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• We studied the hydraulic behaviour of
mature Fagus sylvatica trees.

• Data from multiple near-natural soil-
plant-atmosphere continua (SPAC)
were collected.

• The observed physiological drought re-
sponses were coherent across sites.

• The results were synthesised into an
empirical stress scheme for beech.

• Our study provides relevant and funda-
mental information for species range
predictions.
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Drought responses of mature trees are still poorly understood making it difficult to predict species distributions
under a warmer climate. Using mature European beech (Fagus sylvatica L.), a widespread and economically im-
portant tree species in Europe, we aimed at developing an empirical stress-level scheme to describe its physio-
logical response to drought. We analysed effects of decreasing soil and leaf water potential on soil water
uptake, stem radius, native embolism, early defoliation and crown dieback with comprehensive measurements
from overall nine hydrologically distinct beech stands across Switzerland, including records from the exceptional
2018 drought and the 2019/2020 post-drought period. Based on the observed responses to decreasing water po-
tential we derived the following five stress levels: I (predawn leaf water potential >−0.4 MPa): no detectable
hydraulic limitations; II (−0.4 to −1.3): persistent stem shrinkage begins and growth ceases; III (−1.3 to
−2.1): onset of native embolism and defoliation; IV (−2.1 to −2.8): onset of crown dieback; V (<−2.8): tran-
spiration ceases and crown dieback is >20%. Our scheme provides, for the first time, quantitative thresholds re-
garding the physiological downregulation of mature European beech trees under drought and therefore
synthesises relevant and fundamental information for process-based species distribution models. Moreover,
our study revealed that European beech is drought vulnerable, because it still transpires considerably at high
levels of embolism and because defoliation occurs rather as a result of embolism than preventing embolism. Dur-
ing the 2018 drought, an exposure to the stress levels III-V of only one month was long enough to trigger
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substantial crown dieback in beech trees on shallow soils. On deep soils with a high water holding capacity, in
contrast, water reserves in deep soil layers prevented drought stress in beech trees. This emphasises the impor-
tance to include local data on soil water availability when predicting the future distribution of European beech.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Climate change is leading to more severe and longer drought epi-
sodes inmany regionsworldwide (Dai, 2013; Trenberth et al., 2014) in-
cluding mountainous environments such as the European Alps (Gobiet
et al., 2014; Milano et al., 2015), causing stress responses, reduced pro-
ductivity, mortality and tree species range shifts in numerous forest bi-
omes (Allen et al., 2010; Williams et al., 2013; Martinez-Vilalta and
Lloret, 2016; McDowell et al., 2020). Predictions of future drought-
induced forest dynamics and species range shifts require reliable data
on temporal and spatial changes of environmental factors, as well as
on key ecophysiological processes. The latter determine species com-
petitiveness and mortality under drought, which represent important
plant characteristics in vegetation models (Choat et al., 2018;
Hartmann et al., 2018). However, the current understanding of the
mechanisms involved in drought-related stress behaviour and decline
of tree species is limited.

The processes underlying tree survival or death during severe
drought are complex (McDowell et al., 2008; Hartmann et al., 2018).
Existing conceptual frameworks postulate that tree hydraulics play a
key role (Sperry and Love, 2015; Adams et al., 2017; Choat et al.,
2018), and in many situations it is considered more important than
other factors, such as carbon balance (Choat et al., 2012; Körner,
2015).Within the soil–plant–atmosphere continuum (SPAC), transmis-
sion of water potential (Ψ), induced by transpiration in the leaves,
down to the roots and soil causes a passive flow of water through the
tree (Oliveira et al., 2014). During drought, trees control water loss by
stomatal regulation, they downregulate their physiological activity,
and in many species leaf and branch shedding is a further strategy to
mitigate water loss (Tyree et al., 1993; Rood et al., 2000; Wason et al.,
2018). Despite these water-saving mechanisms, Ψ may decrease, lead-
ing to the formation of embolisms in the xylem (Tyree and Sperry,
1989; Zweifel and Zeugin, 2008), which disrupt water transport in the
tree. Persistent drought may also lead to desiccation of the rooting
zone until the permanentwilting point (PWP) is reached andwater up-
take by roots ceases (Bréda et al., 2006). The concept of hydraulic failure
postulates that increasing loss of conductance in the xylem and subse-
quent deficits in water transport cause tree death. As trees try to avoid
embolism formation, xylem vulnerability curves may help to predict
mortality thresholds of different species (e.g. Choat et al., 2012; Choat
et al., 2018).

Physiological responses to drought other than hydraulic failure can
provide additional insights into a species' stress behaviour and perfor-
mance under drought (Delzon and Cochard, 2014; Bartlett et al., 2016;
Choat et al., 2018; McDowell et al., 2019): these drought responses in-
clude reductions in soil water uptake by roots (Bunce et al., 1977;
Warren et al., 2005) and stomatal adjustments (Bartlett et al., 2016),
as observed through measurements of leaf gas exchange, predawn ver-
sus midday leafΨ (Aussenac and Granier, 1978; Martinez-Vilalta et al.,
2014), and stable isotope ratios in leaf compounds (Bögelein et al.,
2012). Further indications of drought stress are an increasing tree
water deficit (Zweifel et al., 2005), early defoliation (Tyree et al.,
1993) and crown dieback (Cavin et al., 2013). All these drought re-
sponses affect tree performance and therefore species distribution
through impaired competitiveness.

Particularly formature trees in native forests, there is still no integra-
tive understanding of the aforementioned drought responses leading to
reduced performance, crown dieback or mortality. However, such
knowledge is important to provide a basis for more reliable predictions
of species distribution under future climate. This alsoholds for European
beech (Fagus sylvatica L.), a common and economically important tree
species in Europe. Despite much research on the drought sensitivity of
this species, major uncertainties remain. While beech has been shown
to be relatively vulnerable to drought in some studies (e.g. Köcher
et al., 2009; Scherrer et al., 2011; Weber et al., 2013; Walthert and
Meier, 2017; Vanhellemont et al., 2019), others have demonstrated a
low vulnerability of this species even under substantial drought (Pflug
et al., 2018; Dietrich et al., 2019). These contrasting findings might
partly be explained by how drought was defined and quantified, but
also by differences in methodology, investigated tree traits and related
drought responses. In addition, we emphasise two aspects: first, in eco-
physiological drought studies on mature beech trees at forest sites,
study trees were not exposed to severe drought stress, as early defolia-
tion and drought-induced damage were absent (e.g. Backes and
Leuschner, 2000; Aranda et al., 2005; Leuzinger et al., 2005; Nahm
et al., 2007; Fotelli et al., 2009; Scherrer et al., 2011; Sitková et al.,
2014; Dietrich et al., 2019; but see Peiffer et al., 2014 and Schuldt
et al., 2020). Second, responses of beech trees to more severe drought
weremainly examined using juvenile or potted trees under experimen-
tal conditions (e.g. Barigah et al., 2013; Urli et al., 2013; Pflug et al.,
2018). As juvenile and mature trees differ in physiology (Ryan and
Yoder, 1997; Kolb and Matyssek, 2001), findings from potted, juvenile
treesmay not translatewell to drought responses ofmature trees grow-
ing under natural conditions (Choat et al., 2018). In addition, soils and
tree rooting are often neglected or only superficially considered in
drought studies although the pedosphere is part of the hydrosphere
and therefore has the potential tomodify effects of atmospheric drought
on plants (Rambal, 1984; Nardini et al., 2016; Phillips et al., 2016). De-
pending on the storage capacity of plant available soil water (AWC)
and the actual soil water reserves, soils can mitigate or even worsen at-
mospheric drought effects. Currently it is unclear whether water re-
serves in deep soil layers are extracted by roots of mature beech trees
and thus contribute to reduce drought stress.

