Science of the Total Environment 813 (2022) 152281

Contents lists available at ScienceDirect

Science o e
Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

The unknown third — Hydrogen isotopes in tree-ring cellulose across Europe L)

Check for
updates

V. Vitali »*, E. Martinez-Sancho b K. Treydte °, L. Andreu-Hayles %<, I. Dorado-Lifian , E. Gutierrez &, G. Helle ",
M. Leuenberger |, N.J. Loader’, K.T. Rinne-Garmston ¥, G.H. Schleser !, S. Allen ™, J.S. Waterhouse ",
M. Saurer !, M.M. Lehmann *!

@ Stable Isotope Research Center (SIRC), Ecosystem Ecology, Forest Dynamics, Swiss Federal Institute for Forest, Snow and Landscape Research WSL, Forest Dynamics, CH-8903
Birmensdorf, Switzerland

b Dendrosciences, Forest Dynamics, Swiss Federal Institute for Forest, Snow and Landscape Research WSL, Forest Dynamics, CH-8903 Birmensdorf, Switzerland
¢ Tree-Ring Laboratory, Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY, USA

4 CREAF, Bellaterra ( Cerdanyola del Vall.s), Barcelona, Spain

¢ ICREA, Pg. Llu.s Companys 23, Barcelona, Spain

f Department of Systems and Natural Resources, Universidad Politécnica de Madrid, Madrid, Spain.

& Departament de Biologia Evolutiva, Ecologia i Ciéncies Ambientals, Universitat de Barcelona, Barcelona, Spain

" German Research Centre for Geosciences, Section 4.3 Climate Dynamics and Landscape Evolution, Telegrafenberg, 14473 Potsdam, Germany

i Climate and Environmental Physics Division and Oeschger Centre for Climate Change Research, University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland

J Department of Geography, S University, S a, UK

X Natural Resources Institute Finland (Luke), Helsinki, Finland

! FZJ Research Center Jiilich, Institute of Bio- and Geosciences, Agrosphere (IBG-3), 52425 Jiilich, Germany

™ Department of Natural Resources and Environmental Science, University of Nevada Reno, 1664 N Virginia St.,, Reno, NV 89557, USA

™ School of Life Sciences, Anglia Ruskin University, Cambridge, UK

HIGHLIGHTS GRAPHICAL ABSTRACT

The climate information in hydrogen
isotope ratios of tree rings (8°H.) is
uncertain.

We present the first European-wide
century-long study of §°H..

ng cellulose across Europe

Annual growth and the isotopic signature of tree-rings can ed to evaluate the t of clim
the information recorded in hydrogen isotopes of tree-ring cellulos:

hange and to infer on plant physiological

mechanisms. Hows is poorly understood

E 2.a. Quercus b. Pinus Results: Compared to the carbon (6'3C.) and

oxygen (6%%0,) isotopes in tree-ring ¢ e

8?H. is a weaker climate proxy compared
to 8'3C. and 8'%0...

The climate 82H, signal is stronger for
Pinus than for Quercus.

82H, records a mixture of hydrological,

Pearson

width (TRW) were much less
sensitive to climatic factors, e.g., summer
vapour pressure deficit (VPD;
climate signal in §2H.
for Quq but both showed a
in dry summers. Mechanistic &
performed well at a continental but not ata

temporal scale.
climatic, and physiological signals.
Conclusions: The information recorded by 62H, is
significantly different from that of 613C, z

& with a nger physiological component
independent from climate.

Longitude

ARTICLE INFO ABSTRACT

Article history:

Received 8 September 2021

Received in revised form 24 November 2021
Accepted 5 December 2021

Available online 21 December 2021

This is the first Europe-wide comprehensive assessment of the climatological and physiological information recorded
by hydrogen isotope ratios in tree-ring cellulose (8*H,) based on a unique collection of annually resolved 100-year tree-
ring records of two genera (Pinus and Quercus) from 17 sites (36°N to 68°N). We observed that the high-frequency cli-
mate signals in the 8°H, chronologies were weaker than those recorded in carbon (8'>C.) and oxygen isotope signals
(8"%0,) but similar to the tree-ring width ones (TRW). The §?H,. climate signal strength varied across the continent and
was stronger and more consistent for Pinus than for Quercus. For both genera, years with extremely dry summer con-
ditions caused a significant *H-enrichment in tree-ring cellulose.
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The 8°H, inter-annual variability was strongly site-specific, as a result of the imprinting of climate and hydrology, but
also physiological mechanisms and tree growth. To differentiate between environmental and physiological signals in
8°H,, we investigated its relationships with §'0. and TRW. We found significant negative relationships between §*H,
and TRW (7 sites), and positive ones between 8%H, and 8'®0, (10 sites). The strength of these relationships was
nonlinearly related to temperature and precipitation. Mechanistic §°H,. models performed well for both genera at con-
tinental scale simulating average values, but they failed on capturing year-to-year 8°H, variations. Our results suggest
that the information recorded by 8°H. is significantly different from that of §'0,, and has a stronger physiological
component independent from climate, possibly related to the use of carbohydrate reserves for growth. Advancements

in the understanding of 2H-fractionations and their relationships with climate, physiology, and species-specific traits
are needed to improve the modelling and interpretation accuracy of 8°H,. Such advancements could lead to new in-
sights into trees' carbon allocation mechanisms, and responses to abiotic and biotic stress conditions.

1. Introduction

Tree-ring cellulose chronologies of stable carbon (§'>C.) and oxygen
(8'%00 isotopes, together with tree-ring width (TRW), have been used ex-
tensively to investigate the effects of past climatic conditions on tree growth
(e.g. Andreu-Hayles et al., 2017; Barbour et al., 2002; Loader et al., 2007;
Loader et al., 2020; Saurer et al., 1995; Saurer et al., 1997a; Shestakova
and Martinez-Sancho, 2021) and physiological performance (e.g. Andreu-
Hayles et al., 2011; Frank et al., 2015; Guerrieri et al., 2019; Klesse et al.,
2018; Levesque et al., 2019; Martinez-Sancho et al., 2018). In particular,
8'3C, and 880, have been recognized as strong continental-scale climate
proxies for long-term trends in the ISONET network (Loader et al., 2013;
Saurer et al., 2014; Shestakova et al., 2019; Treydte et al., 2007), as well
as in the high-frequency in other European-scale studies (Vitali et al.,
2021). In contrast, the environmental, climatic, and physiological informa-
tion recorded by the third component of tree-ring cellulose (C¢H100s),, the
non-exchangeable carbon-bound hydrogen (§%H,), has been investigated
far less. Some studies on 82H, and its relationship with climate have been
conducted for single sites (Etien et al., 2009; Hafner et al., 2011; Haupt
et al., 2011; Hilasvuori and Berninger, 2010; Lipp et al., 1991; Loader
et al., 2008; Szczepanek et al., 2006), while continental-scale assessments
of 8°H, are few (Nakatsuka et al., 2020a; Voelker et al., 2014) and still lack-
ing in Europe. The usability and interpretation of §°H, chronologies has im-
proved recently as a result of methodological developments that have
increased sample processing power (Filot et al., 2006; Sauer et al., 2009),
thus advancing knowledge on how *H-fractionation processes relate to
physiology and biochemical pathways (Cormier et al., 2018; Sanchez-
Bragado et al., 2019) and expanding §>H analysis to various plant com-
pounds (e.g. lipids and lignin: (Anh&user et al., 2020; Gori et al., 2013;
Riechelmann et al., 2017; Sachse et al., 2012)). These new advancements
can facilitate the use of 8°H. in ecological research; however, further
knowledge on the fundamental drivers and spatiotemporal patterns of
8H. is needed to guide the interpretation of 8§°H, variability.

