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Summary

� The intensity and frequency of droughts events are projected to increase in future with

expected adverse effects for forests. Thus, information on the dynamics of tree water uptake

from different soil layers during and after drought is crucial.
� We applied an in situ water isotopologue monitoring system to determine the oxygen iso-

tope composition in soil and xylem water of European beech with a 2-h resolution together

with measurements of soil water content, transpiration and tree water deficit. Using a

Bayesian isotope mixing model, we inferred the relative and absolute contribution of water

from four different soil layers to tree water use.
� Beech took up more than 50% of its water from the uppermost 5 cm soil layer at the begin-

ning of the 2018 drought, but then reduced absolute water uptake from the drying topsoil by

84%. The trees were not able to quantitatively compensate for restricted topsoil water avail-

ability by additional uptake from deeper soil layers, which is related to the fine root depth dis-

tribution. Absolute water uptake from the topsoil was restored to pre-drought levels within

3 wk after rewetting.
� These uptake patterns help to explain both the drought sensitivity of beech and its high

recovery potential after drought release.

Introduction

Water is one of the central limiting resources for plant growth
and ecosystem functioning (Churkina & Running, 1998). The
ongoing climate change with projected increases in the frequency
and intensity of drought events in future will further increase the
importance of water availability for terrestrial ecosystems. Intense
drought events not only strongly reduce ecosystems’ primary pro-
ductivity (Ciais et al., 2005) but also lead to large-scale mortality
events, especially in trees and forest ecosystems (Allen et al.,
2010, 2015). The main water resource for trees is soil water, the
amount and availability of which shows strong temporal varia-
tions due to the variability of precipitation input into the soil
(Porporato et al., 2004). Trees take up the water from different
layers of the soil via their fine roots and partially via mycorrhizal
hyphen (Allen, 2007) and thus, a match between how the avail-
able water is vertically distributed and where the roots are located
is important for tree water use. Trees may adjust their rooting
system to changing soil moisture conditions (Poorter et al.,
2012), but it remains uncertain how tree water use copes with

extreme drought events during which the upper soil layers, where
fine roots are most abundant, dry out quickly.

Numerous studies have assessed the origin of water taken up
by a tree (see review by Sprenger et al., 2016). This is mainly
done by either labelling particular water sources with water that
is artificially enriched or depleted in the heavier oxygen isotope
(18O) or hydrogen isotope (2H) or by taking advantage of the
natural isotopic differences of different water sources. Since root
water uptake is generally a nonfractionating process (Dawson &
Ehleringer, 1991), proportional contributions of different sources
to the water used by trees can be quantified by comparing the iso-
topic signature of these potential water sources with xylem or
transpiration water, and by applying isotope mixing models (Par-
nell et al., 2013). Research has been especially focusing on the
vertical distribution of water uptake from the soil (Plamboeck
et al., 1999; Stahl et al., 2013), the uptake of ground vs soil water
(Costelloe et al., 2008; Barbeta & Pe~nuelas, 2017) or of soil vs
stream water (Dawson & Ehleringer, 1991; Bowling et al., 2017).
Due to time-consuming analysis with traditional methods, most
of these studies, however, only provide a temporal resolution of
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weeks or lower (e.g. Brandes et al., 2007; Brinkmann et al., 2019)
and might thus not be able to capture short-term dynamics of
root water uptake during particular drought or precipitation
events within a growing season.

With five to nine sampling times per year over three growing
seasons, Brinkmann et al. (2019) showed that four common
European tree species (Fagus sylvatica, Acer pseudoplatanus, Fraxi-
nus excelsior and Picea abies) used water mostly from shallow soil
layers when water availability was high. Three of the species (F.
excelsior, F. sylvatica and A. pseudoplatanus) were, however, able
to shift proportional water uptake to deeper soil layers, when
water availability decreased in the topsoil. Comparable patterns
of an increased relative contribution of deeper soil water to water
uptake of beech with increasing topsoil dryness were observed by
Seeger & Weiler (2021). Likewise, isotopic analyses of soil and
xylem water during a summer drought indicated that Quercus
petraea and Pinus sylvestris both took up water from near surface
in monoculture, but oak was able to exploit deeper water
resources in mixture (Bello et al., 2019). Soil and stem oxygen
and hydrogen isotope sampling with moderately high resolution
(2–4 d wk�1) in a subtropical conifer plantation revealed that tree
water sources shifted to deeper soil layers with a seasonally pro-
gressing drought (Yang et al., 2015). However, these results con-
trast with the findings of L€uttschwager & Jochheim (2020). They
applied a mechanistic ecosystem model revealing that in the
drought year 2003 beech trees not only reduced total water use
but also decreased the relative water uptake from deeper soil
layers.

Sporadic observations of water isotopes have provided valuable
insights into how isotopic signatures change through the vadose
zone and plant xylem. However, it is unclear how increased sam-
pling frequencies in space and especially in time would affect esti-
mates of the potential sources of root water uptake and their
shifts under variable water availability.

Only recently the application of laser isotope spectrometers
allowed very high (up to hourly) temporal resolution assessments
of water isotope composition in the soil (Gangi et al., 2015;
Volkmann et al., 2016a), in the tree xylem (Volkmann et al.,
2016b; Marshall et al., 2020; Seeger & Weiler, 2021) or in equi-
librium plant transpiration (Volkmann et al., 2016a; Lanning
et al., 2020). Such high-frequency information on the vertical
distribution of the soil water isotopic composition and on the
water transported within the tree gives insights not only in the
depth distribution of soil water uptake of trees but also in its
short-term dynamics – especially during drought and soil rewet-
ting. Volkmann et al. (2016a) showed species-specific differences
in water uptake dynamics of tree seedlings during and after a
mild drought: While sessile oak adjusted root water uptake to
vertical water availability patterns under drought, the readjust-
ment of uptake towards a rewetted topsoil was delayed. By con-
trast, European beech readily utilized water from all soil depths
independent of water depletion during the mild drought,
enabling faster uptake of rainwater after the drought was relieved.
While this study provided information on water uptake dynamics
in close to hourly time resolution, it did not assess longer-term
(i.e. seasonal) variation of root water uptake. Such longer-term

information (still with high temporal resolution) is however,
needed to understand seasonal water use and potential acclima-
tions to drought periods, as well as variable recovery afterwards.

