted them across 
their respective time spans, highlighting statistically signifi-
cant values (P < 0.05). To assess the temporal dynamics of iso-
tope relationships, we computed running Pearson correlations 
between δ13C, δ18O and  δ2H using a centered moving window 
approach. Detrend Isotope time series were first normalized 
by individual sample, and averaged by year and species
(Figure S2 available as Supplementary Data at Tree Physiology 
Online). Correlations were calculated using a rolling window 
of fixed length (50, 250, 500 and 1000 years), implemented 
via the zoo package in R (Zeileis et al. 2014). Analyses were 
performed separately for each species to evaluate differences 
in temporal coherence between isotope pairs. To understand 
the mutual temporal covariance between the two species 
in their rolling correlations, we calculated the correlation 
between the respective running correlation time series.

Climate sensitivity analyses 
To assess the relationship between the isotope chronologies 
and climate, we first produced a mean chronology based 
on age-detrended data. Climate data for the period 1901– 
2010 CE were obtained from the Climate Explorer plat-
form (https://climexp.knmi.nl/) for the grid 46.03–47.05◦N, 
7.55–12.25◦E, which encompasses all sampling sites. Monthly 
records of precipitation, temperature, vapor pressure and 
Palmer drought severity index (PDSI) were extracted from 
the CRU TS 4.07 dataset (Harris et al. 2020). To match the 
temporal resolution of the isotope data, all climate variables 
were averaged into 5-year means.
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We performed monthly climate sensitivity analyses over 
the full period (1901–2010 CE) by calculating Pearson 
correlation coefficients between the isotope chronology and 
each climate variable. The same analysis was repeated using 
first-differenced data to remove low-frequency trends in 
both the isotope and climate series (Figure S3 available as 
Supplementary Data at Tree Physiology Online). In addition, 
we conducted the analysis on subset data from the upper 
Engadin (Val Roseg VVR) site, where both species are 
present on the same site, using climate data extracted for 
the coordinates 46.26◦N, 9.50◦E (Figure S4 available as 
Supplementary Data at Tree Physiology Online). To test 
whether combining isotopes could enhance climate sensitivity, 
we additionally calculated a composite index by summing the 
z-scored δ2H  and  δ18O values at the individual-tree level 
before averaging across trees and species (Figure S5 available 
as Supplementary Data at Tree Physiology Online). For each 
isotope and grouping (larch, cembra pine, total), we assembled 
and calculated the mean Expressed Population Signal (EPS) 
and mean interseries correlation (Rbar) for the period 1900– 
2010, the period where the climate calculations are performed
(Table S 1 available as Supplementary Data at T ree Physiology 
Online). 

Results 
Interspecies isotope relationships 
The chronologies of δ18O, δ2H  and  δ13C values (Figure 1) 
exhibit varying degrees of agreement between the two species. 
The δ18O values showed the strongest species coherence, 
indicated by a significant correlation between the δ18O values 
of larch and cembra pine across the investigated 9000-year 
period (r = 0.50, P < 0.001; Figure 1a). This interspecies 
correlation is confirmed within the 1800–2000 CE period 
covered by living trees, is higher during 1800–1900 (r = 0.74, 
P < 0.001), and becomes less significant during 1900– 
2000 (r = 0.46, P = 0.0323; Figure 1b). Despite increased 
sample replication during the 1800–2010 period (Figure 1h), 
compared with the all span of the dataset (Figure 1g), the 
inter-species correlation shows no significant improvement 
compared with the complete database (Figure 1b). In contrast, 
δ2H  and  δ13C values do not show significant correlation 
between the species across the entire study period (larch: 
r = 0.06, P = 0.014; Figure 1c, cembra pine: r = −0.07, 
P = 0.0069; Figure 1e). During 1800–1900, δ2H values show 
low correlation between species (r = 0.11, P = 0.657), but 
this correlation strengthens in the 20th century (r = 0.40, 
P = 0.0682; Figure 1d). Similarly, δ13C values exhibit no 
significant correlation in the 19th century (r = −0.11, 
P = 0.663), yet a moderate positive correlation emerges 
after 1900 (r = 0.37, P = 0.0898; Figure 1f). The correlation 
values for both δ2H  and  δ 13C increase with the greater 
sample replication (Figure 1h) during 1900–2010, though 
they remain statistically non-significant. In summary, the data 
show a strong species coherence in δ18O values between 
larch and cembra pine, and a minimal one for δ2H  and  
δ13C. The increased sample replication in the 20th century 
influences the δ2H  and  δ13C correlations, but not the δ18O 
one. Chronology strength varies across isotopes. δ18O shows 
the highest common signal, with interseries correlations of 
Rbar = 0.62 in larch and Rbar = 0.42 in cembra pine, 
yielding EPS values of 0.93 and 0.85, respectively; the pooled 
chronology reaches EPS = 0.91. δ13C expresses a moderate 

