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Abstract

Scots pine (Pinus sylvestris L.) is a common European tree species, and understanding
its acclimation to the rapidly changing climate through physiological, biochemical or
structural adjustments is vital for predicting future growth. We investigated a long-
term irrigation experiment at a naturally dry forest in Switzerland, comparing Scots
pine trees that have been continuously irrigated for 17 years (irrigated) with those
for which irrigation was interrupted after 10years (stop) and non-irrigated trees (con-
trol), using tree growth, xylogenesis, wood anatomy, and carbon, oxygen and hydro-
gen stable isotope measurements in the water, sugars and cellulose of plant tissues.
The dendrochronological analyses highlighted three distinct acclimation phases to the
treatments: irrigated trees experienced (i) a significant growth increase in the first
4years of treatment, (ii) high growth rates but with a declining trend in the following
8years and finally (iii) a regression to pre-irrigation growth rates, suggesting the de-
velopment of a new growth limitation (i.e. acclimation). The introduction of the stop
treatment resulted in further growth reductions to below-control levels during the
third phase. Irrigated trees showed longer growth periods and lower tree-ring §'3C
values, reflecting lower stomatal restrictions than control trees. Their strong tree-ring
580 and §%H (O-H) relationship reflected the hydrological signature similarly to the
control. On the contrary, the stop trees had lower growth rates, conservative wood
anatomical traits, and a weak O-H relationship, indicating a physiological imbalance.
Tree vitality (identified by crown transparency) significantly modulated growth, wood
anatomical traits and tree-ring §!°C, with low-vitality trees of all treatments perform-
ing similarly regardless of water availability. We thus provide quantitative indica-
tors for assessing physiological imbalance and tree acclimation after environmental
stresses. We also show that tree vitality is crucial in shaping such responses. These
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findings are fundamental for the early assessment of ecosystem imbalances and de-

cline under climate change.
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1 | INTRODUCTION

Climate change is driving major shifts in water availability across
Europe (IPCC, 2022). These alterations have been shown to im-
pact forests' performance and survival, challenging ecosystem
resilience (Ingrisch & Bahn, 2018). Characterising the physiolog-
ical acclimation potential of trees to drought is crucial (Grossiord,
2020) in order to select resilient species to stabilise forest func-
tions under climate change (Bauhus et al., 2017). Acclimation pro-
cesses (Gessler et al., 2020), defined as the physiological changes
due to phenotypic plasticity which minimise the effects of stress-
ors (Lambers et al., 1998), can provide a rapid response to altered
growth conditions (Mallard et al., 2020; Nicotra et al., 2010), unlike
multi-generation (evolutionary) strategies like adaptation or migra-
tion (Jump & Pefuelas, 2005; Pugnaire et al., 2019). Acclimation
means trees function in a steady state; however, under stress,
adjustments to the acclimation state are triggered via physiolog-
ical, biochemical or structural alterations (Beaman et al., 2016;
Rowland et al., 2023; Wilson & Franklin, 2002). At the onset of
drought conditions, for example, physiological adjustments are
made at the leaf level, including regulation of stomatal conduc-
tance to reduce water loss and avoid xylem cavitation (Gleason
et al., 2016; Marchin et al., 2016) and down-regulation of Rubisco
activity to balance the reduced CO, uptake (Parry et al., 2002).
When different water availability conditions become protracted
across multiple growing seasons, as in consecutive drought years
or irrigation experiments, structural acclimations are triggered,
such as adjustments in needle morphology and needle production
(Sangtiesa-Barreda et al., 2023; Timofeeva et al., 2017), changes
in sapwood area (Gebhardt et al.,, 2023; Moreno et al., 2021)
and shifts in fine-root production (Brunner et al., 2019; Joseph
et al., 2020). These acclimation mechanisms further feedback on
the sensitivity of stomata and photosynthetic activity (Nadal-Sala
et al., 2021; Schénbeck et al., 2022), and on photochemical reflec-
tance (D'Odorico et al., 2021), reducing the vulnerability of trees
to drought conditions (Chen et al., 2022; Gessler et al., 2020), or
helping them acclimate to more favourable conditions in the case
of irrigation experiments (Bose et al., 2022). Organ and carbohy-
drate reserve turnover rates determine legacy effects (Zweifel
et al., 2020), with long turnover rates prolonging acclimation re-
sponses. If the altered condition remains constant, for example, in
irrigation or drought experiments, it is expected that the system
will reach a new equilibrium state where water demand and supply
are re-balanced (McDowell et al., 2008; Zweifel & Sterck, 2018).
This is observed as a gradual dampening of the initially strong

responses connected to changes in water availability (Barbeta
et al., 2013; Zweifel et al., 2020).

Research efforts to investigate the physiological and morpho-
logical legacies of unfavourable environmental conditions on trees
are increasing (Anderegg et al., 2015; Bréda et al., 2006; Lindner
et al., 2010). Experimental manipulations of abiotic factors in nat-
ural forests are one method to investigate acclimation processes
both in the short term (i.e., daily or seasonal level; Atkin, 2003;
Werner et al., 2021) and in the long term (i.e. annual, or decadal
level; e.g. Martin-Stpaul et al.,, 2013; Pretzsch et al.,, 2019;
Rodriguez-Calcerrada et al., 2011). However, large-scale and long-
term experiments remain rare, even though they are crucial for
understanding and disentangling acclimation processes in the
context of the natural variability of climate and ecosystem dy-
namics. There are a few examples of long-term experiments in
mature forests (Cotrufo et al., 2011; Loewe-Mufioz et al., 2021)
where water availability has been manipulated to investigate ac-
climation processes, in response to reduced soil water availabil-
ity by rainfall exclusion (Barbeta et al., 2013; Belluau et al., 2021;
Gavinet et al., 2019; Goke & Martin, 2022; Grams et al., 2021),
irrigation (Feichtinger et al., 2014; Rigling et al., 2003) or both
(Beier et al., 1995). Unfortunately, such experiments seldom last
longer than 10years (Barbeta et al., 2013; Da Costa et al., 2018;
Dobbertin et al., 2010; Feichtinger et al., 2014; van Sundert
et al., 2023), despite the fact that it is becoming apparent that
acclimation processes might take longer (Bose et al., 2022). Here,
we investigate these processes in the 17-year long irrigation ex-
periment set in the Pfynwald forest in Switzerland using a multi-
proxy approach.

