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Abstract
& Key message In the five temperate tree species, leaf turgor loss point and the stringency of stomatal regulation are not
related to each other and to the drought sensitivity of radial growth, suggesting that additional factors exert a large
influence on the species’ drought tolerance.
& Context How trees are responding to drought will largely determine their fitness and survival in a warmer and drier world.
Much of our understanding of the drought response strategies of woody plants has been based on the study of either plant
hydraulics or leaf water status dynamics or stomatal behavior, while the interaction of these components is less often studied.
& Aims To examine the relatedness of leaf tissue osmotic and elastic properties to the isohydry–anisohydry syndrome in adult
trees of five co-occurring broadleaf tree species (Acer pseudoplatanus L., Carpinus betulus L., Fagus sylvatica L., Fraxinus
excelsior L., and Tilia cordata Mill.), which differ in the stringency of stomatal regulation.
& Methods Adult trees of the five species were accessed with a mobile canopy lift and pressure–volume (p-v) curves of sun leaf
tissue analyzed for species differences and seasonal change in p-v curve parameters. The extent of seasonal fluctuation in daily
leaf water potential (Ψl) minima served to position the species along the isohydry-anisohydry continuum.
& Results The five species differed greatly in the bulk modulus of elasticity (ε) (12 MPa to 33MPa) and, to a lesser extent, in leaf
water potential at turgor loss (πtlp) (− 2.3 MPa to − 2.9 MPa), exhibiting species-specific combinations of p-v parameters with the
extent ofΨl fluctuation. However, πtlp and ε were only weakly, or not at all, related to the species’ position along the isohydry–
anisohydry continuum. Anisohydric Fagus sylvatica with high ε and relatively low πtlp had a more drought-sensitive radial
growth than the fairly isohydric Tilia cordata with low ε and relatively high πtlp.
& Conclusion The five coexisting tree species exhibit largely different drought response strategies, which are partly determined
by species differences in leaf tissue elasticity and the stringency of stomatal regulation.

Keywords Anisohydry . Acer pseudoplatanus . Carpinus betulus . Fagus sylvatica . Fraxinus excelsior . Isohydry . p-v curve
analysis . Tilia cordata

1 Introduction

When exposed to water deficits, plants exhibit a variety of
response strategies, which include biochemical, physiological,
and anatomical adjustments targeted at maintaining metabolic
activity under drought stress (Kramer and Boyer 1995; Blum

2016). Trees as long-lived organisms are especially vulnerable
to water scarcity, and recent reports about climate warming–
related tree dieback in many regions of the world have trig-
gered growing scientific interest in the drought response of
trees (van Mantgem et al. 2009; Lakatos and Molnar 2009;
Allen et al. 2010).

Trees can adjust their water consumption and hydraulic
safety through the coordination of stomatal regulation and
adaptive modification of the hydraulic system (Sperry 2000;
Choat et al. 2012; Schuldt et al. 2016). Partial stomatal closure
triggered through physical and chemical signals is a short-
term response to water deficits, enabling the plant to avoid
turgor loss and critically low water potentials, which may
cause hydraulic failure and reduced cell growth rates and,
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eventually, can lead to plant death. Different tree species differ
considerably in the stringency of stomatal regulation (Klein
2014; Meinzer et al. 2017), which has implications for
balancing carbon gain with water loss. Tardieu and
Simonneau (1998) introduced the distinction between
isohydric species, which maintain a fairly constant minimum
leaf water potential (Ψl) through sensitive stomatal regulation,
from anisohydric species, which allow marked drops in Ψl

with increasing evaporative demand and decreasing soil water
potential (Ψs). Isohydric species have been hypothesized to
close stomata earlier during water deficits and, consequently,
to depend more on stored carbohydrates to meet continued
carbon demands, while anisohydric taxa should be more vul-
nerable to hydraulic failure, as stomata close later and plants
reach more negative xylem water potentials (McDowell et al.
2008; Mitchell et al. 2012; Martinez-Vilalta and Garcia-
Forner 2017). In a certain sense, isohydry/anisohydry relates
to the concept of stress avoidance and tolerance introduced by
Levitt (1972) in that isohydric species avoid drought strain
through strict stomatal control (Bwater savers^) or improved
water uptake (Bwater spenders^), while anisohydric species
achieve partial drought tolerance through biochemical and
physical adaptations at the leaf and xylem levels. Recent stud-
ies with multiple species suggest that isohydry versus
anisohydry represents extremes of a continuum of stomatal
regulation patterns rather than two opposing strategies, and
species may be ranked according to their degree of
isohydry–anisohydry (Klein 2014). A similar continuum
may exist for the strategies of drought stress avoidance and
tolerance.

Besides species differences in stomatal regulation, plants
vary largely in the osmotic and elastic properties of leaf
tissues (Abrams and Kubiske 1990; Bartlett et al. 2012).
Cell turgor is the best recognized indicator of plant drought
stress, as it impacts on cell enlargement, cellular structural
integrity, photosynthesis, and other metabolic processes
(Kramer and Boyer 1995). Consequently, leaf water poten-
tial at turgor loss (Ψtlp or πtlp) has widely been used as a
measure of the drought tolerance of plants (Bartlett et al.
2012). Plants with low πtlp tend to maintain stomatal con-
ductance, photosynthesis, hydraulic conductance, and
growth at lower Ψs than plants with higher πtlp (Mitchell
et al. 2008; Blackman et al. 2010). Strategies to cope with
seasonal water scarcity at the cellular level are to reduce
πtlp through the accumulation of osmotically active com-
pounds in the cell or to alter the elasticity of cell walls in
order to maintain turgor (Hsiao 1973; Clifford et al. 1998;
Lambers et al. 2008). The existing studies indicate large
species differences in the capability of osmotic and elastic
adjustment among woody plants (Kozlowski and Pallardy
2002; Sanders and Arndt 2012), but it is not entirely clear
how these differences relate to the stomatal control patterns
(isohydry–anisohydry).

