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Summary

� Recent methodological advancements in determining the nonexchangeable hydrogen iso-

topic composition (δ2Hne) of plant carbohydrates make it possible to disentangle the drivers of

hydrogen isotope (2H) fractionation processes in plants.
� Here, we investigated the influence of phylogeny on the δ2Hne of twig xylem cellulose and

xylem water, as well as leaf sugars and leaf water, across 73 Northern Hemisphere tree and

shrub species growing in a common garden.
� 2H fractionation in plant carbohydrates followed distinct phylogenetic patterns, with phylo-

geny reflected more in the δ2Hne of leaf sugars than in that of twig xylem cellulose. Phylogeny

had no detectable influence on the δ2Hne of twig or leaf water, showing that biochemistry,

not isotopic differences in plant water, caused the observed phylogenetic pattern in carbohy-

drates. Angiosperms were more 2H-enriched than gymnosperms, but substantial δ2Hne varia-

tions also occurred at the order, family, and species levels within both clades. Differences in

the strength of the phylogenetic signals in δ2Hne of leaf sugars and twig xylem cellulose sug-

gest that the original phylogenetic signal of autotrophic processes was altered by subsequent

species-specific metabolism.
� Our results will help improve 2H fractionation models for plant carbohydrates and have

important consequences for dendrochronological and ecophysiological studies.

Introduction

Isotope ratios of the nonexchangeable hydrogen in plant carbohy-
drates (δ2Hne; i.e. the hydrogen that is bound to carbon) are
becoming an increasingly important proxy for the study of meta-
bolic pathways (Cormier et al., 2018; Sanchez-Bragado et al.,
2019; Schuler et al., 2022; Wieloch et al., 2022), the origin of
plant water (Kagawa, 2022), plant internal carbohydrate dynamics
(Lehmann et al., 2021), and past climatic conditions (Yapp &
Epstein, 1982; Augusti et al., 2008). However, the actual 2H frac-
tionation processes influencing the δ2Hne of sugars and cellulose in
autotropic and heterotrophic tissues remain elusive (Badea
et al., 2021; Schönbeck & Santiago, 2022). Recent studies have
highlighted that the transfer of the 2H signal from leaf sugars to
leaf cellulose (Holloway-Phillips et al., 2022) or from source water
to tree-ring cellulose (Arosio et al., 2020b; Lehmann et al., 2022;
Vitali et al., 2022) varies both within and among species and is also
dynamic over time. However, systematic studies on potential phy-
logenetic effects on δ2Hne in trees are still missing.

The isotopic composition of source water, which is mostly
taken up by plant roots (Ziegler, 1989), depends on the isotopic

composition of the rain, which is strongly influenced by air tem-
perature and the distance to the ocean, among other factors
(Craig, 1961; Dansgaard, 1964). Although a 2H fractionation
effect was recently observed during root water uptake in Fagus syl-
vatica L. (Barbeta et al., 2020), the observed fractionation process
might have been a methodological artefact potentially caused by
the small amount of extracted water (Diao et al., 2022). Gener-
ally, however, source water uptake by roots is thought to have no
distinct 2H fractionation effect (White, 1989). Subsequently,
water is transported into leaves, where 2H becomes enriched in
the leaf water due to evaporative enrichment (Farquhar
et al., 2007) and the 2H signal is mixed with the isotopic signal
of atmospheric water vapour and rain (Lehmann et al., 2018;
Cernusak et al., 2022; Kagawa, 2022). The 2H fractionation pro-
cesses in plant water are mainly the result of physical processes
and can be modelled accurately (Cernusak et al., 2016). Such
models consider the transfer of δ2H of source and leaf water to
the δ2Hne of tree-ring cellulose (Roden et al., 2000; Roden &
Ehleringer, 2000). By contrast, the metabolic 2H fractionation
processes that shape δ2H in plant carbohydrates are poorly
understood. Large variation can occur in the δ2H of different
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plant organic compounds, caused by different 2H fractionation
processes during their biosynthesis (Luo & Sternberg, 1991;
Zhou et al., 2016; Baan et al., 2023). One of the proposed main
drivers of a 2H fractionation in C3 plants is proton production
during the water-splitting process in the light-dependent reac-
tions, which discriminates against the heavier 2H isotope. This
leads to a strongly depleted pool of reducing equivalences, such
as NADPH (Luo et al., 1991). Spatial and temporal variation in
CO2 uptake and assimilation in C4 and CAM plants lead to sig-
nificant metabolic changes and to a 2H-enrichment in carbohy-
drates compared with in C3 plants (Luo & Sternberg, 1991;
Schuler et al., 2022). Some of these processes may help to explain
species-specific δ2H variations in the carbohydrates of C3 plants.

Furthermore, various heterotrophic 2H fractionation processes
occur during plant metabolism (Augusti et al., 2008), altering the
initial δ2Hne of the fresh assimilates (e.g. nonstructural carbohy-
drates (NSCs) in the form of sugar and starch) in the pathway to
tree-ring cellulose formation (Kagawa & Battipaglia, 2022; Leh-
mann et al., 2022). At the leaf level, heterotrophic 2H fractiona-
tion processes within a species seem to be relatively constant
under stable climatic conditions, and the δ2Hne of leaf sucrose
can explain more than the half of the δ2Hne variation in leaf cel-
lulose (Holloway-Phillips et al., 2022). It is currently assumed
that, similar to the isotopic exchange of oxygen isotopes between
carbohydrates and xylem water during tree-ring formation
(Epstein et al., 1977; Cernusak et al., 2005; Gessler et al., 2009),
the hydrogen of plants carbohydrates undergoes an isotopic
exchange with the xylem water during cellulose formation
(Augusti et al., 2006, 2008). Furthermore, recent findings suggest
that fundamental plant traits, such as seasonal leaf shedding beha-
vior, significantly impact the δ2Hne of tree-ring cellulose (Arosio
et al., 2020b). Such effects may be caused by differences in 2H
fractionation processes (Lehmann et al., 2022), but the mechanis-
tic basis of these processes is not yet known. Several biochemical
pathways probably influence the apparent autotrophic and het-
erotrophic 2H fractionation, and they can be summarized as εHA

(autotrophic 2H fractionation, between leaf water and sugar) and
εHE (heterotrophic 2H fractionation, between sugars and
cellulose). Due to the complexity of these interactions, it is not
well-understood which processes drive εHA and εHE, and how
this differs among plant species or functional groups.