Previous research has revealed uncertainties regarding the climate in-
formation that can be inferred from 8§H. chronologies (Boettger et al.,
2014; Loader et al., 2008; Pendall, 2000; Waterhouse et al., 2002). While
consistent temperature signals in §°H. were observed in some earlier stud-
ies (Feng and Epstein, 1994; Gray and Song, 1984), more recent studies led
to additional interpretations of the factors driving differences between sites
and species. In Poland, strong correlations of §°H, with summer tempera-
ture were found for Quercus, and with summer precipitation and winter
temperature for Pinus (Szczepanek et al., 2006). In Austria, a Quercus §H,
chronology reflected both summer relative humidity and temperature
(Haupt et al., 2011). In Finland, at the northernmost limit of Quercus'
European distribution, precipitation and relative humidity, but not temper-
ature, showed a strong correlation with 8%H, (Hilasvuori and Berninger,
2010). These apparently contrasting results suggest that the climate signal
stored in 8§2H,. tree-ring chronologies is driven by a complex interaction be-
tween climatic and environmental processes that varies across geographic
regions (Lehmann et al., 2021b) and is amended by species-specific differ-
ences (Arosio et al., 2020b). Controlled experiments support the hypothesis
that physiological differences among plant species interfere with §2H, cli-
mate signals, as demonstrated by the tight coupling between a plant's

metabolism, ?H-fractionations, and the resulting §2H values (Cormier
et al., 2018; Sanchez-Bragado et al., 2019). A recent study suggested that
8%H, record the use of old carbohydrate reserves versus fresh photosyn-
thates for wood formation (Lehmann et al., 2021b). These findings indicate
to the potential of §?H, chronologies as physiological proxies for carbon al-
location processes that are not captured by other tree-ring parameters.

To make full use of the information captured in 8H, records, a better
understanding of the ?H-fractionation pathways, from the uptake of H,O
from the soil and CO, from the atmosphere to cellulose formation, and
the influence of environmental conditions and tree internal processes is
needed. The hydrogen isotopic composition of environmental water (e.g.
precipitation, soil water, and atmospheric water vapour) is closely linked
to and reflects the primary factors affecting §?H, variation (Craig, 1961;
Joussaume and Jouzel, 1993). Soil can contain water that reflects isotope
ratios from several previous precipitation events, resulting in soil water iso-
tope ratios potentially deviating considerably from annual precipitation
(Allen et al., 2019). At the soil-tree interface, it is often claimed that no iso-
tope fractionation occurs during root water uptake and transport (White
et al., 1985), although an unexpected 2H-fractionation effect was recently
observed at the root level (Barbeta et al., 2020). At the leaf level, strong iso-
topic fractionation is induced by leaf and twig evapotranspiration
(Cernusak et al., 2016; Treydte et al., 2014), and by the mixing with atmo-
spheric water vapour (Lehmann et al., 2018), which leads to a enrichment
of leaf water compared with source water (Cernusak et al., 2016;
Dongmann et al., 1974). Given that oxygen isotopes share the same hydro-
logical pathways as §°H,, a strong connection between the two isotopes
would be expected (Brooks et al., 2010; Dansgaard, 1964; Edwards and
Fritz, 1986), as shown in wet regions where the two isotopes show strong
positive correlations (An et al., 2014). However, biochemical processes ap-
pear to shape oxygen and hydrogen isotope ratios differently under distinct
climatic conditions, and *H-fractionations before and during cellulose syn-
thesis are more variable than *®0-fractionations (Luo and Sternberg, 1992;
Yakir and DeNiro, 1990). Photosynthetic isotope fractionation induces a
relatively constant '®0-enrichment of sugars compared with leaf water
(Lehmann et al., 2021b). On the contrary, there is a not yet fully quantified
2H-depletion in plant sugars compared with leaf water (Dunbar and
Schmidt, 1984), which varies with environmental conditions and species
(Lehmann et al., 2021a). In particular, for mature trees, post-
photosynthetic isotope fractionations during the transport of sugars to
sink tissues have been partly quantified for §'80, (Gessler et al., 2014;
Treydte et al., 2014), but are still not fully resolved for §?H... Recent litera-
ture suggests that the use of carbon reserves causes an additional *H-
enrichment in leaf and tree-ring cellulose (Cormier et al., 2018; Kimak
et al., 2015; Lehmann et al., 2021b). It remains uncertain to what extent
8%H, acts as a hydrological and climatic indicator, as observed for 880,
(Treydte et al., 2007), and whether 8%H. stores information on plant metab-
olism, physiology, and carbon allocation (Cormier et al., 2018; Lehmann
et al., 2021b; Sanchez-Bragado et al., 2019).

Mechanistic models are an important tool for interpreting of tree-ring iso-
tope data. They have been developed and applied for the simulation of 8'%0,
records in relation to hydrological (Sargeant et al., 2019), climatological sig-
nals (Saurer et al., 2016), as well as for §'C, simulations that provided phys-
iological information (Guerrieri et al., 2019; Lavergne et al., 2020), while it
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has been seldomly applied for the modelling of 8?H. in tree rings (Nabeshima
et al., 2018; Nakatsuka et al., 2020a, 2020b; Voelker et al., 2014). Specifi-
cally, the model of Roden and Ehleringer (2000); hereafter RE-model, is
currently the applied model used to estimate 8*H, in tree rings by taking
into account the isotopic variation from hydrological sources (i.e. source
water, water vapour, leaf water), as well as photosynthetic and post-
photosynthetic isotope fractionations (autotrophic and heterotrophic), before
and during stem cellulose biosynthesis (Roden and Ehleringer, 2000). Some
of the RE-model parameters, which were previously considered as constants,
have been found to have temporal variability, as for example in the isotope
exchange rates between xylem and leaf water during cellulose formation
(), which exhibited variations among species and tissues (Cernusak et al.,
2005; Song et al., 2014), and in the dependence on environmental conditions
(Cheesman and Cernusak, 2017; Sternberg and Ellsworth, 2011). However,
these studies focused on the variation of §'®0. and included only on few spe-
cies mostly in controlled experiments, and therefore, the conclusions are not
fully utilisable for the modelling of §?H, in natural conditions. Furthermore,
recent findings suggest that important processes causing hydrogen isotope
fractionations in plants are not yet integrated into the RE-model, which
may lead to miss-estimations as, for example the isotope fractionations of en-
zymatic reactions connected to (i) the use of carbohydrate reserves (Kimak
and Leuenberger, 2015; Nakatsuka et al., 2020a), (ii) environmental inputs
(i.e. light and CO,), (iii) species-specific mechanisms (Arosio et al., 2020a;
Cormier et al., 2018; Sanchez-Bragado et al., 2019). However, so far only
few attempts have been made to address §?H. variability at a continental
scale, showing considerable within-site variability (Nakatsuka et al., 2020a;
Voelker et al., 2014). The extent to which large-scale or inter-annual varia-
tions can be captured by the RE-model remains largely unknown, and the po-
tential mis-estimations have yet to be quantified. Therefore, the
interpretations of the RE-model results should be considered carefully in
light of its limitations.