For a full understanding of the drought response of trees, the
relationship between stomatal control of water loss and leaf
water potential fluctuation is crucial, as gas exchange and plant
hydraulics are tightly coordinated across species, with implica-
tions for hydraulic safety and survival during drought (Meinzer
2002; Mencucchini 2003; Brodribb et al. 2014). Numerous
studies have investigated the dynamics of leaf water relations
and stomatal regulation of temperate tree species with the aim
to identify species differences in drought response strategies
and to rank the species according to their drought sensitivity
(Abrams 1991; Köcher et al. 2009; Meinzer et al. 2014, 2017).
However, species rankings may differ in dependence on the
trait investigated and the scale considered. Sensitivity rankings
based on stomatal regulation, the fluctuation of leaf water po-
tential and turgor, embolism resistance, or the extent of radial
growth reductions likely will give different results. The inves-
tigation of different ontogenetic stages of a tree further adds to
this variation. Most studies on the leaf-level water status and
stomatal regulation of woody plants were conducted with seed-
lings and saplings, the results of whichmay not be applicable to
adult trees. The drought adaptation strategies of adult trees have
only rarely been compared among different temperate species
that coexist under the same climatic and edaphic conditions;
examples are the studies of Abrams (1991), Köcher et al.
(2009), and Leuzinger et al. (2005).

Here, we present the results of a comparative study of leaf
osmotic and elastic properties and leaf water status dynamics of
five temperate broadleaf tree species (Acer pseudoplatanus,
Carpinus betulus, Fagus sylvatica, Fraxinus excelsior, and
Tilia cordata) growing in a temperate mixed forest. The species
are from different families and vary in wood density, canopy
architecture, xylem anatomy and hydraulic architecture (dif-
fuse- vs. ring-porous), leaf size and morphology, and mycor-
rhizal type (ectomycorrhiza (ECM) vs. arbuscular mycorrhiza
(AM)), suggesting that they may have developed different
drought response strategies (Table 1). In fact, ecophysiological
and dendroecological studies demonstrated that the species dif-
fer in the stringency of stomatal regulation and the drought
sensitivity of growth (Köcher et al. 2009; Zimmermann et al.
2015). According to stomatal conductance measurements, the
five species occupy different positions along the isohydry–
anisohydry continuum (Köcher et al. 2009).

Against this background, we analyze pressure–volume (p-
v) curves from sun canopy leaves of adult trees, using a mo-
bile canopy lift. To characterize the species’ drought response
strategy, we not only refer to the stomatal regulation behavior
(isohydry–anisohydry) but also use the extent of drought-
induced reduction in radial growth for assessment. By relating
p-v curve parameters and their seasonal variation to the spe-
cies’ drought response strategy, we test the statement of
Bartlett et al. (2012) that πtlp is the trait quantifying the spe-
cies’ drought tolerance most directly. We address three main
research questions: (i) Do the co-occurring species differ in p-
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v parameters in relation to their water use strategy and drought
sensitivity of growth? (ii) Is there seasonal variation in osmot-
ic and elastic traits that assists the drought tolerance strategy?
(iii) What are the species-specific strategies to tolerate
drought?

2 Materials and methods

2.1 Study site and tree species

The study was carried out in summer 2009 in a temperate
mixed deciduous broadleaf forest in the Hainich National
Park (7610 ha), located in western Thuringia, Central
Germany (51° 04′ N, 10° 30′ E). The Hainich forest is one
of the largest non-fragmented broad-leaved forests of Central
Europe (Hiekel et al. 2004), which, in many parts, has been
managed through an extensive selection cutting system,
resulting in a relatively natural forest structure and a high tree
species richness for Central European standards. The mean
annual precipitation of the study region is 590 mm, and the
mean annual temperature is 7.5 °C (1973–2004) (Deutscher
Wetterdienst 2005). Partly stagnic Luvisols are the dominant
soil type that developed in Pleistocene loess on Triassic lime-
stone as bedrock (Guckland et al. 2009).

Five widespread tree species from different families were
chosen for the study of leaf water status and pressure–volume

curve parameters in the canopy of adult trees, i.e., sycamore
maple (Acer pseudoplatanus L.), European beech (Fagus
sylvatica L.), European ash (Fraxinus excelsior L.),
European hornbeam (Carpinus betulus L.), and little-leaf lin-
den (Tilia cordata Mill.). All mentioned species reach > 10%
cover in the Hainich mixed forest. During the summer of
2009, leaf and shoot samples were taken from each three to
four individuals per species, which grew together in a forest
patch of ca. 0.5 ha. Data on the drought sensitivity of radial
growth of Zimmermann et al. (2015) point at a decreasing
drought tolerance in the sequence F. excelsior >C. betulus >
T. cordata > A. pseudoplatanus > F. sylvatica. The five species
also differ with respect to mycorrhiza type (three ECMvs. two
AM species), xylem anatomy (four diffuse-porous vs. one
ring-porous species), and wood density (490–790 kg m−3),
traits with potential influence on tree water relations
(Table 1). Thus, the coexisting species in the Hainich mixed
forest represent largely different tree functional types.