Phylogenetic (evolutionary) relationships can be inferred by ana-
lyzing genetic data from different plant species and are usually
displayed as phylogenetic trees. Understanding phylogenetic
relationships is important for identifying evolutionary patterns,
predicting ecological and functional characteristics of plants, and
guiding conservation efforts. Phylogenetics also provides insights
into the evolution of traits, such as photosynthesis, growth, and
development, as well as adaptations to different environmental
conditions. Phylogenetic relationships among plant species have
been investigated by analyzing genes coding for proteins, such as
the oxygen-evolving complex (De Las Rivas & Roman, 2005),
ATP synthase (Recipon et al., 1992), and ferredoxin-NADP+

reductase (Karlusich & Carrillo, 2017), which are directly involved
in the generation, transport, and processing of protons during the
light-dependent reactions of photosynthesis. Given that changes in

enzyme structure and activity can impact isotope fractionation
(Dirghangi & Pagani, 2013), species-related differences in genes
coding for enzymes involved in photosystem II (Cameron
et al., 2006) may be one reason for the species-specific variations in
the δ2Hne of primary assimilates and cellulose (Fig. 1).

To advance knowledge on species-specific drivers of 2H fractio-
nation, we conducted a comprehensive and systematic comparison
across 152 Northern Hemisphere trees. As all sampled species grew
in a common garden, impacts of climate and source water were
neglectable. The selected trees represent 73 species, 48 genera, 19
families, and 12 orders containing both evergreen and deciduous
angiosperms and gymnosperms, enabling us to test whether varia-
tion 2H fractionation is driven by phylogenetic effects. We mea-
sured the δ2Hδ of plant water (leaf water and twig xylem water)
and 2Hne of carbohydrates (leaf sugars and twig xylem cellulose)
using a recently developed hot water vapor equilibration technique
for the δ2Hne analysis of plant carbohydrates (Schuler et al., 2022).
We tested the following hypotheses: (1) Phylogenetic distance is a
major descriptor of the variation in εHA and εHE, translating to a
clear phylogenetic pattern in the δ2Hne of leaf sugars and twig
xylem cellulose. (2) The phylogenetic pattern decreases from sugars
to cellulose, as the apparent 2H fractionation in cellulose reflects
more complex metabolic processes.

Materials and Methods

Site description

All tree and shrub species (Supporting Information Table S1)
were growing in Kannenfeldpark in the city of Basel, Switzerland
(0.91 km2, 47°33054.21600N, 7°34016.12600E). The small sam-
pling area, uniform site conditions, and flat surface minimize the
variability in site conditions, and soil water isotopic signatures are
uniform spatially. The mean annual temperature and mean annual
precipitation sum for the site were 11.2°C and 841mm, respec-
tively, for the period 2000–2019 (IDAweb; MeteoSwiss, Zurich,
Switzerland). Mean summer (June–August) temperature was
19.6°C, and mean summer precipitation was 263mm over the
same period. In the year of the sampling campaign (2019), the
mean annual temperature was 11.6°C and precipitation summed
to 786mm. For the summer period of 2019, the mean tempera-
ture was 20.7°C and precipitation summed to 279 mm. The park
is watered regularly during dry periods. Thus, it was assumed that
trees and shrubs were not water limited in 2019 and that they used
the same water source throughout the growing season.

Sampling of plant material

Leaves and twig material were sampled in summer 2019 from 73
species, 48 genera, 19 families and 12 orders, for a total of 152
trees (minimum of one tree per species; Table S1). Sampling was
performed between 10:20 h and 16:00 h on 29 August and
between 09:55 h and 13:00 h on 30 August to minimize the diel
variability in the δ2H of leaf water (Cernusak et al., 2016). The
two consecutive sampling days were sunny and warm, that is,
25.7–28.7°C (mean 26.6°C) and 51.3–60.7% relative humidity
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(mean 57.3%) on 29 August and 24.2–27.2°C (mean 25.9°C),
and 55.0–70.5% (mean 62.8%) on 30 August (Table S2).

Branches were collected from sun-exposed canopies using pru-
ners. The bark and phloem of c. 10 cm from the cut end of the
twig samples were removed with a peeler. Whole, fully developed
leaves and the separated twig xylem were immediately transferred
into individual gas-tight 12-ml glass vials (Prod. No. 738W,
Exetainer; Labco, Lampeter, UK), stored on dry ice until the har-
vest was complete, and then stored in a �20°C freezer. For the
extraction of the current-year twig xylem cellulose, twig material
was transferred to paper bags, stored on dry ice, and then oven-
dried for 72 h at 60°C.

Extraction of leaf and twig water, cellulose and sugars

Leaf water and twig water were cryogenically extracted using a
hot water bath at 80°C and a vacuum (10�2 mbar) for 2 h (West
et al., 2006; Diao et al., 2022), then stored in glass vials at
�20°C until δ2H measurement. The dried leaf material from the
cryogenic vacuum distillation was ball-milled (MM400; Retsch,
Haan, Germany), and the bulk leaf sugar fraction (i.e. ‘leaf
sugars’) was then extracted from 100 mg of leaf powder following
established protocols for carbon and oxygen isotope analysis
(Rinne et al., 2012; Lehmann et al., 2020). First, the ground leaf
material was mixed with deionized water in a 2-ml reaction vial
and the water-soluble content was extracted at 85°C for 30 min.
Leaf sugars were then purified from the water-soluble content
using ion exchange cartridges (OnGuard II A, H and P, Dionex;
Thermo Fisher Scientific, Bremen, Germany). The remaining
sugar solutions were frozen and freeze-dried, and the mass of each
sugar sample was measured.