The European isotope network ISONET offers the opportunity to evalu-
ate tree-ring cellulose isotope chronologies (i.e. §'3C,, 8'®0,, §°H.) and
tree-ring-width chronologies (TRW) for two genera (Pinus, Quercus) over
the past 100 years for 17 sites from Finland to Spain, and Poland. High com-
mon variance of 8'°C. and 80, was shown by Treydte et al. (2007), and
several site-specific analyses have been carried out during the past decade
(see publication list Table S.1). The present study focuses on assessing spa-
tiotemporal 8?H,. patterns across Europe for the first time, leveraging the
unique and extensive ISONET 8*H. network. Here, we systematically
assessed the performance of 8°H, as a potential climatic and physiological
indicator for the different functional genera. Specifically, we investigated
(i) the low- and high-frequency variability of the 82H, time series; (ii) the
long- and short-term climate signals captured by 82H,; (iii) how 8H, relates
to 8'80, and TRW; and finally (iv) the ability of mechanistic models to pre-
dict 8%H, values at a continental scale. Accordingly, we hypothesized that:

1. The climatic information recorded in §2H, high-frequency chronologies:

a. shows lower strength and lower large-scale agreement compared with
the 8'°C. and §'®0, chronologies.

b. is specific to each genus, due to different physiological mechanisms.

c. shows genus-specific responses for extreme climatic conditions.

2. The 8%H_ relationships with TRW are stronger than those with §'%0,, in-
dicating a larger share of physiological information than hydrological
signals.

3. The RE-model successfully estimates the continental-scale climatic effect
on 8°H,, but not the year-to-year variation.

2. Methods
2.1. Tree-ring chronologies and isotope analyses
2.1.1. European tree-ring network and climate data

ISONET is a European tree-ring isotope network that includes Mediter-
ranean, humid-temperate, continental, and subarctic climatic regions. The
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sites are distributed along a latitudinal (37°81’ to 68°93’ N), longitudinal
(—5°25" to 30°93’ E), and elevational gradient (5 to 2’100 m a.s.L.), with
high-elevation sites concentrated at lower latitudes. The selected sites are
old-growth forests (mean + SD of age = 454 + 196 years) with two
main genera (Quercus and Pinus, Table 1). Spatiotemporal patterns of the
TRW, 8'®0,, and 8'3C, chronologies have been explored across the entire
network (Balting et al., 2021; Shestakova et al., 2019; Treydte et al.,
2007) and with 18 site-level studies (see citation list in Table S.1). How-
ever, although the §2H.. chronologies were measured and analysed with
an annual resolution (1905-2002) at 17 sites of the ISONET network
(Table 1), results from only 5 sites have been published individually so
far (Etien et al., 2009; Haupt et al., 2011; Hilasvuori and Berninger, 2010;
Loader et al., 2008; Szczepanek et al., 2006).

For each study site, monthly climate data were extracted from the Cli-
matic Research Unit, CRU TS4.03 for the period 1905-2002 (Harris et al.,
2020), including mean temperature, precipitation and atmospheric water
vapour. Monthly vapour pressure deficit (VPD) was calculated as the differ-
ence between measured water vapour and the temperature-dependent sat-
urated humidity value (egy):

al =213 1())

e = 6.1078(F

where T is the average monthly temperature and wherea = 21.87 and b =
7.66atT>0anda = 17.27 and b = 35.86 at T > 0, as described by Murray
(1967). Across all sites for the June-July—August period, the mean temper-
ature (MTj;,) ranged from 11 °C to 23 °C, total precipitation (MPj;4) from
35 mm to 590 mm, and VPD (VPD;;,) from 2.4 to 14.2 (hPa).

2.1.2. Study species

The network contains data from two functionally different genera: Pinus
(Pinus sylvestris L., Pinus uncinata Ram. and Pinus nigra Arn.) and Quercus
(Quercus petraea (Matt.) Liebl. and Quercus robur L.) (Table 1). Pinus sites
are mostly located in boreal and high-elevation Mediterranean zones, while
Quercus sites dominate western and central European lower elevations.

Pinus and Quercus species are widely distributed over Europe and are
both ecologically and economically important. They have contrasting eco-
physiological characteristics (Bréda et al., 2006; Bréda and Badeau, 2008;
Merlin et al., 2015; Michelot et al., 2012a) and use opposite strategies to
cope with periods of severe drought (Hochberg et al., 2018; Tyree and
Cochard, 1996; Zweifel et al., 2009). Pinus is an evergreen coniferous
genus with isohydric characteristics, which implies high stomatal control
through a tight and continuous water potential homeostasis (Irvine et al.,
1998; Leo et al., 2014; Salmon et al., 2015) and generally a shallow root sys-
tem (Grossiord et al., 2014; Laitakari, 1927). In contrast, the deciduous
broadleaf Quercus genus, exhibits an anisohydric behaviours keeping sto-
mata open and high photosynthetic rates for long time periods (Aranda
et al., 2000; Bréda et al., 1993; Klein, 2014), and typically has a deep root
system with a large taproot and strong lateral roots (Zapater et al., 2011).

2.1.3. Tree-ring width and stable isotope measurements

Increment cores were extracted at breast height from dominant old-
growth trees at all sites (on average 46 trees per site). Following standard
dendrochronological procedures (Cook and Kairiukstis, 1990), tree rings
were visually crossdated and tree-ring widths (TRW) were measured at
0.01 mm precision. Cross-dating validation was carried out following stan-
dard procedures (Holmes, 1983). From at least four trees per site, dated tree
rings were cut and annually pooled, and cellulose was extracted using stan-
dard extraction and purification methods (Boettger et al., 2007). Whole tree
rings were pooled for the isotope analysis of Pinus. For Quercus only the late-
wood was used, as the §?H-values of early- and latewood in Quercus species
have been shown to have a clear offset, although strongly correlated (r* =
0.63), (Kimak, 2015), and in order to avoid undesired signals from
previous-year carbohydrate reserves (Helle and Schleser, 2004). For the
Swiss Cavergno site (CAV) no separation between early- and latewood
was possible because the rings were too narrow.
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Table 1
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Site details on species composition, geography, and climate ordered by latitude (North to South). Climatic variables represent the means of the common study period
(1905-2002), obtained from CRU TS4.03. MT;;, = mean air temperature, MP;;, = mean precipitation, and VPD;;4, = mean vapour pressure deficit, all for the months
of June, July, and August; TRW = mean tree-ring width; isotope ratios of tree-ring cellulose (8'>C., §'®0,, §°H,); §°Hy,y = modelled hydrogen source water.