We selected dominant trees reaching the upper canopy
(24.3–33.7 m in height, Table 1), which grew at a maximum
distance of 100 m to each other. From tree ring data and forest
history records, the age of the trees is estimated to be 80–
120 years (Gebauer et al. 2008). To access sun canopy branches
and leaves, we used a mobile lift (model DL30; Denka-Lift AS,
Denmark) that reaches a maximum height of 30 m and can
move on forest access tracks. This allowed accessing the sun
canopy of 17 tree individuals of different species in due time.

Table 1 Functional and morphological traits of the five studied tree species according to Bartels (1993), Hölscher et al. (2002), Köcher et al. (2009),
and Ellenberg and Leuschner (2010)

Fraxinus excelsior Acer pseudoplatanus Carpinus betulus Tilia cordata Fagus sylvatica

Family Oleaceae Sapindaceae Betulaceae Malvaceae Fagaceae

Successional status Early/mid Mid/late Mid/late Mid/late Late

Wood density (kg m−3) 650 590 790 490 680

DBH (cm) 35.2–41.2 38.6–76.4 35.3–51.9 41.3–62.9 40.8–50.4

Tree height (m) 26.9–28.1 26.8–33.7 24.7–27.9 24.3–31.7 28.2–32.1

Minimum light demand of shade leaves1 10 5 2.5 3 < 1

SLA (cm2 g−1)2 144 164 229 291 184

Stomatal regulation pattern3 Anisohydric Isohydric Isohydric to anisohydric Fairly isohydric Anisohydric

Drought sensitivity of radial growth4 5 2 4 3 1

Type of mycorrhiza AM AM ECM ECM ECM

Xylem anatomy5 Ring Diffuse Diffuse Diffuse Diffuse

n (trees) 3 3 4 3 4

The number of tree individuals sampled and biometric data (DBH, tree height) of these trees are also given

AM vesicular-arbuscular mycorrhiza, ECM ectomycorrhiza
1 Light intensity at the height of the lowest shade leaves relative to incident light intensity according to Leuschner and Ellenberg (2017)
2 Sun leaves (after Leuschner and Ellenberg 2017)
3 Species’ position along the isohydry - anisohydry continuum according to seasonal leaf water potential variability as depicted in Fig. 2
4 Species ranking of drought sensitivity according to dendrochronological data from the Hainich forest and other mixed forests in Central Germany after
Frech (unpublished) and Zimmermann et al. (2015) (1, most sensitive; 5, least sensitive)
5 Ring-porous, diffuse-porous
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2.2 Climate variables and soil hydrological
measurements

Air relative humidity (RH) and air temperature (T) were mon-
itored in the upper canopy of the stand (ca. 2 m below the
canopy surface) with a Rotronic temperature and humidity
probe (MP100A Hygromer; Rotronic, Ettlingen, Germany).
Measurements were taken every 30 s with a Campbell
CR1000 data logger (Campbell Scientific Ltd., Cambridge,
UK) and stored as half-hourly means. Hourly values of global
radiation (I) and precipitation (P) were obtained from the near-
by (2 km) Weberstedt/Hainich meteorological station
(Meteomedia GmbH).

Volumetric soil water content (Θ) was recorded two times a
day (0000 hours and 1200 hours) with time domain reflectom-
etry probes (CS616 Water Content Reflectometer; Campbell
Scientific Ltd., Cambridge, UK) installed at three soil depths
(10 cm, 30 cm, and 50 cm) in a soil pit close to the 17 trees.
Soil matrix potential (Ψs) was calculated with the program
Rosetta Lite (version 1.2) (Schaap et al. 1998) from the soil
water content data at 10 cm soil depth, using information on
the grain size distribution of the soil. For further measuring
details, see Köcher et al. (2012a).

2.3 Establishment of pressure–volume curves

Pressure–volume curves were established on three occasions
during the vegetation period between early June and late
September 2009, using a pressure chamber (M600; PMS
Instrument Company, Albany, USA) applying the
overpressurization technique (Tyree and Jarvis 1982). The first
sampling period (June 6–July 1) was in a moist early summer
period; the second (July 24–August 5), during a longer mid-
summer dry spell; and the third (September 15–21), in a moist
late summer period. The different individuals of a species were
sampled in a rotating scheme, so that the species were measured
roughly at the same time. On each occasion, five to six exposed,
terminal leaves or shoots from the sun canopy (i.e., one to two
samples per tree) were collected from three or four different trees
per species that were similar in diameter and height (for the
number of replicate trees, see Table 1). The leaves of
C. betulus, T. cordata, and F. sylvatica had too short petioles
for being inserted into the pressure chamber; we alternatively
measured small terminal shoots in these species. In case of
F. excelsior, the whole compound leaf was measured.
Following the protocol given by Koide et al. (2000) and
Prometheuswiki (2018), the leaves or shoots were collected dur-
ing the afternoon, wrapped in plastic bags and brought to the
laboratory, re-cut under water, and hydrated to near-
maximum turgor in tap water, while kept cool in the dark.
Care was taken to prevent leaf oversaturation by detecting
eventual water outflow form the sample, when water po-
tential was equal to zero (Kubiske and Abrams 1991). On

the next day, the samples were either processed or kept
cool at 6 °C until being processed within 72 h. Up to four
pressure–volume curves were generated simultaneously
using four pressure chambers in parallel.