signal (Rbar = 0.43, EPS = 0.86 in larch; Rbar = 0.30,
EPS = 0.77 in cembra pine; pooled EPS = 0.86) (Table 
S1 available as Supplementary Data at Tree Physiology 
Online). δ2H shows the weakest agreement Rbar = 0.28, 
EPS = 0.79 in larch; Rbar = 0.33, EPS = 0.75 in cembra pine; 
pooled EPS = 0.82) (Table S 1 available as Supplementary 
Data at Tree Physiology Online). Using mean-depth EPS 
as the primary metric, δ18O approaches adequacy, δ13C  is  
marginal and δ2H falls below the conventional EPS ≈ 0.85
threshold.

Inter-isotope relationships and their temporal 
dynamics 
Larch, but not cembra pine, shows a tendency toward positive 
correlations among the isotopes (Figure 2d–f). Among the 
three isotope pairings, δ13C–δ18O exhibits the strongest and 
most coherent relationship, evident at both the individual 
tree level (Figure 2c and f) and in its temporal evolution 
(Figure 3b). By contrast, δ2H–δ18O correlations are positive in 
larch but highly variable, including negative values, in cembra 
pine (Figures 2a, d and 3a). The δ2H–δ13C correlations also 
diverge, being significant in larch but weak or absent in 
cembra pine (Figures 2b, e and 3b). In larch, the correlations 
are generally positive and temporally stable, while in cembra 
pine δ2H–δ18O correlations are more variable, being both 
positive and negative with limited coherence across individual
trees (Figure 3). The relationship between δ13C  and  δ2H  is  
weak and inconsistent in cembra pine, with frequent shifts 
in sign and low signif icance. In contrast, some larch trees 
show more consistency, with moderate positive δ2H–δ13C 
correlations through time (Figure 3). 

Running correlations among δ2H, δ18O and  δ13C chronolo-
gies are strongly influenced by the window length and indicate 
distinct temporal variability and species-specific differences 
across time (Figure 4). The δ2H–δ18O correlations are gen-
erally positive in both species, and larch consistently exhibits 
higher correlation, particularly at larger window sizes, consis-
tent with the results above. At the 1000-year scale, δ2H–δ18O 
correlations in larch remain around r = 0.5 over large parts 
of the time series, whereas those of cembra pine are more 
variable and substantially weaker during the mid-Holocene. 
In shorter windows, both species show higher-frequency f luc-
tuations, but species differences remain evident.

The δ2H–δ13C correlations of larch are weak, generally 
positive and strengthen with increasing window size, while 
those of cembra pine are more negative or near-zero, partic-
ularly between 6000 and 2000 BP. This divergence is most 
pronounced at the 1000-year scale, where opposing trends 
between species emerge. In contrast, δ18O–δ13C correlations 
show similar trajectories in both species, with a long-term 
trend toward increasingly negative correlations beginning 
around 5000 BP. This convergence becomes especially evident 
with the 1000-year window, suggesting a shared large-scale 
shift in the coupling between δ18O  and  δ13C. Together, 
these results indicate that δ2H is the primary driver of 
interspecies divergence in multi-isotope relationships, while 
δ18O remains the most coherent across species. Cross-species
coherence of the running correlations depends on window
length (Figure 4). For δ2H–δ18O, larch vs pine agreement 
is negligible: n.s. at 50 years; r = −0.09 (250), −0.07 (500), 
0.08 (1000). δ2H–δ13C is similarly weak: n.s. at 50–500 years; 
r = 0.14 (1000). In contrast, δ18O–δ13C converges with scale: 
n.s. at 50 years; r = 0.28 (250), 0.64 (500), 0.77 (1000). Thus,
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Triple-isotope evidence 5

Figure 1. Temporal interspecies comparison of triple isotope chronologies of larch and cembra pine. Time series and interspecies comparisons of 
oxygen (δ18O; a, b), hydrogen (δ2H, c, d), and carbon (δ13C, e, f) isotopic compositions of tree-ring cellulose over the past 9000 years and the period 
1800–2000 CE. Solid lines represent mean values and shaded areas denote inter-annual variability. For comparability, δ2H-values of larch have been 
corrected to align with cembra pine. Long-term series (a, c, e) are plotted against the BP timescale and include Pearson correlation coefficients (r) and 
associated P-values quantifying the agreement between species. The high-resolution subsets (b, d, f) focus on the last two centuries, split into pre-1900 
and post-1900 intervals, with correlations assessed separately for each period. Replication of tree-ring samples over time for each species, g: full 
Holocene; h: 1 800–2000 CE. Panels (i, l) illustrate the running Pearson correlations between larch and cembra pine isotope chronologies: (i) long-term 
correlations computed with a 1000-year moving window over the past 9000 years and (l) correlations over the period 1800–2000 CE based on a 100-year 
window. Colored lines denote the temporal evolution of correlations for each isotope pair (δ18O: red, δ2H: blue, δ13C: black), with the dashed line 
marking zero c orrelation.
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6 Arosio et al.