Even within a given soil depth, different water pools can exist,
which might or might not be available for plant water uptake.
The ‘two water worlds’ hypothesis assumes that mobile water in
the soil drains vertically and contributes to groundwater recharge,
whereas more tightly bound water is available for plants
(McDonnell, 2014). This hypothesis is, however, questioned by
well-established physiological and physical mechanisms (see dis-
cussion by Bowling et al., 2017). Only recently it has been
assumed that observed mismatches in the deuterium isotope sig-
natures between potential source water and water extracted from
the plant xylem could be a result of cryogenic extraction artefacts
caused by an exchange between organically bound hydrogen and
water (Chen et al., 2020). We need, however, also to acknowl-
edge that the traditional methods used for extracting soil water
(e.g. cryogenic distillation (Ehleringer et al., 2000)) to measure
its oxygen and hydrogen isotope composition obtain bulk soil
water with an isotopic composition that might not be representa-
tive for the water taken up by trees (Brooks et al., 2010). It is thus
important to assess if source water isotopic signatures depend on
the extraction method since such a bias would strongly affect the
estimates of the origin of water and its dynamics.

Our aim was to assess the source of water taken up by mature
European beech (F. sylvatica L.) trees over the growing season of
the extremely hot and dry year 2018 (Schuldt et al., 2020). Beech
is an ecologically and economically important tree species in
Europe (Hanewinkel et al., 2013) but will be likely impaired in
its functioning by increasing drought under climate change
(Gessler et al., 2007). We here applied the in situ water isotopo-
logue monitoring system (Volkmann & Weiler, 2014) to deter-
mine the oxygen isotope composition in the soil (Volkmann
et al., 2016a) and beech xylem water (Volkmann et al., 2016b) in
a mixed beech forest at close to 2-h resolution. Moreover, we
compared the oxygen isotopic composition of water vapour in
equilibrium with soil and xylem water obtained from the in situ
method with water samples that were cryogenically distilled and
measured with isotope ratio mass spectrometry (IRMS) to verify
potential extraction method artefacts relevant for tracking the
origin of water taken up by trees with oxygen isotopes.

We hypothesized that (hypothesis 1) beech would be able to
continuously access more water from deeper soil layers as the top-
soil dried out during the extreme drought in 2018, at least par-
tially compensating for the declining water uptake from surface
soils. We further assumed that (hypothesis 2) beech would
quickly recover its water uptake from the topsoil once it is
rewetted.

Materials and Methods

Field site and meteorological, soil and tree physiological
measurements

The study was carried out in a mixed beech forest composed of
Norway spruce, sycamore maple, Norway maple in addition to
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beech. The stand is flat and located close to the Swiss Federal
Research Institute WSL in Birmensdorf, Switzerland (47.363°N,
8.454°E; 550 m above sea level (asl)). The soil is characterized as
a loamy Pararendzina formed from glacial moraines showing
signs (hydromorphic oxidation zone) of temporary waterlogging
below 50 cm soil depth. Long-term mean annual and mean sum-
mer (June, July, August (JJA)) air temperature amount to 9.5
and 17.7°C, respectively and the average yearly and average sum-
mer precipitation are 1124 and 377 mm (MeteoSwiss, Station
Zurich-Fluntern).

The experiment was carried out from 10 May to 16 September
2018. Air temperature and relative air humidity (Rotronic,
HC2S3, Temperature and Relative Humidity Probe; Rotronic
GmbH, Esslingen, Germany) and precipitation (ARG100, Tip-
ping Bucket Raingauge, 0.2 mm/tip; Campbell Scientific Ltd,
Bremen, Germany) with a resolution of 10 min were determined
in close vicinity of the forest stand (200 m distance) in an open
area. Water pressure deficit of the air (VPD) was calculated from
air temperature and relative air humidity according to Jones
(1992). Volumetric soil water content (VWC) and soil tempera-
ture were measured in the forest stand in one of the two soil pro-
files used for isotope probing (see later and Supporting
Information Table S1). ECH2O 5 TE sensors (Meter Environ-
ment, Munich, Germany), that were used to measure VWC and
soil temperature, were installed in 5, 15, 30 and 45 cm depth and
data was stored as 10 min average with a CR1000 logger (Camp-
bell Scientific, Bremen, Germany). Soil matric potential (Ψsoil)
and soil temperature were further measured in another soil profile
in two depths (5 cm and 30 cm) at hourly intervals with MPS-2
sensors (Decagon Devices, Pullman, WA, USA). The soil matric
potential measurements were temperature corrected to 22°C
according to the procedure of Walthert & Schleppi (2018).

We selected three dominant beech trees (Tree nos 47, 49, and
50) with diameters at breast height (dbh) between 31.5 and
47.2 cm and a height of c. 20 m in close vicinity to the soil pro-
files. These trees were equipped with constant heating xylem flow
sensors (Granier et al., 1996) connected to a control and logger
unit (Xylemfluss-Mess-System M1; UP GmbH, Ibenb€uhren,
Germany). The two needles of the sensors were drilled 5 cm into
the sapwood and insulated from direct sunlight. Data were
logged as flux densities (FD values: l cm�2 s�1) based on the sap-
wood area (SA) with 10 min temporal resolution. SA of a given
tree was calculated from the relationship between dbh and SA
(cm2) determined for 25 beech trees according to Keitel et al.
(2003). Transpiration per tree (Tt in l s�1) was calculated as
FD9 SA. For daily sums of ground area-based transpiration
(l m�2 d�1 =mm d�1), daily Tt was divided by the crown projec-
tion area of the trees (between 41.4 and 49.4 m2). In addition,
stem temperature was determined in the sapwood of one tree.
Stem radius changes were measured with point dendrometers at
breast height (ZN11-T-WP; Natkon, Oetwil am See, Switzer-
land) in the same three beech trees. The dendrometers, including
cables and loggers (DecentLab GmbH, D€ubendorf, Switzerland),
have a low-temperature sensitivity of < 0.3 µm °C�1, and data
were not further corrected for temperature sensitivity. Continu-
ously measured stem radius (SR) fluctuations were separated into

growth-induced irreversible stem expansion (GRO) and tree
water deficit-induced reversible stem shrinkage (TWD). TWD
was determined according to the approach of Zweifel et al.
(2016), assuming no cell growth during periods of stem shrink-
age (zero growth concept). Thus, a period with TWD was
defined as the time span when no net stem expansion occurs.
Once the actual SR exceeds a previously detected SR maximum
the TWD period ends and the differences (i.e. negative values)
between the previous SR maximum and the SR readings during
the TWD period (in 10 min resolution) were calculated, con-
verted to positive values and defined as TWD (in µm). There-
after, daily average TWD values were calculated.