Combining different proxies of tree growth and functioning
makes it possible to study the dynamics of acclimation processes
(Table 1), and to retrospectively quantify seasonal changes in nee-
dle tissues and wood traits and decadal changes in growth dynam-
ics (Rowland et al., 2023). Quantitative wood anatomy provides
insights into wood formation processes (Fonti et al., 2010) and
adaptations of xylem structures (Prendin et al., 2017; von Arx &
Carrer, 2014). For example, the production of smaller xylem con-
duits in response to drought has been associated with improved
drought tolerance (Fonti et al., 2010; Zimmermann et al., 2021).
Conversely, the release from drought through irrigation may be
associated with an increase in xylem conduit size or mean hydrau-
lic diameter, allowing higher rates of transpiration and growth
(Anfodillo & Olson, 2021). Differences in the timing of events
can be connected to water availability regimes by tracking wood
formation throughout the growing season (i.e. xylem creation
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TABLE 1 Tree-ring width (TRW), quantitative wood anatomy (QWA), isotopes measured in tree tissues and tree-ring cellulose (§:3C),
and changes in the relationship between §'80 and 5°H (O-H relationship) are proxies used to quantify the physiological and structural
acclimation responses of trees to altered environmental conditions, providing an overview of tree functioning.

Proxy TRW QWA

Inferred variables Climate
Carbon allocation

Tree functioning Growth

and carbon allocation), due to the high sensitivity of cell division
and enlargement to both cell turgor and sugar availability (Cabon
et al., 2020; Fatichi et al., 2014; Korner, 2015).

Isotopes in tree-ring cellulose are a proxy used to infer the
physiological processes that occur during tree-ring cellulose for-
mation and thus a tree's response to environmental conditions.
To understand the physiological signals recorded in the isotopes
of tree-ring cellulose, we need to disentangle the processes
that cause isotope fractionation, that is, a physiological process
can only be recorded if isotope fractionation is involved. **C-
fractionation is related to assimilation rate and stomatal conduc-
tance (Frank et al., 2015; Saurer et al., 2014), whereas transpiration
causes evaporative 80 and ?H-enrichment, which is incorporated
into sugars with associated equilibrium isotope effects (Craig &
Gordon, 1965; Dongmann et al., 1974; Farquhar et al., 2007).
However, fractionations during assimilate transport (e.g. Gessler
et al., 2004) and metabolic processes (Kagawa & Battipaglia, 2022;
Wieloch et al., 2022; Yakir & DeNiro, 1990), including both kinetic
and equilibrium isotope exchange with xylem water, resulting in a
dampening of the initial leaf-level hydrological signal. Importantly,
the metabolic-associated isotope effects are different for O and
H (Hayes, 2001; Holloway-Phillips et al., 2022), leading to differ-
ential isotope patterns in cellulose (Holloway-Phillips et al., 2023).
Carbon (5*3C) and oxygen (5'%0) isotopic ratios in tree rings have
been used extensively as proxies for canopy functioning (Farquhar
et al., 1982; Scheidegger et al., 2000; Vitali et al., 2021), and to in-
vestigate past climatic conditions (e.g. Andreu-Hayles et al., 2017,
Loader et al., 2007; Saurer et al., 1997) and tree physiological per-
formance (e.g. Frank et al., 2015; Guerrieri et al., 2019; Levesque
et al., 2019). Meanwhile, 62H, which has been studied far less,
appears to record a mixture of the climate signal (i.e. the hydro-
logical signal derived from the source water, precipitation and
atmospheric exchange) and a physiological or metabolic signal de-
pendent on carbon metabolism during photosynthesis and post-
photosynthesis, as well as differential C-resource use (Terwilliger
& Deniro, 1995; Vitali et al., 2023; Yakir & DeNiro, 1990).

5'80 and &%H have often been assumed to have a strong posi-
tive relationship inherited from the source water (Dansgaard, 1964).
However, isotope fractionations during the biosynthesis of organic
compounds (heron metabolic share of the isotope signals) are not
coupled for §'80 and §?H (Holloway-Phillips et al., 2022, 2023). As a
result, the relationship between 5'%0 and §°H (hereafter O-H rela-
tionship) is weaker than expected if it were based only on the hydro-
logical signal and was shown to be dependent on site conditions and

Water transport
Timing of cell formation

Hydraulic capacity

53¢ O-H relationship

Photosynthetic activity Hydrological signature

Stomatal conductance Metabolic impact

Canopy functioning Acclimation status

year-to-year variation (Nabeshima et al., 2018; Vitali et al., 2022). In
natural settings, in the event of extreme defoliation by larch bud-
moth outbreaks (Zeiraphera griseana [Hubner]; Vitali et al., 2023), the
O-H relationship has been found to be significantly weaker than in
non-defoliated years. This was suggested to reflect the utilisation of
carbon reserves for the formation of wood and canopy re-flushing,
due to the lower availability of fresh assimilates (Kimak, 2015;
Nabeshima et al., 2018; Sanchez-Bragado et al., 2019). Thus, in de-
foliated years the share of isotope signal connected to the metabolic
processes modifies the O-H relationship masking the ‘normally’ re-
corded hydrological signature (Vitali et al., 2023). By extension, we
hypothesise that in non-perturbed growing conditions, where we
assume that trees function in physiological balance or an acclimated
state, the hydrological isotope signature is more strongly imprinted
in the tree-ring cellulose. In the event of perturbations (e.g. substan-
tial and sustained shift in the water balance), the metabolic signal
induces a decoupling of the O-H relationship indicating a physiolog-
ical imbalance (conceptualised in Section 4.4).

Our main aim was to investigate the response of Scots pine (Pinus
sylvestris L.) to changes in water availability, in the Pfynwald irriga-
tion experiment to evaluate its capacity to acclimate to new growing
conditions by structural changes and adapting its physiological func-
tioning. By analysing multiple proxies, we retrospectively inferred
the growth (tree-ring width, TRW), hydraulic capacity (QWA), pho-
tosynthetic and transpiration conditions of the canopy (5'%C), and
acclimation state (O-H relationship, Table 1) of trees under different
water availability regimes. Specifically, we investigated two treat-
ments: (i) 17-year irrigation doubling rainfall amounts during the
vegetative period (irrigation) and (ii) 11years of irrigation followed
by éyears of non-irrigated conditions (stop). We compared these
treatments with exclusively rainfed controls. We also assessed dif-
ferences between trees that differed in crown transparency (see
Dobbertin et al., 2004), as a proxy for tree ‘vitality’ (with high vi-
tality defined as good growth and low crown transparency), as this
property has been shown to play a role in trees' photosynthetic per-
formance (Eilmann et al., 2013; Schonbeck et al., 2018). We hypoth-
esised that:

Hp 1. Long-term structural and physiological acclimation re-
sponses would indicate that:
a. trees have reached a new growth equilibrium under irri-
gation and
b. the stop treatment has induced a new stress condition
triggering new acclimation processes.
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Hp 2. The responses to treatments and acclimation processes
would depend on tree vitality.

Hp 3. The O-H relationship of stable isotopes in tree rings can be
used as a proxy for the extent of forests' acclimation to altered
environmental conditions.

