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Abstract
Xylem embolism resistance has been identified as a key trait with a causal relation to drought-induced tree mortality, but 
not much is known about its intra-specific trait variability (ITV) in dependence on environmental variation. We measured 
xylem safety and efficiency in 300 European beech (Fagus sylvatica L.) trees across 30 sites in Central Europe, covering 
a precipitation reduction from 886 to 522 mm year−1. A broad range of variables that might affect embolism resistance in 
mature trees, including climatic and soil water availability, competition, and branch age, were examined. The average P50 
value varied by up to 1 MPa between sites. Neither climatic aridity nor structural variables had a significant influence on 
P50. However, P50 was less negative for trees with a higher soil water storage capacity, and positively related to branch age, 
while specific conductivity (Ks) was not significantly associated with either of these variables. The greatest part of the ITV 
for xylem safety and efficiency was attributed to random variability within populations. We conclude that the influence of 
site water availability on P50 and Ks is low in European beech, and that the high degree of within-population variability for 
P50, partly due to variation in branch age, hampers the identification of a clear environmental signal.

Keywords  Available soil water capacity · Climatic water balance · Embolism resistance · Hegyi competition index · 
Hydraulic conductivity · Hydraulic plasticity · Precipitation gradient · Xylem vulnerability curve

Introduction

Drought-induced tree mortality has been documented world-
wide (Allen et al. 2010, 2015; Hartmann et al. 2018), includ-
ing European temperate forests (Braun et al. 2020; Schuldt 

et al. 2020). The capability of different tree species to sur-
vive extreme drought intensities varies, but reliable trait-
based predictions of future climate warming-related vitality 
reductions and forest community changes do rarely exist due 
to insufficient knowledge of plant trait variability (cf. Ber-
zaghi et al. 2020). Because natural selection acts on heritable 
variation, knowledge of the degree of within-population trait 
variability is essential to evaluate the capacity of a species 
to cope with climate change (Nicotra et al. 2010). However, 
although growing in numbers, to date, relatively few field 
studies have quantified the variability in plant hydraulic 
traits across a species’ range (e.g., Martínez-Vilalta et al. 
2009; Schuldt et al. 2016; Stojnic et al. 2018; Rosas et al. 
2019; Fajardo et al. 2020; Fuchs et al. 2021).

In Central Europe, European beech (Fagus sylvatica L.) is 
the dominant species of natural forest vegetation and occurs 
under widely different precipitation regimes (Leuschner and 
Ellenberg 2017). For colonizing such a wide spectrum of 
habitats, a high degree of intra-specific trait variability is a 
likely prerequisite. In the recent past, however, mass mor-
tality of European beech after extreme drought events has 
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been reported not only from locations at the range edge (e.g., 
Lakatos and Molnár 2009) but also from the centre of its dis-
tribution range (Braun et al. 2020; Leuschner 2020; Schuldt 
et al. 2020). This matches earlier findings from physiologi-
cal studies on the species’ drought sensitivity showing low 
water potentials, reduced nitrogen uptake, and a high water 
use efficiency under dry conditions (Rennenberg et al. 2004; 
Geßler et al. 2006) and dendroecological evidence of long-
term growth declines in various Central European beech for-
est regions (review in Leuschner 2020). It therefore remains 
questionable whether the intra-specific variability in plant 
hydraulic traits observed across marginal populations (Sto-
jnic et al. 2018) is likewise present in the centre of the spe-
cies’ distribution range.

While the processes causing drought-induced tree mortal-
ity are complex, one key mechanism involved in tree mor-
tality upon drought is the partial or complete loss of xylem 
functionality due to embolism formation (Adams et  al. 
2017; Choat et al. 2018; Brodribb et al. 2020). Even though 
a number of co-occurring risk factors have been identified, 
plant hydraulic traits, foremost xylem embolism resistance, 
have been related to the survival success of trees after severe 
droughts in various forest regions (Rowland et al. 2015; 
Anderegg et al. 2016; Adams et al. 2017; Tai et al. 2017; 
Correia et al. 2019; Hajek et al. 2020; Li et al. 2020; Powers 
et al. 2020). Upon drought stress, the tension in the water 
conducting conduits increases and may cause embolism in 
the xylem and eventually lead to the collapse of the hydrau-
lic system (Tyree and Sperry 1989). Hence, maintaining 
the continuity of the water column in the conduit system 
is essential for vascular plants (Hacke et al. 2017). Species 
comparisons have revealed that embolism resistance gener-
ally increases with climatic aridity (Maherali et al. 2004; 
Choat et al. 2007; Larter et al. 2017; Li et al. 2018; Skelton 
et al. 2021). For temperate broad-leaved species and at the 
intra-specific level, however, results are mixed (e.g., Schuldt 
et al. 2016; Rosas et al. 2019; Fuchs et al. 2021).

The capacity of European beech to form productive 
forests in various regions of Western, Central, and East-
ern Europe with oceanic-to-continental climates suggests 
considerable phenotypic plasticity, i.e., the ability to accli-
mate to different environmental conditions, or high geno-
typic variation in its distribution range (Bolte et al. 2007; 
Meier and Leuschner 2008; Bresson et al. 2011). Because 
natural selection always involves the inheritance of genetic 
information, however, it is a logical consequence to address 
the amplitude of phenotypic-plastic responses in ecologi-
cal studies (Olson 2019). Population genetic studies have 
shown that within-population genetic variance is usually 
larger than genetic differences between European beech 
populations, at least in the centre of its distribution range 
(Buiteveld et  al. 2007; Carsjens et  al. 2014). In corre-
spondence, earlier studies revealed a high intra-population 

variability of embolism resistance in European beech stands 
(Herbette et al. 2010; Wortemann et al. 2011; Aranda et al. 
2015; Hajek et al. 2016). Significant differences in embolism 
resistance between populations, on the other hand, were only 
observed for marginal populations (Stojnic et al. 2018), and 
in one study comparing stands of similar age and structure 
on similar soils in Germany (Schuldt et al. 2016), which 
differed only little in their genetic structure (Carsjens et al. 
2014). This leads to the hypothesis that differences in embo-
lism resistance in European beech are largely caused by the 
selective force of the local environment that leads to adap-
tive modifications in the traits of the individuals (Schuldt 
et al. 2016; Stojnic et al. 2018), but it remains speculative 
why others did not observe a clear climatic signal (Herbette 
et al. 2010; Wortemann et al. 2011; Rosas et al. 2019). One 
reason for the contradicting results might be the selection 
of different explanatory variables. Most field studies along 
climatic gradients did neither include soil texture and soil 
water storage capacity, nor branch age in the analysis. This is 
surprising, as all of these variables have been found to influ-
ence xylem hydraulic properties, at least in certain species 
(Schuldt et al. 2016; Waite et al. 2019).