Figure 2. Triple isotope relationships for larch (LADE) and cembra pine (PICE). The data include the hydrogen (δ2H), oxygen (δ18O) and carbon (δ13C) 
isotopic composition of tree-ring cellulose over the last 9000 years. The upper row (a, b, c) shows isotopic relationships for individual trees. Data points 
and linear regression lines are color-coded by trees. The lower row (d, e, f) shows the same relationships but across all trees of each species. Here the 
isotope data have been normalized. The regression lines are fitted for each species and color-coded larch (red) and cembra pine (cyan). Pearson 
correlation coefficients (r) and P-values from the linear regressions are shown in eac h panel. 

δ2H-based pairs show little cross-species stability, whereas 
δ18O–δ 13C yields a robust, scale-dependent coherence. 

Climate sensiti vities 
We analyzed monthly correlations between mean raw isotope 
chronologies and climate variables over the whole observa-
tional period (1901–2015 CE), using temperature, precipi-
tation, vapor pressure (VP), relative humidity (RH) and the 
Palmer Drought Severity Index (PDSI) (Figure 5). The results 
confirm that δ18O exhibits the strongest and most consis-
tent climate sensitivity across species, with constant positive 

correlations with temperature and negative correlations with 
hydroclimate indices, particularly during JJA. In contrast, 
δ2H  and  δ13C revealed species-specific patterns, with climate 
correlations generally strengthening when both species were 
combined for δ13C (Figure 4). 

The δ18O values from both species showed consistent pos-
itive correlations with temperature and negative correlations 
with precipitation and PDSI, with the strongest relationships 
occurring during summer months (JJA). While precipitation 
correlations were generally below the significance threshold 
at the monthly scale, they became significant when aggregated 
at the seasonal level for both winter (DJF) and summer (JJA).
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Triple-isotope evidence 7

Figure 3. Temporal evolution of tree-level correlations among hydrogen (δ2H), oxygen (δ18O) and carbon (δ13C) isotopic compositions of tree-ring 
cellulose. Pearson correlation coefficients (r) for δ2H  vs  δ18O (a), δ2H  vs  δ13C  (b)  and  δ18O  vs  δ13C (c) are shown over time. Each segment represents a n 
individual tree sample, with red for larch and cyan for cembra pine, with the length representing the tree’s temporal span. Solid lines indicate significant 
correlations (P < 0.05), while transparent segments represent non-significant correlations. 

These patterns were similar across species, and the correlation 
strength increased after merging the chronologies of both 
species.

The δ2H–climate correlations displayed greater interspecies 
variability. The δ2H values correlated positively with temper-
ature in both species, though more weakly in cembra pine. In 
larch, but not cembra pine, δ2H values showed strong negative 
correlations with PDSI, mirroring the pattern observed for 
δ18O. Correlations between δ2H and vapor pressure were 
generally positive but weaker than those observed for δ18O.

The δ13C–temperature correlations were positive for 
both species, with stronger values in larch, particularly in 
July and August. Precipitation correlations were negative 
during summer in both species, again more pronounced in 
larch. When the species were combined, the correlations 
to precipitation further increased. Larch showed negative 
correlations with PDSI throughout the growing season, while 
cembra pine showed a weak positive correlation with PDSI. 
Correlations with summer temperature and precipitation 
increased when species were merged; this was also conf irmed
in site-level analyses from the Engadin Valley (Figure S3 
available as Supplementary Data at Tree Physiology Online), 
indicating that these patterns are not region-specific. First-
differenced correlations (Figure S4 available as Supplementary 
Data at Tree Physiology Online) reveal similar seasonal 
patterns but with reduced magnitudes, indicating that 

long-term trends do not solely drive the observed relation-
ships, but also reflect short-term variability. Alternative 
pairings such as δ 2H–VP/VPD can enhance the fit in 
certain seasonal windows. However, compared with δ13C– 
precipitation they are less stable: at the site level the high-
frequency signal is inconsistent (Figure S3 available as 
Supplementary Data at Tree Physiology Online), and the cor -
relation weakens as the analysis window lengthens (Figure S4 
available as Supplementary Data at T ree Physiology Online). 

Further test merging δ18O  and  δ2H into a combined index 
does not improve the overall climate sensitivity beyond that 
already provided by δ18O alone (Figure S5 available as 
Supplementary Data at T ree Physiology Online). 

Climate sensitivity analysis reinforces the species coherence 
patterns shown earlier: δ18O exhibits consistent interspecies 
agreement, while δ2H and  δ13C are more variable, yet partially 
converge when aggregated. The isotope–climate responses 
thus confirm both the robustness of δ18O and the physiologi-
cal complexity of δ2H  and  δ13C.