To determine initial fresh weight, samples were re-cut
again, dried with tissue paper, weighed to 1 μg, and immedi-
ately placed in the pressure chamber to measure the initial
water potential. The chamber was lined with moist cloth to
reduce evaporative water losses. The pressure in the chamber
was then increased to 0.4 MPa and kept at this level for
10 min, while the expressed sap was collected in a small vial
filled with cotton wool. Subsequently, the pressure was re-
leased to allow symplast and apoplast to equilibrate again
for 10 min. This procedure was repeated in pressure steps of
0.3MPa until 2.5MPawas reached. Between 2.5 and 3.3MPa
(final value), the steps were reduced to 0.2 MPa to achieve a
higher resolution in the linear part of the pressure–volume
curve. To calculate the amount of expressed sap, the vials were
weighed with an accuracy of 0.1 mg before and after
collecting the sap. Finally, leaves and shoots were dried at
70 °C for 48 h to determine dry weight.

The following parameters were derived from the
pressure–volume curves (plot of water potential (− 1/Ψ in
MPa) vs. 100 − total relative water content (RWC, in %))
(Koide et al. 2000): osmotic potential at full turgor (π0) and
at turgor loss point (πtlp), relative water content (symplastic
water) at full hydration (RWC0), relative water content at
turgor loss point (RWCtlp), symplastic water fraction (SWF)
at full turgor, the bulk modulus of tissue elasticity (ε0), and
relative capacitance at full turgor (C0). π0 is the osmotic
potential at 100 − RWC = 0, πtlp is the osmotic potential at
which turgor (ΨP) is zero and bulk leaf water potential is
equal to osmotic potential, RWC0 is the saturation water
content, and RWCtlp is the relative water content at which
bulk leaf water potential is equal to osmotic potential.
RWCtlp was estimated by regression analysis using maxi-
mum r2 as a criterion. ε0 is obtained from the quotientΔΨP/
ΔRWC, measured for the first data points, starting with full
turgor and calculated for symplastic water content; C0 is
calculated as ΔRWC/ΔΨ between full turgor and turgor
loss point. For calculating ε0, standard major axes were used
(Sokal and Rohlf 1995). Saturation water content gives the
mass of water per leaf dry mass (g g−1) at full saturation (full
turgor); the symplastic water fraction at full turgor is the
proportion of symplastic water in total water at saturation
(i.e., 1 − apoplastic water fraction).

2.4 Leaf water potential measurement

For relating the p-v curve parameters to leaf water potential
data measured under field conditions in the adult trees, we
used the extensive data set collected by Köcher et al.
(2012b) in this stand during summer 2008. On three occasions
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in summer 2008 (early July, early August, mid-September),
daily leaf water potential minima (Ψmin) were derived for the
five species from pressure chamber (M600; PMS Instrument
Company, Albany, USA) measurements conducted between
1100 hours and 1400 hours in sun canopy leaves or shoots
using the canopy lift. Per measuring date, five to six trees
per species with each four samples per tree were investi-
gated. We sampled the same trees that were used for p-v
curve analysis, plus additional trees in the neighborhood.
For further methodological details, see Köcher et al.
(2012b). A corresponding measuring campaign had been
conducted in the drier summer of 2006. Unfortunately, we
were unable to collect Ψmin data in 2009 during the inten-
sive p-v measuring campaign.

2.5 Statistical analysis

We used the individual trees as statistical units (p-v curves:
n = 4 trees for C. betulus and F. sylvatica and n = 3 for the
other species; leaf water potential measurement: five to six
trees per species), while leaf and branch samples collected
on the same tree were considered as pseudo-replicates (one
to four samples per tree). Regression analyses between soil
and leaf water potentials were performed with the program
Xact 7.20g (Scilab GmbH, Hamburg, Germany). The R
software environment (version 3.3.3; R Core Team, 2017)
was used for all other statistical analyses. Linear mixed ef-
fects models were calculated for comparing p-v curve traits
among the species using the lme() function of the package
nlme (Pinheiro et al. 2018). In these runs, we introduced the
replicate tree individuals of a species and seasonality as
random factors and used a nested design to include replicate
measurements on the tree level to account for pseudo-repli-
cation. To test for seasonal differences in p-v curve traits, we
run lme models separately for the five species using sam-
pling date as a fixed effect factor and tree individual as a
single random factor. The conditional residuals of all
models were examined for normal distribution and homo-
geneity of variances using diagnostic plots. In case of dis-
cernable heteroscedasticity, lme models were adjusted by
incorporating a weighted identity variance structure related
to the fixed factor (VarIdent) as recommended by Zuur et al.
(2009) to satisfy the model assumptions. Multiple compar-
isons of means among species or sampling dates per species
were carried out post hoc using Tukey’s HSD tests by ap-
plying the glht() function of the package multcomp. Rank-
transformed seasonal means of RWCtlp, ε, andΨtlp and sea-
sonal minima of leaf water potential (Ψmin) were correlated
against each other and against the drought tolerance ranking
and the isohydric–anisohydric behavior (expressed in cate-
gories 1 to 5) of the five species using the Spearman rank
correlation.