Soil physical properties are important as determinants of 
soil water storage capacity that directly impact the supply of 
water and nutrients to the plant. Across all climatic zones, 
soil depth and texture are important variables in attempts to 
predict drought-induced tree mortality (O’Brien et al. 2017). 
This has been confirmed, for example, in Norway spruce, 
where the risk of mortality seems to depend on soil condi-
tions (Rehschuh et al. 2017), and the inclusion of soil char-
acteristics in models of tree and shrub mortality improved 
their predictions (Tai et al. 2017; Renne et al. 2019). Fur-
thermore, there is evidence that xylem safety closely corre-
lates with local soil water conditions (Beikircher and Mayr 
2009; Awad et al. 2010).

Water availability depends not only on climatic and 
edaphic conditions, but also on competition between neigh-
bouring trees, which therefore may affect the mortality of 
trees in forest stands (Das et al. 2011; Ruiz-Benito et al. 
2013; Young et al. 2017; Hajek et al. 2020). In European 
beech, intra-specific competition between neighbouring trees 
was found to influence the drought response, leading for 
example to reduced stomatal conductance when exposed to 
competition at dry sites (Baudis et al. 2014). Furthermore, 
it has been hypothesized that differences in belowground 
competition might mask the effect of environmental drivers 
of xylem safety (Fuchs et al. 2021).

On the individual level, tree height (or flow path length) 
influences xylem architecture through an increasing conduit 
size towards the stem base (Anfodillo et al. 2013; Olson 
et al. 2014, 2021; Fajardo et al. 2020). With increasing 
height and flow path length, the water potential gradient 
necessary to maintain a given flow rate increases due to 
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the influence of both gravitational force and friction (Koch 
et al. 2004; Woodruff et al. 2004; Ishii et al. 2008; Ambrose 
et al. 2016). Consequently, it would be advantageous for 
the tree to increase embolism resistance with increasing 
height. Indeed, studies comparing branches at different 
heights within a tree indicate that xylem safety is positively 
associated with height (Burgess et al. 2006; Woodruff et al. 
2008). This contradicts findings, foremost from the trop-
ics, that taller trees are less embolism resistant than smaller 
ones, both at the intra- and inter-specific level (Rowland 
et al. 2015; Olson et al. 2018; Liu et al. 2019; but see Bit-
tencourt et al. 2020). Most likely, the latter can be attributed 
to a higher transpirational demand of taller trees exposed to 
a drier atmosphere in environments where water availability 
is commonly not limiting (cf. Olson et al. 2020).

Another important factor potentially associated 
with embolism resistance is hydraulic efficiency, which 
is typically assumed to scale positively with conduit size 
(Tyree et al. 1994; Gleason et al. 2016). Generally, narrow 
xylem conduits are considered to be safer than wider ones, 
leading to the paradigm that there is a safety-efficiency 
trade-off (Hacke et al. 2017). In branches of European beech, 
however, no trade-off between xylem safety and hydraulic 
efficiency was observed (Cochard et al. 1999; Hajek et al. 
2016). Yet, branch age was found to correlate positively with 
the xylem pressure at 50% loss of hydraulic conductance 
(P50), i.e., younger branches were found to be more resist-
ant than older branches of comparable diameter (Schuldt 
et al. 2016). Thus, neither the effects of soil hydrology nor 
those of stand structure on embolism resistance are well 
understood.

In the present study, we measured branch xylem safety 
and hydraulic efficiency in 300 mature European beech trees 
from 30 stands across a climatic gradient from oceanic to 

sub-continental, mirrored in a reduction in mean annual pre-
cipitation (MAP) by 364 mm year−1. We hypothesized that 
embolism resistance of European beech populations is influ-
enced by (1) site water availability, as determined jointly 
by climatic and edaphic factors, (2) competition between 
neighbouring trees, and (3) branch age. From the existing 
reports, we expected a higher embolism resistance for drier 
sites, competitively inferior trees, and for younger branches 
of a given size.

Materials and methods

Study sites and climatic conditions

The study was carried out at 30 mature European beech 
(Fagus sylvatica L.) stands in the centre of the species dis-
tribution range across a gradient from a cool-temperate oce-
anic to sub-continental climate in the lowlands of northern 
Germany between the North Sea coast and the Polish border 
(Fig. 1). The stands were monospecific and grew at eleva-
tions of 19–159 m a.s.l. on predominantly nutrient-poor 
sandy pleistocene soils with a soil depth > 120 cm. Mean 
annual precipitation (MAP) decreased from West to East 
from 886 to 522 mm year−1, while mean annual tempera-
ture (MAT) increased from 9.0 to 10.0 °C. All stands have 
a cohort-like age structure and are managed for silvicultural 
purposes, but the last thinning occurred at least 7 years ago, 
and canopy closure was > 90% in all cases.

The values for monthly precipitation, air temperature, and 
potential evapotranspiration were extracted for the period 
from 1991 to 2018 from the Climate Data Centre (CDC) 
of the German Weather Service (DWD, Deutscher Wet-
terdienst, Offenbach, https://​opend​ata.​dwd.​de/, accessed 

Fig. 1   Map of the northern part 
of Germany with federal states 
and the location of the 30 inves-
tigated beech stands. Colours 
indicate mean annual precipita-
tion (MAP, 1991–2018, data 
provided by DWD). For site 
codes and more physiographic 
information, see Table 1 and 
Table S1

https://opendata.dwd.de/
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2019-11-14) using the R package rdwd v. 1.2.0 (Boessen-
kool 2019). The climate variables for the 30 sites were cal-
culated from extrapolated 1 km-gridded data. The extracted 
precipitation and potential evapotranspiration data were 
then used to calculate the monthly cumulative water bal-
ance (CWB, mm) as the difference between precipitation and 
potential evapotranspiration. As mean early growing-season 
precipitation (April–June, MSP) and mean growing-season 
precipitation (MGSP) were highly correlated with mean 
annual precipitation (MAP; Fig. S1), we decided to include 
the full-year means of the climatic variables in our analyses.