For the extraction of twig xylem holocellulose, the twig xylem
tissue from the current year was visually identified, separated
manually with scissors, and ball-milled to a powder (Retsch).
About 100 mg of the ball-milled material was packed into F57
fiber filter bags (Ankom Technology, Macedon, NY, USA). The

samples were washed twice, for 2 h each time, with 5% NaOH at
60°C. The samples were then rinsed three times with boiling deio-
nized water and subsequently incubated three times at 60°C, for
8 h each time, in a solution of 7% NaClO2 adjusted with 96%
acetic acid to a pH of 4–5. After that, the samples were again
rinsed three times with boiling deionized water, squeezed using a
spatula, and dried for at least 4 h in a drying oven at 60°C. In a
final step, the purified cellulose was mixed with deionized water,
homogenized with an ultrasonic transducer (UP200St; Hielscher,
Teltow, Germany), and freeze-dried overnight.

δ2H analysis of twig xylem water (δ2HXW) and leaf water
(δ2HLW)

The δ2H of water samples was measured with a high-temperature
conversion elemental analyzer coupled to a DeltaPlus XP isotope
ratio mass spectrometer (TC/EA-IRMS; Finnigan MAT, Bre-
men, Germany). Calibration was performed using a range of cer-
tified waters of different isotope δ2H ratios, resulting in a
precision of analysis of 2‰.

δ2Hne analyses of sugars and cellulose using a hot water
vapor equilibration method

For the δ2Hne analyses of sugars and cellulose, the previously
developed hot water vapor equilibration method was applied
(Schuler et al., 2022). In short, the dried sugar samples were dis-
solved in water, with a target concentration of 1 mg per 20 μl. The
reason for this relatively high target was to reduce sample volume
and increase its viscosity, thereby reducing the risk of losing sample
material while processing. Two identical sets of each sugar sample,
with 1 mg sample material each, were prepared by pipetting 20 μl
into preweighed 5× 9mm silver foil capsules (SA76981106;
Säntis, Rüthi, Switzerland). Each duplicate was then frozen at
�20°C, freeze-dried at �50°C, and packed into a second silver
foil capsule to prevent sample loss during the equilibration process

Fig. 1 Theoretical framework for the
expected phylogenetic signal in the non-
exchangeable hydrogen isotopic composition
(δ2Hne) of carbohydrates in trees and shrubs.
The last common ancestor (LCA) of all tested
tree and shrub species had a hypothetical
gene coding for a protein important in a
distinct biological 2H fractionation process
during photosynthesis. The active region of
the protein in the middle is shown in yellow.
During the evolutionary separation between
angiosperms and gymnosperms, certain
genetic mutations lead to structural changes
(red) of the active site of the protein, which
was passed on to the next generations.
During the evolution of the different tree
families, additional small mutations occurred
within both the angiosperm and
gymnosperm families. The sum of all these
small mutations has shaped the species-
specific 2H fractionation caused by the
protein.
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when sugars are liquified. Cellulose samples were also prepared in
duplicate by transferring 1 mg into 3.3× 5mm silver foil capsules
(SA76980506; Säntis, Rüthi, Switzerland). Sugar and cellulose
samples were stored in a desiccator at low relative humidity (2–
5%) until δ2H measurement.

The two sets of duplicates were then equilibrated with water
vapor using two isotopically distinct waters (δ2H (Water 1)=
�160‰ and δ2H (Water 2)=�428‰) at 130°C in an apparatus
consisting of an electrical heating oven (ED23; Binder, Tuttlingen,
Germany) into which a specially designed equilibration chamber
was inserted (Schuler et al., 2022). After 2 h of equilibration with
hot water vapor, the continuous water flow was stopped, the excess
water in the line was pumped back and discarded, the feeding capil-
lary was switched to a capillary delivering dry nitrogen gas (N25.0;
2220912; PanGas AG, Dagmersellen, Switzerland) for 2 h to
remove any remaining water and water vapor from within the equi-
libration chamber. The system remained at 130°C during the dry-
ing time. After the samples were equilibrated and dried, they were
immediately transferred into a Zero Blank Autosampler (N.C.
Technologies Srl, Milano, Italy), which was installed on a sample
port of a high-temperature elemental analyzer system. The latter
was coupled via a ConFlo III referencing interface to a DeltaPlus XP
IRMS (TC/EA-IRMS; Finnigan MAT, Bremen, Germany). The
autosampler was evacuated to 0.01mbar and filled with dry helium
gas to avoid exchange of Hex with ambient water vapor. The sam-
ples were pyrolyzed in a reactor according to Gehre et al. (2004),
and carried in a flow of dry helium (150mlmin�1) to the IRMS.
Raw δ2H values were offset corrected using PEF standards (IAEA-
CH-7 polyethylene foil, International Atomic Energy Agency,
Vienna, Austria; SD< 0.7‰ within one run). The measured δ2H
of the leaf sugar and twig xylem cellulose can be found in Tables S3
and S4, respectively.

Calculation of the nonexchangeable hydrogen isotope ratio
(δ2Hne), εHA and εHE

All Isotope ratios (δ) were calculated as given in Eqn 1 (Coplen,
2011):

δ ¼ RSample�RStandard

RStandard
Eqn 1

where R= 2H/1H of the sample (RSample) and of Vienna Standard
Mean Ocean Water (VSMOW2; RStandard) as the standard defin-
ing the international isotope scale. To express the resulting δ in
permil (‰), results were multiplied by 1000.

According to Filot et al. (2006), the %-proportion of
exchanged hydrogen during the equilibrations (xe, Eqn 2) can be
calculated as:

xe ¼ δ2He1 –δ2He2

αe�w � δ2Hw1 –δ2Hw2

� � Eqn 2

where δ2He1 and δ2He2 are the measured δ2H values of the two
equilibrated subsamples, δ2Hw1 and δ2Hw2 are the δ2H values of

the two waters used, and αe–w is the fractionation factor of 1.082,
which is the same for sugars and cellulose (Filot et al., 2006;
Schuler et al., 2022). Typical xe values for sugars are between
0.32 and 0.36, and for cellulose c. 0.20 (Schuler et al., 2022).