3 Results

3.1 Weather and soil moisture conditions

The summer 2009 received average rainfall amounts without
severe dry periods, but moderate soil water deficits in late
summer. Between the end of July and September 12, less than
80 mm of rain was recorded and topsoil moisture decreased
toward Ψs minima of about − 0.14 MPa, indicating moderate
topsoil desiccation in this period (Fig. 1). Maxima of daily
mean temperature reached 22 °C in late August, when peak
atmospheric saturation deficits of 2 kPa (daily mean) were
reached in the upper canopy.

3.2 Leaf water potential fluctuation

According to measurements in the canopy in the moist summer
of 2008, diurnal minima of sun leaf water potential (Ψmin) dif-
fered among the five species with respect to absolute height and
seasonal amplitude. Lowest minima (<− 3.0 MPa) and, by far,
the largest seasonal variation inΨmin were recorded in the ring-
porous species F. excelsior, while A. pseudoplatanus exhibited a
remarkably stable leaf water potential with daily minima always
above − 1.0MPa (Fig. 2). F. sylvatica also reached low potential
minima (< − 2.5 MPa) in drier periods but maintained relatively
low Ψmin in moist periods as well (always < − 1.4 MPa). The
Ψmin range of C. betulus and T. cordata was intermediate be-
tween that of F. sylvatica and that of A. pseudoplatanus, but
C. betulus regularly reached lower Ψmin values in dry periods
than T. cordata. From the seasonal variation in ΨL, we consid-
ered F. excelsior and F. sylvatica to be anisohydric species,
C. betulus as following an intermediate strategy between iso-
and anisohydric, T. cordata as being fairly isohydric, and
A. pseudoplatanus to be an isohydric species at this site. A
significant positive relationship between Ψmin and Ψs was only
observed in F. sylvatica, while F. excelsior, C. betulus, and
T. cordata showed no relation and A. pseudoplatanus even a
negative one (Fig. 2). Measurements in the drier summer 2006
showed similar species differences in the seasonalΨmin variation
as in 2008 (Fig. 2), but A. pseudoplatanus reached lower Ψmin

values in this summer.

3.3 Pressure–volume curve parameters

The osmotic potential at full turgor (π0) was highest (least
negative) in T. cordata (seasonal mean − 1.5 MPa), interme-
diate in A. pseudoplatanus (− 1.7 MPa), and lowest in
F. sylvatica, C. betulus, and F. excelsior (− 1.9 to − 2.1;
Fig. 3a). The osmotic potential at turgor loss point (πtlp)
was highest in A. pseudoplatanus and T. cordata (− 2.2
and − 2.3), intermediate in F. sylvatica (− 2.6), and lowest
in C. betulus and F. excelsior (− 2.7 and − 2.9; Fig. 3b). The
seasonal change in πtlp and π0 ranged between 0.1 and
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0.5 MPa in all species, with three species showing a signif-
icant decrease from June/July to August or September

(T. cordata, F. sylvatica, and F. excelsior), one species re-
vealing no change (C. betulus) and another one an increase

Fig. 1 a Seasonal course of mean daily relative air humidity (RHmean)
and daily totals of global radiation (Itot). b Daily mean air temperature
(Tmean) and daily mean vapor pressure deficit (Dmean). c Soil water
content (Θ) at three soil depths (10 cm, 30 cm, 50 cm) and daily

precipitation (P). d Soil matrix potential (Ψs) at 10 cm soil depth in
summer 2009 in the Hainich forest. The gray bars at the figure bottom
show the periods of p-v curve analysis

Fig. 2 Daily means of midday
leaf water potential (ΨL) in
relation to the soil matrix potential
(Ψs) at 10 cm depth in the five tree
species in summer 2006 and
summer 2008. The number of
replicates in 2006 is one to two
trees per species with four
samples per tree, and that in 2008
is four to six trees per species with
four samples per tree. For
significant relationships including
all values (2006 and 2008), the
coefficient of determination (r2)
and the p value are given
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(A. pseudoplatanus). Larger species differences than for πtlp
were found for the bulk elastic modulus at maximum turgor
(ε0) (Fig. 3). Lowest values were measured in sun leaves of
T. cordata, indicating cell walls with moderate elasticity (ca.
10 MPa), while F. excelsior and A. pseudoplatanus (about
20 MPa) and C. betulus (28 MPa) had significantly higher
ε0 values. The stiffest cell walls (ε0 > 30 MPa) were found in
F. sylvatica. All species showed tendencies for a ε0 increase
by 3–10 MPa from June/July to August or September (sig-
nificant in F. excelsior and A. pseudoplatanus). In corre-
spondence, the relative capacitance (C0) ranged between
0.06 and 0.10 MPa−1 in all species except for T. cordata
with its much more elastic leaves (0.17–0.23; Fig. 3d).

According to the Spearman rank correlation analysis,Ψmin

was significantly correlated with πtlp across the species sample

(p = 0.018; Table 2). Further, species with a more anisohydric
behavior tended to display lower πtlp (p = 0.09) and higher
RWCtlp (p = 0.054). However, neither πtlp nor RWCtlp or
Ψmin was significantly related to the drought tolerance ranking
of the species as derived from radial growth. No relation
existed between πtlp and ε (p = 0.87).

Leaf tissue water content at full turgor (saturation water con-
tent) was highest in its growing season mean (June–September
2009) in F. excelsior and T. cordata and lowest in C. betulus
(Fig. 4a in the Appendix). Relative water content at turgor loss
point (RWCtlp) was lowest in T. cordata (mean of vegetation
period = 0.81); reached intermediate values in F. excelsior,
A. pseudoplatanus, andC. betulus (0.85–0.86); andwas highest
in F. sylvatica (0.89; Fig. 4b). RWCtlp increased from June to
September by 3–9% in all species except in T. cordata (Fig. 5).