Soil characteristics

To estimate plant-available soil water capacity (AWC, mm) 
at the 30 sites and to characterize the soil chemical regime, 
soil samples were taken from three different depth lay-
ers (0–10 cm, 10–30 cm and 30–60 cm) in each two soil 
pits dug in every stand. We determined the soil organic 
carbon-to-nitrogen ratio (Corg/Nt), total phosphorus con-
tent, and soil pH. Subsequently, the stone content (> 2 mm) 
was determined by sieving a soil volume of 45,000 cm3 
that was excavated in one pit per stand. Soil bulk density 
and soil particle-size distribution, i.e., the relative propor-
tion of sand- (63–2000 µm), silt- (2.0–63 µm), and clay-
sized (< 2.0 µm) particles, were also determined for three 
soil depths per stand within one soil pit. The sand fraction 
was determined by sieving, while the silt and clay frac-
tions were measured by differential sedimentation (PARIO 
Soil Particle Analyser, METER Group AG, Munich, Ger-
many) (Table S1). From particle-size distribution and soil 
bulk density, soil hydraulic properties [the van Genuchten 
(1980) parameters] were derived by deploying pedotrans-
fer functions according to Schaap et al. (2001), using the 
module “Rosetta light”, implemented in the Software RETC 
(version 6.02, van Genuchten et al. 1991). The volumetric 
water contents at permanent wilting point and field capac-
ity were then retrieved from the estimated retention curves 
using the conventional water potentials of − 1.5 MPa (pF 
4.2) and − 60 hPa (pF 1.8). Soil AWC, defined as the water 
content between field capacity and permanent wilting point, 
was then calculated for the three depth layers to 60 cm and 
extrapolated to a standard depth of 100 cm, assuming a 
homogenous soil particle composition in the 30–100 cm 
layer. None of the sites had shallow soils, and soil depth 
exceeded 100 cm in all cases.

Tree dimensions, competition intensity, 
and collection of branch samples

Within each stand, ten mature European beech trees of simi-
lar size and canopy position were selected. Tree age ranged 
from 62 to 164 years, diameter at breast height (DBH) from 

36 to 58 cm, and tree height from 21 to 34 m across the 30 
sites (Table 1). All sample trees were dominant individu-
als in the upper canopy layer. For estimating competition 
intensity in the direct neighbourhood of our sample trees, we 
calculated the Hegyi competition index (CI; Hegyi 1974) for 
each tree i from the distance and height of the three nearest 
neighbouring trees j as

where di is the diameter at breast height of the sampled 
tree i (cm), dj the diameter at breast height of the competitor 
j (cm), Distij the distance between target tree and competitor 
(m), and n the number of directly neighbouring trees taken 
into account (= 3).Long branch samples were collected in 
the summers 2018 and 2019 (June–August) from the upper-
most sun-exposed crown by professional tree climbers. 
On the ground, three lateral branches with maximum 1 m 
length were cut; one of them was selected for hydraulic 
measurements later. The distance to the branch tip from the 
basipetal ends of the branch samples was estimated from 
diameter–length measurements of 85 upper canopy beech 
branches (Hajek et al. 2015) and ranged from 37 to 91 cm 
with an average of 60.08 ± 0.55 cm (Weithmann et al., in 
review). The air-cut ends of the branches were immediately 
transferred into a water-filled bucket and recut under water 
to release xylem tension. After ~ 20 min, small side-branches 
were shortened to a length of ca. 1 cm, branch segments 
wrapped in wet towels, sealed in plastic bags, and stored at a 
temperature of 7 °C until further processing within 2 weeks.

Hydraulic measurements

In the laboratory, one sample per tree was selected for the 
hydraulic measurements. The branches of 8.97 ± 0.06 mm 
(mean ± SE) basipetal diameter were shortened to a length 
of 34.16 ± 0.11 cm (mean ± SE), lateral branches cut off 
and sealed with quick-drying instant glue (Loctite 431, 
Henkel, Düsseldorf, Germany), the bark removed at the 
basipetal end, and segments connected to a Xyl’em embo-
lism meter (Bronkhorst France, Montigny les Cormeilles, 
France). After measuring the initial hydraulic conductivity 
(Kh, kg m MPa−1 s−1) at low pressure (6 kPa), samples were 
flushed up to four times at high pressure (120 kPa) for 10 min 
with filtered, degassed, and demineralized water containing 
10 mM KCl and 1 mM CaCl2 until no further increase in Kh 
was observed. Specific conductivity (Ks, kg m−1 MPa−1 s−1) 
was calculated by dividing maximum Kh obtained from the 
Xyl’em measurements after the flushing procedure by the 
xylem cross-sectional area without pith and bark (Axylem, 
mm2), which was estimated from the branch cross-sectional 
area (Across, mm2) as Axylem = −3.715 + 0.770 × Across 

CIi =

n∑
j=1

dj∕di

Dist ij
,
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(Schuldt et al. 2016). Subsequently, the same branch seg-
ments were shortened to 27.5 cm, the bark was removed at 
both ends, and xylem vulnerability curves were constructed 
with the flow-centrifuge technique (Cavitron; Cochard 
et al. 2005). In European beech, an average maximum ves-
sel length of 19.3 ± 2.6 cm has been reported (Lübbe et al. 
2021), which makes this species suited for flow-centrifuge 
measurements with a 30 cm-rotor. Segments were inserted 
into a custom-made honey-comb rotor attached to a Sor-
vall RC-5C centrifuge (Thermo Fisher Scientific, Waltham, 
MA, USA). While spinning, conductivity was calculated 

continuously by the software CaviSoft (version 4.0, Uni-
versity of Bordeaux, France). Measurements started at a 
pressure of − 0.37 MPa, which was raised stepwise until 
90% loss of hydraulic conductivity was reached.

Analogous to Ogle et  al. (2009), we estimated the 
parameters of the vulnerability curves based on Ks instead 
of converting measured conductivities into percent loss 
of conductivity. To do so, we reformulated the sigmoidal 
model of Pammenter and Vander Willigen (1998) to obtain 
the following equation for the expected value of Ks for 
observation i of sample j:

Table 1   Stand characteristics of the 30 investigated European beech (Fagus sylvatica) forests

Given are site number (see Fig. 1), location name, elevation (m a.s.l.), mean annual precipitation (MAP, mm year−1), mean early growing-season 
precipitation (April–June; MSP, mm), mean climatic water balance (CWB, mm month−1), and mean annual temperature (MAT, °C) for the 
period 1991–2018, plant-available water capacity (AWC, mm), tree age, diameter at breast height (DBH, cm), tree height (Height, m), and the 
Hegyi competition index (CI). Climate data were retrieved from the Climate Data Centre of the German Weather Service (DWD, Offenbach). 
For data on tree level, means per site ± SE are given