Discussion 
Species cor relation 
The analysis confirms strong and consistent relationships 
between larch and cembra pine δ18O throughout both
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Figure 4. Temporal evolution of chronology-level correlations among hydrogen (δ2H), oxygen (δ18O) and carbon (δ13C) isotopic compositions of tree-ring 
cellulose. Running Pearson correlations between isotope pairs (columns: δ2H  vs  δ18O, δ2H  vs  δ13C, δ18O  vs  δ13C) across four moving window lengths 
(columns: 50, 250, 500 and 1000 years). Cor relations are shown separately for larch (red) and cembra pine (cyan). Labels at the top of each facet report 
the inter -species agreement of the running correlations; ‘n.s.’ denotes P ≥ 0.05 (two -tailed). 

Holocene and modern periods, regardless of sample repli-
cation ( Figure 1). This confirms that δ18O is dominated 
by environmental drivers rather than by species-specific 
physiology, in line with known spatial consistency (Saurer 
et al. 2012, Klesse et al. 2018, Treydte et al. 2024). Its stability 
across 9000 years underscores the long-term robustness of 
this signal for capturing large-scale hydroclimate variability , 
and in fact, δ18O records have been thoroughly explored for 
paleoclimate applications (Büntgen et al. 2021, Yang et al. 
2021, Nagavciuc et al. 2022, Arosio et al. 2025). The robust 
nature of δ18O as a climate proxy stems from its direct link to 
source water and evaporative conditions (Klesse et al. 2018, 
Xu et al. 2024) and a relatively constant biochemical isotope 
fractionation (Roden et al. 2000), explaining its consistent 
patterns across diverse Alpine treeline locations (Saurer et al. 
2012, Klesse et al. 2018, Balting et al. 2021, Field et al. 2022, 
Nagavciuc et al. 2023, Treydte et al. 2024). Important for 
this study, δ18O stability across the two species provides a 
reference for interpreting the hydrogen and carbon isotope 
signals.

The δ2H  and  δ13C chronologies show interspecies diver-
gence at both multi-millennial scales and in the modern 
period, despite different sample replications (Figure 1c–f). 
The divergence is attributed to species physiological processes, 

and not to the isotopic signals of source water for δ2H  and  
atmospheric CO2 for δ13C. Differences in rooting depth and 
water uptake patterns can be ruled out, since they would affect 
δ 18O, which is not observed. The variability of tree rings δ2 H 
may reflect differences in metabolic isotope fractionation
(Cormier et al. 2018, Lehmann et al. 2024a). The evergreen 
cembra pine has a conservative growth strategy and extended 
carbon storage capacity. In contrast, the more opportunistic 
and fast-growing deciduous larch has the priority to rebuild its 
needles each spring by mobilizing carbohydrate stores (Carrer 
and Urbinati 2006, Rossi et al. 2009, Gruber et al. 2011), thus 
influencing seasonal isotopic inputs in tree rings (Peters et al. 
2020). The weaker δ2H–climate correlations of cembra pine 
agree with current knowledge of post-photosynthetic fraction-
ation and remobilization processes in evergreens (Lehmann 
et al. 2021, Vitali et al. 2022, Charlet De Sauvage et al. 2025). 
Such weaker and more variable isotope-climate relationships 
are consistent with evidence that carbohydrate storage and 
carry-over processes can imprint strong non-climatic signals 
on tree physiological proxies, with isotope and anatomical 
records partly diverging due to internal carbon cycling (Römer 
et al. 2025) This strengthens our interpretation that cembra 
pine δ2H, and to a lesser degree δ13C, are strongly influenced 
by metabolic fractionations, in contrast to δ18O, which
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Triple-isotope evidence 9

Figure 5. Monthly and seasonal correlations between stable isotope ratios of tree-ring cellulose and climate variables (1901–2015). Pearson correlation 
coefficients (r ) between tree-ring δ2H, δ18O  and  δ13C (row) and climate variables: Temperature, precipitation, vapor pressure (VP), relative humidity (RH) 
and the Palmer Drought Severity Index (PDSI). Climate variables are displayed monthly (may to October) and seasonal (winter—DJF and summer —JJA). 
Each panel represents a different isotope-climate relationship, with red bars representing larch and cyan bars representing cembra pine, black bars 
represent the t wo species combined. Dashed blue lines indicate the critical threshold of the Pearson correlation ( P < 0.05). 

remains primarily governed by environmental drivers. The 
species differences in δ 13C are in contradiction with previous 
results (Hartl-Meier et al. 2015) that were obtained from 
trees grown under temperate conditions, whereas our trees 
grown at treeline experienced harsher environmental stressors 
that may amplify physiological responses and affect δ13C 
signals. Our findings show that species-specific physiology 
leaves a distinct imprint on δ2H  and  δ13C, contrasting with 
the species-independent environmental imprint on δ18O. 
Replication statistics confirm that δ18O is the most reliable
signal (Table S 1 available as Supplementary Data at Tree 
Physiology Online). Both larch and cembra pine exceed 
adequacy, and the pooled chronology is equally strong, 
underscoring the dominance of environmental control. δ13C is  
close to the threshold, and δ2H falls below, reflecting stronger 
species-specific physiology. Together, these contrasts highlight 
the robust climatic imprint on δ18O and the physiological 
modulation of δ13C, especially δ2H.