Root distribution

In July 2018, three soil cores were taken down to 50 cm soil
depth, each close to one of the sample trees. We restricted sam-
pling to that soil depth as a temporary waterlogged horizon
occurred at c. 50 cm depth and beech roots are highly sensitive to
anaerobic conditions (Kreuzwieser & Rennenberg, 2014) thus
not penetrating into the saturated zone (K€ostler et al., 1968).
From these cores, the proportional root density (dry biomass of
fine roots with diameter < 2 mm per soil volume; coarser roots
are assumed not to be involved in water uptake) distribution over
the profile was determined according to Volkmann et al. (2016a).
The root distributions were assumed to be constant over the
duration of the experiment.

Isotope measurements

Soil and xylem water oxygen isotope composition (d18O) was
obtained nondestructively and continually by applying the setup
detailed by Volkmann & Weiler (2014) and Volkmann et al.
(2016a,b). In brief, water oxygen isotopologues from both the
soil and the xylem (i.e. sapwood) were determined using the
advection dilution sampling method (Volkmann & Weiler,
2014). The technique uses automatically controllable valve arrays
to extract successively (compressed air) diluted water vapour from
the soil air at various depths and from the tree sapwood via a
probe network of small water-repellent microporous tubes
directly into a water isotope ratio infrared spectroscopy (IRIS)
analyzer (L1102-i WS-CRDS; Picarro Inc., Santa Clara, CA,
USA). Each probe was sampled for 10 min, and then sampling
was switched automatically to the next one. The probes have a
gas permeable head consisting of microporous hydrophobic
polyethylene (Porex Technologies, Aachen, Germany) with
50 mm length and 10 mm outer diameter. The xylem probes
were installed into a horizontal hole pre-drilled into the main
trunk sapwood of the beech trees at breast height and sealed with
silicone to avoid exchange with ambient air. The soil probes were
installed horizontally in both profiles (c. 5 m apart) at 5, 15, 30
and 45 cm depth in one of the profiles close to the ECH2O 5 TE
sensors (see Table S1). None of the three trees was more than
5 m away from one of the two profiles. The probe design is
described in detail by Volkmann & Weiler (2014) (soil) and
Volkmann et al. (2016b) (xylem).
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The obtained d18O data of water vapour were normalized
against the international reference Vienna Standard Mean
Ocean Water (VSMOW) and are reported as d18O (&). Nor-
malized liquid-phase isotope signatures were obtained based on
a specific on-site calibration (see Volkmann & Weiler, 2014)
every c. 2 h along with corrections for vapour concentration and
temperature-dependent isotopic liquid–vapour fractionation.
For calibration, two probes were inserted into soil-filled sealed
containers. We used soil from the field site that first was oven-
dried and subsequently rewetted with water of specific, known
oxygen isotope signatures (�4.4 and �19.5&). The two stan-
dard containers were measured once per measurement cycle
(consisting of the four depths in each soil profile and three
trees). Thus one full measurement cycle lasted 130 min (10 min
per probe9 (3 tree probes + 8 soil probes + 2 standards)). Mea-
surement precision (standard deviation of the standards) for
d18O was 0.3&. To carry out corrections for water vapour con-
centration, we used a nonfractionating injection humidifier
(Cellcraft F-100; Cellcraft AB, Stockholm, Sweden) to create
defined water vapour concentrations between 1000 and
30 000 ppm in a plexiglas mixing chamber and applied water of
different known isotopic signatures to the water inlet of the
humidifier. The humidified air was drawn into the IRIS and a
d18O reading was obtained. This procedure was performed in
the laboratory before the field measurements. We plotted the
d18O (&) readings against the water vapour concentrations (in
ppm) and performed a fit with a logistic model providing R2 val-
ues > 0.99 in repeated measurement sequences. The differences
between the known and the modelled d18O of water vapour
were calculated and applied as water vapour concentration
dependent correction factor. Within the d18O range determined
in this study no significant difference in the relationship between
d18O and water vapour concentration was found and thus all
corrections applied were based on the correction factor for water
vapour generated from water with a known oxygen isotopic sig-
nature of �8.2&. Water vapour concentrations were always
above 6000 ppm where the concentration dependent deviation
becomes low and thus measurement precision is not
compromised.

For comparison with traditional cryogenic water extraction
and IRMS analysis, on 3 d during the experimental period, dupli-
cate soil samples (5 (2.5–7.5), 15 (12.5–17.5), 30 (27.5–32.5),
45 (42.5–47.5) cm) were taken with soil corers close to the soil
probes from both profiles. In addition, two sapwood cores per
tree were collected on the same days. Soil and xylem water were
extracted cryogenically (Treydte et al., 2014). In addition, precip-
itation (i.e. throughfall) in the forest stand was collected with
three samplers made of a 2 l bottle with a funnel (diameter
30 cm) on top. Precipitation was collected from major rainfall
events (> 1.5 mm) either directly after the event or the next day
to avoid evaporative enrichment.

Analysis of d18O in these water samples was performedwith a ther-
mal combustion/elemental analyzer coupled to a DELTAPLUSXP
IRMS (temperature conversion elemental analyser-IRMS; all
Finnigan MAT, Bremen, Germany). Measurement precision was
better than 0.3& (SD).