2 | MATERIALS AND METHODS
2.1 | Experimental setup and sample selection

The Pfynwald irrigation experiment is located in a Scots pine for-
est in southwestern Switzerland that is more than 100years old
(46°18N, 7°36’ E, 615ma.s.l.). The dry inner-Alpine valley of the
Rhone River has a mean annual temperature of 10.1°C and an an-
nual precipitation of 600 mm (Houston Durrant et al., 2016), with a
considerable dry period during the summer months; it can be con-
sidered the dry edge of the natural distribution of Scots pine. The
soil is characterised by low water retention (Brunner et al., 2009).
The experimental setup divides a portion of the Pfynwald forest
(1.2 ha; ~800 trees) into eight plots of 25x40m each, separated by
5-m-wide buffer zones (Figure S1). The irrigation treatment, started
in 2003, doubles the natural annual precipitation. From May to
October, night irrigation by sprinklers at 1-m height distributes
~600mm/year, using water from a nearby channel. In 2014, the irri-
gation treatment was halted in half of the area of the irrigated plots.
This resulted in three water regimes: four control plots (C) that have
never been irrigated and correspond to the natural dry conditions;
four irrigated plot areas (I) that have been irrigated each year since
2003, experiencing a release from soil drought; and four irrigation-
stop plots areas (S) that have not been irrigated since 2014.

In this study, measurements were carried out in 2019, using
eight Scots pine trees per treatment (Figure S1). Crown transpar-
ency has been monitored every year in Pfynwald (Figure S2), and
according to the findings of Dobbertin et al. (2004) and Schénbeck
et al. (2018) has been observed to be a key proxy for trees' pho-
tosynthetic performance. Thus, the sampling strategy was strati-
fied: for each treatment, four trees with low crown transparency
in 2019 (<20%, hereafter H for high-vitality) and four trees with
high crown transparency in 2018 (>40%, hereafter L for low-
vitality) were selected. Four sampling campaigns were performed
throughout the 2019 vegetative season, on 4 June (after the initial
needle flush), 15 July, 25 August and 20 October (when the 2019
tree ring was completely formed). On each sampling date, micro-
cores (2-mm diameter, 15-mm length) were collected with a stan-
dard puncher kit and stored in a 96% water-alcohol solution until
xylogenesis analyses. Additionally, in the October campaign, two
5-mm increment cores were extracted at breast height (1.30m)
from each tree with an increment borer (HAGLOF; Langsele,
Sweden).

For all target trees, samples from the current-year needles

(Ne), twig xylem (Tx), twig phloem (Tp), and stem xylem (Sx) and

phloem (Sp) were collected in exetainers (Exetainer glass vials,
Labco, Lampeter, Wales, UK, prod. No. 738W) and stored in dry
ice. Branches were cut from the fully light-exposed portion of
the crown with an extendable pruner. Next to each target tree
location, soil samples were collected at a 10-20 cm depth, which
has been found to be the main depth where trees take up water
at this site (Timofeeva et al., 2020) and the root material was
sieved out.

Increment cores were processed following standard dendro-
chronological procedures (Cook & Kairiukstis, 1990). TRWs were
measured at 0.01-mm precision and cross-dating validated followed
standard procedures (Bunn, 2010; Holmes, 1983).

2.2 | Water, cellulose and sugar extraction from
plant tissues

221 | Water

Water was extracted from all sampled tissues (i.e. needles, branch
and stem xylem and phloem, and soil), by cryogenic vacuum distilla-
tion (Diao et al., 2022; West et al., 2006). In short, all samples were
heated at 80°C in a water bath for 2h to ensure complete extrac-
tion and the vapour was collected by glass traps submerged in liquid

nitrogen.

2.2.2 | Cellulose

Dated annual tree rings were hand-cut and separated for 2000-
2019, and earlywood and latewood were separated for 2019 alone.
Tree ring, twig and needle cellulose were extracted using F57 fibre
filter bags (Ankom Technology, Macedon, NY, USA) and standard pu-
rification methods (Boettger et al., 2007). Cellulose from all tissues
was homogenised and packed into silver capsules for the measure-
ment of §3C, 5'80 and &2H.

2.2.3 | Sugars

Following the cryogenic vacuum distillation, dry needles
and phloem tissues were ball-milled (MM400, Retsch, Haan,
Germany), and sugars were extracted from 100 mg of needle pow-
der and phloem powder following established protocols (Lehmann
et al., 2020; Rinne et al., 2012). Briefly, the ground material was
mixed with 2mL of deionised water and heated to 85°C for 30 min
to extract the water-soluble content. The sugar fraction of the
water-soluble content was then purified using ion exchange car-
tridges (OnGuard Il A, H and P, Dionex, Thermo Fisher Scientific,
Bremen, Germany). The purified sugar solutions were frozen and
freeze-dried, and then packed into silver capsules for stable iso-

tope measurements.
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2.3 | Stable isotope measurements
2.3.1 | Water

The 580 and §2H ratios (expressed in per mil [%o] notation rela-
tive to V-SMOW [Vienna Standard Mean Ocean Water]) of the
extracted water were analysed using a pyrolysis-IRMS (isotope
ratio mass spectrometer) connected to a Delta Plus XP IRMS via a
Conflo Ill interface (Thermo Fisher Scientific, Bremen, Germany).
The long-term instrument precision, measured using independent
quality control standards, is 2%o for 2H and 0.2%. for 2O (Diao
et al., 2022).

2.3.2 | Cellulose and sugars

513C and 80 were measured by combustion in an elemental ana-
lyser using a high-temperature pyrolysis system (TC/EA) coupled
to an isotope ratio mass spectrometer (IRMS, Delta Plus XP), with
a precision of ca. +0.1%. for §13C and+0.3%o for §'%0 (Weigt
et al., 2015). Corrections for past changes in the 5'3C of atmos-
pheric CO, were applied to the raw 513C data (Leuenberger, 2007).
For measuring non-exchangeable C-bound §2H, the cellulose and
sugar samples were equilibrated with the hot-water-vapour equi-
libration method described by Schuler et al. (2022), to correct for
the O-bound H isotopes (which readily exchange with water vapour)
in cellulose and to determine the non-exchangeable C-bound 62H,
with a precision of 2%0-4%e.. In brief, samples were packed into sil-
ver capsules, equilibrated at 130°C with water of known isotopic
composition for 2h, and dried with dry nitrogen gas for 2h. The
samples were then transferred to a heated autosampler (80°C) of a
high-temperature pyrolysis system (PYROcube, Elementar, Hanau,
Germany). The shielded autosampler was flushed with argon, and
the samples were kept there for 2h to stabilise in this environment.
The samples were then thermally decomposed at 1420°C, and the
isotopic ratios of H were measured by mass spectrometry (Loader
et al., 2015; Weigt et al., 2015).