Site Site name Country  Species Lat Lon Elev. MTja MP;;5 VPDj;0 TRW 813G, 8'%0, 8%H, 8%Hgy
code CN) (E) (ma.s.l.) Q) (mm) (hPa) (mm) (%0) (%0) (%0) (%0)
INA Kessi/Inari Finland P. sylvestris 68.93 28.42 150 11.7 169 3.9 0.52 —24.4 26.4 —95.6 -106
ILO Ilomantsi Finland P. sylvestris 62.98 30.98 200 14.8 192 4.6 0.29 —-23.7 27.1 —106.1 -91.1
GUT Gutulia Norway P. sylvestris 62.00 12.18 800 11.4 234 3.5 0.49 —23.3 27.6 —94.3 —99.6
BRO Bromarv Finland Q. robur 60.00 23.08 5 15.3 189 4.1 1.85 -24.8 25.6 -93.3 -82.0
LCH Lochwood Scotland Q. robur 55.27 -3.43 175 12.9 325 2.4 1.16 —25.2 27.9 —46.3 -60.9
PAN Panemunes Lithuania  P. sylvestris 54.88 23.97 45 16.7 226 4.9 0.79 —-229 28.7 —67.9 —67.6
Silas
SUW Suwalki Poland P. sylvestris 54.10 22.93 160 16.7 235 4.6 1.02 -23.1 28.5 —76.1 -73.4
WOB Woburn UK Q. robur 51.98 —-0.59 50 15.7 169 3.9 1.37 —-23.3 29.1 —54.1 —52.8
DRA Dransfeld Germany Q. petraea 51.5 9.78 320 15.8 227 7.5 1.41 —23.5 28.7 —-19.6 —56.3
WIN Windsor UK P. sylvestris 51.41 -0.59 10 15.7 155 3.8 0.47 -22.9 30.4 -31.7 —48.5
GIB Niopolomice Poland Q. robur 50.12 20.38 190 17.2 277 4.8 1.87 —25.7 27.8 —76.6 -62.6
Gibiel
POE Poellau Austria P. nigra 47.95 16.06 500 17.5 289 5.3 0.62 —24.2 27 -59.8 -65.5
VIG Vigera Switzerland P. sylvestris 46.5 8.77 1400 12.2 589 3.2 0.47 -23.1 30.8 —45.7 -110.0
CAV Cavergno Switzerland Q. petraea 46.35 8.60 900 12.2 589 3.2 1.11 —-23.3 29.2 —51.2 —86.6
LIL Pinar de Spain P. sylvestris 43.07 —5.25 1600 16.3 143 5.6 0.47 —22.2 30.9 —46.1 —65.2
Lillo
PED Pedraforca Spain P. uncinata 42.24 1.70 2100 16.1 214 6.1 0.49 —-21.9 30.8 —-32.1 —45.1
CAZ Cazorla Spain P. nigra 37.81 —2.96 1816 23.2 36.3 14.2 0.471 -21.1 33.6 —26.4 —48.7

The extracted cellulose was then split in three parts for the analysis of
the three isotope ratios. The details of §'®0. and 8'°C. analyses are de-
scribed in Treydte et al. (2007) and in the site-specific publications listed
in Table S.1. For the §2H_ analysis the cellulose was subjected to two differ-
ent procedures: nitration and equilibration. In the first case, a complete re-
moval of all exchangeable OH-groups was achieved by nitration (Boettger
et al., 2007; Green, 1963), while in the second case, the exchangeable H
was set at a known isotope value through the equilibration with water va-
pour, which enabled the 8§?H-values of the non-exchangeable H to be calcu-
lated by mathematical correction (Schimmelmann, 1991; Wassenaar and
Hobson, 2003). Both procedures produce comparable results as shown by
Filot et al. (2006). The proceedings conducted at each lab and the details
are given in Table S.2. For both methods, samples were subsequently con-
verted to H by high-temperature pyrolysis and analysed by IRMS with a
precision of ca. =+ 2%o. The 8?H, values of all sites are referenced to the
Vienna Standard Mean Ocean Water (VSMOW).

The low-frequency domain of the 17 §*H, chronologies was ex-
plored for the common period 1905-2002 by applying a 100-year
smoothing spline (Cook and Kairiukstis, 1990), whereas the high-
frequency domain (year-to-year variation) was obtained by calculating
the first-order differences (FDiff) for TRW, 8'°C,, §'%0,, and 8°H. a sta-
tionary mean was obtained to avoid autocorrelation, and to highlight
interannual variability. The agreement among sites in the low and
high frequency domains of the §*H, chronologies was assessed with
pairwise correlations using the ‘corr’ function in the base package in
R. All computations were performed using the R version 4.0.3 (R Core
Team, 2020), and graphics were produced using the R package ggplot2
(Wickham, 2016).

2.2. Climate sensitivity analyses

For comparisons with the FDiff chronologies, the same detrending was
applied to the climate data: monthly temperature (T), precipitation (P),
and vapour pressure deficit (VPD) series. Bootstrapped Pearson's correla-
tions were performed between FDiff chronologies and FDiff climate series
for the common period 1905-2002 using the R package treeclim (Zang
and Biondi, 2015). All correlations were calculated for single months and
for 3-month windows of the current year (April-May-June, June-July—
August, August-September—October). Because, the June-July-August
period yielded the highest correlations for all variables (Fig. S.1), it was
the selected period for further climate analyses. Pearson's correlation

coefficients between the high-frequency variation (FDiff) of TRW and iso-
tope chronologies with climate variables are indicated as X sgna (€.8.
82Hc-signa1)-

First, the spatial patterns of the obtained climate correlations across the
entire network were assessed. To evaluate the differences in TRW gjgnal,
8"3Cesignat> 8" ®Ocsignat, and 8°He signal for each species and climate variable,
analyses of variance (ANOVA), Tukey's post hoc tests, and Bonferroni cor-
rections were performed on absolute values of the climate correlations. Sig-
nificance level was set at P < 0.05.

The sensitivity of FDiff §2H, chronologies to extreme climatic conditions
was also assessed. Years with positive (wet) and negative (dry) extreme
values in summer P-PET (precipitation minus potential evapotranspiration)
were selected at the site level by setting a threshold of +1.5 (wet) or —1.5
(dry) standard deviation from the average value. Summer potential evapo-
transpiration (PET) was calculated with the Thornthwaite method
(Thornthwaite, 1948) using the R package SPEI (Vicente-Serrano et al.,
2010). Significant differences between genera, extreme events, and their in-
teractions were evaluated through analyses of variance (two-way ANOVA),
Tukey's post hoc tests, and Bonferroni corrections.

For an assessment of the potential physiological and hydrological infor-
mation in 8*°H,, the relationships between the §°H. and TRW chronologies,
and between the 8*H, and §'®0, chronologies (both measured and FDiff)
were investigated at site level using linear models. Further, the slopes
from these relationships were assessed against mean precipitation
(MPy;,) and mean temperature (MT;y;,) in June-July-August (Table 1)
and fitted with a polynomial function and a quadratic fit.

2.3. Mechanistic modelling of tree-ring §°H,

Physiological mechanisms linked to the geographical patterns and tem-
poral variability of our isotope chronologies were investigated by mecha-
nistically modelling 8§2H values for leaf water and tree-ring cellulose. Leaf
water 8°H values (8°Hy,) were estimated using the Craig Gordon Model
(CG-Model) at the evaporative site (Craig and Gordon, 1965; Dongmann
etal., 1974):

52le = 52st +é&+ e+ (62HV - 62H:w - Ek) * o/, @®
where e,/e; reflects the water vapour partial pressures outside and inside

the leaf, ¢, and ¢ are temperature-dependent equilibrium and kinetic frac-
tionation factors (Table 2), respectively, §Hs, is the hydrogen isotope ratio
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of the source water, and §*H, is the atmospheric water vapour. Assuming
equilibrium between §°Hy,, and §°H,, and that e,/e; is the mean annual rel-
ative humidity (RH) (Cernusak et al., 2016), Eq. (1) was transformed to:

8 Hy,, = Hg, + (ex + €0 + (—€e — €x)) * RH (@)

8°H,,, was calculated annually for each site using mean summer tempera-
tures and constant 8°H,,, estimates for each site (Table 1), extrapolated
from the gridded data as defined by Bowen (2008). A generalized model
was used and no further corrections for unenriched leaf water pools (Péclet
effect) were applied (Roden et al., 2015) due to the lack of species-specific
correction factors (Arosio et al., 2020b; Voelker et al., 2014). These dilution
effects have been shown to be difficult to estimate accurately and to have
large differences between subspecies and over time (Song et al., 2014).
They require extensive physiological measurements that are not available
for these species and timescales and have therefore not been included in
the model to avoid unquantifiable errors.