In the present study, we aimed to shed light on the drought stress
behaviour of mature European beech trees under natural stress condi-
tions. To that end, we investigated the hydraulics of beech trees from
a network of near-natural beech forest sites over a wide range of
water availability conditions. Our study period included the extraordi-
nary 2018 summer drought in Switzerland, when mature beech trees
at several of these sites were severely impacted. With data from four
spheres – atmosphere, biosphere, hydrosphere and lithosphere – we
analysed the effect of decreasing soil and tree Ψ on soil water uptake,
transpiration, tree water deficit, native embolism formation, early defo-
liation and crown dieback. Our hypotheses were: i) mature beech trees
respond coherently to progressive drought at different study sites, mak-
ing it possible to establish a general scheme for the drought stress be-
haviour of European beech, ii) the observed physiological responses
and stress symptoms allow a stress classification with specific charac-
teristics of plant performance (i.e., stem shrinkage, leaf wilting etc.),
and iii) water reserves in deep soil layers mitigate atmospheric drought
effects on mature beech trees.

2. Material and methods

2.1. Study plots

The drought responses of beech trees were investigated in overall
nine beech forest plots that differ greatly in their water supply. The
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study plots are part of two research platforms from the Swiss Federal In-
stitute for Forest, Snow and Landscape ResearchWSL, the Forest Soil Da-
tabase (FSDB) and TreeNet (www.treenet.info), and are scattered across
Switzerland (Central Europe, circa 46–48°N and 6–10°E) between 500
and 900 m a.s.l. (Table 1). Averaged over the period 1981–2010, the
mean annual air temperature in the plots was between 8.5 and 9.4 °C
and the annual precipitation sum was between 815 and 1368 mm
(Remund et al., 2014; Table 1). During the vegetation period 2018,
many regions of Switzerland experienced one of the most severe
droughts since the onset of meteorological records with precipitation
deficits exceeding return periods of 70 years (Brunner et al., 2019).
FromApril to September 2018, the study plots were exposed to air tem-
peratures 2.3–2.7 °C higher and precipitation sums 35–55% lower than
the respective long-termmeans from 1981 to 2010, and with precipita-
tion sums in the plots ranging from265 to 504mm(MeteoSwiss, 2016a,
2016b; Table 1). During the peak of drought from mid-July to mid-
August 2018, daily maximal temperatures were between 30 and 33 °C
on nearly every day. In all study plots, tree species composition was
near natural, with mean tree age ranging from 66 to 165 years, tree
height from 12 to 39 m, and leaf area index from 4.2 to 6.3 (Table 1).
Three plots represented mixed beech stands with moderately dense
herb or shrub layers, whereas the six remaining plots were covered by
nearly pure beech stands with rather sparse herb and shrub layers
(Table 1). Depending on the parentmaterial (moraine, loess, limestone,
marl and conglomerates), the soils had different depths and AWCs,
ranging from 0.8 to >2.0 m and from 80 to >425 mm, respectively
(Table 1). Visual assessment did not reveal redoximorphic features in
any soil, which indicates that trees did not suffer from oxygen deficits
in the rooting zone. The same visual assessment indicated that roots
were present in all soils down to the maximal exploration depth.

Relationships between soil water availability and defoliation of
beech crowns were analysed in a subset of six long-term monitoring
plots with contrasting AWCs: three plots with deep soils (>2 m
depth) and high AWCs (D1–D3) and three plots with rather shallow
soils (0.8–1.8 m depth; S1–S3; Tables 1, 2). Both, the plots with deep
(D1–D3) and shallow soils (S1–S3) are located in different geographic
and climatic regions of Switzerland (see map in Fig. 1) – in a dry central
Alpine valley (D2 and S1), in the Jura mountains (D3 and S3) and in the
hilly and mountainous eastern part of Switzerland (D1 and S2) with
more oceanic climate conditions. In the plots D1–D3, tall beech trees
with heights of around 30–40 m indicated favourable forest site condi-
tions whereas in the plots S1–S3 moderate tree heights of around
12–20 m and the admixture of drought tolerant tree species were
signs of an adverse water availability. In an additional subset of three
well distributed pure beech plots with contrasting AWCs (P1–P3; see
map in Fig. 1), a comprehensive dataset on physiological drought re-
sponses of beech trees was formed (Tables 1, 2). In P1 with a high
AWC, long-term time series of physiological parameters were assessed.
The plots P2 and P3 with medium AWCs were selected ad hoc during
the 2018 drought peak based on their high percentage of strongly
defoliated beech trees by the end of July. Moreover, both plots appeared
to be suitable for studying plant and soil water relationships due to
compact bedrock that clearly defined the range of the rooting zone.
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2.2. Forest stand data

The mean age of the forest stands was estimated based on tree rings
from wood cores sampled in 2017 (monitoring plots) or 2008 (ad hoc
plots P2 and P3) from three dominant trees in each plot. The height of
these trees was recorded with a Vertex II (Haglöf, Långsele, Sweden).
The leaf area index (LAI) in themonitoring plotswas assessed according
to Thimonier et al. (2010) using hemispherical photos taken in late
summer of 2013–2015 at five points in the forest stand. The LAI of the
ad hoc plots P2 and P3 was calculated according to Schleppi et al.
(2011) with data from vegetation inventories.

http://www.treenet.info


Table 2
Measurement parameters, intervals and dates for the nine study plots.

Plot
ID

Plot
typea

Start of
monitoring

Air
temperature

Relative
humidity

soil water
potential

Stem
radius

Leaf water
potential

13C/12C
isotope
ratio

Native
embolism

Xylem
vulnerability

Early
defoliation

Crown
dieback

°C % MPa μm MPa % % % %

D1 M 2013 Hourly Hourly Hourly 10 min – – – – 15.-30.09.18 –
D2 M 2013 Hourly Hourly Hourly 10 min – – – – 15.-30.09.18 –
D3 M 2013 Hourly Hourly Hourly – – – – – 15.-30.09.18 –
S1 M 2014 Hourly Hourly Hourly 10 min – – – – 15.-30.09.18 –
S2 M 2013 Hourly Hourly Hourly – – – – – 15.-30.09.18 –
S3 M 2013 Hourly Hourly Hourly – – – – – 15.-30.09.18 –
P1 M 2013 Hourly Hourly Hourly 10 min Occasionally Occasionally 20/09/2018 20/09/2018 15.-30.09.18 06/2019,

06/2020
P2 AD – – – 01/08/18 – 01/08/18 01/08/18 22/08/18 – 15.-30.09.18 06/2019,

06/2020
P3 AD – – – 12/08/18 – 12/08/18 12/08/18 22/08/18 – 15.-30.09.18 06/2019,

06/2020

a Long-term monitoring plot (M); ad hoc 2018 drought plot (AD).
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2.3. Weather and climate data

Air temperature and relative humidity have been measured in all
seven monitoring plots since 2013 at hourly intervals (Table 2) with
EL-USB-2+ data loggers (Lascar Electronics Ltd., Salisbury, UK). In
each plot three loggers are mounted on different trees at 2 m height.
Fig. 1. Precipitation, soil water potential (Ψsoil) and defoliation of beech trees (F. sylvatica) dur
Ψsoil at 20 and 80 cm depth (mean± 1 SE) are shown for a) three mixed beech–oak stands wi
defoliation on deep soils with high water storage capacities (plots D1–D3). The point ⑦, onset
Hourly values are reported as the mean value of three loggers whereat
outliers due to insolation of loggers were excluded from the calculation
of the mean. Vapor pressure deficit (VPD) was calculated from temper-
ature and relative humidity.Weather data from themeteorological net-
work of MeteoSwiss were used to derive climate data for the period
1981–2010 (Remund et al., 2014) and to calculate anomalies of air
ing the drought year 2018. Pooled monthly precipitation sums (mean ± 1 SE) and pooled
th early defoliation on shallow soils (plots S1–S3) and b) three beech stands without early
of defoliation, is used in the synthesis (Fig. 7).
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temperature and precipitation as well as precipitation sums for the
drought period April to September 2018 (MeteoSwiss, 2016a, 2016b).