Site Name Elevation MAP MSP CWB MAT AWC​ Tree age DBH Height CI

1 Grinderwald 85 720.7 162.1 10.19 9.9 301.0 88.5 ± 4.7 44.9 ± 1.0 26.6 ± 0.6 0.49 ± 0.04
2 Brekendorf 99 878.3 179.0 25.56 9.0 226.8 110.5 ± 1.4 45.6 ± 2.3 27.1 ± 0.5 0.59 ± 0.08
3 Malente 77 752.8 165.4 14.93 9.1 252.5 108.0 ± 3.7 58.2 ± 2.8 30.0 ± 0.4 0.44 ± 0.05
4 Halle 124 522.0 137.6 − 10.82 10.0 286.4 87.0 ± 1.7 45.1 ± 0.5 25.2 ± 0.7 0.49 ± 0.03
5 Mosigkauer Heide 80 565.8 142.9 − 7.31 10.0 177.8 93.6 ± 0.8 44.5 ± 1.2 28.1 ± 0.5 0.53 ± 0.05
6 Dübener Heide 159 673.3 157.4 3.12 9.5 90.7 86.2 ± 1.9 42.0 ± 2.2 26.8 ± 0.5 0.64 ± 0.08
7 Medewitz 142 653.1 154.8 1.87 9.5 126.0 95.3 ± 2.1 47.9 ± 2.5 28.8 ± 0.5 0.54 ± 0.04
8 Zeuthen 47 575.7 145.8 − 7.32 9.7 169.4 80.5 ± 1.1 40.2 ± 0.8 28.1 ± 0.6 0.60 ± 0.06
9 Potsdam 45 582.3 144.3 − 6.14 9.9 197.6 94.5 ± 2.3 35.7 ± 1.1 21.1 ± 0.3 0.58 ± 0.08
10 Wiesmoor 19 819.7 172.5 19.01 9.7 57.7 84.3 ± 2.4 43.2 ± 1.6 27.1 ± 0.4 0.51 ± 0.03
11 Drangstedt 30 858.4 181.3 22.59 9.6 203.0 98.9 ± 2.2 53.7 ± 2.7 34.4 ± 0.8 0.44 ± 0.04
12 Nordholz 33 886.2 185.7 25.23 9.6 103.7 84.7 ± 1.8 44.5 ± 1.4 30.6 ± 0.3 0.51 ± 0.09
13 Sahlenburg 23 849.0 177.7 22.23 9.7 75.7 91.9 ± 1.3 42.3 ± 1.9 26.1 ± 0.6 0.57 ± 0.06
14 Chorin 64 571.4 142.1 − 6.02 9.6 118.6 91.4 ± 2.8 49.6 ± 2.4 30.9 ± 0.6 0.46 ± 0.04
15 Warenthin 81 610.7 149.5 − 0.60 9.2 146.6 139.9 ± 6.2 46.2 ± 1.6 29.2 ± 0.5 0.44 ± 0.05
16 Zempow 109 627.8 153.0 2.19 9.0 188.7 102.3 ± 4.4 40.5 ± 1.4 28.8 ± 0.4 0.41 ± 0.03
17 Summt 58 601.9 145.1 − 3.49 9.8 43.4 89.9 ± 2.1 45.1 ± 1.5 27.5 ± 0.4 0.52 ± 0.05
18 Kaarzer Holz 70 655.3 156.2 5.64 9.2 78.9 94.7 ± 4.7 45.4 ± 1.6 28.3 ± 0.7 0.40 ± 0.03
19 Eggesiner Forst 32 584.5 149.4 − 1.71 9.1 130.4 112.3 ± 5.3 44.0 ± 1.5 27.2 ± 0.5 0.39 ± 0.07
20 Klötze 116 648.4 153.0 2.74 9.4 260.2 131.4 ± 4.4 47.9 ± 1.5 33.9 ± 1.0 0.61 ± 0.06
21 Calvörde 87 572.8 139.9 − 4.65 9.7 159.5 106.8 ± 3.8 42.0 ± 1.1 26.5 ± 0.4 0.59 ± 0.06
22 Göhrde 94 718.7 164.2 10.48 9.2 172.1 164.6 ± 10.2 46.1 ± 2.5 26.7 ± 0.6 0.49 ± 0.03
23 Sellhorn 144 863.2 192.3 24.32 9.0 161.3 121.0 ± 4.9 43.0 ± 1.1 30.1 ± 0.7 0.62 ± 0.04
24 Unterlüß 141 804.7 174.5 17.93 9.1 127.1 110.6 ± 3.4 46.3 ± 1.5 28.9 ± 0.6 0.43 ± 0.04
25 Prora 37 646.3 152.4 5.87 9.1 218.3 122.1 ± 5.7 48.1 ± 1.9 28.0 ± 0.4 0.56 ± 0.05
26 Tessin 49 663.3 158.8 6.40 9.0 166.2 85.1 ± 1.5 43.3 ± 1.4 30.7 ± 0.5 0.62 ± 0.05
27 Haake 72 798.0 179.3 17.45 9.7 88.4 153.7 ± 6.6 47.1 ± 2.0 28.4 ± 0.6 0.59 ± 0.06
28 Klövensteen 34 799.0 175.3 17.48 9.6 158.2 119.0 ± 2.7 46.5 ± 1.5 31.1 ± 0.6 0.46 ± 0.01
29 Haffkrug 51 707.8 157.3 10.81 9.2 256.4 62.4 ± 1.4 42.2 ± 1.9 27.9 ± 0.6 0.48 ± 0.05
30 Heidmühlen 68 851.5 179.8 22.69 9.2 164.2 138.2 ± 5.4 44.3 ± 1.3 27.5 ± 0.5 0.73 ± 0.09
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where Ψi is the pressure induced by the rotation of the rotor 
(corresponding to xylem water potential), Kmax the estimated 
maximum conductivity, P50 the water potential at 50% loss 
of conductance, and s the slope of the regression line on 
the logit scale. The xylem pressures at 12% and 88% loss 
of conductance (P12 and P88, respectively) were calculated 
by inserting the desired quantiles of loss of conductance 
into the model equation of Pammenter and Vander Willigen 
(1998) and solving for the corresponding water potential.

To assess a potential effect of the flushing procedure on 
results of the flow-centrifuge measurements, P50 values of 
non-flushed branches of 13 trees were compared to flushed 
branches of the same trees. 20 branches were harvested 
from site number 28 in August 2018 at the end of the 
sampling campaign, and 6 were collected from three other 
sites end of July in 2018.