2.4 | Wood anatomy

The collected microcores were embedded in paraffin and cut into
7-um-thick transverse sections using a rotary microtome (RM2245,
Leica Biosystems, Nussloch, Germany). The sections were stained
(with safranin and astra blue to differentiate cellulose and lignin)
and mounted on glass slides. Digital images were taken for the vis-
ible rings for each slide using a slide scanner (Axio Scan Z1; Zeiss,
Oberkochen, Germany).

Cell measurements were performed on the microsections
under visible and polarised light to distinguish the distinct phases
of cell development (Rossi et al., 2006). Cells in the cambial, en-
largement, cell-wall-thickening and mature phases were visually
discriminated and counted for each sample according to Cuny

50f 20
= Global Change Biology g%\ ]_EYJ—

et al. (2019). The ROXAS software for semi-automated cell anal-
ysis (von Arx & Carrer, 2014), combined with Image-Pro Plus
(Media Cybernetics, Rockville, MD, USA), was used to measure
tracheid properties for the visible rings. For the Years 2017, 2018
and 2019, the mean hydraulic diameter of the cells (Dh; Kolb &
Sperry, 1999) was measured with respect to the cells' positional
information through tracheidograms using the RAPTOR package
(Peters et al., 2018) in R (R Core Team, 2022).

2.5 | Quantification of treatment effects and
identification of acclimation phases

The responses of the trees to the irrigation treatment have not
been constant as the experiment has progressed, and in previous
studies, the acclimation speed has been shown to differ among
tissues (Zweifel et al., 2020; Zweifel & Sterck, 2018). Here, three
distinct phases were identified in the measured tree-ring chro-
nologies by their significantly different TRW averages (Figures S3
and S4), and changes in growth trends (Figure S5), which were
thus defined as: phase 1: 2003-2006; phase 2: 2007-2013; and
phase 3: 2014-2019 (Figure S3; Section 3.1). To investigate the
effect of the treatments, the response variables were set rela-
tive to the mean values of the high-vitality group of the control
trees (CH), hereafter referred to as ‘normalisation’. Groups are
defined by their treatment (C=control, |=irrigated, S=Stop) and
vitality (H=high and L=Ilow) respectively resulting in the follow-
ing groups: CH, CL, IH, IL, SH and SL. This normalisation was per-
formed at the annual level for the tree-ring-based samples and by
sampling campaign for the samples collected in 2019. TRWs were
first log-transformed, and all normalisations were performed via
subtraction (TRW, ..., 8"X,,.)- Repeated measures analysis of
variance (ANOVA,; p <.05) and Tukey's honestly significant differ-
ence (HSD) post hoc tests were conducted to compare differences
in the vitality levels and acclimation phases. Linear models were
used to evaluate trends in the variables.

3 | RESULTS

3.1 | Acclimation phases and impact of long-term
irrigation on tree biomass

The normalised TRW chronologies (TRW
changes in growth levels (Figure 1b; Figure S3) during the 17 years

norm) Showed significant
of the Pfynwald irrigation experiment. Three distinct growth phases
could be identified: (1) increasing growth rates, (2) decreasing growth
rates and (3) drop to control level (in | trees) and even lower growth
rates (in S trees).

Phase 1 was restricted to the Years 2003-2006, where growth
increments (TRW
crease from pre-irrigation growth (Figure 1b; Figure S3), reaching its

norm) Of the irrigated trees showed a significant in-

maximum in 2006. In this phase, irrigated tree growth increased by
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FIGURE 1 (a)ldentification of the three acclimation phases of Scots pine (Pinus sylvestris) trees in the Pfynwald experimental site, for
the irrigated (I), stop (S) and control (C) treatments. Irrigation started in 2003 and ended in 2014 in the stop treatment (indicated by the
blue dots). The percent changes in crown and root biomass are calculated for the irrigated trees relative to the control trees for different
periods, where crown biomass increment rates are based on leaf area index (LAI) from Bose et al. (2022); and stem growth and root biomass
are taken from Brunner et al. (2019) and Guidi et al. (unpublished). Stem percentual changes are calculated from all trees' tree-ring width
chronologies relative to control until 2014, and for irrigated and stop trees separately after 2014. (b) Average normalised tree-ring-width

chronologies (TRW

norm)

and their statistical differences between the treatments for the acclimation phases (ANOVA; post hoc test, p <.05,

indicated by different lowercase letters). In both panels (a) and (b), the three acclimation phases, showing significantly different growth
patterns (see Figure S3), are distinguished with grey shading (i.e. phase 1: 2003-2006; phase 2: 2007-2013; phase 3: 2014-2019).

100% relative to control trees, meeting the new growth potential
set by the increased water availability (Figure 1a). This radial growth
increase was matched by gradual increases in biomass relative to the
control trees, reaching +8% in the crown (based on leaf area index
(LAI) measurements from Bose et al., 2022) and +10% in the fine
roots by 2006 (Brunner et al., 2019).

The beginning of phase 2 was identified by a decrease in growth
rates. In phase 2 (2007-2013), the TRW
still significantly greater (50%) than that of the control trees. On av-

norm OF all irrigated trees was
erage, crown and root biomass were significantly greater in irrigated
trees (+38% and +51%, respectively, Figure 1a).

Phase 3 was characterised by significantly reduced TRW,_
than phase 2, with irrigated trees almost returning to pre-irrigation
growth rates (i.e. before 2003), but also converging with the growth
rates of the control trees (Figure 1b). Irrigated trees still had a 22%
greater TRW

the declining trend, this difference was not statistically significant,

norm than control trees (Figure 1; Figure S3), but due to
indicating a clear dampening of the irrigation effect. Contrarily, both
crown and fine root biomass were still elevated in the irrigated trees
in phase 3 (+40% and +77%, respectively; Figure 1a). The beginning
of phase 3 corresponded to the interruption of the irrigation for the
stop trees in 2014, which resulted in an average growth reduction of
-40%, reaching rates below the control and similar to pre-irrigation
levels (Figure 1).