The interspecies running correlations of δ2H  and  δ13C 
increase during the past ∼ 200 years (Figure 1l). This trend 
may partly reflect improved common signal strength due to 
higher sample depth in the recent period (Figure 1h), but it 
could also indicate environmental forcing linked to recent cli-
mate change. Potential drivers include rising atmospheric CO2 
and associated fertilization effects, or other shifts in growing 

conditions. Importantly, the δ13C values are corrected for the 
anthropogenic decline in atmospheric δ13C, ensuring that the 
observed increase in coherence is not an artifact of changing 
source CO2 but a physiological or environmental signal. As 
both sampling depth and environmental change coincide in 
the modern period, these two factors cannot be disentangled 
with certainty. By contrast, the absence of a comparable 
increase in δ18O correlations over the past 200 years indicates 
that replication of two trees per species is already sufficient to 
maintain a stable common signal, and that further increases 
in sample depth do not lead to higher interspecies agreement. 
Our findings show that species-specific physiology leaves a 
distinct imprint on δ2H and  δ 13C, contrasting with the species-
independent environmental imprint on δ18O.

Inter-isotope relationships 
The inter-isotope relationships offer valuable insight into 
the different physiological strategies of larch and cembra 
pine (Holloway-Phillips et al. 2023). The alignment of 
the δ13C–δ18O correlation across two species remains 
consistent over centennial to millennial timescales (Figures 2– 
4). This long-term co-variation indicates a dominant role 
of stomatal regulation for tree growth, e.g., during drought 
conditions, likely reflects shared hydroclimatic controls, 
primarily soil moisture availability and vapor pressure deficit
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10 Arosio et al.

(Scheidegger et al. 2000, Roden and Farquhar 2012, 
Rodriguez-Caton et al. 2021, Siegwolf et al. 2023). The 
co-variation is notable despite the distinct mechanisms 
governing the two isotopes: δ13C is primarily influenced 
by physiological processes, such as stomatal conductance 
and photosynthetic assimilation, while δ18O is more strongly 
influenced by physical processes like evaporative enrichment 
during transpiration and source water dynamics. However, 
δ 18O also responds secondarily to stomatal behavior and
source water variability (Siegwolf et al. 2023). 

This observation aligns with the established dual-isotope 
framework, where synchronous increases in δ13C  and  δ18O 
reflect stomatal regulation under drought, while decoupling 
indicates shifts in photosynthetic capacity or reduced evapo-
rative demand (Scheidegger et al. 2000, Siegwolf et al. 2023). 
This co-variance was observed before and has been used as a 
paleoclimate indicator, particularly for reconstructing drought 
conditions (Churakova et al. 2024). Across scales, the δ18O– 
δ13C running correlations co-vary tightly between larch and 
pine, pointing to a shared environmental control on stomatal 
conductance and leaf-water enrichment, consistent with the 
dual-isotope framework (Siegwolf et al. 2023). Of interest, a 
marked decline in the strength of the δ 13C–δ18O correlation 
occurs around 5000 BP (Figures 3 and 4), coinciding with a 
humid phase in the central Alps (Arosio et al. 2025, Prochnow 
et al. 2025). This breakdown suggests that under conditions of 
reduced evaporative demand, the physiological link between 
δ13C  and  δ18O can weaken. This underscores a key limitation 
in applying dual-isotope interpretations uncritically across 
long temporal scales (Siegwolf et al. 2023). 