Fig. 3 Osmotic potential a at full turgor (π0) and b at the turgor loss point
(πtlp) of sun canopy leaves in the five studied tree species in June/July,
August, and September. c Bulk tissue modulus of elasticity at full turgor
(ε0). d Relative capacitance of sun canopy leaves in the five studied tree
species in June/July, August, and September. ε0 was calculated for the
symplastic water content according to Koide et al. (2000). Each bar

represents the mean value ± SE of three to four tree individuals per
species. The numbers indicate the mean values of each species over all
dates. Different small letters indicate significant differences between pe-
riods (June/July, August, and September), and different capital letters
indicate significant differences between tree species averages over the
growing season (p < 0.05)
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Symplastic water fraction reached the highest growing season
mean in A. pseudoplatanus (0.7); intermediate mean values in
F. excelsior, C. betulus, and T. cordata; and the lowest mean in
F. sylvatica (0.45); seasonal variation was large in F. excelsior,
but not in the other species (Fig. 4c).

4 Discussion

Our results demonstrate considerable species differences in p-
v curve parameters among the five tree species from different
families, even though they coexist in the same community
under similar hydrologic and climatic conditions. This may
indicate that alternative drought tolerance strategies have de-
veloped in response to similar climate conditions, or it could
reflect responses of the species’ ancestors to contrasting evo-
lutionary and environmental drivers other than recent drought
exposure, such as past climatic conditions, nutrient availabil-
ity, or herbivory.

The explicit focus on adult trees distinguishes this study
from many earlier investigations on the leaf water status dy-
namics of temperate trees, which mostly examined seedlings or
saplings. Many plant traits change markedly during tree ontog-
eny, among them rooting depth, fine root system size, hydraulic
efficiency in the root-to-leaf pathway, and plant internal water
storage (Leuschner and Meier 2018). Stand microclimate as an
external determinant of plant water status is also different.
Juvenile and adult trees thus are exposed to contrasting mois-
ture regimes in soil and atmospheric and, consequently, should
regulate leaf water relations differentially (Kramer and Boyer
1995; Cavender-Bares and Bazzaz 2000). Simple extrapolation
of leaf water status data from seedlings or saplings to adult trees
may not be possible, as is shown for this species sample by the
sapling study of Lübbe et al. (2017).

4.1 Species differences in p-v curve parameters
in relation to isohydry/anisohydry and growth
responses

The largest absolute species differences were found for ε,
which differed about threefold (ca. 10 MPa vs. 30 MPa)
between T. cordata with elastic cell walls and F. sylvatica
with stiff walls. However, ε was neither related to the
stomatal control nor related to the drought sensitivity of
radial growth in our species sample. The species differ-
ences in πtlp were less pronounced than those in ε (species
means: about − 2.0 to − 3.0 MPa). Nevertheless,
anisohydric species tended to have lower πtlp than
isohydric species (r = − 0.82, p = 0.09). In accordance with
expectation, anisohydric F. excelsior and F. sylvatica had
the lowest πtlp, while isohydric A. pseudoplatanus had the
highest. This relates to the observed Ψmin values and
matches the assumed alignment of isohydric species with
a drought avoiding, and anisohydric species rather with a tol-
erating strategy. However, πtlp was not related to the drought
sensitivity of growth of the species: taxa with particularly low
πtlp were either very sensitive (F. sylvatica) or insensitive
(F. excelsior) to water deficits in their long-term growth record
(Zimmermann et al. 2015). The high turgor loss point of
A. pseudoplatanus (~ − 2.2 MPa) is in accordance with the
assumed relatively high drought sensitivity of this species.
However, the high πtlp of T. cordata does not fully match with
the only moderate drought sensitivity of growth of this spe-
cies, suggesting a water-spending avoidance strategy
(Ellenberg 1996; Aasamaa et al. 2004; Köcher et al. 2009;
Leuschner and Ellenberg 2017). It appears that neither the
isohydry/anisohydry concept nor the assignment of species
to drought avoiders/tolerators and water spenders/savers is
necessarily linked to the growth performance at water deficits,
i.e., tree fitness under stress.

Table 2 Correlation matrix for four physiological traits (relative water
content at turgor loss point, osmotic potential at turgor loss point, bulk
elastic modulus, and recorded minimum leaf water potential; means over

all measurements) and the drought sensitivity of radial growth and the
stomatal regulation patterns observed in the five species

RWCtlp Ψtlp ε Ψmin Stomatal regulation
pattern

Drought sensitivity
of growth

RWCtlp − 0.60 (0.28) − 0.70 (0.19) − 0.80 (0.10) 0.87 (0.05) 0.10 (0.87)

Ψtlp 0.10 (0.87) 0.90 (0.038) − 0.82 (0.09) − 0.70 (0.19)

ε 0.20 (0.75) 0.36 (0.55) − 0.50 (0.39)

Ψmin − 0.98 (< 0.01) − 0.40 (0.50)

Stomatal regulation pattern 0.21 (0.74)