3.2 | Impact of tree vitality level on tree
growth and tree-ring isotopic signature

Significant differences were observed between the two canopy vital-
ity levels in both the TRW and the tree-ring isotope chronologies. The
high-vitality trees (H) showed significantly higher growth rates (TRW)
than the low-vitality trees (L), regardless of the treatment (Figure 2a).
The TRW patterns of the irrigated trees showed similar trends for the
two vitality levels (Figure S5). On the contrary, the growth of the SH
trees showed a much larger decrease than that of the SL trees in phase
3 (Figure 3). To specifically investigate the impact of the removal of
irrigation in 2014, we normalised the chronologies to the IH trees,
as both treatments were equally irrigated in the Years 2003-2014
(Figure 3). Stopping irrigation triggered a gradual but statistically sig-
nificant growth reduction of -40% in stop trees in the years following
2014, with the most dramatic decline in growth for the SH trees. By
2015 the SL and SH trees grew at similar levels. The growth rate of the
SL trees overlapped that of the IL trees, indicating that vitality level
strongly drove growth patterns independently of water availability.
The acclimation phases identified from the TRW averages
(Figure 1) were also reflected in changes in the annually re-
solved isotope ratio chronologies (8¢, 80 and 8%H; Figure 2;
Figures S4 and S5). In all acclimation phases, both irrigated and
stop trees had, on average, lower 513C values than control trees,
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FIGURE 2 Average chronologies of tree-ring width (TRW; a) and tree-ring isotope ratios for §'3C (c), §%0 (e) and 82H (g) for the two
vitality levels (low, high) and three treatments (control, irrigated and stop). The different acclimation phases (phase 1: 2003-2006; phase

2: 2006-2014; phase 3: 2014-2019) are indicated with grey shading. The right panels (b, d, f, h) show the TRW

norm Chronologies. Statistical

differences between the treatments for the different vitality levels are shown for the whole experimental period (i.e. 2003-2019, analysis
of variance and post hoc tests, p <.05, indicated by lower case letters). See Figure S4 for statistical differences between treatments and
vitalities in the three phases and Figure S5 for a decomposition of the slopes.

and the high-vitality trees had lower §'3C values than the low-
vitality ones, regardless of the treatment (Figure 2c,d). The over-
all trends were common for all treatments and vitality levels, with
the increase in water availability initially inducing a significant
decrease of the 8'3C ratios, followed by a gradual increasing
trend in the second and third phases. However, the stop treat-
ment showed the strongest difference between the two vitality

levels, which started diverging in phase 2. The §'3C chronologies
of the SH trees followed the pattern of irrigated trees and did not
go back to control levels even after years of no irrigation, while
the SL trees showed consistently higher 8*3C values, similar to
those of the control trees, throughout all three phases.

During the experimental period, the 8*%0 (Figure 2e,f) and §°H
(Figure 2g,h) isotope chronologies of the treatments showed similar
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FIGURE 3 Tree-ring chronologies of the two vitality levels

(low, high) of the stop and irrigated trees normalised to the mean
of the irrigated high-vitality trees (TRW_ . ,). Blue dots indicate
years when the trees were irrigated, and grey shading indicates the
three acclimation phases. Comparisons between and within groups
and time periods were carried out with a multi-factor analysis of
variance and post hoc tests (p <.05 indicated by lower case letters).

trends, with an initial gradual decline reaching a minimum in 2014,

and a gradual increase thereafter. The %0 chronologies of

norm
low-vitality trees (Figure 2e) showed a 1%. lower 580 for the first
4years of treatment (phase 1). These vitality-dependent differences
disappeared between 2009 and 2014 (phase 2), only to emerge
again in 2014, with IL values decreasing significantly. Meanwhile, the
IH trees oscillated around the CH values. The 8*80 chronologies of
the irrigation and the stop treatments matched during the first two
phases, to be expected given the shared source water, while in phase
3 the SH, SL and IL chronologies became increasingly more depleted
in 180 than the IH trees (Figure 2e; Figures S4 and S5).

§2H values show higher year-to-year variability than the other isoto-
pic ratios throughout the experimental period (Figure 2g,h), albeit with a
similar shape as the 8'%0 chronology. The irrigated and stop treatments
diverged from the control in opposite directions, with irrigated trees
on average having 5°H values 5% lower than that of CH trees, and the
stop trees having values ~5%o higher. 8°H increased significantly for SH
and SL trees in phase 2, and increased significantly for IH and IL trees
in phase 3 (Figure S4). No significant differences between vitality levels

were observed, besides between IH and IL in phase 3 (Figure S4).

3.3 | Impacts of tree vitality on wood
formation and functioning

During the vegetative season of 2019, the irrigated trees produced a
similar number of cells compared with control trees, while the stop trees
produced significantly fewer cells. Vitality level had the largest influ-
ence on the number of cells produced in the irrigated trees (on average,

IH=31 cells, IL=17 cells) and control trees (CH =28 cells, CL=13 cells),
while there were no differences in the stop treatment (SH and SL=11
cells). The timing of carbon fixation in the tree rings differed signifi-
cantly between treatments and also between vitality levels. CH and IH
trees were active throughout the vegetative season, with a significant
increase in the number of mature cells (i.e. cells where secondary cell
walls are fully lignified) both between the first and second sampling
dates (June to July) and between the third and fourth dates (August to
October, Figure 4b). A large amount of enlarging and thickening of the
cells had occurred by the third sampling date (Figure S6). On the con-
trary, stop trees and all low-vitality trees had completed most of their
cell maturation by July, regardless of the treatment, as no new mature
cells were detected between the third and fourth sampling dates.

The overall mean hydraulic diameter (Dh; Kolb & Sperry, 1999)
showed distinct differences between the two vitality levels in all treat-
ments, with a strong difference for the irrigated trees (Figure 5). The
IL trees had much lower Dh_values than the CL and SL trees. At
the beginning of the vegetative season the maximum value of Dh was

similar for all treatments, but the Dh of IH trees increased in the

norm
middle of the ring, while the values strongly declined for IL trees. Stop

values than the control.

trees with both vitality levels had lower Dh, .

3.4 | Impact of irrigation treatments on isotope
variation in tree tissues in 2019

We traced the isotopic variation from samples of water to the or-
ganic compounds in the trees, following the water uptake and as-
similation path (Figure 6g). The measurements of these tissues
from the four sampling campaigns revealed seasonal variation in
water and sugar isotopic composition, but the variation between
the treatments remained constant throughout the vegetative sea-
son (see Figures S6-S12 for seasonal compound-specific variation).
Therefore, we focused on the annual average patterns of isotopic
composition and on the changes in relation to the CH trees (5"X
Figure 6c¢,d,f).

Irrigated trees (IH, IL) had significantly lower §'°C values in sug-

norm’

ars, with an average of -2%o. compared with CH (Figure 6a,b). On the
contrary, the stop trees showed a mixed response, with 5'3C values
consistently more similar to the control trees in sugars and in needle
and twig cellulose, but more similar to the irrigated trees in wood
cellulose.