The CG-Model can be extended to organic material, such as tree rings,
using the RE-model (Roden and Ehleringer, 2000).

8°H.RE (%0) = f * (8*Hgy + &) + (1 — f) # (8*Hpy + €4) (3)

where ¢, and ¢, are the specific autotrophic and heterotrophic 2H-
biosynthetic fractionation factors, respectively, and f is the specific fraction
before tree-ring cellulose synthesis (Table 2).

3. Results
3.1. High- and low-frequency variability in the §°H, site chronologies

The 82H,. chronologies showed a 75%o difference in absolute values be-
tween the northern-most sites (INA, ILO, and GUT) with the lowest values
and the Spanish site (CAZ) with the highest values (Fig. 1a, b). Over the
course of the 20th century there was no clear common trend among the
site 8?H. mean values, except for the last 10 years when a positive trend oc-
curred at most Quercus sites (Fig. 1b) and for a few Pinus sites especially at
higher latitudes (Fig. 1a). The long-term trends showed strong site-to-site
variability and sparse significant correlations (P < 0.05) between sites
(Fig. S.2a), with clusters consisting of the three Spanish sites, the Polish
and British sites, and the two Swiss sites.

The year-to-year variability retained in the site FDiff §2H,. chronologies
were of a similar range within and between sites (Fig. 1c, d), with smaller
variance for Quercus than Pinus. The FDiff §?H,. chronologies of some geo-
graphically close sites were significantly correlated (r = 0.4, CAV-VIG,
ILO-GUT; r = 0.3, PAN-SUW, LIL-PED-CAZ), while this agreement was re-
duced among sites that were farther apart (Fig. S.2b).

Table 2
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3.2. Climate correlations

3.2.1. Spatial patterns and species-specific differences

In general, 8°H, gna Was negative regarding summer precipitation and
positive regarding summer temperature and VPD across the whole network
(Fig. 2a). No clear latitudinal pattern was observed for the SZHC_Signal and
any climatic parameter. However, at the fringes of the network, the
strength in the 82Hc»signal of the northernmost sites was lower than at the
southernmost ones, especially for Pinus. The TRW_igna1 Was highly site-
specific (Figs. 3, S.3), with no clear latitudinal gradient. At sites with a
high TRW _gigna1, we observed a low 82Hc-signal (r ~ 0, INA), and vice versa
(r ~ 0.5, CAV), although this negative relationship between TRW ;gna1
and 82Hc-signal was not consistent across the network.

The 8"Ce signal and 8'®0¢ signa1 were generally high (up tor = 0.7) and
were negative regarding summer precipitation and positive regarding tem-
perature and VPD (Figs. 3, S.3). Contrary to the §°He. signal, temperature and
VPD-813CC,signal showed a distinct latitudinal gradient, with strong correla-
tions at higher latitudes and the British sites. In comparison, no distinct lat-
itudinal trend was observed for the slsoc_sigml, although the northern sites
generally showed lower correlations with summer temperature and VPD
than the southern sites.

We detected significant differences in climate sensitivity between gen-
era, as the summer temperature 82Hc_signal in Pinus was significantly higher
than in Quercus, resulting in significant differences between their climate
signals (Table S.3). Specifically, for Pinus, the absolute 82Hc_5ignal was con-
sistent for all climatic parameters (r ~ 0.3), but it was significantly lower
than the absolute 313Cc.signa1 for all climate parameters, and significantly
lower than 880 signa for precipitation and VPD (Fig. 3). For Quercus, the
absolute SZHC_Signal was significantly lower than the absolute SISOC_Signal
and 813CC,Signal for all climate parameters (Fig. 3). Interestingly, no signifi-
cant differences were found between SZHC_Signal and TRW gigna1 Of the two
genera for any climatic variable (Fig. 3). Regarding changes along the gra-
dients of precipitation and temperature covered by the sites, no significant
effect was found in the climate signal strength recorded by Pinus 8*H,
(Fig. 4). Conversely, for Quercus the strength of the temperature—SZHC_sigml
increased significantly along the precipitation gradient and decreased
along the temperature gradient (Fig. 4c, d), while the strength of the
precipitation-8"He signat did not vary significantly along the gradients, indi-
cating a stronger impact of temperature on the §?H-variations particularly
at cool and wet sites.

3.2.2. Comparison of the climate signals recorded in §°H, and §"%0.

When examining the relationship between SZHC,Sigml and 8180C,Signal (H-
O_signal) across the whole network, we observed a divergence between the
two genera with decreasing latitude (Fig. 5). Pinus showed a negative H-
O_signal for all three climate variables (significant for precipitation and
VPD, but not for temperature). On the contrary, Quercus showed a positive

Summary of fractionation factors for the modelling of §°H,. and corresponding literature sources.

CG-model

Kinetic fractionation factor

£k H 25%o0

Equilibrium fractionation factor

(Cernusak et al., 2016; Merlivat, 1978)

Temperature dependent (Cernusak et al., 2016; Majoube, 1971)

(Roden and Ehleringer, 1999)

Autotrophic fractionation (Yakir and DeNiro, 1990)

£ H _ 24.844 . _ 76.248 _ .
. e = exp ( (28 —) £1000) - (( (57824 ) +0.052612) = 1) 1000
RE-model
Fraction of exchange before cellulose synthesis
f H 0.36
Biosynthetic fractionation factors
£ H —171%o0
€n H 158%o0

Heterotrophic fractionation (Yakir and DeNiro, 1990)
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H-O_gigna1 for temperature and VPD, and a negative one for precipitation
(although none of these trends were significant).

At northern sites the two genera showed similar values for 81805_signa1
and 8°He gignal regarding temperature and VPD (8'®0. signai 7 = 0.5;
82Hc,signa1 r = 0.2). On the contrary, at southern sites where 8180c,signal
was around O for both genera, 82Hc»signal increased for Pinus (r = 0.5)
and decreased for Quercus (r = 0.1). For example, in Finland (Pinus)
the VPD 818Oc,signa1 was 0.6 and the VPD SZHC,Signal was 0.01. On the

contrary, in Spain (Pinus) the VPD 8180C,Signal was —0.2 and the VPD
8%He signat wWas 0.5. Similarly, in the UK (Quercus), where 8'®0¢ signal
showed strong correlations with VPD, 82Hc_signal showed only weak
correlations.

3.2.3. Responses of §°H, to summer climate extremes
We investigated the influence of particularly dry and wet summers
on 8%H, by correlations to P-PET. Climatic conditions had a significant
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effect on the FDff §°H, for both genera, while the 8*H, differences between
the two genera were not significant (Table S.4). On average, dry summers
(—1.5 SD from the mean P-PET for the June-July-August period) had sig-
nificantly higher values of §2H,, by 3%o for both genera, compared with
years with normal summer conditions (Fig. 6). The §°H, values in years
with wet summers (+1 SD) were not significantly different from the values
in normal years for either genus. Pinus showed continuously increasing
8%H, from wet to dry years (Fig. 6a), whereas the §2H, values of Quercus
were not significantly different in wet years than in dry and normal years
(Fig. 6b).