Bayesian isotope mixing model and statistical analyses

Bayesian isotope mixing models (BIMMs) (Erhardt & Bedrick,
2013; Parnell et al., 2013) were applied to infer the spatial (i.e.
depth) patterns of tree water uptake sources from daily averaged
observed d18O data (and SD) in the xylem and the four soil
depths. A Bayesian inference approach was selected to estimate
the mixture compositions in underdetermined systems, to
account for uncertainty and variability in the isotopic data, and
to generate potential solutions as true probability distributions.
We applied the R-package MIXSIAR (Stock et al., 2018). Relative
root density distribution was included as an informative prior,
and isotope values and concentration dependence (via soil water
content in the different soil layers) were considered. The model
run was performed with the Markov chain Monte Carlo run
option ‘normal’ (chain length: 100 000; burn-in: 50 000; thin:
50; number of chains: three) and residual * process error struc-
ture. Convergence of the models was checked using the Gelman–
Rubin diagnostic. The posterior mean and SD vectors of propor-
tional source contributions were estimated based on posterior
probability densities from Gibbs sampler (Plummer, 2003; Stock
et al., 2018) runs with each model. Posterior distributions were
typically showing normality. The relative contribution of water
uptake from the four different soil layers was multiplied by
ground area-based transpiration to obtain the absolute water
extracted by the trees from each soil depth (in mm d�1).

Pearson’s correlation analysis was performed between either
the relative or the absolute contributions of the different soil lay-
ers to tree water uptake and total (ground area-based) transpira-
tion or between daily (24 h) sums of transpiration (in l m�2 d�1)
averaged over the three trees and daily (24 h) average VPD or
VWC. Weekly values of the relative or absolute contribution of
water uptake from a given soil layer (5 and 45 cm) were com-
pared by repeated-measurement ANOVA and Tukey post hoc
tests. These analyses were performed with NCSS 2020 (NCCS,
LLC, Kaysville, UT, USA).

Results

Method validation

High agreement was found between the d18O values from the
in situ IRIS measurements and from samples taken close to the
in situ probes from the soil and the tree stems and analysed with
the classical technique (cryogenic distillation and temperature
conversion elemental analyser-IRMS measurement) (Fig. 1). The
regression line was close to the 1 : 1 line, and there were no clear
outliers, neither for the soil nor for xylem samples. These findings
points to the fact that spectral interferences with plant-produced
volatile organic compounds (VOCs), which are known to affect
d18O measurements with IRIS (e.g. Volkmann et al., 2016b) did
not play a role in the xylem water of beech trees. The average root
mean square of residuals (Rs) between the spectral model fits and
the absorption spectra recorded by the IRIS instrument can be
used as an indicator of the presence of organic contaminants
(Schmidt et al., 2012) such as phenols and monoterpenes. Here,
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the average Rs of the in situ xylem water measurements over the
whole measurement period was 0.6 and thus below the average of
the regularly measured standards + 1 SD (0.67). According to
Schmidt et al. (2012) this precludes major organic contamination
and agrees with the close relationship between our IRIS and
IRMS measurements. We thus applied no further post-
processing corrections (such as the ones, e.g. described by Mart�ın
G�omez et al. (2015)). For soil water, these results indicate that
the water extracted by cryogenic distillation, which is assumed to
include both mobile and tightly bound soil water, is not different
in its d18O as compared to the soil water that is in equilibrium
with the water vapour trapped by the in situ IRIS system.

Environmental conditions and tree responses

From mid-May to mid-June 2018, regular rainfall events
summed to 153 mm at the study site (Fig. 2). After 13 June
2018, there was no rainfall for 2 wk, and rainfall events were
sparse after that until 23 August 2018. The precipitation sums in
July and August were 64 and 87 mm, respectively, and thus 50%
and 26% lower compared to the long-term average precipitation
records (1980–2016) for the respective months (MeteoSwiss, Sta-
tion Zurich-Fluntern). The low precipitation in that period led
to a reduction in VWCs, especially in 5 and 15 cm soil depth
(Fig. 3). Comparably, a decrease in Ψsoil in 5 and 30 cm depth
was observed. After 29 June, Ψsoil in the upper 5 cm reached val-
ues of �0.8MPa (indicating soil drought conditions (Walthert
et al., 2021)) while the TWD generally increased, interrupted by

only a few and short TWD reductions due to small rainfall events
(Fig. 2). On 29 June in one of the three trees (Tree 50, Fig. 2)
TWD exceeded for the first time 100 µm. We thus defined the
period between 29 June 2018 and 23 August 2018 as a drought
period (indicated by the grey shaded areas in Figs 2, 3). Before
the drought period, the average TWD was 39.2� 22.0 µm (max-
imum 91.7 µm) whereas during the drought period, it was
70.2� 27.2 µm (maximum 125.1 µm). There was also a clear
increase in average air temperature from 17.1°C (maximum
28.9°C) before to 21.8°C (maximum 34.9°C) during the
drought period. Transpiration started to drop already 2 wk before
this drought period (Fig. 2) and amounted on average to
3.0� 1.4 mm d�1 before and to 1.3� 0.9 mm d�1 during the
drought period. In the drought period, Ψsoil decreased to below
�0.9MPa at 30 cm and �1MPa at 5 cm (Fig. 3). During the
drought period, daily transpiration sum was not significantly cor-
related to daily mean VPD (r = 0.14, P = 0.33) but to daily mean
VWC (VWC at 5 cm soil depth: r = 0.65, P < 0.01).

On 23 August 2018, there was an intense rainfall event of
39 mm within 24 h, followed by a temperature drop (Fig. 2). As
a consequence of this event and further subsequent precipitation,
VWC increased in all four depths immediately as did Ψsoil in the
two depths measured (Fig. 3), and TWD dropped (Fig. 2), indi-
cating the end of the drought period. Moreover, transpiration
started to increase steadily and remained only low during rainfall
events (Fig. 2). A correlation analysis showed that daily sums of
transpiration in the period after drought were mainly related to
daily mean VPD (r = 0.80, P < 0.01) and barely to soil water
availability (daily mean VWC at 5 cm soil depth: r = 0.32,
P = 0.18), meaning that transpiration was controlled mostly by
atmospheric conditions rather than by soil moisture during this
period.