The correlations involving hydrogen isotopes (δ2H–δ18O 
and δ2H–δ13C) differ in the two species. In larch, the δ 2H– 
δ18O correlations are generally positive, consistent with pre-
vious findings (Hafner et al. 2011, Vitali et al. 2022)  and  
likely reflect a shared climatic imprint mediated by pre-
cipitation (Dansgaard 1964) and evaporative enrichment of 
leaf water (Voelker et al. 2014). In this deciduous species, 
the needle development precedes or overlaps earlywood for-
mation, creating a high early-season demand for reserves 
(Rossi et al. 2009, Kimak et al. 2015), therefore, the later 
growth may mostly rely on freshly assimilated carbohydrates. 
This may reduce metabolic effects on δ2H and enhance the 
climatic imprint of the δ2H of the complete tree ring. The 
apparent contradiction arising from the pronounced short-
term δ2H–δ18O decoupling observed during defoliation stress
(Vitali et al. 2023) can be reconciled by the 5-year resolution 
of our data, which captures long-term variability and may 
smooth short-term responses. Cembra pine displays inconsis-
tent, often both positive and negative δ2H–δ18O correlations 
(Figures 2 and 3), aligning with previous observations in other 
evergreen conifers (Vitali et al. 2022, Charlet De Sauvage 
et al. 2025), and being potentially influenced by cambial age 
(Arosio et al. 2021). This suggests a stronger metabolic fin-
gerprint in δ2H that may vary from year to year depending on 
whether the climate is favorable for growth or not (Lehmann 
et al. 2022, Schmid and Schiffels 2023). While δ18O is linked 
to leaf water signatures mediated by evaporative demand 
(Treydte et al. 2014, 2024), δ2H is more affected by biological 
fractionations (Cormier et al. 2018) with patterns that vary 
between species. A weakening of δ2H–δ18O coherence has 
been associated with increased use of stored carbohydrates 
and stronger changes in metabolic pathways under stress
conditions (Vitali et al. 2024, Neycken et al. 2025). 

Seasonal studies confirm that remobilization of starch 
and triose cycling can disrupt the expected positive δ2H– 
δ18O relationship, producing decoupling in earlywood 
(Nabeshima et al. 2018). Such processes plausibly explain 
the negative δ2H–δ18O correlations observed in some cembra 
pine individuals. One further possibility is that δ18O  and  
δ2H are modulated by partly distinct physiological processes, 
which can drive divergent responses. Temperature-dependent 
isotope fractionation may act in opposite directions for
oxygen and hydrogen (Schuler et al. 2025), and post-
photosynthetic exchange (Pex) may vary between isotopes, 
occasionally producing negative δ18O–δ2H relationships 
(Holloway-Phillips et al. 2023). In evergreens such as 
pine, the seasonality of reserve use and longer carbon-
pool turnover should be considered when testing whether 
cellulose δ2H remains primarily source-leaf driven, with 
similar implications for wood cellulose that can integrate 
prior-year assimilates (Holloway-Phillips et al., 2024). While 
most studies report Pex to be positively related across 
isotopes (Roden et al. 2000), our findings in pine suggest 
that flux-dependent metabolic routing and enzyme-level 
stereospecificity/kinetic isotope effects can decouple δ2H 
from δ18O, consistent with recent frameworks that link δ2H 
variation in carbohydrates to pathway fluxes and position-
specific effects (Holloway-Phillips et al. 2024, 2025). 

The δ2H–δ13C relationship has been less explored in tree-
ring studies, yet it provides additional insights into species-
specific metabolism. In our data, significant positive correla-
tions emerge in larch but not in pine (Figures 2–4). Rather 
than a strict ‘fresh vs stored’ tracer, we interpret δ2H–δ13C 
as reflecting the joint sensitivity of C and H isotope frac-
tionation to gas exchange and metabolic routing: stronger 
coupling in larch is consistent with steadier fluxes, whereas 
weaker/variable coupling in pine points to greater metabolic 
plasticity (e.g., variable storage use, pathway re-routing, and
Pex differences) (Tcherkez et al. 2011, Cormier et al. 2019, 
Holloway-Phillips et al. 2024, Wieland et al. 2025). This inter-
pretation follows the flux-proxy perspective for δ2H  in  plant  
carbohydrates and the mechanistic role of NADPH-linked, 
stereospecific hydride transfers and KIEs in shaping whole-
molecule δ2H signals; experimental evidence in autotrophic 
tissues further links δ 2H to photosynthetic and metabolic 
fluxes (Cormier et al. 2019, Holloway-Phillips et al. 2024, 
Lehmann et al. 2024a). Taken together, we treat the δ2H– 
δ13C link as a qualitative signal of how carbon is routed, 
not a strict on/off tracer. In larch, the stronger coupling fits 
rapid use of recent assimilates and relatively stable metabolic 
fluxes. In pine, the weaker and more variable coupling points 
to greater, and more flexible, use of stored substrates, with 
bigger shifts in metabolic routing under stress, which increases 
δ2H variability for a given δ13C. A complementary view is 
that larch has lower metabolic acclimation (more constant 
pathways), whereas pine shows greater plasticity, which can 
decouple δ2H from δ13C.

In contrast, the stable δ2H–δ18O relationship in larch high-
lights its value as a reliable proxy for past moisture con-
ditions. Our findings underscore the shared environmental 
imprint in δ18 O and the contrasting δ13C  and  δ2H isotope 
dynamics that ref lect species-specific carbohydrate use and 
(post-)photosynthetic isotope fractionation processes.