3.3. Relationships between 8°H, and 50, and between §°H, and TRW

We found a significant positive relationship between the §2H, and §'%0,
for 10 of the 17 sites (Fig. 7a), while only 2 sites showed a significant neg-
ative relationship (Table S.5). The explained variance r?» ranged from
0.003 to 0.2, and the slopes from —4.2 to 3.6 (Table S.5). Regarding the re-
lationship between the FDiff §°H, and FDiff §'20,, 11 of the 17 sites showed
a significant positive correlation, whereas only one site showed a signifi-
cant negative correlation, with the slopes ranging from —1.8 to 4.1, and
the r? from 0.01 to 0.28 (Fig. S.5, Table S.5). When analysing the effect of
mean climate conditions on the FDiff §°H. and FDiff §'°0 relationships,

we observed a non-linear relationship along the MTj;, gradient, with the
highest slopes at 5 °C (? = 0.4). On the contrary, a linear relationship be-
tween 8?H-8"80, slopes and MP;;, was found (r* = 0.5) (Fig. S.8).

The linear relationships between the §°H, and TRW records were highly
variable and site-specific, with both positive (4 of 7 sites significant) and
negative slopes (7 of 10 sites significant) (Fig. 7b), r* ranged from 0.002
to 0.33, and slopes ranged from —22 to 32 (Table S.5). For the FDiff
standardized data the linear site-level models showed lower r* values
(0.001 to 0.32), and only 9 of the 17 sites showed a significant relationship
(3 positive and 4 negatives; Fig. S.5, Table S.5). The slopes of the FDiff §°H,
and TRW relationships had lower 2 values (0.2) than those of the 8*°H, and
880 relationships, and in both cases the slopes decreased with increasing
temperature and precipitation (Fig. S.5, Table S.5).

3.4. Mechanistic modelling of the tree-ring isotope ratios

The RE-model captured the continental-scale mean 82H, levels but did
not capture the year-to-year site variability. The alignment of the fitted lin-
ear models between observed and predicted 8*H, values across several sites
in Europe (Fig. 8 black dotted line) showed 2 values of 0.46 and 0.33 and
slopes of 0.76 and 0.91 for Pinus and Quercus, respectively. However, we
observed a consistent overestimation of the modelled compared with the
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measured 8?H, values by an average of 43%o for both species (Fig. 8,
Table S.6). For Quercus, the fitted linear model had a slope of 0.91, indicat-
ing an almost constant model performance across all sites. For Pinus,
the fitted linear model had a slope of 0.7, indicating better model perfor-
mance for high-latitude sites. The Swiss sites VIG (Pinus) and CAV
(Quercus) showed the largest offset between measured and modelled
values, i.e. 99.5%0 and 70.7%o, respectively. These two study sites have
the same climate data, being in the same interpolation cell, although they
differ in elevation by 500 m. For this reason, a second linear model exclud-
ing these two sites was calculated, resulting in an improvement of the gen-
eral model fit for both genera (r* = 0.83 and 0.69, slope = 1.2 and 1.7 for
Pinus and Quercus, respectively), resulting in an improved fir for higher lat-
itudes sites (Fig. 8). Independently of the dataset used, the year-to-year var-
iability within the sites was not captured by the model (the average values
of the FDiff model are r* = 0.04 and 0.02, slope = 0.6 and 0.4 for Pinus and
Quercus, respectively; Fig. S.7).

4. Discussion
4.1. Low- and high-frequency variations in the §°H, chronologies

This is the first European-scale study exploring 100-year 8°H, chronolo-
gies in both low- and high-frequency domains (Fig. 1). The *H-depletion
with increasing latitude follows the naturally occurring isotopic variations
in precipitation (i.e. Global Meteoric Water Line, Fig. S.9; (Allen et al.,
2019; Craig, 1961; Craig and Gordon, 1965)), independent of the two gen-
era. The comparison of the long-term trends among sites resulted in

relatively low, sporadic significant correlations (Fig. S.3a). In the last de-
cade, a relative >H-enrichment was apparent at most of the sites, particu-
larly those with Quercus (Fig. S.1), although the strength of this increase
was site-specific. The between-site agreement decreased when year-to-
year variability was assessed. In this case, only relatively geographically
close sites remained correlated (Fig. S.3b). The fact that these low- and
high-frequency 8H, patterns are very site specific, pose issues for further
extrapolations of the 82Hc-signal (e.g. for climate reconstructions:
Christiansen and Ljungqvist, 2017). Therefore, both frequency domains
should be considered in future studies exploring the potential of §°H, for
dendroclimatological purposes.

4.2. The climate sensitivity of 8?H., across Europe compared with TRW, §*°C,,
and §*%0,

In temperate forests, the strength of §'%0¢ signal and 8"Ce signa1 across
different climates has already been clearly shown in European networks
(Shestakova and Martinez-Sancho, 2021; Treydte et al., 2007; Vitali et al.,
2021), although biases connected to long-term trends have been re-
ported (Esper et al., 2010) and a complete understanding of the related
fractionation processes is still missing (Gessler et al., 2014). Nonethe-
less, these signals were clearly more consistent than the 52HC,Signa1.
Our results confirm our first hypothesis (Hpla), showing that the
8%H, signat Was on average weaker than the 8'>Ce signa and 8'®Oc signal,
but similar to the TRW gigna1 (Figs. 1, 2, S.2), with large variation at
the continental scale. At the centre of our network, we observed the low-
est temperature-SzHc,signal. However, significant correlations with
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Fig. 6. The FDiff §°H, differences among years with climatic characteristics
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SD = dry summer conditions; Fig. S.5) for the two studied genera (Table S.4).
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summer temperature (Szczepanek et al., 2006) and summer relative air
humidity (Haupt et al., 2011) have been reported in some studies in
Poland and Austria respectively.

The interplay of biological processes, at stand level (e.g. competition for
light and nutrients: Giuggiola et al., 2016) and at tree physiological level
(e.g. leaf gas exchange: Guerrieri et al., 2019, pollution: Boettger et al.,
2014; Savard, 2010), can potentially mask the recorded 82Hc_signal. The
loss of climatic information in the 8%H. records could be due to
(i) biochemical 2H-fractionations at the leaf level (Yakir and DeNiro,
1990), (ii) kinetic isotope effects in biochemical reactions involved in
the fixation of hydrogen in different positions of the glucose molecule
(Augusti et al., 2006; Waterhouse et al., 2002), (iii) isotope fraction-
ations and H-exchange with water during the biosynthesis of carbohy-
drates (Cormier et al., 2018). Thus, the SZHC,signal can be assumed to
be the result of the complex interaction between climatic and physiolog-
ical processes, explaining why it is difficult to find one major climate
driver at the continental scale or across climatic areas (Shestakova
et al., 2019).

4.3. Genus-dependent differences in the climate sensitivity of §°H,

We observed a significant genus dependency of the climate sensitiv-
ity of 82H. (Figs. 3, 4), supporting our hypothesis (Hp1b). When com-
paring the functionally distant genera Pinus and Quercus, differences in
the 8§%He signa1 Were evident, similar to 8'3C. gigna1 and 880 gignal
(Martinez-Sancho et al., 2018). Pinus' §°H, climate sensitivity was stron-
ger than that of Quercus for all climatic variables across the whole
network (Fig. 3). A decoupling of H-O_gjgna between the two genera
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was observed at sites with a low temperature- and VPD—SlSOC,Sigmﬂ,
where Pinus showed a strong SZHC_Signal, while Quercus showed a weak
82Hc,signa1 (Fig. 5). These contrasting signals are likely the result of dif-
ferent physiological mechanisms affecting isotope fractionation and
water uptake dynamics, as explored below.