Isotopic patterns in soil and tree water pools

Soil water d18O showed only a moderate depth gradient (with
the highest enrichment in the shallowest layer) before the drought
period. The gradient range between 5 and 45 cm soil depth was
2& on 10 May 2018 and increased to 3.4& on 29 June 2018
(start of the drought period). Thereafter the difference in soil
water d18O between 5 and 45 cm soil depth increased to up to
8& and only markedly decreased again after the drought-ending
precipitation event on 13 August 2018. The seasonal variation in
soil water d18O was lowest in the 30 and 45 cm soil layers where
d18O varied between �10.9& and �6.4& and �11.5& and
�7.4&, respectively. In the 5 cm soil layer, the high evaporative
enrichment during the drought period led to a strong seasonal
variation ranging from �10.9& to �2.0&.

The d18O of precipitation ranged between �8.7& and
�1.4& and was mostly comparable to or more enriched than
soil water from the upper 5 cm soil layer. There were three excep-
tions with d18O values in precipitation lower compared to topsoil
water, but two of them were related to events with low rainfall
amounts (18 July; 3 September). The third was the intensive
drought-ending rainfall event that showed a d18O of �7.9&. As
a consequence of this event, the d18O of the soil water at 5 cm

Fig. 1 Relationship between the d18O in soil and xylem of European beech
from the in situ isotope ratio infrared spectroscopy (IRIS) ( d18OIRIS) and
from isotope ratio mass spectrometry (IRMS) (d18OIRMS). For IRMS
measurements, soil samples and trunk sapwood cores were cryogenically
distilled to obtain the water, which was pyrolyzed and the produced
carbon monoxide (CO) was directed into the IRMS. For each soil depths
two cores were taken close to the in situ probes at three time points
during the growing season (n = 6). At the same time points, sapwood
cores were taken from the trunks of the three sample trees (n = 9). In situ
data from the time of sampling were taken for the regression analysis.
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dropped by > 2& within a few days, whilst d18O in the deeper
soil layers increased, most likely due to the enriched shallow soil
water being displaced into the deeper layers.

During the entire season, xylem water d18O showed values
between �11.3& and �4.8& with an increase by c. 2& from
the end of May to the end of June, more or less constant values
during the drought period and an increase by up to 2& within
24 h after the drought-ending precipitation event. The three trees
differed only slightly (maximum difference 2&) and showed all

comparable seasonal patterns. On 14 August, the xylem probe of
Tree 47 failed, and thereafter data from only two trees were
collected.

Sources of tree water uptake

Root distribution was used as informative prior for the BIMM;
41% of the fine roots were located in the upper 10 cm soil layer
(Fig. 4). We assumed that roots from that depth range had access

Fig. 2 Precipitation, air temperature (Tair),
tree water deficit (TWD) and transpiration
during summer 2018. Precipitation (blue
bars) and Tair (grey lines) were measured
outside the forest stand with a weather
station being located in 200m distance from
the European beech trees. The thin grey line
shows Tair in 10min resolution whereas the
bold line shows daily averages. Tree water
deficit (derived from dendrometer
measurements) and transpiration (calculated
from sapflow) were determined in three
European beech trees. The grey shaded area
depicts the drought period. After the start of
this period the soil volumetric water content
in the upper soil layer stayed largely below
0.12 (see Fig. 3) and TWD started to
increase. The end of the drought period was
initiated by an intense rainfall event and
indicated by the reduction in TWD and the
increase in soil water content (see Fig. 3).
Date format on the x-axis: dd/mm.

Fig. 3 Volumetric water content (VWC), soil matric potential (Ψsoil) and d18O in soil water (d18Os), precipitation (d18Op) and xylem water (d18Ox) during
summer 2018. VWC and in situ d18Os (different coloured lines) were determined in 5, 15, 30 and 45 cm soil depths; Ψsoil was measured in 5 and 30 cm.
The d18Os measurements were performed in two soil profiles (A, B) and VWC in one of the profiles (A). The Ψsoil was determined in another profile. The
d18Op (open circles) was determined regularily after rainfall events. In situ probing for xylem water was carried out in the trunks of three European beech
trees. The grey shaded area depicts the drought period. After the start of this period the soil volumetric water content in the upper soil layer stayed largely
below 0.12 and tree water deficit (TWD) started to increase (see Fig. 2). No d18O values were available from 10 July 2018 to 12 July 2018 due to a power
failure. As of 14 August, only two trees were sampled due to the failure of a xylem probe. Date format on the x-axis: dd/mm.
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to the soil water probed from the uppermost soil layer (5 cm).
Fine root mass decreased with depth, and in the soil layer below
35 cm there was only 12% of the total fine root biomass.

The BIMM analyses showed that at the beginning (i.e. in the
first week) of the drought period, 54 (� 18 SD)% of the water
taken up by the trees originated from the 5 cm soil layer while
23� 2, 15� 5, and 8� 4% originated from the 15, 30, and
45 cm soil layers, respectively (Figs 5, 6). This distribution
remained largely constant until the end of July, when the relative
contribution of water from the uppermost soil layer started to
decrease, while the share of the deeper soil layers increased. At
the end of the drought period (i.e. in the week before the
drought-ending rainfall event), 16� 8% of the water uptake was
sourced from the 5 cm soil layer, while the relative contributions
of the other soil layers were 32� 8% (from 15 cm soil layer),
29� 11% (from 30 cm soil layer) and 23� 6% (from 45 cm soil
layer). The decrease in the relative contribution of the upper soil
layer with increasing drought duration was significant (Fig. 6)
and correlated to tree water use (transpiration) (r = 0.44,
P < 0.01; Table 1). The correlation analysis showed highly signif-
icant negative relationships between the relative contribution to
water uptake from 5 cm and all other layers (Table 1). This
points to the fact that with a reduced share of water from the
uppermost soil layer, all other soil layers gained in relative impor-
tance (see Fig. 6 for 5 and 45 cm soil layers).