Branch age

From the basipetal and acropetal end of the branch sam-
ples used for hydraulic measurements, semi-thin trans-
verse sections were cut with a sliding microtome (G.S.L.1; 
Schenkung Dapples, Zurich, Switzerland) and growth rings 
counted at ×100 magnification under a stereo-microscope 
(SteREOV20; Carl Zeiss MicroImaging GmbH, Göttingen, 
Germany) for estimating the age of the branch at both ends. 
For all subsequent analyses, we estimated the mean of the 
basipetal and acropetal branch age.

Statistical analyses

All statistical analyses were performed with the R version 
3.6.2 (R. Core Team 2019) in the framework of the tidyverse 
package (Wickham et al. 2019). Five separate linear mixed-
effects models were fitted with the R package lme4 v. 1.1-23 
(Bates et al. 2015) using Restricted Maximum Likelihood 
with P50, P12, P88, slope, and Ks as responses, fixed effects 
for CWB, AWC, CI, tree height, and branch age, and random 
intercepts for sites.

As precipitation averages over different timescales were 
highly correlated and as mentioned above, spring and grow-
ing-season precipitation were tightly associated with full-
year precipitation (Fig. S1), and data for potential evapo-
transpiration, which are needed for calculating CWB, are 
only provided from 1991 onwards; mean annual CWB of 
the period 1991–2018 was included in the models as the sole 
climate variable. As temperature directly influences potential 
evapotranspiration, it enters the model through CWB.

Ksij
= Kmaxj

⎛
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1 −

1

1 + exp
�
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�
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50j

��
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Data on branch age and slope of the vulnerability curves 
were log-transformed, and all numeric predictor variables 
were scaled by their standard deviations and centred around 
zero. Inference was based on Wald t tests with Satterth-
waite’s approximation to the degrees of freedom using R 
package lmerTest v. 3.1-2 (Kuznetsova et al. 2017). The mar-
ginal and conditional R2 (Nakagawa et al. 2017) were com-
puted based on R package MuMIn v. 1.43.17 (Bartón 2020).

To illustrate pairwise linear associations between vari-
ables, Pearson correlation analyses were carried out using 
the R package corrmorant v. 0.0.0.9007 (Link 2020). No 
problematic level of multi-collinearity was detected in the 
explanatory variables of the model, with all pairwise cor-
relations being well below 0.7 (Figure S3; cf. Dormann et al. 
2013).

To exclude a possible relationship between the mean and 
total leaf area or tree height and branch age, linear regression 
analyses were conducted using R function lm(). All leaves 
distal to the basal end of the segment used for hydraulic 
measurements were removed, a sub-sample was scanned, 
and the whole leaf area supported by the branch was calcu-
lated from the dry mass and area of the scanned leaves (for 
details, see Weithmann et al. 2022).

Results

Embolism resistance and hydraulic conductivity 
across trees and sites

The estimated P50 values of the branch xylem var-
ied markedly between the different sites, and also 
between trees within the same site (Fig.  2a). The aver-
age P50 of the 300 studied European beech branches was 
− 3.38 ± 0.02 MPa (mean ± SE), with site means ranging 
from − 3.84 ± 0.10 MPa to − 2.82 ± 0.09 MPa (Table S2). 
The maximal difference between P50 values among the ten 
trees per stand was 1.32 MPa. Mean P12 of the different sites 
ranged from − 3.03 ± 0.09 MPa to − 1.85 ± 0.09 MPa, and 
mean P88 from − 4.75 ± 0.09 MPa to − 3.69 ± 0.07 MPa, 
respectively. Specific conductivity (Ks) of the branch 
xylem ranged from 0.12 to 3.12 kg m−1 MPa−1 s−1 with site 
means varying between 1.14 ± 0.15 kg m−1 MPa−1 s−1 and 
1.95 ± 0.14 kg m−1 MPa−1 s−1 (Fig. 2b, Table S2).

Effect of climatic and soil variables on hydraulic 
safety and efficiency

According to the linear mixed-effects (LME) models, the 
climatic water balance (CWB) as a measure of the climatic 
water availability was unrelated to any of the variables 
related to hydraulic safety or efficiency (P12, P50, P88, slope, 
Ks, Table 2; see Table S3 for standard errors, degrees of 
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freedom and test statistics). The linear regression analyses 
that were carried out for visualization showed no significant 

relation of mean annual precipitation (MAP) or CWB and 
P50 in agreement with the LME results (Fig. 3a, b). However, 

Fig. 2   Box plots visualizing a P50 values and b specific conductivity (Ks) of branch segments of European beech in the 30 stands (10 trees per 
stand). Colours indicate mean annual precipitation (MAP, 1991–2018, data provided by DWD) of the different sites (see Fig. 1)

Table 2   Results from the linear mixed-effects models with fixed 
effects for climatic water balance (CWB), plant-available water 
capacity (AWC), tree height, branch age (log-transformed), and 
Hegyi competition index (CI), and random intercepts for site on the 

xylem pressures at 50%, 12%, and 88% loss of conductivity (P50, P12, 
and P88, respectively), the slope at the water potential at 50% loss of 
conductance (natural log-transformed), and specific conductivity (Ks; 
n = 298)

Est: parameter estimates; p: p-value for the null hypothesis that a fixed effects parameter is 0 (bold: significant on the 0.05 level)
See Table S3 for standard errors, test statistics, and degrees of freedom

P12 P50 P88 log(slope) Ks

Est p Est p Est p Est p Est p

Fixed parts
 (Intercept) − 2.655  < 0.001 − 3.381  < 0.001 − 4.107  < 0.001 1.049  < 0.001 1.536  < 0.001
 CWB 0.031 0.497 0.004 0.929 − 0.023 0.617 − 0.040 0.094 0.026 0.576
 AWC​ 0.089 0.053 0.086 0.041 0.083 0.078 0.000 0.941 0.046 0.321
 Tree height 0.010 0.773 0.000 0.988 − 0.011 0.697 − 0.024 0.009 0.823
 Br. age (log) 0.080 0.002 0.088  < 0.001 0.097  < 0.001 0.015 0.343 − 0.048 0.160
 CI − 0.024 0.340 − 0.011 0.541 0.003 0.893 0.016 0.197 0.022 0.510

Random part
 Site SD 0.205 0.199 0.228 0.118 0.175
 Residual SD 0.381 0.279 0.280 0.258 0.535
 Marginal R2 0.082 0.128 0.135 0.041 0.016
 Cond. R2 0.289 0.421 0.480 0.208 0.111
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we found a significant effect of the plant-available water 
capacity of the soil (AWC) on P50 (Table 2), a variable that 
introduces soil physics into the model and represents the 
soil water availability. Trees growing on sites with lower 
AWC developed a more negative P50 value (Fig. 3c), but 
both P12 and P88 as well as Ks were unaffected (Table 2). 
Mean annual temperature (MAT) and soil chemical proper-
ties, which were not included as model parameters, were not 
associated with P50 or Ks (Figure S2).