4.3.1. Use of fresh and stored photosynthates for cellulose formation

Hydrogen isotope patterns of leaf (Kimak et al., 2015) and tree-ring cel-
lulose (Epstein and Yapp, 1976; Mayr et al., 2003) suggest that stored pho-
tosynthates in heterotrophic tissues (branches, stem, roots) are likely more
?H-enriched than fresh photosynthates and that considerable use of
carbohydrate reserves for growth could, lead to the observed bias in the
SZHC,Signal (Lehmann et al., 2021b).

Deciduous ring-porous species like Quercus partly rely on stored photo-
synthates for earlywood growth (Pilcher and Frenzel, 1995), resulting in
mixed climatic information from previous years and the current growing
season (Reynolds-Henne et al., 2009). In our study, we reduced the poten-
tial effect of storage remobilization by sampling only the latewood of
Quercus (Waterhouse et al., 2002). This strategy was successful for the
8"80,.signal, Which showed high correlation values (Fig. 3), especially at
the British sites (Rinne et al., 2013), but it did not seem effective for the
SZHC,Signal, which exhibited low ones. It should be considered that storage
use could still play a role under stressful conditions even for late-wood
growth (Sarris et al., 2013) However, other yet to be characterized isotope
fractionations may likely interfere autonomously with the current-year
SZHC_Signal in Quercus (e.g. growth release: Lehmann et al., 2021b).

On the contrary, Pinus relies largely on fresh (current-year) photosyn-
thates as the main source for tree-ring production (Dickmann and
Kozlowski, 1970) in temperate sites and under non-drought conditions. A
large photosynthetic demand and high transpiration rate ensure a fast turn-
over of leaf-water in Pinus and, therefore, a reliable recording of the sea-
sonal climate signals (Dickmann and Kozlowski, 1970; Glerum, 1980), as
confirmed by our results (Fig. 3).

4.3.2. Root system and source water interactions

Water from different soil layers systematically varies in its isotopic com-
position. The topsoil is directly dependent on precipitation events and sub-
ject to evaporative isotopic enrichment, thus recording current-year
climatic signals. On the contrary, the isotopic composition of deeper soil
layers is also dependent on winter precipitation and snow melt, and there-
fore previous years' climate (Allen et al., 2019). Since no isotopic fractiona-
tion typically occurs during root-water uptake (Dawson and Siegwolf,
2007; Geris et al., 2015; Tang et al., 2000), the xylem water (also known
as source water) integrated during tree-ring cellulose formation (Augusti
et al., 2006; Roden and Ehleringer, 2000) can reflect the uptake depth of
soil water. The typical genus-specific rooting depth therefore influences
the 82Hc-signal- Shallow-rooted Pinus generally carries a stronger current-
year climate signal, because its source water mostly integrates precipitation
events (Fig. 3), as previously shown for other shallow-rooted species (Tang
and Feng, 2001). On the contrary, Quercus xylem water has been shown to
carry a deep-soil signal or a mixture between deep and shallow soil
(Barbeta et al., 2020), hence diluting its precipitation-induced 82Hc-signal-
However, Quercus was reported to use current-year precipitation in clay-
rich soil, (e.g. WOB site: Rinne et al., 2013), stressing once again the site-
specificity of §°He signal-

While the different rooting depths can explain the stronger 82HC,Signa1 for
Pinus than for Quercus, the decoupling of H-O_jgn, at the drier and warmer
sites remains unexplained (Fig. 5). A growing number of studies have sug-
gested that isotope fractionations can occur during root water uptake
(Evaristo et al., 2017; Oerter et al., 2019), as §°H in stem water has been ob-
served to be progressively enriched with increasing transpiration while
8'80 still reflected the soil water isotopic signal (Barbeta et al., 2020;
Ellsworth and Williams, 2007). This mismatch between §H and §'20 in
xylem water could further depend on multiple interacting factors, such as
(i) the heterogeneity within the soil matrix (Oerter et al., 2014); (ii) isotope
separation between bound and mobile soil water (Tang and Feng, 2001);
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(iii) root interactions with water pools, and isotope compartmentalization
(Zhao et al., 2016); and (iv) methodological artefacts (Chen et al.,
2020), which could explain the decoupling of H-O_gign. between the
two genera.

Based on our results, we conclude that the §2H, of Pinus is a more sensi-
tive indicator of environmental changes than the 8%H. of Quercus, although
further research is needed to investigate the driving factors of these species'
differences.
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Fig. 8. Relationship between measured (8%H,) and modelled (8*°H, RE) values of 8H. chronologies for Pinus (a) and Quercus (b). Linear regressions were fitted for all sites

(black dotted lines), and for all sites without the outlier sites VIG and CAV (red solid lines). Significance is indicated by asterisks * (P < 0.05). The 1:1 line is indicated by
a black solid line. Results of genera-specific regressions are given in Table S.6. See Fig. S.7 for the same relationships but with FDiff data. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.3.3. Influence of extreme wet and dry summer conditions

We hypothesized that years with extreme wet or dry summer condi-
tions, ergo with contrasting VPD and precipitation conditions, lead to dis-
tinct ecophysiological responses that shape §°He signa (Hple). Climatic
conditions induce changes in the isotopic composition typically leading to
higher 8°H values of leaf and source water in dry years compared with nor-
mal years, and lower values in wet years. These patterns should subse-
quently be imprinted on &*H. (Cernusak et al., 2016; Roden and
Ehleringer, 2000). We indeed observed a significant H-enrichment in
tree rings of both genera in dry years compared with normal years, but
not a clear H-depletion in wet years (Fig. 6). This was unforeseen because
the climatic signal transfer from the water isotopes to the tree rings was ex-
pected to be more consistent under wet conditions than dry conditions be-
cause of an increased translocation of recent photosynthates towards the
stem cambium (Michelot et al., 2012b; Pflug et al., 2015; Simard et al.,
2013). The general *H-enrichment in tree-ring cellulose under dry condi-
tions thus does not necessarily reflect a climatic signal derived from
changes in the isotopic composition of water. It might rather be derived
from drought-driven changes in metabolic pathways (Cormier et al.,
2018) or from greater use of (potentially ?H-enriched) carbohydrate re-
serves for wood formation under stress conditions (Lehmann et al., 2021a).

Therefore, in contrast to our hypothesis (Hp1c) that expected differ-
ences between the two genera based on their contrasting ecophysiological
traits which affect leaf and source water isotope modification in response
to drought (Klein, 2014; Martin-Gémez et al., 2017), both Quercus and
Pinus showed *H-enrichment in dry years compared with normal years.
Our results provide novel evidence that §?H, values might function as an in-
dicator for extreme drought conditions, potentially due to specific *H-
fractionations that are only triggered under reduced water availability.
However, additional 8°H, studies focusing on drought effects are needed
to further understand the potential of 8*°H. as a drought proxy.