After the drought ended, the relative contribution of water
from the upper soil layer increased gradually, mainly at the
expense of the two deepest layers (see Fig. 6 for 5 and 45 cm soil
depths). This is also indicated by the highly significant negative
correlations between time series of relative contribution of the
topsoil layer to tree water uptake and those of 30 cm and 40 cm
soil layers (5 cm vs 30 cm: r =�0.93; P < 0.001; 5 cm vs 45 cm:
r =�0.97; P < 0.001; Table 1). In the last week of our measure-
ments (8–15 September 2018) and thus c. 3 wk after the drought

ended, the 5 cm soil layer again contributed to 34� 14% of the
tree water use (Figs 5, 6) while the other soil layers contributed to
35� 12% (15 cm), 20� 9% (30 cm), and 11� 2% (45 cm).

While during the drought period, the relative water use from
the 5 cm layer decreased and that from the deeper layer increased
significantly (Fig. 6), total water use decreased (Figs 2, 5). As a
consequence, while the absolute uptake from 5 cm decreased sig-
nificantly (P < 0.05) from the first week (0.92 mm d�1) until the
last week of drought (0.15 mm d�1) by 84% (Figs 5, 6), the
amounts of water taken up from the other soil layers did not
change significantly (see Fig. 6 for 45 cm). This indicates that
deeper soil layers still constantly supplied water resources to trees
but did not compensate for reduced water uptake from the top-
soil during the drought period. This assumption is supported by
the fact that mainly water uptake from the upper two soil layers
(5 and 15 cm) was strongly correlated with total transpiration. By
contrast, uptake from 45 cm showed only a moderate relation-
ship with total transpiration during drought (r = 0.52; P < 0.001,
Table 1), indicating that deep water uptake was less determined
by total tree water use and thus seems to be a more or less con-
stant reserve. This is also corroborated by the lack of a significant
relationship in absolute water uptake during drought between the
5 cm and 45 cm soil layer (r = 0.23, Table 1).

After the drought, when there was plenty of water available in
all soil layers and transpiration was controlled by VPD, the
uptake from the different layers scaled with total water use
(r > 0.9, P < 0.001, Table 1; Fig. 5). In the time period between
8 September 2018 and 15 September 2018 (after drought in
Fig. 6), the absolute water uptake from the 5 cm topsoil layer was
restored to levels at the start of the drought.

Discussion

An in situ water isotopologue monitoring system allowed us to
determine more than 14 600 d18O values for soil water and
xylem sap during one growing season. We used these data to
characterize water uptake by soil depth for one of the economi-
cally and ecologically most important tree species in Central
Europe. In the extremely hot and dry summer of 2018 (Schuldt
et al., 2020), we captured the uptake dynamics as the topsoil
dried and after drought was finally broken.

The in situ IRIS approach achieves d18O values comparable
to cryogenic extraction and IRMS measurement

Organic compounds in soil and xylem water are known to inter-
fere with the water isotopologue spectrum analysed by IRIS
(Brand et al., 2009; West et al., 2010; Mart�ın G�omez et al.,
2015). Volkmann et al. (2016b) observed 4.3% lower xylem
water d18O values when using the same in situ IRIS technique as
applied here compared to cryogenic extraction and IRMS analysis
in Acer campestre. Based on the finding that the difference in
d18O between the two methods was positively correlated with Rs,
a measure of spectral noise, these authors speculated that plant-
produced VOCs such as methanol caused the bias. We did not
observe such a method-dependent d18O difference in either soil

Fig. 4 Relative fine root biomass distribution in beech. Fine roots were
collected from three soil cores taken in proximity to the three European
beech trees examined. Data shown are averages � SD. The colour code
groups the depths ranges of the root sampling to refer to the depths of the
in situ isotope probing (Figs 3, 5).
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or xylem water, which is in agreement with the mean samples Rs
values being lower than that of standards +1 SD. Beech is known
to produce monoterpenes (van Meeningen et al., 2016) but only
low amounts of oxygenated volatile organic compounds (oVOCs;
such as alcohols, ketones and aldehydes)(K€onig et al., 1995). This
lack of oVOC might explain the negligible organic interference
observed in this study as especially alcohols are known to exert
strong spectral effects (Brand et al., 2009; Mart�ın G�omez et al.,
2015; Millar et al., 2021).

Our method is fundamentally different from that of, for exam-
ple West et al. (2010), who observed deviations of up to 15.4&

between IRMS and IRIS measurements. Whereas they cryogeni-
cally extracted plant water before IRIS analysis, we relied on
water vapour in equilibrium with xylem and soil water. Samples
used for cryogenic extraction are normally frozen and freezing is
known to releases cell contents, which are then co-distilled with
the water, leading to significant organic contamination (West
et al., 2010). Moreover, the vacuum applied in cryogenic extrac-
tion might also promote the release of VOCs. In agreement with
our results, Zhao et al. (2011) found only minor (�0.06&) dif-
ferences between IRMS and IRIS derived d18O values in xylem
water of Populus euphratica. With a borehole equilibrium

Fig. 5 Relative (upper panel) and absolute
(lower panel) contribution of soil water from
different soil depths to total tree water
uptake and use of European beech. The
relative contribution of water from the
different soil depths was calculated using a
Bayesian isotope mixing model (BIMM) with
daily resolution scaling for water content and
using relative rooting distribution as
informative prior. Data from 10 July 2018 to
12 July 2018 (lack of d18O values) were
linearly extrapolated. The relative depth
distribution was multiplied with daily sums of
transpiration (mm d�1) to obtain the absolute
contribution. Data shown are mean values �
SE (dashed lines) (relative uptake 5 cm only
�SE). Roman numerals indicate the periods
for which the weekly values in Fig. 6 were
calculated; I, beginning of drought; II, end of
drought; III, after drought. Date format on
the x-axis: dd/mm.