2.4. Soil water data

Ψsoil and soil temperature have been recorded at all seven long-term
monitoring plots since 2013 at hourly intervals (Table 2)withMPS-2 sen-
sors and EM-50 data loggers (Decagon Devices, Pullman, WA, USA). For
sensor installation, a soil profile was excavated in the centre of a group
of dominant trees in each study plot. Two to three MPS-2 sensors were
embedded in the front wall of the soil pit at 20 and 80 cm depth in all
plots, and additional sensors were installed at 140 and 180–200 cm
depth in four plots (D1, D2, S1 and P1). For the plots with rather shallow
soils (S1–S3), the sensors span thewhole soil depth down to the bedrock.
Ψsoil measurements were temperature corrected to 22 °C according to
Walthert and Schleppi (2018). In the plots P2 and P3 that we selected
ad hoc at the peak of the 2018 drought,Ψsoil was measured with a Dew
Point PotentioMeter WP4C (METER Group, Pullman, WA, USA) in soil
samples extracted with an Edelman soil auger (Eijkelkamp, Giesbeek,
the Netherlands) from locations close to three selected dominant beech
trees per plot (study trees). Around each tree, six boreholes were drilled
in three directions (0°, 120° and 240°) at a distance of 2.5 and 5 m from
the stem. Sampling depths were 0–10, 40–60 and, where possible,
90–110 and 140–160 cm, with the deepest soil sample from each bore-
hole taken directly above the bedrock. Samples (100 samples in total,
each ca. 400 g) were immediately packed in plastic bags and stored at
3 °C until measurements ofΨsoil.

Because volumetric soil water content was not assessed in the soil
profiles, we had to derive water content related parameters by other
means. The storage capacity of plant available soil water (AWC) be-
tween a soilwater potential (Ψsoil) of−6 and−1585kPawas estimated
for all study plots with a pedotransfer function (PTF, Teepe et al., 2003)
using data from a soil profile from each plot. Input variables for the PTF
were field estimates of soil depth and stone content, as well as mea-
sured values of soil density, particle size distribution and humus con-
tent, as described by Walthert and Schleppi (2018). For plot P1, daily
decreases in volumetric soil water content (θ) were used as a measure
for soil water uptake by roots, assuming that soil water flowwas negli-
gible (Bréda et al., 1995; Warren et al., 2005). Therefore, theΨsoil mea-
surements were converted into θ using a water retention curve for the
topsoil and deep soil of P1. The data pairs (Ψ, θ) required to establish
these curves were taken from Walthert and Schleppi (2018), and the
curve fitting to these data pairs was done with RETC (van Genuchten
et al., 1991).

2.5. Stem radius changes and tree water deficit

In plots D1, D2, S1 and P1, stem radius changes have been recorded
since 2014 at 10-min resolution using automated high-precision point
dendrometers (ZN11-T-WP, Natkon, Oetwil am See, Switzerland). In
each plot, the two to four dominant beech trees nearest to the MPS-2
Ψsoil sensors (called study trees hereafter) were equipped with a
dendrometer mounted to the stem at a height of about 1.3 m. Tree
water deficit (TWD), defined as the difference between a current stem
radius value and the preceding maximum, was calculated from the
stem radius data according to Zweifel et al. (2016). As TWD expresses
a current outer stem tissue water content relative to a fully hydrated
condition, it can be used as a continuous measure of tree water status
(Zweifel et al., 2005; Drew et al., 2011; Dietrich et al., 2018).

2.6. Leaf water potential

In the plots P1–P3, leaf water potential (Ψleaf) was measured with a
Scholander-type pressure chamber (Model 1000, PMS Instruments, Al-
bany, OR, USA). In P1, measurements were conducted on five sunny
days during the vegetation periods 2017 and 2018, every 2–3 h from
04:00 to 17:30. During each recording, three leaves from each of the
two study trees were cut from branches near the stem in the lower
crown at a height of 2–10 m (as close as possible to the dendrometers),
and their Ψleaf was then immediately measured with the pressure
chamber. The leaves were then packed in paper bags, dried at 40 °C
until constant weight and stored until δ13C analysis was performed
(see below). In P2 and P3,Ψleaf_pd and middayΨleaf_md were measured
on the same day and by considering the same three study trees as for
the survey of Ψsoil. The leaf sampling and measurement procedures
were identical to those used for P1.

Except at predawn, all sampled leaves were sealed in PMS-bags for
15–30min prior to abscission. TheΨ from sealed (not transpiring) leaves
can be used as a proxy for stemwater potential (Mccutchan and Shackel,
1992; Lemoine et al., 2002; Nardini et al., 2013). A bagging time of about
10 min has been shown to be sufficient to reach equilibration between
Ψleaf andΨshoot in deciduous tree species (Fulton et al., 2001).

According to Aussenac and Granier (1978) and Carrière et al. (2020)
the difference betweendaily values ofΨleaf_md andΨleaf_pdmeasured on
sunny days can be used as an indicator for leaf gas exchange, i.e. stoma-
tal and cuticular transpiration, where cessation of gas exchange would
occur when this difference is nil (Martinez-Vilalta et al., 2014).

2.7. δ13C in water soluble leaf compounds

For isotope analysis, leaves available from the Ψleaf_pd determination
during the field campaigns were used (plots P1–P3). Three leaves per
beech tree were re-dried at 65 °C, combined and ground to a fine powder
with a MM400 mill (Retsch, Haan, Germany) with zircongrinding tools.
Water soluble compounds (WSC) were extracted from 60 mg of finely
ground leaf material. The samples and 1.5 mL deionised water were put
into 2 mL reaction vials and heated in a water bath at 85 °C for 30 min.
Subsequently, sampleswere centrifuged (2min, 10,000 g) and the super-
natant, with theWSC,was transferred to a new reaction vial and stored at
−20 °C (Lehmann et al., 2017). Aliquots of 150 μL of the WSC solution,
representing ca. 0.1–0.3 mg of carbon, were put into tin capsules (Säntis
Analytical, Teufen, Switzerland) and freeze-dried. The samples were
then combusted with an excess of oxygen at 1020 °C in an elemental
analyser (EA-1110; Carlo Erba, Milan, Italy) and the resulting CO2 led to
a Delta Plus XL isotope ratio mass spectrometer via a Conflo II interface
(both from Thermo Finnigan, Bremen, Germany). All isotope ratios are
given in reference to the international standard VPDB in the delta nota-
tion in‰ as δ13Csample = (13C/12Csample/13C/12Cstandard − 1) ∗ 1000. Ana-
lytical precision was estimated, as the standard deviation of laboratory
standards, to be better than 0.2‰.