δ2Hne can then be calculated with Eqn 3 using one of the two
equilibrations (equilibration one in this example, δ2He1 and
δ2Hw1):

δ2Hne ¼ δ2He1�xe � αe�w � δ2Hw1�1000 � xe � αe�w�1ð Þ
1�xe

Eqn 3

The results were then calibrated using internal reference material,
with three sucrose samples for the equilibrations of leaf sugars and
three cellulose samples for the equilibrations of the twig xylem cel-
lulose. The calculation of the δ2Hne of the leaf sugar and twig
xylem cellulose can be found in Tables S3 and S4, respectively.

The total leaf water enrichment (LWE) was calculated with
Eqn 4, εHA with Eqn 5, and εHE with Eqn 6, using the values for
leaf water (δ2HLW) and xylem water (δ2HXW):

LWE ¼ δ2Hleaf water –δ2Htwig xylem water Eqn 4

εHA ¼ δ2Hleaf sugar –δ2Hleaf water Eqn 5

εHE ¼ δ2Htwig xylem cellulose –δ2Hleaf sugar Eqn 6

To eliminate unnecessary complexity, in agreement with the law
of parsimony in explaining observed processes, the two biological
fractionation factors were expressed as the actual difference
between the δ2Hne of leaf sugars and the δ2H of leaf water (εHA),
and the actual difference between the δ2Hne of twig xylem cellu-
lose and the δ2H of leaf sugars (εHE).

Statistical analyses

Statistical analyses were performed using R v.4.1.2 (R Core
Team, 2021). The distribution of the data was assessed for nor-
mality with Kolmogorov–Smirnov tests. T-tests were performed
to evaluate δ2H fractionation differences between angiosperms
and gymnosperms, as well as between deciduous and evergreen
species. Analysis of variance (ANOVA), followed by Tukey’s
post hoc tests, was performed to evaluate differences between
clades, orders, families, and genera. Linear models, implemented
in the R package GGPLOT2 (Wickham, 2016), were used to deter-
mine the general drivers behind the 2H fractionation processes.
Final assembly of the graphs was done using the R package
PATCHWORK (Pedersen, 2022). The phylogenetic analyses were
performed and the phylogenetic trees were generated using the R
package PHYTOOLS (Revell, 2012). Pagel’s λ was used to estimate
the phylogenetic signal behind the observed δ2Hne of leaf sugars
and twig xylem cellulose and the fractionation factors (εHA and
εHE). According to Molina-Venegas & Rodrı́guez (2017), Pagel’s
λ measures the similarity of the covariances among species and
the covariances expected for values with a distribution similar to
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Brownian motion. It is highly robust to incompletely resolved
phylogenies and suboptimal branch-length information. A
Pagel’s λ of 1 indicates a strong phylogenetic signal, where the
tested trait is more similar in closely related species than in more
distantly related species. By contrast, a Pagel’s λ of 0 indicates the
absence of a phylogenetic signal, which means that the variability
of the tested trait is not affected by the evolutionary relationships
of the species. As there was no calibrated phylogenetic tree avail-
able containing all the considered species, generic branch lengths
were used for the phylogenetic tree: 1 on the species level, 2 on
the genus level, 4 on the family level, 8 on the order level, and 16
between angiosperms and gymnosperms. This was done with the
aim of reflecting the increasing phylogenetic distance along this
sequence. Due to the uneven number of replicates (one to three)
within the tested species, mean values per species were used.

Results

δ2H of plant water and carbohydrates in angiosperms and
gymnosperms

The measured δ2H and 2H fractionation factors of carbohydrates
and water in angiosperms and gymnosperms were normally distrib-
uted (Fig. 2a–d), with mostly unimodal peaks around the mean
values, and the mean and median values close to each other. For the
εHE of angiosperms, there was a slightly bimodal but still normal
distribution (Fig. 2d), with a secondary accumulation at values
about twice as large as the bulk of the εHE values.

Among the sampled species and phylogenetic groups (clade,
order, family, genus, species), we observed large variability in the

δ2Hne of leaf sugars and twig xylem cellulose and in the biological
fractionation factors εHA and εHE (Fig. 2; Tables 1, S1, S5, S6).
For angiosperm carbohydrates, the mean δ2Hne values of leaf
sugars and twig xylem cellulose were �99.9‰ (SD= 28.1‰)
and �41.2‰ (SD = 15.2‰), respectively. The observed δ2H in
angiosperms resulted in mean εHA and εHE values of �97.3‰
(SD= 30.5‰) and 58.7‰ (SD = 28.3‰), respectively. For
gymnosperm carbohydrates, the mean δ2Hne values of leaf sugars
and twig xylem cellulose were �127.0‰ (SD = 20.5‰) and
�53.7‰ (SD = 16.9‰), respectively. The observed δ2H in
gymnosperms resulted in mean εHA and εHE values of �129.1‰
(SD= 23.4‰) and 73.2‰ (SD = 19.6‰), respectively. The
εHA values of gymnosperm species were significantly lower than
those of angiosperm species (P≤ 0.0001), whereas εHE values
were significantly higher for gymnosperms (P≤ 0.001).

In comparison with the δ2Hne of sugars and cellulose (Fig.
2a–d), variability was smaller for δ2HXW, δ2HLW, and LWE
(Fig. 2e–g). In angiosperms, the mean δ2H values of twig xylem
water and leaf water were �50.8‰ (SD= 5.0‰) and �2.6‰
(SD= 6.7‰), respectively, leading to a mean isotopic leaf water
enrichment (LWE) of 48.2‰ (SD= 6.1‰; Fig. 2). In gymnos-
perms, the mean δ2H values of twig xylem water and leaf water
were �47.9‰ (SD= 6.7‰) and 2.1‰ (SD= 9.4‰), respec-
tively, leading to a mean isotopic leaf water enrichment of
50.2‰ (SD= 7.5‰; Fig. 2). The δ2H values of xylem and leaf
water were significantly higher in gymnosperms than in angios-
perms (P≤ 0.05), while LWE was not significantly different
between the two groups (P≥ 0.05).