Drought sensitivity of growth

Species ranking of the drought sensitivity of growth according to dendrochronological data from the Hainich forest and other mixed forests in Central
Germany after A. Frech (unpublished) and Zimmermann et al. (2015) (1, most sensitive; 5, least sensitive), position along the isohydry–anisohydry
continuum as indicated by cardinal values (1, isohydric; 2, fairly isohydric; 3, isohydric to anisohydric; 4, fairly anisohydric; 5, anisohydric). Given are
the Spearman rank correlation coefficient and the probability of error (in parentheses; two-tailored). Significant (p < 0.05) relationships are in bold, and
marginally significant relationships (0.1 > p ≥ 0.05) are in italics
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4.2 Seasonal variation in osmotic and elastic
properties

Ourmeasurements were conducted in a normal summerwith a
moist early growing season and shorter rainless periods later
in summer, when topsoilΨs dropped tomoderate minima of −
0.14 MPa in the first half of September, and the atmospheric
water vapor saturation deficit reached maxima of 2 kPa. Since
the soil water potential minima observed in summer 2009
were in the range of values recorded in summer 2006 and
summer 2008 (− 1 MPa to − 5 MPa), when considerable leaf
water potential drops were recorded, it can be concluded that
the trees were exposed to moderate drought stress in later
summer 2009 (August/early September), though to a lower
extent than in the very dry summer periods of 1976, 2003
(Bréda et al. 2006), and 2018.

Osmotic and elastic adjustment may represent alternative,
non-exclusive strategies of plants to maintain turgor and thus
to reduce or avoid desiccation-induced strain in the plant
(Kramer and Boyer 1995; Pallardy 2008; Blum 2016). The
capability for osmotic adjustment in response to water deficits
can differ largely between closely related tree species
(Kozlowski and Pallardy 2002; Ngugi et al. 2003; Lenz
et al. 2006), and it seems to vary considerably among
coexisting tree species in the same community. In a global
data set of woody and herbaceous plants, Bartlett et al.
(2012) found a mean drought-induced reduction in πtlp of
0.44 MPa. In our study, increasing water deficits in soil and
atmosphere from late July to early September were associated
with a decrease in sun leaf πtlp by 0.3–0.4 MPa in three of the
five studied species (F. sylvatica, T. cordata, and F. excelsior),
which is close to the cited global mean value. The coincidence
of the πtlp reduction with the Ψs minimum suggests that the
observed increase in solute concentration may represent active
osmotic adjustment in the three species, even though the ab-
solute degree of osmotic change is actually rather small.

The increase in the bulkmodulus of elasticity by 3–10MPa
from late June to September could be acclimation to the dry
spell in August/early September 2009, but it may well be
mostly a consequence of leaf aging, especially as the ε change
was often insignificant.

Both increases and decreases in ε have been explained as an
adaptive change to drought stress (Schulte 1992), but the phys-
iological significance of seasonal elastic adjustment is interpreted
in controversial ways. Bartlett et al. (2012) conclude from a
global p-v data set and theoretical considerations that variation
in ε has little influence on the turgor loss point and thus the
drought tolerance under most environmental conditions encoun-
tered by plants (except in cases of low π0 and low ε). In contrast,
many field studies with tree seedlings or shrubs considered elas-
tic adjustment as an alternative and often equally important
drought acclimation strategy in comparison with osmotic adjust-
ment (Khalil and Grace 1992; Fan et al. 1994; Lambers et al.

2008; Mitchell et al. 2008). An increase in ε leads to stiffer cell
walls, which results in a greater water potential drop upon a unit
of cellular water lost and thus may lead to greater soil-to-leaf
water potential gradients (Cheung et al. 1975; Kramer andBoyer
1995). Yet, whether an increase in ε is indeed causing a Ψleaf

reduction large enough to enhance root water uptake depends
mainly on the hydraulic conductivity of the root-to-leaf pathway
(Bartlett et al. 2012), which is rarely measured in studies on
elastic adjustment. The physiological role of increasing ε is prob-
ably more related to the prevention of dehydration below a dan-
gerous threshold (RWCtlp) than to promoting soil water uptake
(Bartlett et al. 2012). The time scale during which elastic adjust-
ment occurs may also influence its function. Higher ε values
have been linked with greater foliar tissue density, i.e., thicker
cell walls and lower proportional intercellular air spaces (Niklas
1991; Niinemets 2001). From experiments with drought-
exposed Quercus seedlings, Saito and Terashima (2004) con-
cluded that leaves developed under dry conditions possessed
greater ε than leaves developed under moist conditions, while
ε tended to decrease inmature leaves when theywere exposed to
drought. Accordingly, the direction of ε change seems to depend
on whether drought stress is imposed on developing or fully
expanded mature leaves. All five species of our study are
enfolding their foliage mostly during a single flush in spring,
and most leaves remain active until approaching senescence in
autumn. They are not replaced later in summer by subsequent
leaf generations, as is the case, for example, in Betula. Thus, in
our species, elastic adjustment is only possible in the existing
leaves through reversible change in the molecular conformation
of the cellulose microfibrils and the polysaccharide molecules of
the cell wall matrix, and not by producing new leaves with
adapted cell wall properties (Joly and Zaerr 1987). This may
suggest that the potential for elastic adjustment is limited in
single-flush species as investigated here.