δ13C was used as a short-term integral for water deficit (Peuke et al.,
2006), i.e. as a proxy for leaf gas exchange (Bögelein et al., 2012; Pflug
et al., 2018) and transpiration. This is based on known isotope fraction-
ations during CO2 uptake, which are strongly driven by diffusive limita-
tion, or more precisely by the ratio of photosynthesis to stomatal
conductance (Farquhar et al., 1989). The postulated link between δ13C
and transpiration is not expected to suffer from non-stomatal limita-
tions to photosynthesis because substantial damage to the photochem-
ical apparatus occurs not before extreme dehydration after full stomatal
closure (Trueba et al., 2019).

2.8. Native embolism

In the plots P1–P3, branches of 70–100 cm length and 4–7 mm di-
ameter at their base were collected in the lower crown of five beech
trees per plot during the peak of the 2018 drought (Table 2). In P1,
branches were cut from the two study trees and from three additional,
adjacent beech trees for which we also measured Ψleaf on that day. In
P2 and P3, the sampling was 10–20 days after the survey of Ψleaf from
the same three study trees per plot as theΨleaf survey and from two ad-
ditional dominant beech trees per plot. In P3,Ψleaf at this timewas sim-
ilar to values measured 10 days earlier, while in P2, a rain event
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occurred one day before the sampling. However, effects of this rainfall
on native embolismwere considered negligible, as it was previously re-
ported that beech cannot reverse embolism during periods of rain
(Hacke and Sauter, 1995). After branches were cut from the trees,
theywerewrapped tightly in plastic bags containingmoist paper towels
and stored at 4 °C until the measurements, which were performed
within one week. Branches were re-cut several times under water
with a sharp carving knife, removing at least 20 cm in total, to gradually
release tension (Wheeler et al., 2013; Beikircher and Mayr, 2016), until
a final length of about 30 cmwas reached. In addition, all side twigs and
the bark at the basal end were removed. Branch segments were then
connected to a modified Sperry apparatus (Sperry et al., 1988; Losso
et al., 2018) and perfusedwith distilled, filtered (0.22 μm) and degassed
water with 10 mM KCl and 1 mM CaCO3, as well as 0.005% (v/v)
Micropur (Katadyn Products, Wallisellen, Switzerland) to prevent mi-
crobial growth. The initial hydraulic conductance (ki) was measured at
4 kPa before samples were flushed for 20 min at 100 kPa to remove
embolisms (Sperry et al., 1988; Beikircher andMayr, 2016). After flush-
ing, the hydraulic conductance was measured again (final hydraulic
conductance; kf). Flushingwas repeated up to five times until measure-
ments showed no further increase in conductance. Conductance values
were corrected for water viscosity at 20 °C and percent loss of conduc-
tance (PLC) was calculated as:

PLC ¼ 1–
ki
kf

� �
� 100

2.9. Vulnerability to xylem cavitation

Vulnerability to xylem cavitation was assessed with the Cavitron
technique (Cochard et al., 2005) in the five sampled trees from plot
P1, taking one branch per tree previously used for native embolism
measurements (thus repeatedly flushed and with all native embolisms
removed). The measurement procedure followed that of Beikircher
et al. (2010). In short, after a final trimming at both ends, samples
were fixed in a 280 mm custom-built rotor inside a centrifuge (Sorvall
RC-5, Thermo Fisher Scientific, Waltham, MA, USA) and segment ends
were kept inside transparent plastic reservoirs filled with water. At suc-
cessively higher Ψ values, induced by increasing rotational speed, hy-
draulic conductance (k) through the sample was determined and the
percentage loss of conductance (PLC)was calculated based on the initial
(maximum) hydraulic conductance (obtained at a xylem pressure of
0.5MPa) and the hydraulic conductance at a givenΨ. Curveswere fitted
with aWeibull regression curve and the threshold valueΨ50, which re-
fers toΨ at 50% PLC, was extracted.

2.10. Drought-induced early defoliation

Early defoliation was recorded for all study plots through a visual
crown condition assessment in the second half of September 2018. Spe-
cifically, crown transparencywas estimated in classes of 5% according to
images from the Swiss Sanasilva forest inventory (Müller and Stierlin,
1990). In the plots P1–P3, defoliation was estimated for each of the
five beech trees per plot that we sampled for native embolism survey.
In all other plots, defoliation was assessed as an average of all dominant
beech trees growing within a radius of about 25 m around the MPS-2
Ψsoil sensors. In S1–S3, the dates when beech trees started to defoliate
and when they reached a substantial defoliation percentage of about
25% were recorded as well.

2.11. Crown dieback

The percentage of crown dieback, i.e. of branches that had recently
died, was estimated in plots P1–P3 during the second week of June
2019. In June 2020, the crowns were checked again to assess recovery
or further decline. The visual assessment included the five trees per
plot for which native embolism was recorded in 2018.
2.12. Statistical analysis

Statistical analyses were performed in R version 3.6 (R Core Team,
2019). The relationship between soil water variables, tree physiological
variables and forest stand data were determined using regression anal-
yses. Up to fourth-order polynomial regressions were performed and
reduced to third-, second- or first-order polynomial regressions if the
quartic, cubic or quadratic terms were not significant. The regression
lineswere fittedwithout any theoretical claim as they shouldmerely fa-
cilitate the visualisation of trends. The R package “fit-PLC” (Duursma
and Choat, 2017) was used forWeibull regression curve fitting to deter-
mine vulnerability to xylem cavitation. In all regression plots, significant
regression curves (P ≤ 0.05) and, if not otherwise specified, 95% confi-
dence envelopes are given.
3. Results

3.1. Soil water dynamics during the 2018 drought

Themeteorological drought 2018was exceptional, both in many re-
gions of Switzerland and at our study plots (see Section 2.1). However,
soil water availability varied greatly among the plots as demonstrated
by our two groups of contrasting forest sites, three plots (S1–S3) on
south-facing slopes with shallow soils of 0.8–1.8 m depth and three
north-facing plots (D1–D3) with soils considerably deeper than 2 m
(Table 1). Both groups had similar sums and distributions of precipita-
tion from April to September (Fig. 1), however, temperature and VPD
were slightly higher in the south-facing forest stands (Table 1).