Within the tested angiosperms, Ilex aquifolium L. had the
smallest εHA, with a mean of �7.1‰ (SD= 34.7‰), leading to

Fig. 2 Violin plots of the hydrogen (H)
isotope ratios of plant water and
carbohydrates and their 2H fractionation
factors across 152 tree and shrub species in a
common garden. The boxplots within the
violin plots are indicating the mean (points)
and median (horizontal line) values. (a) Non-
exchangeable H isotopic composition (δ2Hne)
of leaf sugar, (b) autotrophic 2H fractionation
factor (εHA), (c) δ2Hne of twig xylem
cellulose, (d) heterotrophic 2H fractionation
factor (εHE), (e) δ2H of twig xylem water, (f)
δ2H of leaf water, and (g) leaf water
enrichment (LWE). In all panels, angiosperms
(yellow) and gymnosperms (green) are
compared, with asterisks indicating
significant differences (t-test: *, P≤ 0.05;
**, P≤ 0.01; ***, P≤ 0.001; ****,
P≤ 0.0001). VSMOW, Vienna Standard
Mean Ocean Water.
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a mean δ2Hne of leaf sugars of �15.1‰ (SD= 31.7‰). Interest-
ingly, this species was the only one with a negative heterotrophic
2H fractionation factor εHE (mean=�9.2‰, SD= 38.6‰),
leading to a mean δ2Hne of twig xylem cellulose of �24.3‰
(SD= 11.2‰). While gymnosperms showed, on average, a
stronger 2H fractionation than angiosperms, the order with the
strongest 2H fractionation, for both εHA and εHE, was the angios-
perm Fabales (εHA mean �137.4‰, SD= 34.9‰; εHE mean
88.9‰, SD= 29.3‰). We observed no significant differences for
the tested variables (δ2Hne of leaf sugar, εHA, δ2Hne of twig xylem
cellulose, εHE, δ2H of twig xylem water, δ2H of leaf water, and
LWE) between the deciduous and evergreen species within the
angiosperms and within the gymnosperms (P> 0.05, Fig. S1).

Relationship between δ2H of plant water and
carbohydrates

δ2Hne of leaf sugars was not or only very weakly (R
2< 0.1) linearly

related to δ2H of twig xylem water and of leaf water and to LWE
(Fig. 3a–c), but it was strongly linearly related to εHA (R2= 0.95;
Fig. 3d) and to εHE (R

2= 0.68; Fig. 3e). For δ2Hne of twig xylem
cellulose, we observed a weak relationship (R2= 0.1) with δ2H of
twig xylem water (Fig. 4a), but no or very weak relationships with
δ2H of leaf water and with LWE (Fig. 4b,c). In contrast to values
for leaf sugars, δ2Hne of twig xylem cellulose was only weakly
related to εHA (R

2= 0.16; Fig. 4d) and to εHE (R
2= 0.19; Fig. 4e).

Phylogenetic analysis of the observed δ2H patterns

Pagel’s λ, a measure of phylogenetic effects, differed among the
isotopic variables (Table 2; Figs S2–S4). For δ2Hne of leaf sugars
and for εHA, Pagel’s λ values were close to 1, indicating a clear
phylogenetic signal. Similarly, a phylogenetic signal was visible in
the δ2Hne of twig xylem cellulose and in εHE, albeit weaker. No
significant phylogenetic signal was observed in the δ2H of xylem
water, leaf water, or LWE (Table 2).

The phylogenetic trees for δ2Hne of the carbohydrates and the
corresponding fractionation factors (Figs 5, 6), in combination
with the ANOVA results (Table S6), indicated distinct patterns
among the tested phylogenetic groups. The phylogenetic tree for
δ2Hne of leaf sugars (Fig. 5a) showed lower (more negative)
δ2Hne values for gymnosperms than for angiosperms. Three
groups of angiosperms had lower δ2Hne of leaf sugars compared
with the other angiosperms: the family Fabaceae, the genus Acer
L., and, to a lesser extent, the family Magnoliaceae. The phyloge-
netic pattern of εHA reflected the phylogenetic relationships of
the δ2Hne of leaf sugars (Fig. 5b), demonstrating that leaf water
did not shape the detected phylogenetic pattern. Within the gym-
nosperms, there were no significant differences for δ2Hne of leaf
sugars and εHA, whereas the εHA of Ginkgoaceae and Taxaceae
were significantly different than the values for Cupressaceae and
Pinaceae (Table S6).

The phylogenetic tree for δ2Hne of twig xylem cellulose
(Fig. 6a) revealed a different and slightly more complex pattern
than observed for the δ2Hne of leaf sugars and for εHA. While
δ2Hne values were, on average, lower (more negative) inT
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gymnosperms than in angiosperms, we found distinct groups
within both angiosperms and gymnosperms. For angiosperms,
there were three distinct groups: species of the family Fagaceae
(containing Betula L., Alnus MILL., Carpinus L. and Ostrya
SCOP.) had the lowest δ2Hne of twig xylem cellulose; species
within the genus Fraxinus L. had the highest δ2Hne values; and
the remaining species had δ2Hne values distributed between
those of the two other groups. For gymnosperms, species
within the family Pinaceae had higher δ2Hne of twig xylem
cellulose than observed for species belonging to the families
Cupressaceae and Taxaceae.

For the phylogenetic tree of εHE (Fig. 6b), angiosperm species
were divided into three different groups. Species of the family
Fabaceae and the genus Acer were distinguished by a stronger 2H
enrichment, caused by εHE, compared with the other angios-
perms. Interestingly, Ilex aquifolium was the only species with a
negative εHE, leading to a 2H depletion from leaf sugars to xylem
cellulose. As with εHA, for εHE two distinct groups within the
gymnosperms were observed (Fig. 6b; Table S6): species within
the family Pinaceae, where εHE caused a strong 2H enrichment,
and species of the families Cupressaceae, Taxaceae, and Ginkgoa-
ceae, with much lower εHE values.