Influence of branch age, tree height, 
and competition on embolism resistance

We observed a highly significant effect of branch age on 
all three measures of embolism resistance (P12, P50, and 
P88). In contrast, branch age affected neither the slope of 
the vulnerability curve at the water potential at 50% loss 
of hydraulic conductance (slope) nor Ks (Table 2). The 
mean age of the studied branch samples (averaged between 
basipetal and acropetal end) ranged from 1.5 to 20.5 years 
(mean ± SE: 6.0 ± 0.2 years), even though branch diameter 
was roughly similar (Fig. 4a). Across the gradient, no effect 
of water availability on branch age was observed (Figure 
S6), and neither CWB nor AWC had a significant effect on 
branch age according to a linear mixed-effects model (data 
not shown). Despite considerable variability within the 
younger branch age classes, older branches showed higher 
P50 values and were less embolism resistant (Fig. 4b, c). In 
a sub-sample of 13 trees, we could confirm that the observed 
age effect was not a consequence of the flushing procedure. 
The constructed vulnerability curves of flushed and non-
flushed samples were comparable in their shape (Fig. 5a), 
and the estimated slope and P50 value did not differ between 
both treatments (Fig. 5b). Interestingly, no significant rela-
tionship between branch age and branch diameter or the 
degree of branch tapering (difference between basipetal and 

acropetal branch diameter) was found (R2 = 0.006 and 0.004, 
respectively; data not shown). Branch age at the basipetal 
end of the segments was significantly related to the age at 
the acropetal end, and mean branch age was significantly 
related to the difference between the age of the basipetal and 
acropetal end (Figure S4). No relationship between branch 
age and mean or total leaf area of the corresponding branch 
was observed, and branch age was not related to tree height 
(Figure S5). Neither the Hegyi competition index (CI) nor 
tree height showed a significant effect on xylem safety or 
efficiency (Table 2).

Variance decomposition

According to the results of the LME models, the explained 
variance of the fixed effects (CWB, AWC, CI, tree height, 
and branch age) was low (~ 13% for P50, Fig. 6). Differences 
between sites that could not be attributed to the fixed effects 
accounted for 29% of the variance in P50, while 58% of the 
variance resulted from differences between trees in a stand. 
The fraction of variance explained by the fixed effects and 
the random site effect increased from P12 and P50 to P88 
from 8 to 13%, and from 21 to 35%, respectively, whereas 
differences in slope and Ks were mainly attributable to unex-
plained differences between individual trees (79% and 89%, 
respectively).

No trade‑off between safety and efficiency

Pairwise linear correlations of the variables included in the 
models showed no relationship between P50 and Ks at the 
branch level despite considerable variation in P50 of 1 MPa 
(r = 0.06, Figure S3).

Fig. 3   a Mean annual precipitation (MAP), b climatic water balance 
(CWB), and c available water capacity of the soil (AWC) in relation 
to the xylem pressure at 50% loss of hydraulic conductance (P50). 
Given values are means ± SE per site; asterisks indicate the level of 

significance and R2 values the explained variance of the linear regres-
sion through the plot averages (*:  p < 0.05; ns: non-significant rela-
tionship). For  the significant relationship  in c, the linear regression 
line with its 95% confidence intervals is shown
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Discussion

Influence of climatic aridity and soil water 
availability on xylem safety and efficiency

We observed a high degree of intra-specific variability in 
the xylem pressure at 50% loss of hydraulic conductance 
(P50) of sun-canopy branches in mature European beech 
forests. Across the 30 studied sites in Central Europe, mean 
P50 varied from − 2.82 to − 3.84 MPa, which is similar 

to the range reported in earlier field studies (Herbette et al. 
2010; Stojnic et al. 2018). Xylem specific conductivity (Ks) 
likewise revealed a considerable intra-specific variability, 
with site means ranging from 1.1 to 2.0 kg m−1 MPa−1 s−1. 
Despite these pronounced differences in xylem safety and 
efficiency across sites, observed trait variability could nei-
ther be attributed to climatic water availability nor tree and 
stand structural variables, and the highest proportion of vari-
ance was caused by between-tree differences, especially in 
case of Ks. Although the fixed effects only explained 13% of 
the total variance in P50, we observed a significant influence 

Fig. 4   a Histogram showing the frequency of branch ages for the 
300 samples, as well as tree level linear regression of P50 against b 
log10-transformed mean branch age, and c log10-transformed mean 
branch age. Given are the means per given age ± SE, i.e., averaged 

values per corresponding growth ring, asterisks in b, c indicate the 
level of significance and R2 values the explained variance of the cor-
responding linear regression line (***: p < 0.001)

Fig. 5   Measured vulnerability 
curves of a flushed vs. c non-
flushed samples. Shown are 
observed PLC and the predicted 
vulnerability curves with their 
bootstrapped 95% confidence 
intervals overlaid with the aver-
age vulnerability curve (black) 
and the mean P50 (black dashed 
line). Further given are the b 
estimated slope and d P50 for 
the two treatments with the p 
values and summary statistics 
from a Kruskal–Wallis test 
comparing the two treatments
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of the plant-available water storage capacity (AWC) of the 
soil, i.e., soil physical properties that determine soil water 
availability in rainless periods and the flow resistance expe-
rienced by water-absorbing roots in drying soil. Based on 
earlier research that showed a more embolism-resistant 
xylem in European beech trees with higher drought expo-
sure (Schuldt et al. 2016; Stojnic et al. 2018), we expected 
that embolism resistance is influenced by both climatic and 
edaphic measures of water availability (CWB and AWC). 
This is also suggested by the studies of Wortemann et al. 
(2011) and Lübbe et al. (2017), who documented effects 
of water availability on embolism resistance in European 
beech, and by other work showing a high degree of hydraulic 
plasticity in this species (Herbette et al. 2010; 2020; Aranda 
et al. 2015, 2017; Nguyen et al. 2017; Noyer et al. 2017). 
To date, however, the existing evidence for an intra-specific 
increase in xylem safety with increasing climatic aridity 
in European beech is scarce (e.g., Schuldt et al. 2016; Sto-
jnic et al. 2018). In fact, most field studies on mature trees 
failed to detect the anticipated adaption of xylem safety to 
water availability at the intra-specific level in coniferous and 
broad-leaved (diffuse- or ring-porous) temperate tree species 