In April 2018, when the meteorological drought started, Ψsoil was
around −0.01 MPa and thus near field capacity in all six soils and at
all soil depths (Fig. 1a,b) meaning that the precipitation of the winter
2017/2018 saturated the soils to their respective AWC. By the end of
May, the shallow soils started to dry out rapidly and showed very low
Ψsoil values of around −0.8 MPa from July onwards (Fig. 1a). Contrary
to the shallow soils, soil drying started one month later in the deep
soils and was less severe and more superficial (Fig. 1b). By the end of
September, Ψsoil in 200 cm depth was still as high as −0.1 MPa in the
plot D1 and −0.4 MPa in the plot D2 (data not shown), indicating that
there was still relatively easily available soil water in the deep rooting
zone. The time series of soil water potential during the summer 2018
additionally reveal that precipitation did not infiltrate deeply into the
soils (Fig. 1a,b) and therefore soil water reserves were used. Even
though these water reserves amounted to the AWC of the soils in
April they were too small to prevent strong soil drying in the shallow
soils. In the deep soils with a high AWC, in contrast, the reserves were
big enough to inhibit low Ψsoil, particularly in deep soil layers.
3.2. Early defoliation in 2018

On shallow soils (S1–S3)with a lowAWC, early defoliation, i.e. a loss
of dry and/or green leaves >5%, started around mid-July to mid-August
and thus after the meteorological heat and drought had persisted for
about 3.5–4.5months. Defoliation set in whenΨsoil in the entire rooting
zone decreased to values of about−0.8MPa (Fig. 1a). In contrast, beech
trees on deep soils (D1–D3) with a high AWC, which dried out to a
lesser extent, did not show early defoliation (Fig. 1b). Owing to shallow
soil wetting from small rain events in late summer, some of the with-
ered herb and shrub species (e.g. Vaccinium myrtillus) sprouted again,
which was not the case for the defoliated beech trees.
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3.3. Soil water uptake and tree water status

During rainless periods, there was a clear relationship between the
TWD of beech trees (Fig. 2a) and the daily decrease in θ (Fig. 2b),
which were used as proxies for tree water status and soil water uptake,
respectively. Dailywater uptake from all soil depths of plot P1wasmax-
imal under moist soil conditions when Ψsoil was > −0.2 MPa (Fig. 2b)
and the stems were fully hydrated so that TWD was zero (Fig. 2a).
BelowΨsoil −0.2 MPa, soil water uptake decreased and TWD increased
with progressive drought (Fig. 2a,b). BetweenΨsoil−0.2 and−0.8MPa,
soil water uptake decreased by 97% on average at all soil depths.
Fig. 2. (a) Tree water deficit (TWD) at 06:00 (third-order polynomial regression) and
(b) daily decrease in soil water content (θ; a proxy for soil water uptake) between
06:00 and 17:00 (fourth-order polynomial regressions) at four soil depths, both in
relation to soil water potential (Ψsoil) at 06:00. All data refer to around 100 days of
rainless periods from May to September between 2014 and 2017 in plot P1, where Ψsoil

in all soil depths decreased to around −0.8 MPa in every summer, paralleled by
respective increases of TWD to around 80 μm. Both θ and Ψsoil represent the mean of
several sensors at each soil depth, and TWD represents the mean (±1 SE) of two beech
trees (F. sylvatica). The points ①, onset of reduced soil water uptake, ②, onset of tree
water deficit and⑤, 97% reduction of soil water uptake, are used in the synthesis (Fig. 7).
In study plots where topsoil and deep soil layers desiccated simulta-
neously (e.g. plots P1 and S1) the correlation between Ψsoil and TWD
was very high (R2 = 0.95 in P1, Fig. 2a; R2 = 0.88 in S1, data not
shown) with an onset of TWD, i.e. start of sustained stem shrinking, at
Ψsoil of around−0.2 MPa (for P1 see Fig. 2a). However, the correlation
between Ψsoil and TWD was slightly less tight in study plots with un-
equally desiccating topsoil and deep soil layers (e.g. plot D2, R2 =
0.77, data not shown).

3.4. Tree water status and transpiration

In plots P1–P3, both our proxies for transpiration, δ13C andΨleaf_md -
Ψleaf_pd, indicated a distinct reduction of transpiration with increasing
drought stress along a Ψleaf_pd gradient (Fig. 3). δ13C in water soluble
leaf compounds was around−30‰ at themoist end of theΨleaf_pd gra-
dient (Ψleaf_pd >−0.5MPa), thenmarkedly increased to values of about
−28‰ atΨleaf_pd around−2.2MPa and stayed near−28‰ towards the
dry end of the studied gradient at−3.2 MPa (Fig. 3a). This dynamics of
δ13C suggests that transpiration strongly decreased between
Ψleaf_pd−0.5 and−2.2 MPa and remained on a low level belowΨleaf_pd

of−2.2MPa. However, the still present difference betweenΨleaf_md and
Ψleaf_pd belowΨleaf_pd of−2.2MPawas a sign of not yet fully ceased leaf
gas exchange (Fig. 3b). The daily fluctuations in Ψleaf fully disappeared
at around −3.2 MPa.

3.5. Drying of trees and soil

In plots P1–P3, decreases in Ψsoil and Ψleaf_pd were strongly related
(R2 = 0.86), with Ψleaf_pd always more negative than Ψsoil, especially
under severe drought (Fig. 4). In themost drought affected plot P2 (de-
foliation 40–75%), the mean Ψsoil of the 49 soil samples from 18 sam-
pling spots was −1.95 MPa (data not shown). The small standard
error of 0.05 MPa indicates that the soil was depleted strongly and ho-
mogeneously down to the parent rock (at ca. 0.8 m depth). In the
slightly less drought affected plot P3 (defoliation 35–40%), the topsoil
was similarly dry (−2.1 MPa), but at a few sampling spots some plant
available water was still left below 1.0 m depth, with a mean Ψsoil of
−0.85 MPa at these moister locations.

3.6. Native embolism in 2018 and xylem vulnerability

Beech trees in plots P1–P3 had substantial native embolism at the
peak of the 2018 drought (Fig. 5), increasing from about 30% PLC (at
Ψleaf_md −2.2 MPa) to ca. 80% PLC (at Ψleaf_md −3.2 MPa). Unfortu-
nately, no native embolism levels for moister conditions could be ob-
tained, as sampling was conducted only during the 2018 drought
period. Native embolism generally was more prevalent than predicted
from the vulnerability curve, which indicated 50% PLC at water poten-
tials around−3.4 MPa (Fig. 5).

3.7. Crown dieback

In plots P1–P3, there was a moderate but significant positive linear
relationship between the percentage of native embolism measured at
the peak of the 2018 drought from branches in the lower crown and
the percentage of crown dieback in 2019 (Fig. 6a). Moreover, the stud-
ied trees showed a strong positive linear relationship (R2 = 0.69) be-
tween the magnitude of early defoliation observed in the second half
of September 2018 and crown dieback in 2019 (Fig. 6b).

Further, in June 2019, we observed several mature beech trees that
had recently died scattered in the forest stand and about 30% mortality
in the beech regeneration (tree height 0.5–3.0 m) in the most drought
affected plot P2 (data not shown). In plot P3 that was less affected by
drought, no dead mature beech trees were observed but mortality of
young beech trees was around 30%. No tree mortality was detected in
plot P1 where drought was least intensive. In June 2020, none of the



Fig. 3. Second-order polynomial relationships between predawn leaf water potential
(Ψleaf_pd) and (a) predawn isotopic signature δ13C of water soluble leaf compounds and
(b) the difference between leaf water potential at midday (Ψleaf_md) and predawn
(Ψleaf_pd). Both relationships served as proxies for transpiration. Ψleaf_pd represents the
mean (±1 SE) of three leaves per tree from the studied beech trees (F. sylvatica) in plots
P1 (circles, 2 trees, 5 sampling dates), P2 (triangles, 3 trees, 1 sampling date) and P3
(squares, 3 trees, 1 sampling date). Data were recorded on sunny days during 2017 and
2018. Note that for plot P1 only seven of totally ten data points are visible in (b) because
of overlaying data points. The points ③, onset of reduced transpiration, ⑫, nearly zero
transpiration and ⑯, cessation of leaf gas exchange, are used in the synthesis (Fig. 7).