In irrigated trees, 180 was depleted (-2.5%o 5%0) in the water
of all tissues. This finding was expected, as the water used for
irrigation was sourced from a nearby channel with a (depleted)
isotopic signature of ~13%. 530 and -133%. 5°H. However, this
signature was diluted from the soil to the xylem water and var-
ied during the season (Figures S7 and S8). We observed further
overwriting of this depleted source water signal during the for-
mation of the organic matter, where the difference was smaller
than 1%. (Figure 6c,d). Trees with the stop treatment had water
isotopic values similar to those of the control, since no irrigation
had occurred since 2014. However, the needle sugars showed a
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vitality control (CL) and high-vitality irrigated (IH) trees for the Years

2018 and 2019, highlighting the ongoing cell formation in irrigated trees in August, compared to the fully completed ring in the control. (b)
Normalised measurements of cell count of mature cells for the different treatments and vitality levels on the four sampling dates (4 June, 15
July, 25 August and 20 October). Significant differences between groups are indicated by asterisks (p 2.05 =not significant (ns); p<.05=";

p<.01="*%).

strong 80-depletion, reaching levels similar to those of the irri-
gated trees, and EW and LW showed an even stronger depletion
than the irrigated trees (-3%o).

The &°H of water samples of irrigated trees showed the ex-
pected 2H-depletion (-10%0 8H), but the sugars showed a strong
2H-enrichment. In particular, the §°H of the needle sugar of IH trees
showed a 20%o 2H-enrichment compared with all other treatments.
However, this enrichment was lost in the cellulose samples, where
values returned to the same range as the stop (~ +10%) and control
trees (Figure 6e,f).

3.5 | O-H relationship

The O-H relationship degraded along the metabolic pathway from
water to cellulose. Xylem water and needle water showed a strong
O-H relationship, with similar slopes between the treatments and
vitality levels (Figure 7a), with an average slope of a=~6 for xylem
water and an R? of 0.88. Both needle water and needle sugars
showed increased variability between treatments and lower val-
ues for slope and R? (a=~2, R?=~0.35 for needle water; a=~4.5,
R?=-~0.35 for needle sugars), as expected due to evaporative
enrichment.

Tree-ring cellulose showed the weakest O-H relationship along
the metabolic pathway, with a further drop in R? (Figure 7d). The
pairs CH-IH (a=6.25/6.71) and CL-IL (a=6.93/6.35) showed sim-
ilar trends, with slopes close to that of xylem water, although R?
remained lower (~0.1-0.2; Figure 7d). The tree-ring cellulose of the
stop trees showed the least steep O-H relationship in the tree-ring
cellulose (SH a=4.02; SL a=1.61). As water and sugar samples were
collected at different times of the day for each tree, the impact of
temperature on the water and sugars in the tree needles was anal-
ysed (Figure S14). Temperature response curves showed a stronger
180- and 2H-enrichment for the control and stop trees. 5'%0 and
§%H for needle sugars both tended to decrease as temperatures

increased.
4 | DISCUSSION
4.1 | Irrigation treatment and a new equilibrium

state

Distinct acclimation phases were identified by significant changes
in the wood growth patterns of irrigated trees relative to control
trees, with an initial increase in wood growth for the first 5years
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normalised to the high-vitality control trees (CH) for the Years 2017, 2018 and 2019 for the

three treatments (a) control, (b) irrigated and (c) stop; and the two vitality levels according to the recorded cell position, from O (beginning of

earlywood, EW) to the last measured cell in the latewood (LW).

of irrigation, followed by a gradual decline (Figure 1). After 11years
of irrigation, the positive effect of increased water availability with
the irrigated treatment was dampened, and we observed a stabilisa-
tion of the growth trends and a convergence to pre-irrigation growth
levels. This supports our hypothesis that a new equilibrium growth
state was achieved, where the increased biomass has acclimated to
the surplus of water availability from the irrigation, thus reaching the
new carrying capacity of the ecosystem (Hp1a). Retrospectively, we
can define the initial increase in growth as a temporary overyield-
ing, as it was not sustained in the long term (Barbeta et al., 2013;
Dobbertin et al., 2010).

The irrigation effects were visible not only in growth but also
in cambial activity, and were modulated by tree vitality. Irrigation
increased cambial activity (i.e. total number of cells); however, CH
and IH trees showed similar cell production timing (Figure 4b). This
did not proceed linearly within the annual ring but rather involved
a larger number of cells maturing in late summer (August and
September), than in mid-summer (June and July), likely due to lim-
ited water availability (Eilmann et al., 2011; Soudant et al., 2016).
As we hypothesised (Hp2), the variation in xylem cell production
was greater between vitality levels than between treatments,
as observed previously by Eilmann et al. (2013). Both CH and IH
trees showed longer cambial activity, and more cells produced and
matured, during late summer compared with low-vitality trees,
as well as protracted cell maturation until autumn, despite being
under different water regimes. The hydraulic diameter (Dh) was
also more similar within vitality levels than within treatments
(Hp2), suggesting that xylem anatomical adjustments are propor-
tional to tree canopy size, with hydraulic efficiency prioritised
over safety (Prendin et al., 2018), especially for the high-vitality
trees. In fact, only in high-vitality trees did we observe the ex-
pected increase in conduit size in the irrigated trees connected

to the release from limited water availability (Fonti et al., 2010;
Zimmermann et al., 2021). Furthermore, low-vitality trees had
systematically smaller Dh values in the earlywood, pointing to
decreased osmotic potential and turgor pressure, and thus less
cell enlargement (Jyske & Holtt3, 2015; Klesse et al., 2021; Peters
et al., 2021). Thus, the low-vitality trees did not benefit from in-
creased water availability as much as the high-vitality trees and
maintained a more conservative strategy. Over several decades, a
conservative strategy may lead to weakening and higher mortality
risk (Timofeeva et al., 2017).

The different acclimation phases were also reflected by the ra-
tios of isotopes in the tree rings. Higher water availability induced
a significant 13C-depletion in the irrigated trees, suggesting overall
reduced water stress concomitant with increased growth, followed
by a gradual increase in water stress (i.e. 13C-enrichment) in the
later stages of the experiment, which paired with a growth decline
(Figure 2c¢,d). While the 8*3C values were not significantly different
between the two vitality levels, TRW values of IH and IL trees were
significantly different, indicating incongruences between stomatal
and photosynthetic responses (Schénbeck et al., 2022), or differ-
ent carbon allocation strategies between vitality levels (Figure 2c;
Figure S5). This suggests that the irrigated trees were unable to meet
the increased water demand from the increased biomass, leading to
a scaling back of tree growth over time. Similar results are shown
in Giuggiola et al. (2013), where a positive thinning-induced growth
release in Scots pine disappeared after approximately two decades.

Based on the findings of our multi-proxy approach, we conclude
that the irrigation-induced growth overyielding could not be sus-
tained because new boundary conditions of water limitations were
reached (Schénbeck et al., 2022). In this third phase, the soil water
content measurements of irrigated and control plots converged
because of the greater root biomass and larger rooting system
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high-vitality control trees (b, d, f). Seasonal averages are shown in Figure S7, and significant differences between tissues are explored in

Figures S8-512.