Discussion

Phylogenetic pattern in the δ2Hne of plant carbohydrates,
εHA and εHE

Our study revealed a strong phylogenetic signal in the hydrogen
isotopic composition of plant carbohydrates (Tables 1, 2; Figs 5,
6, S2, S3). Given that δ2H in twig xylem and leaf water varied
less and that species-related trends in plant water were opposite

to those in carbohydrates (Figs 2, 3), we conclude that the phylo-
genetic signal in the δ2Hne of plant carbohydrates was not driven
by source or leaf water (Figs 3, 4), which is in accordance with
recent studies (Holloway-Phillips et al., 2022). A strong relation-
ship between the δ2H of the source water and the δ2Hne of carbo-
hydrates probably only occurs if plants are growing with source
water with pronounced differences in their δ2H, such as along a
geographic gradient along a dividing range (Roden & Ehlerin-
ger, 2000), on the continental scale (West et al., 2008; Vitali
et al., 2022), or when source water is experimentally enriched or
depleted in 2H (Roden & Ehleringer, 1999). Instead, our results
showed that the δ2Hne of sugars and cellulose and their phyloge-
netic signal were caused by biological processes, and differed
between angiosperms and gymnosperms (Fig. 2). εHA explained
95% of the variation in the δ2Hne of leaf sugars. The strong rela-
tionship between these two variables (Fig. 2d) indicates that the
observed δ2Hne of leaf sugars was representative for the sampled
species.

The strong phylogenetic pattern of the δ2Hne of leaf sugars
and εHA was dampened during heterotrophic 2H fractionation
(εHE), as the isotopic signal in leaf sugars was not directly trans-
lated into twig xylem cellulose (Figs 3, 4), resulting in a reduced
phylogenetic pattern in δ2Hne of twig xylem cellulose (Figs 6, S3;
Table 2). The change in 2H signal transfer from leaf sugars to cel-
lulose might also be partially explained by a temporal and spatial
separation between 2H fractionation processes shaping the δ2Hne

of leaf sugars and those shaping the δ2Hne of twig xylem cellu-
lose. By contrast, drivers of heterotrophic 2H fractionation and
the δ2Hne of twig xylem cellulose were likely more complex than
those influencing εHA. These heterotrophic

2H fractionation pro-
cesses might be influenced by the physiological adaption of a spe-
cies to its environment, such as the interaction of respiration rate

Fig. 3 Linear relationships between δ2Hne of
leaf sugars and (a) δ2H of twig xylem water,
(b) δ2H of leaf water, (c) leaf water
enrichment (LWE), (d) autotrophic 2H
fractionation factor (εHA), and (e)
heterotrophic 2H fractionation factor (εHE).
Yellow dots indicate angiosperms, and green
dots indicate gymnosperms. The continuous
blue line represents the linear model, the
light blue shading denotes the 95%
confidence level interval for predictions from
the linear model, and the dashed black line is
the 1 : 1 line. VSMOW, Vienna Standard
Mean Ocean Water.
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with temperature (Patterson et al., 2018), or by differences in tree
internal carbon allocation (Herrera-Ramı́rez et al., 2020).

An evolutionary development causing the stronger autotrophic
2H fractionation in gymnosperms could be their faster electron
transport of photosystem II compared with angiosperms (Shirao
et al., 2013), which might also affect the rate of proton transport,
leading to stronger 2H fractionation. Other known differences
between gymnosperms and angiosperms are the higher water use
efficiency of the former (Flexas & Carriquı́, 2020), as well as dif-
ferences in their leaf hydraulics and stomatal conductance (Lusk
et al., 2003; Brodribb et al., 2005). However, these variables
would explain the observed pattern in 2H fractionation only if
the 2H fractionation were derived from the leaf water, which was
not the case in our study (Figs 3, 4). The absence of any relation-
ship between the δ2H of leaf water and the δ2Hne of carbohy-
drates might be caused by strong isotopic differences between
the water of the whole leaf and the water inside the chloroplasts,

which is the isotopically relevant pool during C3 carbon fixation,
due to the photosynthetic proton production inside the chloro-
plast (Heldt et al., 1973). In this case, the δ2H of the water
inside the plants’ chloroplasts might be responsible for the phylo-
genetic relationships detected here. Relationships in the H isoto-
pic signal in leaf and source water and carbohydrates, reported
by others (Roden & Ehleringer, 2000), would only occur if
plants of the same species grew with source water with different
δ2H values. Nitrogen metabolism is a process that could influ-
ence εHE, as gymnosperms have a lower photosynthetic nitrogen
use efficiency than angiosperms (Flexas & Carriquı́, 2020).
However, the nitrogen metabolism of the tree and shrub species
considered here probably did not contribute significantly and
consistently to the observed phylogenetic pattern in plants’ 2H
fractionation, as the nitrogen-fixing angiosperm species within
Fabales and the two Alnus species within Fagales had different
patterns of autotrophic and heterotrophic 2H fractionation
(Tables S5, S6).

Another potential reason for the difference between our tested
angiosperm (mostly deciduous) and gymnosperm (mostly ever-
green) species could be related to findings from recent studies
showing a 2H depletion in tree-ring cellulose of deciduous com-
pared with evergreen conifer species (Arosio et al., 2020a,b), sug-
gesting an influence of leaf shedding behavior. However, in our
data set, which included more species from more genera than pre-
vious studies, such differences did not emerge between deciduous
and evergreen species for either angiosperms or gymnosperms
(Fig. S1). This was the case even when we reduced our data set to
the species used by Arosio et al. (2020b).

One reason for the differences between our findings and those
from previous studies could be related to the plant tissue

Fig. 4 Linear relationship between δ2Hne of
twig xylem cellulose and (a) δ2H of twig
xylem water, (b) leaf water enrichment
(LWE), (c) heterotrophic 2H fractionation
factor (εHE), (d) δ2Hne of leaf sugars, and (e)
autotrophic 2H fractionation factor (εHA).
Yellow dots indicate angiosperms, and green
dots indicate gymnosperms. The continuous
blue line represents the linear model, the
light blue shading denotes the 95%
confidence level interval for predictions from
the linear model, and the dashed black line is
the 1 : 1 line. VSMOW, Vienna Standard
Mean Ocean Water.

Table 2 Pagel’s λ for δ2H of plant water (leaf water, twig xylem water),
δ2Hne of plant carbohydrates (leaf sugars, twig xylem cellulose), leaf water
enrichment (LWE), and the autotrophic (εHA) and heterotrophic (εHE) 2H
fractionation factors.