(e.g., Martínez-Vilalta et al. 2009; Martin-StPaul et al. 2013; 
Lamy et al. 2014; González-Muñoz et al. 2018; Rosas et al. 
2019). However, embolism resistance likely depends not 
only on the precipitation regime, but also on stand struc-
tural and edaphic properties. We originally assumed that 
Schuldt et al. (2016) found a clear climatic effect on P50 
mainly because soil and stand structure were well com-
parable across their rather local precipitation gradient (cf. 
Hertel et al. 2013; Müller-Haubold et al. 2013). Because 
this is usually not the case when larger regions are studied, 
we additionally included competition index (CI) and soil 
available water capacity (AWC) as fixed effects in the mixed 
models. In contrast to Schuldt et al. (2016), the precipitation 
gradient was steeper in our study (364 mm year−1 versus 
261 mm year−1, respectively) and the P50 variation across 
sites was consequently larger (1.02 MPa versus 0.33 MPa, 
respectively). As we did not find convincing evidence of 
a significant effect of climatic aridity, expressed through 
CWB, on embolism resistance, we conclude that soil physi-
cal properties that determine water storage capacity must 
be more important drivers for European beech. This seems 
plausible in regions where site differences in soil grain size 
distribution or soil depth cause considerable variance in soil 
water storage, which may outweigh gradients in summer 
precipitation. In our study, only beech stands on deep and 
predominantly sandy soils were included. A greater effect of 
AWC might be observed when stands on deep and shallow 
soils are compared, or sites that differ strongly in soil physi-
cal properties. However, our results are supportive for the 
assumption of Carminati and Javaux (2020) that the hydrau-
lic conductivity of the rhizosphere may be the primary driver 
of stomatal closure during drought. This would require a 
close coordination between root and rhizosphere conduct-
ance and xylem safety of sun-canopy branches.

Effects of neighbourhood composition and branch 
age on embolism resistance

Root competition between neighbouring trees may have a 
large effect on soil water availability, especially in periods 
with water deficits, as is visible in thinning experiments in 
forests (McDowell et al. 2006; Moreno and Cubera 2008). 
We therefore included Hegyi’s competition index as a fixed 
effect in the models to account for the social status of the 
individual in the stand, but an effect on embolism resistance 
did not appear. Tree height was another variable included in 
the analysis to account for the increase in gravitational force 
and friction with height in accordance with the hydraulic 
limitation hypothesis (Ryan et al. 2006), which predicts a 
vertical decline in P50 (cf. Burgess et al. 2006; Woodruff 
et al. 2008; Ambrose et al. 2009). In our study, tree height 
was largely comparable among the trees of a stand, but mean 
tree height varied by up to 13.3 m between sites. Yet, tree 

Fig. 6   Variance components of the linear mixed-effects models for 
P12, P50, P88, slope of the vulnerability curve at P50, and Ks with cli-
matic water balance (CWB), plant-available water capacity (AWC), 
tree height branch age, and Hegyi competition index (CI), as fixed 
effects, random site effects, and residual variability between individu-
als (see Table 2)
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height was unrelated to P50, and also unaffected by the cli-
matic and edaphic variability among the sites. A study on 
the xylem anatomy of the branches used for the hydraulic 
measurements revealed neither an effect of tree height on 
vessel diameter nor a relation between vessel diameter and 
P50 across our gradient (Weithmann et al., in review). Fur-
thermore, mean leaf area, which is related to vessel diameter 
at the petiole base (Olson et al. 2021), did not affect embo-
lism resistance or Ks (results not shown).

As suggested by Schuldt et al. (2016), we further consid-
ered branch age as a fixed factor to explain P50. The authors 
observed a highly significant positive effect of branch age on 
P50 in European beech, i.e., older branches were found to be 
less resistant. In European beech, an annual length increment 
in upper canopy branches of 17 cm year−1 has been reported 
(Hajek et al. 2015). This highlights the need for multi-aged 
branches for the construction of xylem vulnerability curves 
with the flow-centrifuge technique. In our study, the age of 
our similar-sized branches (mean ± SE: 8.9 ± 0.1 mm) ranged 
from 1.5 to 20.5 years (mean ± SE: 6.0 ± 0.2 years) and was 
the most influential factor affecting embolism resistance 
(P12, P50, and P88). The large variability in annual growth 
rate is likely driven by the specific microclimatic conditions 
at the position of the branch in the uppermost canopy. This 
assumption is supported by the fact that branch age was 
unrelated to water availability, tree height, and mean or total 
leaf area per branch. Nevertheless, branch age significantly 
affected vessel diameter variation, with smaller vessel diam-
eters found in older branches (Weithmann et al., in review). 
As older branches had smaller vessels and a lower embo-
lism resistance, we can exclude an indirect effect of vessel 
diameter variation on P50. We speculate that the observed 
age effect results from a “fatigue mechanism”, i.e., physi-
cal damage of the pit membranes due to embolisms occur-
ring either after drought (cavitation fatigue) or frost events 
(frost fatigue) (Hacke et al. 2001; Christensen-Dalsgaard and 
Tyree 2014; Zhang et al. 2018; Dai et al. 2020). In older 
branches of similar diameter, a higher portion of conduits 
has experienced frost or drought events during their life-
time. As a consequence of fatigue, however, we would have 
expected steeper vulnerability curves for older branches, but 
no relation of branch age to the slope of the vulnerability 
curves was observed. To ensure that vulnerability curves 
included all potentially functional xylem conduits rather 
than just the portion that was functional at the time of col-
lection, we flushed all samples prior to the construction of 
vulnerability curves as recommended by Hacke and Sperry 
(2001). This procedure should increase the comparability 
of branches harvested under different climatic conditions. 
However, to date, no widely accepted protocol exists as to 
whether xylem vulnerability curves should be constructed 
with flushed or non-flushed samples. To test whether flush-
ing is affecting the results of vulnerability measurements 

with a flow centrifuge, we investigated the effect of flushing 
in 80 multi-aged branches of four temperate diffuse-porous 
tree species. Although flushed samples had a significantly 
higher hydraulic conductivity, vulnerability curve param-
eters were unaffected by this treatment (Weithmann et al., 
in review). Similarly, we could not detect an effect of the 
flushing procedure on the estimated slope of the curve or the 
P50 value in 13 trees studied at one of our sites (Fig. 5). The 
flushing effect is hence unlikely to be the primary cause of 
the highly significant influence of branch age on embolism 
resistance. Rather, novel visualization techniques of in-situ 
embolism formation indicate that vessels in older annual 
rings embolize first during desiccation (Fukuda et al. 2015; 
Knipfer et al. 2019; Lemaire et al. 2020; Meixner et al. 
2020). Because all vessels were hydraulically functional in 
these studies, it remains unclear why older vessels are more 
vulnerable than younger ones. Possible explanations include 
frost fatigue or the potential coating of pit membranes by 
xylem sap surfactants (Schenk et al. 2021).