(Brunner et al., 2019; Wang et al., 2023; 75% increase of root bio-
mass Figure 1, Brunner et al., 2019), larger canopy size (40% increase
in LAl Figure 1 %), and more dense understorey in the irrigated plots
(Bose et al., 2022) resulted in stronger water demand. This led to
soil water availability even lower than that in irrigated plots during
spring, i.e. before the annual irrigation cycle started (D'Odorico
et al., 2021). These results are in line with those from Barbeta
et al. (2013), where the effect of irrigation declined after a decade
of increased water availability. Further, they support the hypothesis
that the response to a release from water limitation tends to involve
an initial overshooting of growth before new limiting factors, such

as nutrient availability or new water limitations, constrain growth to

rebalance water supply and demand.

4.2 | Stop treatment: Irrigation-induced structural
overbuilding and physiological imbalance

When trees physiologically and structurally have acclimated to a
new equilibrium as a result of improved water availability, the sud-
den stop of this additional water impacts them differently than
control trees. Over the 4years without irrigation, the trees in the
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and (c) and needle sugars in the vegetative phase of 2019 and for (d) tree-ring cellulose during assimilation phase 3 for the three treatments
and the two vitality levels. The O-H relationship in the previous two phases is shown in Figure S13.

stop treatment declined considerably in stem growth. They reached
pre-irrigation stem radial growth levels after about 4 years that were
comparable to those of CL trees, indicating the penalty of sustain-
ing the irrigation-induced structural overbuilding (e.g. increase

above- and below-ground biomass, Figure 1) once water became
scarce again. This was especially the case for the high-vitality trees,
which showed the most canopy expansion and radial growth (TRW)
in response to irrigation, and the steepest decline after irrigation
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stopped (Figure 3). This finding is confirmed by the shift in wood
tissue traits, with stop trees not only having the shortest cell matura-
tion period but also producing the smallest number of cells and hav-
ing the lowest hydraulic conductivity (Figure 4). Similar results were
found in another ‘irrigation-stop’ experiment in a Scots pine forest,
where radial growth declined dramatically after the sudden reduc-
tion in water availability; in that case, however, the growth rates did
not return to the levels of the control trees after irrigation stopped
(Rigling et al., 2003).

The isotopic measurements in this growth-declining phase
showed a different picture. The OH relationship for the Stop trees
was the weakest, indicating functioning under severely limiting con-
ditions and the ongoing process of acclimation. We infer this from
recent advanced understanding of the decoupling between the
two isotope ratios after disturbance, as found after defoliation by
insects (Vitali et al., 2023). However, we see a better OH relation-
ship in SH trees indicating that they grow under more favourable
conditions, likely during the early part of the vegetative season, as
suggested by the low 8'3C. At the onset of the stop treatment in
2014, the SH trees' §'3C values were similar to those of the irrigated
trees (Figure 3c,d). The SH trees still had 5'3C values similar to those
of IH trees in 2019, indicating that the SH trees might have main-
tained canopy functioning similar to that of the irrigated trees (i.e.
stomatal conductance and photosynthetic rate). This information,
paired with the high sap flow in spring and early summer for the
SH trees (Zweifel et al., 2020), suggests that these trees had not
yet adjusted their canopy functioning to match the reduced water
availability. The lack of higher §'3C values in SH trees, which would
have indicated a stress response, might be due to the early cessa-
tion of new cell formation in the later part of the vegetative season
(Figure 4). Hunziker et al. (2022) showed that especially late summer
water restrictions induce a stress response in Scots pine in the Swiss
Rhone valley, at a time when the SH trees had already ceased cell
production. On the contrary, the SL trees appear to have a different
acclimation strategy, as their TRW trees remained more constant,
albeit very low, between phase 2 and 3, their §'°C values gradually
converged to the values of the control trees even before irrigation
stopped (Figure 3c,d), indicating increasing water use efficiency. Our
multi-proxy investigation clearly shows the differences in timing and
responses to the stop treatment regarding growth and tree phys-
iology, while also highlighting the strong physiological differences
between tree vitality levels (Hp2).

We also found that the length of legacy effect after irrigation
stopped differed for different leaf and wood traits. In particular, we
observed: (i) higher photosynthesis and stomatal conductance in the
stop trees than in the control trees, and maximum carboxylation and
electron transportratesin 2019 that were similar to the pre-irrigation
(before 2003) levels (Schonbeck et al., 2022); (ii) lower crown trans-
parency in stop trees compared with the control trees still in 2020;
and (iii) a relatively low stress level as indicated by the photochemical
reflectance index (D'Odorico et al., 2021). Meanwhile, shorter new
needles, reduced annual sap flow (Zweifel et al., 2020) and lower
xylem production (Figure 2a) indicated a negative effect of the stop
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treatment. This aligns with the assumption that Scots pine trees are
slow responders to changes in environmental conditions (Zweifel &
Sterck, 2018), due to their species-specific characteristics, includ-
ing needle generation times of up to 4-5years. In the case of the
irrigated trees, it took 10years to return to pre-irrigation growth
dynamics, and thus it follows that the stop trees should still be ac-
climating in the 5years after irrigation stopped (Hp1b). Furthermore,
if these trends continue, these strongly reduced growth levels could
become a precursor to mortality, as dying trees have been shown to
switch to more conservative hydraulic strategies and higher water-
use efficiency (Figure 2), leading to an insufficient supply of carbo-
hydrates, less stem growth and reduced needle mass (Timofeeva
et al., 2017).

4.3 | Tree functioning affects water
isotope variation

Here we consider physical and biochemical mechanisms that could
have affected the isotope signals along the biosynthetic pathway.
In general, 5'80 and °H tend to vary in parallel and are therefore
positively correlated, not only in water but also in organic matter
(Sanchez-Bragado et al., 2019). However, we observed a gradual
degradation of the O-H relationship along the plant biosynthetic
pathway from source water to needle sugars and tree-ring cellulose,

as well as significant differences among the treatments.