Our results indicate that δ18O in larch is strongly and 
consistently controlled by climate, with little evidence of 
physiological overprints. By contrast, pine δ18O shows
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Triple-isotope evidence 11

Figure 6. Schematic summary of inter-isotope relationships in larch (red) and cembra pine (blue). Line styles indicate significant (solid), weak (dashed) or 
non-significant (dotted) correlations. Correlation coefficients displayed are derived from three complementary analyses: Figure 1 (inter-species 
correlations), Figure 2 (intra-species correlations) a nd Figure 5 (temporal stability via running correlations). Larch shows consistently strong coupling 
among δ2H, δ13C  and  δ18O, while pine displays weaker or inconsistent links, particularly in volving δ2 H. 

occasional negative correlations with δ2H  and  weaker  
coherence with climate, suggesting that carbohydrate storage 
and post-photosynthetic fractionations can partly influence 
its isotopic composition. This interpretation is supported by
(Nakatsuka et al. 2020), who demonstrated that metabolic 
effects can simultaneously alter δ2H  and  δ18O during 
cellulose synthesis on Japanese cypress. Thus, while δ18O 
provides a robust hydroclimate signal across both species, 
it is particularly stable in larch, whereas pine δ18O  may  
carry a modest physiological imprint under conditions of 
enhanced storage use. These contrasting isotope linkages 
are summarized in a schematic synthesis (Figure 6), which 
highlights the strong triangular coupling among δ2H, δ13C 
and δ18O in larch versus the weaker and more variable 
connections in cembra pine. This conceptual framework 
underlines that δ18O is robustly climate-controlled, while δ2H 
and δ 13C reflect species-specific physiological regulation. To 
help disentangle mechanisms, a parallel analysis of growth 
variability with the isotope series could clarify tree responses, 
following the δ2H–growth covariation concept (Lehmann 
et al. 2021) and the shared links of δ 13C to photosynthesis 
and growth. 

Climate sensiti vity 
The data show that δ18O in both larch and cembra pine are 
correlated with summer conditions, positively with tempera-
ture and negatively with hydroclimate (RH and PDSI). Merg-
ing the values of the two species reinforces this seasonal signal
(Figure 5). This shared climate sensitivity of δ18O  in  the  t  wo  
species is consistent with previous multi-species comparisons 
(Grießinger et al. 2019), despite known differences in sec-
ondary growth responses (Obojes et al. 2022). However, some 
studies report that δ18O in cembra pine in Carpathian and 
Alpine sites showed sensitivity to spring–summer humidity 

and precipitation (Nagavciuc et al. 2020, Lopez-Saez et al. 
2024)  and  that  δ18O in larch in southeastern Alpine sites 
primarily responded to mid-late summer temperature and 
sunshine duration (Hafner et al. 2011). Our results do not 
indicate signif icant seasonality distinctions between species. 

Across species, δ18O tracks hydroclimate equally well 
in larch and pine, confirming a shared climatic con-
trol (Figure 4). The contrast appears in the H–O co-
variation: larch shows consistently positive δ2H– δ18O, 
whereas pine alternates between positive and negative 
correlations (Figure 3a). We interpret the negative cases 
as short-lived phases of heterotrophic dominance during 
wood formation, metabolic fractionations enrich δ2H, while 
elevated oxygen exchange during cellulose synthesis depresses 
δ18O, yielding a negative δ2H–δ18O correlations (Nabeshima 
et al. 2018, Martínez-Sancho et al. 2023). 

Given the positive correlation between δ18O  and  δ2H, 
we tested whether combining δ2H  an  d  δ18O could enhance 
the climate signal by compensating for physiological noise
(Figure S5 available as Supplementary Data at Tree Physi-
ology Online). The combined index (δ18O + δ2H) yielded 
correlations broadly similar to those of δ18O alone. These 
results confirm that δ18O already provides the most stable and 
coherent hydroclimate proxy, while δ2H adds complementary 
information on physiological processes rather than consis-
tently strengthening the climate reconstruction potential.