Fig. 6 Boxplots for the weekly values of
relative (upper panels) and absolute water
uptake (lower panels) of European beech
from the 5 and the 45 cm layer during the
first (beginning of drought) and the last week
(end of drought) of the drought period and
in the last week of measurements (after
drought). Letters A to C indicate significant
differences (P < 0.05) between time periods
as assessed by repeated measurement
ANOVA and Tukey post hoc tests. Box width
indicates the 25& and 75& and whiskers
show SD. See Fig. 5 for the three periods the
weekly values were calculated for.
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technique where water vapour in a slow-moving airstream guided
through a stem borehole is allowed to get in isotopic equilibra-
tion with the xylem water and where the water vapour is then
measured by IRIS, Marshall et al. (2020) observed no general
deviation of xylem water d18O from known source water d18O.
They thus concluded that organic contaminants do not play a
role in such a flow-through system, but warned that inaccurate
measurements might be rather due to nonequilibrium condi-
tions.

In conclusion, both species and soil type (see Mart�ın G�omez
et al., 2015) contribute to the specific volatile organic spectrum,
but the type of probing also seems to play an important role for
the reliability of IRIS measurements. Neither organic interfer-
ences nor nonequilibrium conditions seemed to impair our mea-
surement system. Our results also showed no principle isotopic
difference between cryogenically extracted bulk soil or xylem
water and water vapour in equilibrium with soil or xylem water.
This observation is in agreement with the work by Millar et al.
(2018), who did not observe any deviation in d18O in wheat
stems between cryogenic extracted water and equilibrium water
vapour. We conclude that with our in situ water isotopologue
monitoring system either the same water pools are probed as the
ones extracted by cryogenic distillation or that the soil water at
our site and the stem water of European beech is completely
mixed. We acknowledge that this might not necessarily be the
case for clay dominated soils, where part of the water can be
tightly bound and might not equilibrate easily. We can also

assume that our in situ water isotopologue monitoring system
might be more problematic with ring-porous species with only a
few cell rows of active xylem as the probes there might not only
capture the water transported but also partially water stored in
parts of the xylem do not contribute to axial water flow.

Beech does not compensate reduced topsoil water
availability with uptake from deeper soil layers

In 2018, large parts of Central Europe experienced a severe and
long-lasting summer drought with strong impacts on tree and
forest functioning (Buras et al., 2020; Schuldt et al., 2020). Euro-
pean beech was especially affected, as indicated by extremely pre-
mature leaf senescence (Wohlgemuth et al., 2020). At our site,
Ψsoil values below �1MPa were observed during the drought
period indicating soil drought conditions at a level that can lead
to xylem embolism in beech (Walthert et al., 2021). The fact that
the trees suffered from severe drought stress was also indicated by
the increased TWD during the drought period. TWD is largely
determined by the moisture conditions in air (VPD) and soil
(Ψsoil) (Zweifel et al., 2005) and is commonly used as a biological
indicator of drought stress (Dietrich et al., 2018; Sch€afer et al.,
2019).

Beech is known to show a strong coupling of stomatal conduc-
tance and transpiration with VPD when soil water availability is
high – as also seen in our study after drought release – but that
relationship ceases under soil drought conditions (Granier et al.,
2000; Gessler et al., 2004). We found that during the drought
period, transpiration was (1) decoupled from VPD and mainly
governed by VWC and (2) dropped by a factor of 2.3 compared
to pre-drought conditions, corroborating our conjecture of high
drought stress for beech.

It is well known that trees from seasonally dry environments
show high plasticity in the vertical distribution of water uptake
(Dawson & Pate, 1996; David et al., 2013). Barbeta et al. (2015)
observed in a Mediterranean ecosystem that the dominant species
(Quercus ilex, Arbutus unedo, Phillyrea latifolia) had dimorphic
root systems enabling them to access shallow soil water in the wet
and cold season and to increase groundwater uptake in the dry
summer. More recent results from temperate forest ecosystems
also indicate plasticity in the proportional (i.e. relative) uptake
from different soil layers (Brinkmann et al., 2019; Seeger &
Weiler, 2021). Consequently, tree species with a deeper reaching
rooting system such as F. excelsior, F. sylvatica and A. pseudopla-
tanus can source relatively more water from deeper soil layers dur-
ing drought (Brinkmann et al., 2019). Also, Seeger & Weiler
(2021), who used the same in situ IRIS system in a beech forest
in the Swabian Jura growing on a rendzic Leptosol observed an
increase in the relative contribution of water taken up from
deeper soil layers (measured down to 60 cm) during a drought
period. These findings agree with the results of our study as with
the drying of the topsoil, an increasingly higher relative propor-
tion of water was taken up from deeper soil layers (Fig. 5).

However, on a quantitative basis, there was no increase in the
absolute amount of water taken up from the deepest soil layer
during the course of the drought event (Fig. 6). Our results rather

Table 1 Results of the correlation analyses for (a) the relative contributions
of total water uptake from different soil depths over time and (b) absolute
uptake of water either during drought or after drought.

Soil depths 5 cm 15 cm 30 cm 45 cm
Total
transpiration

(a) Relative contribution to total water uptake

During drought
5 cm �0.83*** �0.99*** �0.95*** 0.44**

15 cm 0.75*** 0.62*** �0.46**
30 cm 0.97*** �0.40**
45 cm �0.39**
After drought

5 cm �0.30 �0.93*** �0.97*** 0.32
15 cm �0.04 0.14 0.21
30 cm 0.93*** �0.37
45 cm �0.32
(b) Total contribution to water uptake

During drought
5 cm 0.81*** 0.62*** 0.23 0.94***

15 cm 0.92*** 0.63*** 0.95***
30 cm 0.87*** 0.84***
45 cm 0.52***
After drought

5 cm 0.90*** 0.80*** 0.66*** 0.92***
15 cm 0.98*** 0.91*** 0.99***
30 cm 0.97*** 0.97***
45 cm 0.90***

Results shown are Pearson’s correlation coefficients. ***, P-value < 0.001;
**, P-value < 0.01. Negative significant relationships are indicated by red,
positive significant relationships by blue colour.
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show that tree water use (expressed as transpiration) mainly
depends on the water availability of the the upper soil layers. As
opposed to other species such as oak (Volkmann et al., 2016a),
beech trees at our site were unable to use additional deep soil
water to compensate for reduced water uptake from the topsoil.
The water-pool in deeper soil layers is a relatively constant
reserve, the exploitation of which is, however, not adjusted if the
demand cannot be met from surface soils. As a consequence, we
have to reject hypothesis 1, proposing a compensation effect of
the deeper roots during drought stress.