4.3.1 | Source and needle water

All treatments showed a consistent hydrological O-H relationship
in the soil and xylem water (similar slopes and R? values; Figure 7a),
with differences in the soil water isotopic signature between the
irrigated and control treatments (Figure 5a) occurring due to the
isotopically depleted irrigation water. Differences between the ab-
solute values of xylem water between vitality levels might indicate
differences in rooting and water uptake depths (Figures 6 and 7a;
Figure S7; Freyberg et al., 2020). In the needles, we observed the
expected isotopic enrichment induced by canopy transpiration and
atmospheric exchange (Figure 6; e.g., Cernusak et al., 2022; Craig &
Gordon, 1965; Farquhar & Lloyd, 1993). Here, the depleted levels
in the irrigated trees became non-significantly different from those
in the control trees, suggesting that a stronger positive fractiona-
tion impacted the isotopic signatures in the needle water of irrigated
trees. This could be attributed to temperature-dependent fractiona-

tion of larger needles (Timofeeva et al., 2020).
4.3.2 | Needle sugars
Treatment-induced differences in needle size and water availabil-

ity also affect needle sugar formation, as assimilation is regulated
by stomata and temperature (Helliker & Richter, 2008; Leppa
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et al., 2022). The temperature response curves in our study show
how 820 and 8°H had opposite responses to increasing temperature
(Figure S14), inducing a stronger O-H decoupling (lower R? values)
in control trees, which were more negatively affected by the high
temperatures due to their small needles and the low water availabil-
ity. Furthermore, during organic synthesis, many water-availability-
dependent reactions can induce additional variation in both §?H
and 50 (Holloway-Phillips et al., 2023; Luo & Sternberg, 1992;
Martinez-Sancho et al., 2023).

4.3.3 | Tree-ring cellulose

The O-H relationship in the tree-ring cellulose of the irrigated
and control trees became significantly different from that of
the needle sugars and once again more similar to the hydrologi-
cal signal carried by the xylem water (compare the slope terms
in Figure 7a,d). There is evidence that time lags between trans-
port and assimilation of sugars (Gessler et al., 2009), along with
increased sugar residence time in sink cells, enhance metabolite
cycling and isotopic exchange of O (Barnard et al., 2007; Song
et al., 2014) and H (Augusti et al., 2006) with xylem water. These
processes could be responsible for the re-imprinting of the hydro-
logical signature during tree-ring formation (Augusti et al., 2008;
Gessler et al., 2013), especially under periods of high evaporative
demand (Martinez-Sancho et al., 2023). This phenomenon arises
from the repetitive cycling of sugars, which increases the oppor-
tunity for O and H isotope exchanges (Barbour & Farquhar, 2000;
Cormier et al., 2018; Song et al., 2014) and finally results in a re-
imprinting of the hydrological signature. This suggests a similar
latency time in the irrigated and control trees (for the pairs CH-
IH and CL-IL), which share similar O-H relationships. Meanwhile,
the irrigation-induced increase in total biomass of the stop trees
created an increased respiratory demand for sugars, which could
not be sustained due to the decline in assimilation rate after ir-
rigation stopped (Schénbeck et al., 2022). In this case, the sugar
latency time in the stem might have been shorter and the glucose
C-H groups might have exchanged only weakly with the xylem
water, thus retaining the 52H values established in the leaf sug-
ars, reflecting different metabolic reactions (Augusti et al., 2008;
Holloway-Phillips et al., 2023).

4.4 | Identification of acclimation balance and
turning points

The process of determining acclimation either at the stand level or
at the tree level depends on both temporal and spatial resolution.
However, we can consider a forest stable when there is similar func-
tioning among the trees, thus being in equilibrium with available
resources. We hypothesised that a stronger relationship between
5'%0 and 8°H in tree-ring cellulose would suggest that tree func-
tions are operating near an equilibrium state, retaining a stronger

hydrological rather than a biochemical isotope signature. By con-
trast, when trees are functioning in a perturbed state [e.g. changes
in nutrient, water and light availability (Lehmann et al., 2021), or
in case of defoliation events induced by pests and diseases (Vitali
et al., 2023)], metabolism will become more variable, attempting to
compensate for the new growing conditions, and thus the physi-
ological signals will overwrite the O-H relationship (lower R? val-
ues indicates lower population-level agreement). Based on typical
responses of plants to perturbations, we assume that the response
norm follows a sigmoid curve as stress increases, translating to a
bell-shaped distribution of population-level variability (Figure 8a,b;
e.g. Anderegg, 2015; Pammenter & Vander Willigen, 1998). Thus,
in an equilibrium state plants are in physiological balance, function-
ing ‘normally’ until the pressure from the stressor reaches a turning
point where the metabolic functioning of the tree changes, result-
ing in greater variability within the population. Eventually, a new
equilibrium is achieved at a different functional state, which could
even indicate mortality in the worst-case scenario. In our case, the
irrigated trees represent the top left quadrant in Figure 8a, with
high growth rates (TRW) and low 53C values (i.e. low-stress condi-
tions) and a coupling of O and H isotopes, indicating an equilibrium
state. The stop trees would fall in the transition zone, as we ob-
served the strongest O-H isotope decoupling in this treatment (in-
dicated by the lowest R? values, i.e. the highest variability between
trees and years), paired with low TRW, pointing to an increase
in stress conditions. However, the SH trees had low 8'3C values,
suggesting that they were closer to the irrigated trees along the
stress gradient, while SL trees would be closer to the control trees.
The control trees would fall at the bottom of the sigmoid curve
(Figure 8a), with low TRW and high §'°C showing stressful growth
conditions but at an acclimated state, as shown by the coupling of
the O and H isotopes. These results confirm Hp3, that the O-H
relationship of tree-ring stable isotopes can be used as a proxy for

the extent of acclimation status of the population.

5 | CONCLUSIONS

Climate change is expected to bring fast and unprecedented shifts
in water availability across Europe, with potential impacts on the
performance and survival of forests, thereby challenging the resil-
ience of ecosystems. Acclimation processes offer a rapid response
to such climate changes; however, their dynamics and interactions
over time, which are also species-specific, remain inadequately un-
derstood. Currently, isotopes are used to retrospectively assess the
triggers of tree mortality (Gessler et al., 2018). With this study, we
could show that by using a multi-proxy approach we combine data
from different tree compartments, and time resolutions creating
a comprehensive, growth-weighted evaluation of tree physiology,
stages of acclimation or shifts between steady states. Thus, this in-
formation could be used as an early warning sign of an unbalanced
ecosystem shifting towards a lower functioning state, and when
the acclimation processes are insufficient, mortality. The limited
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FIGURE 8 Schematic representation of tree functioning along a gradient of increasing perturbance that induces shifts from trees growing
in physiological balance (O-H isotope coupling) to (a) physiological imbalance and (b) higher population variability (O-H isotope decoupling).

number of long-term irrigation experiments hinders the generali-
sation of observed patterns, clearly underscoring the importance
of the ongoing water manipulation experiment in the dry forest of
Pfynwald, multi-annual monitoring, and the necessity for whole-
stand investigations to grasp the intricate acclimation dynamics of
the forest system. From this investigation, we conclude that trees
acclimated to constant irrigation levels over the course of more
than a decade and that the sudden removal of irrigation strongly
impacted the tree functioning, triggering physiological imbalance
and a new cascade of ongoing acclimation processes.
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