Pagel’s λ P

δ2Hne leaf sugar 0.87 ***
εHA 0.88 ***
δ2Hne twig xylem cellulose 0.64 ***
εHE 0.61 ***
δ2H twig xylem water 0.26 ns
δ2H leaf water 0.03 ns
LWE 0 ns
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analysed. While we used current-year twig material for the cellu-
lose extraction, cellulose derived from branch material was inves-
tigated in earlier studies. δ2Hne of twig xylem cellulose from
current-year twigs should reflect nearly exclusively stable isotope
ratios of fresh assimilates, as the NSC pool in the canopy is lar-
gely depleted during leaf flushing (Nabeshima et al., 2018; Pala-
cio et al., 2018; Tixier et al., 2018). By contrast, cellulose
synthesis in older branch and stem tissues might use a larger per-
centage of older carbon reserves, which might be isotopically dis-
tinct from fresh NSCs due to heterotrophic fractionations,
isotopic mixing, and the integration of larger temporal variations,
for example, in climate. The overall composition of the NSC sto-
rage pools of deciduous and evergreen species might also differ in
terms of the time of the year when these assimilates were formed.
Unlike deciduous species, evergreen species can assimilate

throughout the entire year if the climatic conditions are favorable
(Hadley, 2000; Schaberg, 2000; Zhang et al., 2013) and may use
isotopically different water sources in different seasons. This
might lead to distinct differences in the δ2H of assimilates during
summer and winter.

Therefore, the phylogenetic signals in the δ2Hne of leaf sugars
might be overwritten along the path to tree-ring cellulose by
other physiological and phenological traits. This possibility needs
to be investigated in further studies. Thus, we conclude that any
differences in δ2H between deciduous and evergreen tree species
under the same climatic conditions, apart from the species speci-
fic pattern in 2H fractionation, were probably tissue specific and
caused by the use of different proportions of fresh and old NSCs
and by temporal variation in their photosynthetically active
period.

Fig. 5 Phylogenetic trees showing (a) the
δ2Hne of leaf sugars and (b) the autotrophic
2H fractionation factor between leaf water
and leaf sugars (εHA) among the tested tree
species. Gymnosperms are on the left side
and angiosperms on the right side of the tree.
VSMOW, Vienna Standard Mean Ocean
Water.
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Potential drivers of autotrophic and heterotrophic 2H
fractionation

Our results suggested that δ2Hne was driven by autotrophic 2H
fractionation, as leaf water could be ruled out as an important
driver of the δ2Hne of carbohydrates (Figs 2, 3a,b, 4a,b; Tables 1,
2). A closer look at the biochemical reactions inside the chloro-
plast with the potential to impact the δ2Hne of freshly assimilated
sugars might narrow down the processes that could cause the
observed phylogenetic signal in the 2H fractionation (εHA) in the
leaf sugars of tree and shrub species (Fig. 7).

Photosynthetic carbon (C) fixation is divided into light-
dependent (Fig. 7a) and light-independent reactions (Fig. 7b).
During the light-dependent reactions (Fig. 7a), H+ is produced
inside the thylakoid lumen (Ferreira et al., 2004) and

subsequently transported through the thylakoid membrane into
the chloroplast stroma. There, H+ is used to synthetize NADPH
(Nelson & Ben-Shem, 2005). H+ undergoes continuous
exchange reactions with the H of the H2O (Giguere, 1979), both
inside the water pool of the thylakoid lumen and in the chloro-
plast stroma, causing an additional potential for 2H fractiona-
tion, as relative energies of 1H and 2H bonds are affected by their
differences in zero-point vibrational energy (Scheiner &
Čuma, 1996). These light-dependent reactions produce a strong
H+ gradient between the thylakoid lumen and the chloroplast
stroma, leading to a ΔpH of 2.3 between the two compartments
(Heldt et al., 1973; Falkner et al., 1976; Heldt, 1980). New
sugars are synthetized during the light-independent reactions
(Fig. 7b). These sugars have seven C-bound H atoms, which can
originate from the NADPH pool (21%), from photorespiration

Fig. 6 Phylogenetic trees showing (a) the
δ2Hne of twig xylem cellulose and (b) the
heterotrophic 2H fractionation factor
between leaf sugars and twig xylem cellulose
(εHE) among the tested tree species.
Gymnosperms are on the left side and
angiosperms on the right side of the tree.
VSMOW, Vienna Standard Mean Ocean
Water.
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(up to 3% under normal conditions), RuBP (max. 29%), or
from the water inside the chloroplasts’ stroma (min. 50%; Cor-
mier et al., 2018). NADPH is formed with protons from the
pool in the chloroplast stroma, and thus might have a δ2H simi-
lar to that in this water pool. This means, in summary, that up to
71% of the C-bound H in G6P is derived from the water inside
the chloroplasts’ stroma. Thus, the strong overall 2H fractiona-
tion we observed is most likely driven by processes during the

light-dependent reaction of photosynthesis. The most likely pro-
tein candidates causing the strong autotrophic 2H fractionation,
leading to 2H-depleted sugars in C3 plants, are therefore the
water-splitting complex (WSC), ATP synthase (ATPS), the cyto-
chrome b6f complex (Cb6fC), and ferredoxin-NADP+ reductase
(FNR).