Fig. 4. Linear relationship between soil (Ψsoil) and predawn leaf water potential (Ψleaf_pd)
of the studied beech trees (F. sylvatica) with increasing desiccation. Data were recorded in
2017 and 2018 in plot P1 (circles, 2 trees, 5 sampling dates) and at the peak of the 2018
drought in plots P2 (triangles, 3 trees, 1 sampling date) and P3 (squares, 3 trees, 1
sampling date). Ψsoil is illustrated as the mean of all sampled soil depths down to
200 cm (P1) or down to parent rock (P2 and P3). Ψleaf_pd represents the mean (±1 SE)
of three leaves per tree. Note that for plot P1 only seven of totally ten data points are
visible because of overlaying data points. The point ⑰, permanent wilting point, is used
in the synthesis (Fig. 7).

Fig. 5. Relationship between water potential (Ψ) and percent loss of xylem conductance
(PLC) in shoots of beech trees (F. sylvatica). Native embolism is shown for both Ψleaf_pd
and Ψleaf_md, and each data point represents the mean (±1 SE) of values from one plot
(P1 – circles, 5 trees; P2 – triangles, 3 trees (Ψleaf), 5 trees (PLC); P3 – squares, 3 trees
(Ψleaf), 5 trees (PLC)). Xylem vulnerability is shown for branches of five trees from P1.
Data were recorded at the peak of the 2018 drought. The points ⑨, ⑪ and ⑮,
representing 30%, 50% and 80% native embolism, respectively, are used in the synthesis
(Fig. 7).
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affected study trees showed recovery from crown dieback, on the con-
trary, one study tree in the plot P2 had only one small living branch
left in the lower crown.

4. Discussion

4.1. Sequence of stress levels and thresholds during progressive drought

In support of our first hypothesis, important responses of the inves-
tigated trees to progressive drought, such as reduced transpiration rate,
early defoliation, native embolism and crown dieback were coherent
across our study plots covering deep and shallow soils. This allowed



Fig. 6. Linear relationships between crown dieback in 2019, following the 2018 drought, and (a) native embolism in shoots at the drought peak in 2018 and (b) early defoliation in
September 2018. Data are displayed for all 15 studied beech trees (F. sylvatica) in plots P1 (circles), P2 (triangles) and P3 (squares). Note that for plot P3 only four of totally five data
points are visible in (b) because of overlaying data points. The points ⑬, 20% crown dieback and⑭, 75% early defoliation, are used in the synthesis (Fig. 7).
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us to summarise the drought responses ofmature beech trees in a quan-
titative, empirically based scheme (Fig. 7) synthesising our results and
additional data from literature. The observed physiological responses
and stress symptoms suggested to distinguish five stress levels. In the
following sections, we present the stress-level scheme and detail tree
stress levels and related thresholds in response to decreasing Ψsoil and
Ψleaf_pd.

4.1.1. Level I: no signs of drought stress
At Ψleaf_pd > −0.4 MPa (Ψsoil > −0.2 MPa), no signs of drought

stress were detectable in the study trees (Fig. 7). In this range, predawn
TWDwas zero (Fig. 2a) and our proxy for daily soil water uptake (delta
θ) indicated a generally high water consumption of beech trees from all
soil depths (Fig. 2b). The large variability in the amount of daily soil
water uptake indicated a strong impact of atmospheric conditions driv-
ing transpiration and water uptake from moist soils. Following Larcher
(2001), we consider full hydration of beech stems, i.e. a fully extended
stem radius at predawn, optimal for tree performance where drought
stress is negligible (Zweifel et al., 2005; Drew et al., 2011).

4.1.2. Level II: moderate stress
At moderate drought stress (Ψleaf_pd of −0.4 to −1.3 MPa; Ψsoil of

−0.2 to −0.8 MPa), our data indicate that beech trees restricted water
losses by stomatal regulation. The values of daily soil water uptake
were clearly reduced at all soil depths compared to the no-stress level
(Fig. 2b), corresponding to decreasing transpiration (Fig. 3a). Stem
shrinkage indicated increasing tree water deficits (Fig. 2a). We defined
the stress threshold T-II to be at aroundΨleaf_pd −0.4 MPa, and thus at
the onset of markedly reduced water uptake from all soil depths
(Figs. 2b,7;①) where stems started to shrink (Figs. 2a,7;②).

The onset of a persistent stem shrinkage over more than 24 h repre-
sents an important point in terms of plant performance along a drought
stress gradient because no stem growth is possible during stem shrink-
age (Zweifel et al., 2016), owing to insufficient turgor for cell enlarge-
ment (Taiz and Zeiger, 2010; Körner, 2015). An onset of water saving,
i.e. of reduced transpiration, around Ψleaf_pd of −0.5 MPa
(Figs. 3a,7;③) was likewise found by Pflug et al. (2018) for juvenile
beech trees and according to Aranda et al. (2005) leaf conductance
was reduced by as much as 45% at Ψleaf_pd of about −0.8 MPa
(Fig. 7;④). Drought induced reductions of soil water uptake and
transpiration were often attributed to a relatively high vulnerability of
root xylem to cavitation, i.e. to large losses of root conductivity (e.g.
Jackson et al., 2000; Sperry, 2000; Sperry et al., 2002; Domec et al.,
2010). However, a recent study shows that different parts of young
beech trees have similar vulnerabilities to cavitation and that beech
roots have a relatively low P50 value of around −2.75 MPa (Losso
et al., 2019). Moreover, novel findings indicate that soil water uptake
by roots could be reduced by a low hydraulic conductivity in the rhizo-
sphere, even in relatively moist soils (Carminati et al., 2020).

4.1.3. Level III: high stress
Under high drought stress (Ψleaf_pd of −1.3 to −2.1 MPa; Ψsoil of

−0.8 to −1.4 MPa), beech trees avoided water loss through a distinct
reduction of transpiration (Fig. 3a) and by defoliation (Fig. 1a). Soil
water uptake was very low (Fig. 2b), which was also reflected in a low
stomatal conductance of around 10–20% of maximal values
(Fig. 7;⑧,⑩) found by Leuzinger et al. (2005) and Peiffer et al. (2014).
Despite stomata were nearly closed, native embolism set in (Fig. 5).
We set the stress threshold T-III atΨleaf_pd of −1.3 MPa (Fig. 7), where
soil water uptake (Figs. 2b,7;⑤) decreased to very low values and
where native embolism (Fig. 7,⑥) and early defoliation (Figs. 1,7;⑦)
started.

While stomatal control started already at a relatively highΨleaf_pd of
about−0.5 MPa (Figs. 3a,7;③), a strong reduction in stomatal conduc-
tance was not reached untilΨleaf_pd was as low as−1.4 MPa (Fig. 7,⑧),
and thus near the onset of native embolism (Fig. 7,⑥). The onset of
xylem embolism close to or evenwithin the operating range of stomatal
regulation can be interpreted as a characteristic of trees with a small
safety margin against drought (Martin-StPaul et al., 2017).

4.1.4. Level IV: very high stress
Very high drought stress (Ψleaf_pd of−2.1 to−2.8MPa;Ψsoil of−1.4

to−1.9MPa)was assumed beyond the stress threshold T-IV, where na-
tive embolism exceeded 50% (Figs. 5,7;⑪). At this stress level, stomata
were most likely nearly fully closed (Figs. 3,7;⑫). This level of stress in-
duced physiological damages leading to early defoliation and also re-
sulted in crown dieback in the following year (Figs. 6,7).