Intra‑specific trait variability

Consistent with previous studies, we observed a high degree 
of intra-population variability in xylem safety, which is 
unlikely to be caused by small-scale soil moisture varia-
tion and/or competition between neighbouring trees. Euro-
pean beech is known for a high degree of intra-population 
genetic variability (Wortemann et al. 2011; Aranda et al. 
2015; Hajek et al. 2016) and a high degree of within-crown 
plasticity of P50 has been reported for European beech 
(Cochard et al. 1999; Lemoine et al. 2002; Herbette et al. 
2010; Schuldt et al. 2016). We speculate that differences in 
light intensity and vapour pressure deficit within the crown 
of single trees experienced by given branches during their 
lifetime, as well as the observed correlation between branch 
age and P50, can well explain this heterogeneity. In field 
studies, it is hardly possible to control for these potentially 
influential factors. In our study, only similar-sized branches 
with a comparable number of lateral twigs (mean ± SE: 
6.3 ± 0.1 n) were sampled in the 30 stands. However, we 
observed neither a relationship between branch age and 
branch diameter nor the degree of branch tapering (differ-
ence between basipetal and acropetal segment diameter). 
This made it impossible to exclude older branches dur-
ing sampling. Furthermore, the growth conditions during 
the lifespan of branches are difficult to compare. The only 
option to reduce the high degree of intra-tree variability in 
embolism resistance is to sample a large number of repli-
cates from each tree, which reduces the number of stands 
that can be investigated and results in an additional nesting 
level and corresponding issues with pseudoreplication. Our 
study with 300 climbed trees on 30 sites reached the limits 
of field studies in terms of labour effort. Future studies on 
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within-crown variation, within-population variability, and 
ontogenetic change in P50 would help to assess the results of 
provenance and environmental gradient studies of embolism 
resistance in a broader context.

Besides the high intra-population variability, we also 
observed considerable between-population variability that 
was not explained by the fixed effects. For P50, 29% of the 
variance resulted from random differences between sites, 
which might be attributed to unobserved environmental 
variables, small-scale climatic deviations from long-term 
trends, or phylogenetic differences between populations. As 
we included a broad range of climatic and edaphic variables, 
it is unlikely that all of the unexplained between-popula-
tion variance is driven by unobserved environmental vari-
ables. However, the observed rapid response of beech ves-
sel properties to extreme climate conditions (Zimmermann 
et al. 2021) suggests that small-scale climate fluctuations 
may precipitate transient changes in embolism resistance at 
some sites. In either case, the magnitude of the unexplained 
between-population variability is indicative of a possible 
phylogenetic signal in embolism resistance, and may thus 
indicate a potential for the selection of more drought-resist-
ant genotypes.

Trade‑off between xylem safety and efficiency

Previous studies failed to detect any relationship between 
xylem safety and efficiency in European beech (Cochard 
et  al. 1999; Hajek et  al. 2016; Schuldt et  al. 2016). In 
accordance with these results, we did not find a relationship 
between P50 and Ks at the intra-specific level (see Fig. S3). 
At the inter-specific level, however, this trade-off has repeat-
edly been reported (e.g., Wheeler et al. 2005; Maherali et al. 
2006; Schumann et al. 2019; van der Sande et al. 2019). It 
is not yet understood why intra-specific studies commonly 
fail to detect this anticipated relationship (cf. Tyree et al. 
1994), while inter-specific studies often confirm it. One may 
speculate that due to the restricted range in vessel diameter 
variation and embolism resistance found in intra-specific 
studies, they often lack the power to detect such a relation. 
Furthermore, vessel diameter is only indirectly related to 
embolism resistance through its relatedness to inter-vessel 
pit membrane thickness (Isasa et al. unpublished). As shown 
by a modelling approach, this ultra-structural wood trait, in 
combination with the number of pits per vessel, is directly 
affecting xylem embolism resistance (Kaack et al. 2021). 
In either case, when comparing relationships at the within- 
and between-species level, there is a risk of succumbing to 
ecological fallacies, i.e., using conclusions from between-
group relationships to draw inferences on within-group rela-
tionships or vice versa. The driving forces for differences 
on the two levels of aggregation are likely very different, 
with between-species differences being driven by natural 

selection for trait combinations associated with different 
drought resistance strategies, and within-species differences 
to a large degree mirroring ontogenetic changes that often 
reflect relatively static allometric scaling rules. Accordingly, 
the existence of an inter-specific trade-off thus does not nec-
essarily imply the existence of a within-species relationship.

Conclusion

To our knowledge, this study provides the largest intra-
specific dataset on the xylem safety and efficiency of a 
tree species across a climatic gradient available so far. 
European beech, the most important tree species of Central 
Europe’s natural forest vegetation and an important timber 
species, seems to be vulnerable to climate warming-related 
drought and heat events. This became widely evident dur-
ing the extreme 2018/19 drought event, when exception-
ally low foliar water potentials crossing the threshold for 
xylem hydraulic failure were observed at various sites in 
Central Europe (Schuldt et al. 2020; Walthert et al. 2021). 
Understanding to what extent European beech is capa-
ble of acclimating its branch hydraulic system to achieve 
greater drought tolerance is therefore of high importance.

In our gradient study, P50 differed by 1 MPa across the 
sites, but this intra-specific trait variability was neither 
related to changes in the climatic water balance nor to tree 
height or neighbourhood composition. Instead, soil water 
availability as approximated by the soil capacity for plant-
available water was the most important determinant, even 
though the explained variance was small. The expected 
increase in embolism resistance towards drier sites as a 
result of adaptation or acclimation to drought could therefore 
only partly be confirmed. Branch age was, however, the by 
far most important single factor influencing xylem embolism 
resistance, which is unrelated to any site or stand attribute. 
A much greater proportion of variance in P50 is attributable 
to phenotypic or genotypic variation between tree individu-
als and assumable to variation across the crown. Certainly, 
the considerable hydraulic plasticity within European beech 
populations may represent a solid basis for selection pro-
cesses. However, the weak influence of water availability 
on xylem safety indicates that the relevant xylem anatomical 
traits may be more controlled by factors other than drought, 
and xylem safety might not be a promising factor for identi-
fying more drought-resistant provenances.
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