The processes behind the heterotrophic 2H fractionation,
which caused the observed 2H enrichment from leaf sugars to

Fig. 7 Simplified scheme of photosynthesis, showing only the steps where hydrogen (H, i.e. protons) is directly involved: (a) light-dependent reactions in
the thylakoid according to Allen et al. (2011), and (b) light-independent reactions in the chloroplasts’ stroma according to Busch (2020). Bold numbers indi-
cate reactions where strong 2H fractionation is likely to occur. The proton pool within the thylakoid lumen is shown as pink circles, while the proton pool in
the chloroplast stroma is shown as mint green circles. Arrows indicate proton fluxes, with their color indicating if 2H fractionation potentially happens
(orange) or not (black) during the process. During the light-dependent reactions (1–7), 2H fractionation can potentially occur during: (1) the splitting of
water molecules by the water-splitting complex (WSC) of photosystem II (PSII; Ferreira et al., 2004), which initially produces the protons for the whole
reaction chain; (2) the exchange reaction between the free protons and the water molecules of the thylakoid lumen; (3) the proton pump of ATP synthase
(ATPS; Seelert et al., 2000), which pumps protons from the thylakoid lumen into the chloroplast stroma as the δ2H of the proton pool in the chloroplast
stroma can potentially be influenced by a selective H+ transport by ATPS; (4) the exchange reaction between the free protons and the water molecules of
the chloroplast stroma; (5) the transfer of protons back into the thylakoid lumen by the cytochrome b 6 f complex (Cb 6fC; Cramer et al., 2011);
(6) NADPH synthesis by ferredoxin-NADP + reductase (FNR; Nelson & Ben-Shem, 2005), which is connected to photosystem I (PSI) and uses protons
from the pool in the chloroplast stroma. This process is driven by (7) the light-dependent reactions in the thylakoid. During the light-independent reactions
(8–13), the δ 2H of the (8) proton pool in the chloroplast stroma is incorporated during the carbon dioxide (CO2) assimilation process and probably further
altered by 2H fractionation. (9) About 75% of RuBisCO binds CO2 to 3-phosphoglyceric acid (3-PGA). (10) About 25% of RuBisCO binds oxygen (O2) in a
process called photorespiration (Busch, 2020) and needs to be regenerated as 2-phosphoglycolate (2-PG) to form (11) 3-PGA (Bauwe, 2018). At least
82% of the 3-PGA pool comes from direct CO2 fixation, while a maximum of 18% comes from photorespiration (Busch, 2020). Further biochemical
exchange reactions involving H occur during (12) the Calvin–Benson–Bassham cycle (CBB), and (13) the synthesis of glucose-6-phosphate (G6P) out of
glyceraldehyde-3-phosphate (G3P).
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twig xylem cellulose, most likely involve further steps that can be
temporally and spatially separated from each other. For instance,
trees form their tree rings at night, while sugars are formed dur-
ing the day (Zweifel et al., 2021). The very weak explanatory
power of the δ2H of twig xylem water for the δ2Hne of twig
xylem cellulose (R2= 0.1) in our study indicates that the 2H
enrichment during cellulose formation was likely not caused by
isotopic exchange with source water. Respiration has been identi-
fied as one heterotrophic 2H-enriching process (Holloway-
Phillips et al., 2022). As plants respire continuously in all their
living tissues, this accumulated respiratory 2H enrichment in the
leaves and twigs we sampled probably cause higher (less negative)
δ2Hne in older pools of active carbohydrates, and with it higher
δ2Hne of the cellulose that is formed from this pool (Lehmann
et al., 2021). In addition, trees and shrubs can be classified into
the so-called ‘starch’ and ‘fat’ trees/shrubs (Kramer &
Kozlowski, 1960), with the latter using more lipids, in addition
to carbohydrates, for their energy storage (Hoch et al., 2003;
Herrera-Ramı́rez et al., 2021). This variation in the use of storage
compounds might explain some of the observed variation in the
heterotrophic fractionation. However, as this classification
according to storage compounds has not been done for a large
fraction of species, further studies are needed to further explore
the impact of such internal C dynamics.

2H fractionation as a proxy for plants’ metabolic properties

The strength of the 2H fractionation differs between C3, C4, and
CAM photosynthesis pathways (Sternberg et al., 1984; Luo &
Sternberg, 1991), with carbohydrates of C3 plants being 2H
depleted compared with those of C4 and CAM plants. Within our
data set, the angiosperm species Ilex aquifolium stood out, with
the highest εHA, and with two out of three sampled trees showing
a 2H enrichment instead of the typical 2H depletion during sugar
formation. Likewise, εHE of Ilex aquifolium was the only negative
value among our tested species, leading to a more 2H-depleted cel-
lulose compared with the currently synthetized leaf sugar. A simi-
lar pattern has been observed previously in the CAM orchid
Phalaenopsis BLUME, probably caused by C3 photosynthesis dur-
ing leaf formation and a subsequent switch to CAM photosynth-
esis when the leaves reached maturity (Schuler et al., 2022). Thus,
Ilex aquifolium might be an overlooked facultative CAM species.
As increased respiration rates also correlate with 2H enrichment
(Holloway-Phillips et al., 2022), strong respiration rates in Ilex
aquifoliummight drive the strong 2H enrichment in its leaf sugars.
In any case, the metabolism of this species appeared to be distinct
from other tree species and deserves further study. In conclusion,
screening δ2Hne of carbohydrates in different plant species has the
potential to reveal unknown metabolic functional groups, such as
C3–CAM intermediates, which cannot be identified by tradi-
tional isotope approaches (Edwards, 2019).

Conclusion

Our study highlights that (1) plant metabolism was the main
driver of 2H fractionation in plant carbohydrates, (2) plants’

phylogeny strongly influenced the processes affecting δ2Hne at
the leaf level, (3) 2H fractionation processes influencing the
δ2Hne of cellulose altered the initial phylogenetic signal found
in δ2Hne within leaf sugars, (4) species-specific variability in 2H
fractionation must be taken into account if new 2H fractiona-
tion models are to be developed, and (5) studying the 2H frac-
tionation between leaf water, leaf sugars and twig xylem
cellulose could be used as a new tool for large-scale screening of
plants’ metabolic functioning. Based on our findings, we specu-
late that investigating the phylogenetic relationships of the pro-
teins involved in the light-dependent reactions (WSC, ATPS,
Cb6fC, and FNR) might reveal the steps crucial for autotrophic
2H fractionation. Finally, further studies are needed to investi-
gate the interaction between 2H fractionation factors and plant
physiological processes, such as gas exchange rates, photorespira-
tion, and plant internal carbon allocation in response to envir-
onmental forcing.

Acknowledgements

We thank Yvonne Aellen und Thierry Giegelmann from Basel
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Alpine Holocene tree-ring dataset: age-related trends in the stable isotopes of

cellulose show species-specific patterns. Biogeosciences 17: 4871–4882.
Arosio T, Ziehmer-Wenz M, Nicolussi K, Schlüchter C, Leuenberger M.
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