We assume that the fine root depth profile with the highest
root density in the uppermost soil layers and only a few fine roots
deeper down is responsible for the observed vertical soil water use
patterns leading to a restricted water uptake capacity in deeper
layers. Increases in hydraulic conductivity of deep reaching roots
mediated by aquaporin activity have been observed in other
species to compensate for lower topsoil water availabity (Johnson
et al., 2014). Such adjustment either did not occur in beech at
our site or was insufficient to cause a detectable increase in water
uptake from the deeper soil. Moreover, since soil drought
strongly depresses tree belowground metabolic activity, carbon
allocation to roots and root growth (Joseph et al., 2020;
Leuschner, 2020) the ability of growing more roots in deeper lay-
ers during the drought seems restricted.

It might be speculated that the temporary waterlogging hori-
zon present at our site prevented beech roots from exploring
deeper soil layers under normal (nondrought) conditions as they
are highly sensitive to anaerobic conditions (Kreuzwieser & Ren-
nenberg, 2014). However, comparable rooting patterns for beech
were observed in a dry beech stand on rendzic Leptosol (Gessler
et al., 2005) with c. 80% of the fine roots in the upper 15 cm
(58% in the present study). In general, the fine root abundance
of beech shows an exponential decrease with depth and clearly
highest fine root biomass in the upper 25 cm across different sites
with different soil and climatic conditions (B€uttner & Leuschner,
1994; Leuschner et al., 2004). We thus conclude that the inabil-
ity of beech to compensate for low water availability in topsoils
with water uptake from deeper soil layers, as observed in our
study is not an exception and might occur on both moist and dry
sites making beech highly susceptible to the expected impacts of
increasing extreme events under global climate change.

Water uptake from the topsoil recovers gradually after
drought release and reaches pre-drought values after a
few weeks

After the drought-ending rainfall event, both VWC and Ψsoil

increased rapidly within a few days and then levelled off but did
not fully recover to the values observed in May before drought.
The Ψsoil values >�0.5 MPa reached c. 1 wk after the strong
rainfall event and the air temperature drop on 23 August 2018
indicate that there was no drought stress any longer (Walthert
et al., 2021). This assumption is corroborated by the fact that
after the end of the drought event, transpiration was controlled
by VPD and not by VWC signifying that tree water use was no
longer primarily restricted by soil water availability. In contrast

to the rapid increase in VWC in the upper 5 cm (see Fig. 3), the
relative contribution of topsoil water to tree water use increased
rather gradually over 3 wk (see Fig. 4). Thus, we conclude that
the increase in water uptake from shallow soils, though starting
immediately after the rainfall event, still lagged behind the rise in
water availability. There might be two main reasons for such a
lag: (1) Soil drought is known to decrease beech fine root abun-
dance and growth rates and increase root mortality (Leuschner
et al., 2001; Meier & Leuschner, 2008). Thus, the long-lasting
and strongly reduced water availability in the topsoil is likely to
have led to a lower amount of living functional fine roots; the
time it takes for regrowth of new roots might explain the
observed lag. In support, Hagedorn et al. (2016) detected strong
carbon allocation to beech roots after the release of a several
months lasting drought, and this increase in carbon sink strength
indicates increased carbon demand for root regrowth and repair.
(2) Drought can reduce root hydraulic conductance either by
anatomical changes of fine roots or by the downregulation of the
root aquaporin expression (North & Nobel, 1992; Lo Gullo
et al., 1998; Carmen Mart�ınez-Ballesta et al., 2003). The reduc-
tion of hydraulic conductance in fine roots from drought exposed
shallow soil layers might prevent roots from loosing water taken
up from the rooting system in deeper, moister soil layers. Volk-
mann et al. (2016a) observed a time lag between soil re-wetting
and root water uptake from shallow soils of several hours after a
short 2-wk drought period in oak seedlings. The authors
attributed this very short delay to the time it takes to upregulate
aquaporin expression and activity. It is known that fast recovery
of water relations on the leaf level is also mediated by aquaporins
(Perez-Martin et al., 2014). In our case, the recovery of water
uptake from the upper soils was slower and more gradual. Even
though this does not exclude aquaporin involvement, we assume
that root regrowth to compensate for lower fine root abundance
or to replace roots with anatomically adjusted lower hydraulic
conductance or xylem embolism might be the main mechanism
to explain the observed time lag.

Still, in the time interval between 18 to 25 d (period III in
Fig. 5; after drought in Fig. 6) after the end of the drought
period, absolute water uptake in the 5 cm layer recovered to val-
ues at the onset of drought and thus we can accept hypothesis 2,
which proposes a rapid recovery of water uptake from the topsoil
once the water returns. According to the stress-recovery concept
proposed by Ruehr et al. (2019), a lagged but complete recovery
after a stress event is indicative of only low amounts of structural
damage and the need for tissue repair but not for tissue regrowth.
For beech fine roots, however, increased growth after drought
release might be additionally required to restore functioning due
to their high susceptibility (e.g. cavitation or death) in response
to water restriction (Leuschner, 2020).

Conclusions

Our beech trees did not quantitatively compensate for restricted
topsoil water availability by additional uptake from deeper soil
layers. This inability helps to explain the widespread damage of
beech during the extremely hot and dry summer of 2018 all over
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Europe (Schuldt et al., 2020; Wohlgemuth et al., 2020; Walthert
et al., 2021) and is in agreement with the supposed drought sus-
ceptibility of beech (Rennenberg et al., 2004; Gessler et al.,
2007). At our site, however, we also observed a rather fast restora-
tion of water uptake, which also matches the high recovery poten-
tial of beech after drought (Rohner et al., 2021).
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