4.4. Disentangling the hydrological and physiological information in §°H,

To fully understand the nature of the 8°H, information recorded in tree
rings, it is necessary to quantify the individual impacts of climatic, hydro-
logical, and physiological factors. Therefore, we evaluated the relationship
of 8*H.. chronologies with those of §'®0. and TRW, and the performance of
the mechanistic model in estimating 82H_ in tree rings.

4.4.1. Relationship between 8°H, and §'®0,. and between §°H, and TRW

The hydrological and temperature signals are recorded by 8*H, and
8'%0, at a continental scale (Gray and Song, 1984; Saurer et al., 1997b),
as shown by their distribution along the global meteoric water line
(Fig. S.9). Our results indicate that §'®0 transfers the source water signal
to the tree rings better than 8?H, resulting in a stronger climate signal
(Fig. 3). However, the well-known relationship between the two water iso-
topes in hydrological cycles barely hold for the year-to-year variation in
tree-ring cellulose, as shown by the weak relationships between the 8*H,
and 880, chronologies for most of our studied sites, regardless of species
and geographical location (Fig. 7a). This result is likely caused by temporal
variability in fractionations and additional factors that influence *H-
fractionations more than '®0-fractionations. However, the climatic and hy-
drological information that dominates §'0, is likely also present, albeit
weakly, in 8?H,.. The magnitude of 8?H,. may depend on site-specific precip-
itation and temperature conditions, as indicated by the positive influence of
MP;;, and negative influence of MTj;, on the §?°H.~8'80, relationships
(Fig. S.8) (Sprenger et al., 2016).

Trees' physiological strategies in response to the local environment
are recorded partly by TRW (Hartl-Meier et al., 2015), and thus the
8?H.~TRW relationships should reflect shared physiological informa-
tion. Indeed, our §*H.-TRW relationships were stronger than
8%H.~8180, relationships at many sites (Fig. 7b). This supports that at
many sites the 82H, recorded a stronger physiological signal rather
than a climatic or hydrological one as proposed in our second hypothe-
sis (Hp2). Whereas in most cases a significant negative TRW-82H,
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relationship was found in our study, a few significant positive relation-
ships also appeared (Fig. S.6). Although neither positive nor negative re-
lationships clustered in a particular geographical area, or in distinct
climatic regions, we observed a negative influence of MTj;, on the
slope of the §?H.~TRW relationship (Fig. S.8). Lehmann et al. (2021b)
reported that negative 8?H.-TRW relationships indicate greater use of
carbohydrate storage under stress conditions at four sites in Europe
and Asia, where growth was limited by precipitation or light. On the
contrary, at a site where temperature was the growth-limiting factor,
the 8%H.-TRW relationship became positive. Nonetheless, this uneven
share of negative (7) and positive (4) relationships between 8%H, and
TRW suggests that stronger site-specific variables, like stand density or
soil depth, are needed to advance our understanding of §°H,. variations.

4.4.2. Performance of the mechanistic RE-model

The mechanistic RE-model was previously found to successfully explain
the 8%H, of young broadleaf trees (Alnus incana, Betula occidentalis and
Populus fremontii) under controlled experimental conditions (Roden et al.,
2000). However, its applicability across a variety of species and ecological
conditions was not originally tested. Our §°H, simulations produced using
the RE-model support our last hypothesis (Hp3). We observed a reasonable
8%H, simulation values for both genera on a continental scale, albeit with an
overall consistent overestimation (Fig. 8). This suggests that the RE-model
successfully takes into account the large-scale isotopic variations in precip-
itation, while the constant overestimation may be attributed to a lack of di-
lution effects (e.g. Péclet effect or two-pool estimations) in the CG-model to
estimate §2H,, (Roden et al., 2015). Therefore, species-specific and tempo-
rally variable dilution effects should be considered in future studies
(Voelker et al., 2014).

As hypothesized (Hp3), the modelled §H, data did not capture the site-
specific inter-annual variability, as shown by both §°H, and FDiff §°H, data
(Figs. 8, S.7). Several sources of uncertainty should be considered to evalu-
ate the performance of the RE-model. First, the low spatial resolution of the
gridded climate data available for the last century. For example, the two
Swiss sites located at different elevations (CAV and VIG) share the same cli-
matic information, leading to a larger overestimation of the §2H, values at
the higher-elevation Pinus site (VIG). Second, the lack of annual site-level
8%H precipitation data (used as source water) and unknown mixing effects
of the precipitation water with ground water also play a role (Waterhouse
et al., 2002). Third, the model does not account for the stochasticity of en-
vironmental parameters, such as temperature, that may influence biochem-
ical isotope fractionation (Zhou et al., 2011). Finally, the species differences
in 2H-fractionation (Arosio et al., 2020b) are not considered in mechanistic
models.

We observed that modelled 8°H, has a better fit with measured Pinus 8§*H,
than measured Quercus 8H., at continental scale (Fig. 8). These results corrob-
orate previous findings that the isotopic signature of precipitation is better
captured in the 8%H, of shallow-rooted (Pinus) than deep-rooted (Quercus)
trees, due to their ability to access deeper groundwater (Voelker et al.,
2014; Waterhouse et al., 2002). Our results clearly demonstrate the necessity
to take into account species-specific or functional-trait-dependent (Arosio
et al., 2020b; Cormier et al., 2018; Sanchez-Bragado et al., 2019), as well as
age-dependent weighting factors (Arosio et al., 2020a). These additions
would account for the non-controlled conditions of natural forests and should
be integrated into future mechanistic models.

4.5. Potential and limitations of 8*H, chronologies

In this study we demonstrate that §°H, chronologies record a mix of
hydrological and climatic signals, while the physiological information is
still not readily accessible, due to remaining gaps in the understanding
of ?H-fractionations and their interactions with C partitioning mecha-
nisms, and with climatological, hydrological processes (Waterhouse
et al., 2002). New high-throughput methods will make 82H, measure-
ments increasingly accessible and economically viable (Filot et al.,
2006; Sauer et al., 2009; Wassenaar et al., 2015), which will likely
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boost the knowledge on *H-fractionations in plants in the next years.
Thus, further targeted research to disentangle the interference of climatic
and metabolic signals is needed, carried out in well-monitored forest sites
or in growth chambers with controlled conditions. This untapped physio-
logical signal in 8°H, could lead to further insight into carbohydrate storage
use, drought stress, and carbon allocation processes, information that is
useful not only from a retrospective view, but also for improving growth
models and thus predicting future tree performance.

5. Conclusions

The results presented here set a baseline in the understanding of
the information stored in 8%H.. We show that the climate information
recorded by 8%H, is weaker than for §'C, and §'®0,, and that it is site
and genera dependent, with Pinus showing a stronger climatic signal
than Quercus. Thus, information recorded by 82H, is different from
that of 8'3C. and 8'®0, with a stronger physiological component
independent from climate, although these effects cannot yet be
disentangled. As shown by our results, these physiological effects are
significant, but not constant across years, sites, or genera. Nonethe-
less, years with dry summer conditions showed a consistent ?H-
enrichemnt for both genera. Therefore, combination with other tree-
ring-derived parameters is highly advisable to provide complementary
information on tree performance. Finally, we showed that the current
mechanistic 8°H, models performed well at a continental but not at a
temporal scale. Clearly, improved climate and source water data, as
well as further work on mechanistic isotope models is need to improve
the spatio-temporal estimation of 8*H,. This will eventually result in
tree rings 8%H, to be a highly valuable archive of how trees' physiol-
ogy and biochemistry has been influenced by past environmental
changes.
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