The δ2H values of the two species demonstrate a pro-
nounced different climate sensitivity. Larch δ2H displays a 
climate response similar to δ18O, although somewhat weaker, 
confirming earlier findings from Slovenia and the ISONET 
dataset (Hafner et al. 2011, Vitali et al. 2022). Thus, larch 
δ2H seems to be more linked to the composition of source 
and leaf water and less influenced by metabolic processes. 
On the other hand, cembra pine δ2H shows no clear or
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consistent climate signal, aligning with reports of δ2H  of  other  
evergreen conifers that were more influenced by metabolic 
processes than by direct environmental drivers (Lehmann et al. 
2022, Wieloch et al. 2022). The δ13C in larch and cem-
bra pine shows different sensitivity to summer hydroclimate, 
particularly to precipitation and vapor pressure, with larch 
having similar relationships but weaker than those of δ18O, as 
reported by Nagavciuc et al. (2020). However, for larch δ13C 
in the Lötschental, a strong relationship with drought was 
observed (Kress et al. 2010) suggesting that δ13C–climate cor-
relations can improve when sampling is restricted to smaller, 
climatically homogeneous regions, particularly in dry inner-
Alpine valleys. Of interest, the strength of the precipitation 
climate signal increases by combining the δ13C series of both 
species, suggesting that it emphasizes the shared environ-
mental drivers. This increase in δ13C under dry conditions 
likely reflects the effect of stomatal regulation, which reduces 
discrimination against 13C during periods of water stress and 
results in higher δ13C values (Farquhar et al. 1989). 

The consistent coupling between δ2H  and  δ18O observed 
in larch but not in cembra pine likely reflects physiolog-
ical differences in carbohydrate metabolism and allocation
(Cormier et al. 2018). It suggests that in larch, the freshly 
assimilated carbohydrates are rapidly incorporated into cel-
lulose with minimal isotopic modification, as supported by 
the high non-structural carbohydrate concentrations and tight 
phloem–xylem sugar coupling throughout the growing season
(Gruber et al. 2013) that facilitates the direct transfer of 
environmental signals into cellulose (Cormier et al. 2019). In 
contrast, cembra pine exhibits weaker δ2H–δ18O coherence, 
indicative of greater metabolic fractionation linked to carbon 
storage and remobilization a physiological trait typical of 
evergreen conifers with year -round photosynthetic activity 
and asynchronous sink demands (Gruber et al. 2013, Cormier 
et al. 2018). 

The δ13C–δ18O coherence across species likely reflects 
reduced stomatal control under humid conditions, indicating 
that both isotopes are governed by climate-sensitive, rather 
than species-specific, stomatal regulation (Siegwolf et al. 
2023).This matches the dual-isotope framework: positive 
C–O coupling arises when evaporative demand constrains 
gs; under mesic conditions the coupling typically decreases 
(Saurer and Cherubini 2022, Siegwolf et al. 2023). Because 
C–O correlations are of comparable strength in both species, 
we infer that their A–gs responses are similarly coordinated 
over the calibration period. This fits the DI model: δ18O 
tracks evaporative enrichment and source water; δ13C  tracks  
ci/ca via stomatal regulation. Where C–O stays tight, climate 
dominates; where it decreases, physiology or humidity shifts
become more visible (Siegwolf et al. 2023). 

Conclusions 
Altogether, larch reflects a more immediate, climate-
synchronous growth mode, while cembra pine integrates 
carbon signals over longer timescales, modulated by storage, 
remobilization and possibly differential tissue allocation. 
These physiological differences are crucial for interpreting 
species-specific isotope signals and for designing robust, 
multi-species isotope-based climate reconstructions. Among 
the three isotopes, δ2H shows the strongest species-specific 
differences and δ18O the highest interspecies agreement, with 

δ13C occupying an intermediate position. These findings 
underscore that δ2H is not simply a duplicate of the 
δ18O hydrological signal, but also encodes internal carbon
metabolism and stress responses (Lehmann et al. 2021, Vitali 
et al. 2023). 

Consequently, our data show that δ18O is the most reliable 
climate proxy across species and timescales, outperforming 
δ13C  and  δ2H and supporting its use in long-term recon-
struction. The climate precipitation sensitivity of δ13C  can  
be enhanced by integrating species records to reduce phys-
iological noise, supporting multi-species δ13C chronologies 
for hydroclimate reconstructions. The less directly climate-
linked δ2H provides insights into carbon-water interactions
and internal plant functioning (Schuler et al. 2023), especially 
in evergreen species with asynchronous storage and growth 
dynamics. Its application as a direct paleoclimate proxy is 
limited, but it carries climatic and physiological signals that 
are valuable for interpreting stress responses and carbon
allocation (Vitali et al. 2022, Charlet De Sauvage et al. 2025). 

While δ18O remains the most direct climate proxy, δ2H  and  
δ13C provide additional insights into plant internal processes 
and drought responses, especially in evergreen species.

Our results demonstrate that inter-isotope links add infor-
mation beyond single isotopes. In both species, δ13C–δ18O 
behaves as a consistent proxy for climate-sensitive stom-
atal regulation. By contrast, δ2H–δ18O shows species-specific 
modulation, often weak/negative or variable in pine, but 
more coherent in larch. The δ2H–δ13C is strong in larch yet 
weak/variable in pine, indicating steadier fluxes in larch ver-
sus greater metabolic plasticity in pine. Together, these pat-
terns provide a new physiological dimension to reconstruc-
tions using a multi-isotope approach, improving the separa-
tion of climate and species-specific physiology in long records.
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