In the context of water saving, drought-induced defoliation was ob-
served to be advantageous in the short term, and crown dieback in the
long term for some tree species (Tyree et al., 1993; Rood et al., 2000).



Fig. 7. Schematic synthesis of physiological responses of mature beech trees (F. sylvatica) to progressive drought. The derivation of the five stress levels and the positioning of the
thresholds are based on important physiological responses and stress symptoms (①–⑰) which are numbered according to their occurrence under decreasing water potential (Ψ).
Note that the stress levels and thresholds are expressed relative to soil (Ψsoil) and predawn leaf water potential (Ψleaf_pd) owing to the high correlation between Ψsoil and Ψleaf_pd

(Fig. 4). Values for Ψleaf_md can be derived from Fig. 3b.
Data source of ①–⑰: ① Onset of reduced soil water uptake (Fig. 2b), ② Onset of stem shrinkage and cessation of growth (Fig. 2a), ③ Onset of reduced transpiration (Fig. 3a), ④ 45%
reduction of leaf conductance (Aranda et al. (2005)), ⑤ 97% reduction of soil water uptake (Fig. 2b), ⑥ Onset of xylem embolism (Hacke and Sauter (1995) and Fig. 3b), ⑦ Onset of
early defoliation (Fig. 1a), ⑧ 80% reduction of maximal stomatal conductance (Leuzinger et al. (2005)), ⑨ 30% native embolism (Fig. 5), ⑩ 90% reduction of maximal stomatal
conductance (Peiffer et al. (2014)), ⑪ 50% native embolism (Fig. 5), ⑫ Nearly zero transpiration (Fig. 3), ⑬ Crown dieback ca. 20% (Figs. 5,6a), ⑭ 75% early defoliation (Figs. 5,6a,b),
⑮ 80% native embolism (Fig. 5), ⑯ Cessation of leaf gas exchange (Fig. 3b) indicating the permanent wilting point ⑰ (Fig. 4). The points ④, ⑥, ⑧ and⑩ from the literature refer only
to theΨleaf_pd axis as Ψsoil is not known.
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In our study, native embolism and early defoliation started at a similar
Ψleaf (Fig. 7;⑥,⑦) and increased simultaneously, suggesting that defo-
liation started too late to protect the xylem from high cavitation rates.
These results are consistent with findings regarding several tropical
species (Wolfe et al., 2016). Therefore, drought-induced defoliation in
beech treesmay be interpreted to be a consequence of hydraulic failure,
i.e. dehydration, rather than a strategy to prevent hydraulic failure.

4.1.5. Level V: extreme stress
The threshold to extreme stress was defined to be at aroundΨleaf_pd

of −2.8 MPa (Ψsoil of −1.9 MPa), where mean crown dieback in the
year after the drought exceeded 20% (Figs. 6a,7;⑬). At this stress
level, native embolism increased to values >80% (Figs. 5,7;⑮) and tran-
spiration ceased (Figs. 3b,7;⑯). Therefore, beech trees were considered
to be close to their limit to maintain physiological functioning and at
risk to die from water shortage.

Small differences between dailyΨleaf_pd andΨleaf_md indicated ongo-
ing loss of water through the leaf's surface (stomatal or cuticular transpi-
ration) above Ψleaf_pd of −3.2 MPa (Fig. 3b). However, at around this
value, the daily fluctuations in Ψleaf ceased (Fig. 3b;⑯), which suggests
according to the theoretical frameworks of Hinckley et al. (1978) and
Martinez-Vilalta et al. (2014) the cessation of leaf gas exchange. Our inter-
pretation of this value as the PWP (Figs. 4,7;⑰) is supported by the uni-
formly low Ψsoil in the whole rooting zone (plot P2), indicating that no
water uptake was possible anymore. Thus, while beech trees started to
show early defoliation at Ψsoil of around −0.8 MPa (Figs. 1,7;⑦), the
PWP atΨsoil of about−2.2 MPa (Figs. 4,7;⑰) represented the end point
of transpiration-induced soil water extraction by beech roots. The disrup-
tion of the capillary continuum between the soil and the roots may be re-
sponsible for the increasingly limited water uptake from drying soils
(Meinzer et al., 2013; Johnson et al., 2018; Poyatos et al., 2018; Körner,
2019; Rodriguez-Dominguez and Brodribb, 2020) and also for the ob-
served increase in the divergence of Ψleaf_pd and Ψsoil towards the PWP
(Fig. 4). This indicates that trees rely more and more on internally stored
water when drought progresses (Körner, 2019) because of hydraulic
decoupling of plant and soil, i.e. biosphere and pedosphere.

With ourmulti-spheric approach that used data from the atmo-, bio-
, hydro-, and lithosphere over the whole range of water availability in
beech forests, we were able to establish an empirical scheme that re-
veals the stress behaviour of mature beech trees under natural drought
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conditions. Stress intensity as measured by the degree of physiological
downregulation in beech trees was clearly related to plant available
water in the investigated spheres indicating hydraulic interconnection
of these spheres. Therefore, we were able to refer plant stress intensity
to the water potential in both, plant and soil (Fig. 7), even though a cer-
tain hydraulic decoupling of plant and soil was observed towards drier
conditions. In support of our second hypothesis, important physiologi-
cal responses and stress symptoms enabled us to assign the stress be-
haviour to distinct stress levels that are related to tree performance.
Overall, the physiological drought responses that form the basis of our
scheme fit well with values reported in the literature for mature beech
trees, supporting the general validity of the scheme. Above −1.6 MPa,
our stress-level scheme is in line with, for example, the relationship be-
tween Ψleaf_pd and TWD found by Dietrich et al. (2018), the course of
Ψleaf_md and Ψleaf_pd (Leuzinger et al., 2005; Dietrich et al., 2019) and
the range of δ13C values (Bögelein et al., 2012). High consistency was
likewise found for xylem vulnerability (Schuldt et al., 2016; Stojnic
et al., 2018) and for defoliation and crown-dieback, that were never ob-
served atΨleaf_pd above −1.6 MPa. Moreover, there was a good agree-
ment between soil water uptake from our study and leaf gas exchange
(transpiration) from the literature (Fig. 7).Whilemature beech trees al-
ways seem to follow similar physiological trajectories under mild to
moderate drought conditions, future research will show how robust
our scheme is under severe drought, i.e. at Ψleaf_pd below −1.6 MPa.
In this very dry range, our findings are in line with a novel published
first overview of the 2018 drought effects on Central European forests
where drought affected mature beech trees had similarly low Ψleaf as
in our study (Schuldt et al., 2020).

4.2. Stress frequency and stress duration

Our stress-level scheme (Fig. 7) is based on stress intensity and im-
plicitly also involves a timeline of drought. In this section, we try to
showmore explicitly how stress frequency and stress duration may re-
late to the defined stress levels. The stress level 2, where water losses
are controlled by dynamic stomatal regulation without harming the
tree hydraulic system, is considered to occur frequently in mature
beech trees. At the plot P1, for example, this stress level was largely
crossed once or even several times in each vegetation period between
2014 and 2017 (Fig. 2b). The stress levels 3–5, in contrast, seem to
occur less frequently. We found only one reference that reported
Ψleaf_pd below −1.6 MPa and related drought stress symptoms for ma-
ture beech trees (Peiffer et al., 2014). To this date, such high levels of
stress probably occurred mainly at the dry distribution edge of
European beech while beech sites with a better water supply were af-
fected only during severe drought events. In 2018, it took 3–4 months
of severe atmospheric drought until the shallow soils of the plots S1–
S3 had reached stress level 3, i.e. the threshold of early defoliation
(Fig. 1a). In the plots P2 and P3, the duration between the onset of
early defoliation (start of level 3 around mid of July) and the formation
of 65–80% native embolism (levels 4–5) was about one month. In the
plot P2, beech crowns were affected by up to 40% dieback in June
2019 even though the topsoil was relatively moist from 21. August
2018 onwards and therefore some shrub species sprouted again
owing to this stress release. Apparently, the heavily embolised beech
trees in this plot were not able to recover during these more favourable
autumnal conditions. We therefore conclude that during the severe
drought 2018, an exposure to the stress levels 3–5 of about one
month was sufficiently long to cause high levels of native embolism
and subsequent crown dieback in mature beech trees.