4.3 Different leaf-level strategies to cope with water
deficits

An unexpected result is the high cell wall elasticity of the
T. cordata sun leaves, which have low solute concentrations in
the symplast (high πtlp and π0), but a relatively low RWCtlp

value, compared to the other four species. Little-leaved linden
has a relatively hygromorphic leaf morphology at full hydration
(high water content per dry mass at saturation and high specific
leaf area (SLA)), associated with a high maximum leaf conduc-
tance and mass-related photosynthetic rate (Köcher et al. 2009;
Leuschner and Ellenberg 2017). Due to its elastic leaves, the
species can tolerate larger foliar water losses until zero turgor
is reached than other species. Field observations in European
Tilia species (T. cordata, but more pronounced in Tilia
platyphyllos and T. tomentosa; C. Leuschner, unpublished) in-
dicate that RWCtlp may well be exceeded in summer periods of
high evaporative demand, resulting in reversible wilting.
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However, even in T. cordata, the observed RWCtlp (0.81) was
far above the threshold of 0.6, below which dehydration is as-
sumed to inhibit metabolism (Lawlor and Cornic 2002). This
may explain why the wilting in T. cordata typically does not
lead to pre-senescent leaf abscission.

Due to the relatively highπtlp value ofT. cordata, middayΨmin

values did not drop below − 2 MPa, which is only topped by
A. pseudoplatanus (>− 1.0 MPa) in our sample. High πtlp values
are thought to indicate low drought tolerance sensu Levitt, be-
cause the soil-to-plant potential gradient is generally smaller and
leaf conductance, hydraulic conductance, photosynthesis, and
growth should be reduced at higher water potentials than in plants
maintaining lower πtlp (Bartlett et al. 2012). The example of
T. cordata demonstrates that a tree can respond to drought with
other strategies than decreasing π t lp. According to
dendroecological and ecophysiological studies, T. cordata be-
haves more like a water-spending, drought-avoiding species
(Aasamaa et al. 2004; Köcher et al. 2009), which is able to con-
sume relatively large amounts ofwater even duringmild droughts
(Gebauer et al. 2012) and is able to survive in the continental east
of Europe andWestern Russia. One explanation for this behavior
could be that T. cordata invests more in fine root growth than the
other species of this mixed stand (Jacob et al. 2014), which may
help to maintain root water uptake during dry spells.

A different drought response strategy is found in ring-
porous F. excelsior, which has a moderate cell wall elasticity
(about 22 MPa) and low πtlp and π0 values. These properties
allow ash to decrease midday leaf water potential to lower
values than observed in any of the competing species (< −
3.3 MPa), which enables the species to maintain water extrac-
tion in drying soil (Köcher et al. 2009). Carlier et al. (1992)
found ash to keep stomates open even to pre-dawn leaf water
potentials near − 5 MPa. F. excelsior showed a moderate in-
crease in ε during the summer, which increases the species’
ability to reduceΨl in drought periods, but the species has also
been found to accumulate osmotic compounds (mostly malate
and mannitol) upon drought stress (Guicherd et al. 1997).

A third strategy type is pursued by F. sylvatica which com-
bines in its sun leaves a relatively low πtlp value (~ − 2.5 MPa)
with a very high ε value (around 30MPa) and an apparent ability
for elastic and osmotic adjustment upon drought. Significant elas-
tic adjustment was also observed in Japanese Fagus species
(Uemura et al. 2000), while osmotic adjustment was insignificant
in a F. sylvatica stand in Northern Germany (Backes and
Leuschner 2000), suggesting that the extent of osmotic adjust-
ment (and perhaps also elastic adjustment)may largely depend on
environmental conditions. Already small water losses decreaseΨl

in beech toward the turgor loss point with the consequence that
middayΨmin reaches relatively low values in this species (up to−
3MPa). RWCtlp is thus higher in beech (0.9) than in any other of
the five species, which may be one reason for the relatively high
drought sensitivity of radial growth in F. sylvatica compared to
the other species (Zimmermann et al. 2015).

A. pseudoplatanus maintained relatively high πtlp and π0,
while cell wall elasticity was in the mid-range of ε values
measured here, associated with a comparably low apoplastic
water fraction.Maple was the species with the smallest drop in
midday Ψl of all species (always > − 1 MPa in 2008), which
may relate to the relatively small solute concentration in the
leaf symplast, but it is more likely caused by a high whole-tree
hydraulic conductance (Köcher et al. 2009). Finally,
C. betulus was, in most p-v curve traits, intermediate between
A. pseudoplatanus and F. sylvatica.

5 Conclusions

Even though our species sample is small, it includes species with
a largely different leaf morphology (hygromorphic to mesomor-
phic leaves with highly variable SLA) and contrasting elastic
properties, and it covered the full range of stomatal control strat-
egies along the isohydry-anisohydry continuum. As a conse-
quence, the species have developed alternative strategies to cope
with the threat of desiccation (hypothesis i). Neither πtlp nor ε
was closely related to the stringency of stomatal control
(isohydry/anisohydry; hypothesis ii), which is in line with the
conclusion of Martinez-Vilalta and Garcia-Forner (2017) that
isohydry/anisohydry is more related to xylem embolism resis-
tance than to leaf water potential regulation. With respect to the
drought sensitivity of growth as a measure of fitness under water
deficit, the example of F. sylvatica shows that species with
anisohydric stomatal regulation and tolerance of low Ψl are not
necessarily more successful than isohydric taxa (hypothesis iii).
This suggests that studies combining leaf-level p-v characteristics
with analyses of stomatal regulation and hydraulic architecture,
root system efficiency, and growth measurements are needed to
fully understand the drought response strategy of adult trees.
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