4.3. Native embolism indicates higher drought stress than predicted from
the xylem vulnerability curve

Interestingly, native embolismwas overall more prevalent at a given
Ψ than predicted from the vulnerability curve (Fig. 5). This discrepancy
was not an artefact from cavitation fatigue (Hacke et al., 2001) because
the branches used for bothmeasurementswere exposed to the same in-
fluences before sampling. Furthermore, the similarity of vulnerability
thresholds in different studies (e.g. Schuldt et al., 2016; Stojnic et al.,
2018) and their consistency with our study that used branches which
previously suffered native embolism indicates a lack of relevant cavita-
tion fatigue in Europeanbeech.We rather see the following four reasons
for the observed discrepancy between native embolism and vulnerabil-
ity curve: First, Ψleaf was measured in the lower crown, while lower Ψ
values might have been reached in more exposed crown parts. How-
ever, data collection in the upper crown was not possible, owing to ex-
cessive defoliation. Second, although Ψleaf was assessed at the peak of
drought on hot and sunny days, measurements may not represent the
minimum Ψ reached during the drought period. Third, the long-
lasting exposure to relatively low Ψleaf under natural conditions may
impact xylem embolism differently than the short exposure in the lab-
oratory (i.e. cavitron). Fourth, a portion of the measured native embo-
lism may originate from previous stress events that left embolisms in
older tree rings. In our stress-level scheme, we referred tomeasured na-
tive embolism, as the 2018 drought offered the rare opportunity to in-
clude a parameter relevant in planta. We thus suggest that
vulnerability curves, although important e.g. for species comparisons,
might not sufficiently reflect stress conditions in forests under drought.

4.4. Beech is vulnerable to drought

The observed drought stress behaviour of beech trees indicates that
European beech is vulnerable to drought. Even if it starts to save water
at an early stage of drought (atΨleaf_pd of around−0.5 MPa), transpira-
tional water loss is still ongoing at substantial levels of drought-induced
defoliation and native embolism. Our findings further suggest that early
defoliationmay result in, and can even be used as a predictor for, crown
dieback in the following year. Crown dieback impacts the vitality of
beech trees and probably makes them more susceptible to pathogens
and harmful insects (Jung, 2009) and ultimately whole-tree mortality
(Chakraborty et al., 2017).

4.5. Implications for the future beech distribution

Temperature and natural disturbances such as drought are predicted
to increase globally in the future (McDowell et al., 2020). Therefore,
drought vulnerable tree species such as European beech are expected to
suffer from critical stress levels and subsequent damagesmore frequently
at many forest sites. More generally, natural disturbances and biotic at-
tacks are hypothesized to induce shifts in forest dynamics by changing
mortality, growth and recruitment of tree species, leading to species shifts
and shorter-statured forests in the long-term (McDowell et al., 2020),
with predominantly negative effects on forest ecosystem services.
Shifting forest dynamics may reduce, for example, the economic value
of forest land (Hanewinkel et al., 2013), carbon sequestration
(McDowell et al., 2020), and the protection capacity against natural haz-
ards. Forest management to assure important forest ecosystem services
in the long-term is challenging under perpetual shifts in forest dynamics.
One major source of current uncertainties in forest planning can be as-
cribed to deficient knowledge of the drought vulnerability of individual
tree species and relatedmigrations of species ecological niches. An imple-
mentation of our stress-level scheme in vegetationmodels could contrib-
ute to amore consistent projection of how future drought could affect the
distribution of European beech, as it reflects changes in tree performance
and competitiveness with decreasing Ψ. Anticipating changes in the fu-
ture distribution of European beech and other tree species can help to re-
duce uncertainties in forest management and planning.

Reliable predictions of species distributions, however, require not
only a sound knowledge of species stress behaviour but also accurate en-
vironmental data. Soil water reserves turned out to be important to mit-
igate atmospheric drought effects at the study plots during the severe
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meteorological drought in 2018. In support of our third hypothesis,
beech trees on deep soils with a high AWC took advantage of the water
reserves in deep soil layers (until 2 m depth, at least) and showed no
or only weak stress symptoms. On shallow soils, in contrast, the stress
symptoms were more pronounced because of water shortage resulting
from severe soil drying. With an AWC that amounted to only 15–60%
of the precipitation sum between April and September 2018, the water
reserves of the shallow soils were too small to effectively mitigate atmo-
spheric drought effects. These findings suggest to use AWC in drought
stress studies and in vegetationmodels because of its potential tomodify
atmospheric drought effects on plants. For a reliable estimate of AWC,
several soil properties over possibly the whole depth of the rooting
zone are needed. If soil depth or important soil properties are neglected
in AWC estimates (e.g. D'Orangeville et al., 2018), one cannot expect
meaningful relations between these surrogate AWCs and drought reac-
tions of forests. Soil water is expected to influence species distributions
especially in forest biomes where it can strongly modify atmospheric
drought effects, and thus where AWC has a high spatial variation and
where it is depleted and replenished periodically. Such conditions pre-
vail, for example, in many forested areas of Western Europe, where
Piedallu et al. (2011) showed that AWC considerably improved predic-
tions of forest productivity. Moreover, soil water reserves helped to bet-
ter explain seasonal vegetation dynamics such as canopy greenness
(Piedallu et al., 2019). This is in line with our findings, that soil water re-
serves mitigate drought stress in mature beech trees by compensating
sporadic atmospheric water shortage. In view of a further intensification
of summer drought periods, soil water reserves will become increasingly
important in dampening plant drought stress at many forest sites.

5. Conclusions

We investigated poorly understood hydraulics of mature European
beech trees with a relevant tree physiological and environmental data
set fromnatural beech forests on awide variety of soils, including drought
intensities that triggered stress symptomsand treedamage.Wecombined
data from the atmo-, bio-, hydro-, and lithosphere and developed an
empirical scheme to quantify drought stress in mature beech trees up to
the permanent wilting point. The stress levels consider multiple
physiological responses, both above and below ground, and are linked to
tree performance, e.g. growth, leaf wilting or crown dieback. Our stress-
level scheme complements the knowledge of critical thresholds during
drought stress in tree species. It could contribute to more realistic predic-
tions of the beech distribution under future climate and to reduce current
uncertainties in forest management and planning. Moreover, our study
highlights the importance of water reserves in deep soil layers in mitigat-
ing atmospheric drought effects on beech trees. Consequently, the quality
of predicted future beech distributions could be improved by including
reliable data on local soilwaterholding capacity and soilwater availability.
More generally, our approach could serve as a model for future
investigations of the drought stress behaviour in other tree species.
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