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Abstract: The evolution of the internal water transport system was a prerequisite for high plant
productivity. In times of climate change, understanding the dependency of juvenile growth on xylem
hydraulic physiology is therefore of high importance. Here, we explored various wood anatomical,
hydraulic, and leaf morphological traits related to hydraulic safety and efficiency in three temperate
broadleaved tree species (Acer pseudoplatanus, Betula pendula, and Sorbus aucuparia). We took advantage
of a severe natural heat wave that resulted in different climatic growing conditions for even-aged
plants from the same seed source growing inside a greenhouse and outside. Inside the greenhouse,
the daily maximum vapour pressure deficit was on average 36% higher than outside during the
growing seasons. Because of the higher atmospheric moisture stress, the biomass production differed
up to 5.6-fold between both groups. Except for one species, a high productivity was associated with a
high hydraulic efficiency caused by large xylem vessels and a large, supported leaf area. Although
no safety-efficiency trade-off was observed, productivity was significantly related to Psg in two of
the tree species but without revealing any clear pattern. A considerable plasticity in given traits was
observed between both groups, with safety-related traits being more static while efficiency-related
traits revealed a higher intra-specific plasticity. This was associated with other wood anatomical
and leaf morphological adjustments. We confirm that a high hydraulic efficiency seems to be a
prerequisite for a high biomass production, while our controversial results on the growth—xylem
safety relationship confirm that safety-efficiency traits are decoupled and that their relationship with
juvenile growth and water regime is species-specific.

Keywords: hydraulic efficiency; biomass; growth rate; hydraulic variability; phenotypic plasticity;
safety-efficiency trade-off; vulnerability curve

1. Introduction

Worldwide, trees in forested ecosystems are increasingly exposed to drought and heat
stress due to the rise in intensity and frequency of global change-type drought events [1].
Thereby, prolonged drought exposure may affect plant productivity and biomass allo-
cation [2], survival [3,4], and potentially future species abundance and distributions [5].
During drought exposure, plants close their stomata to maintain high xylem water poten-
tials and to reduce transpirational water loss [6]. However, prolonged drought conditions
might ultimately lead to hydraulic failure because of continuous residual water loss via the
cuticle and bark [7]. Under severe and prolonged water stress, xylem tensions therefore
ultimately reach critical thresholds causing water-filled vessels to embolize, which disrupts
the continuous water column and ultimately causes plant death [8-10]. Thus, the likelihood
of hydraulic failure and xylem characteristics are supposed to be highly interconnected.
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The ability to resist embolism formation is mainly depicted by the water potential at a 50%
loss of conductivity (Psg) and referred to as hydraulic safety. Although it is meanwhile
well-established that pit membrane thickness is directly related to the Psp-value [11,12],
wide vessels have likewise commonly been associated with low hydraulic safety, both
within [13,14] and across species [15,16]. Therefore, species with thin pit membranes and
large vessels may be more vulnerable to water stress-induced cavitation [17]. However,
large vessels are directly linked to the maximal capacity of the xylem to transport water,
i.e., the xylem-specific hydraulic conductivity (Ks; hereafter ‘hydraulic efficiency’), which
scales to the fourth power of conduit diameter.

Hence, a trade-off between hydraulic efficiency and safety has traditionally been
hypothesized [18-20]. Both a high hydraulic efficiency and a high safety, are advantageous
for plant growth and drought-tolerance. However, because of their contrasting anatomical
needs, both are supposedly not achievable by the same species, and natural selection
is expected to drive species towards one extreme or another [20,21]. In fact, empirical
evidence is ambiguous, and a majority of recent studies could find only weak or no
relations between hydraulic efficiency and safety in trees [14,15,20,22,23]. Most likely, such
a safety—efficiency trade-off depends on a range of wood anatomical properties and not
just vessel diameter [24]. Accordingly, hydraulic safety-efficiency relationships are more
likely to appear in interspecific studies with species from different habitats than in samples
of co-occurring, phylogenetically related taxa or in intraspecific studies.

Although safety—efficiency trade-offs are scale-dependent, the water status of plants
is highly related to xylem characteristics, and xylem physiology has been termed the
backbone of terrestrial plant productivity because of the close connection between carbon
uptake and water release via the stomata [25]. This is in line with [26], hypothesizing that
high productivity should be closely associated with a high hydraulic efficiency. In the case
of a safety—efficiency trade-off, this might mean that productive trees favour hydraulic
efficiency over safety to ensure high growth rates. Since then, a plausible link between
stem growth rate and hydraulic efficiency and safety has been tested empirically revealing
close, yet contrasting, associations [27-32]. For example, no relationship between growth
and hydraulic efficiency was found in Populus nigra across different genotypes at the intra-
population level [33]. Nonetheless, relations between productivity and hydraulic efficiency
seem to be closely related to plant water transport capacity and therefore wood anatomical
features such as a large vessel diameter [34-37]. On the other hand, xylem safety may also
decline with an increasing growth rate. Firstly, due to the anticipated trade-off between
hydraulic safety and efficiency, but also because of carbon allocation conflicts. In plants,
assimilated carbon might either be allocated to cell walls to resist the higher hydraulic
tensions [25] or to foliar and axial tissues for a higher productivity [28]. However, most
studies did not observe any relationship between hydraulic safety and growth [14,33,38—40]
although exceptions exist [35,41].

In view of current and future climate change impacts on the Central European forests,
the selected minor timber tree species—Sycamore maple (Acer pseudoplatanus), European
rowan (Sorbus aucuparia), and Silver birch (Betula pendula)—are ecologically important
because of their different habitat preferences [42], highlighting their potential suitability for
the establishment of climate-resilient forests.

In order to test whether differences in juvenile growth affect xylem efficiency and/or
safety, we measured 17 structural, functional, and hydraulic traits in evenly-aged young
trees differing up to 5.6-fold in biomass production, which was induced by different climatic
growing conditions during an exceptional heat wave in the year 2019. We analysed the
association of structural parameters and hydraulic safety-efficiency traits as well as other
functional traits linked to resource acquisition and partitioning. We studied interactions
across and within species including the plastic response of the plants to contrasting growing
conditions. We asked whether (i) a low hydraulic safety (P5p) and a high hydraulic efficiency
(Ks) are associated with high juvenile growth rates, (ii) a trade-off exists between hydraulic
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safety and efficiency in seed-grown saplings, and whether (iii) hydraulic safety—efficiency
traits are related to xylem anatomy.

2. Material and Methods
2.1. Study Site, Microclimatic Measurements, and Plant Material

The present study was conducted at the Chair of Ecophysiology and Vegetation
Ecology, Julius-von-Sachs-Institute of Biological Sciences, Wiirzburg, Germany (180 m
a.s.l; mean annual temperature: 10 °C; mean annual precipitation: 625 mm). From seeds
collected in the Botanical Garden Wiirzburg in 2018, we grew 82 plants of three temperate
deciduous angiosperm species, namely Acer pseudoplatanus (ACPS), Betula pendula (BEPE),
and Sorbus aucuparia (SOAU) for 18 months. These three tree species were selected because
of their anticipated differences in growth performance and hydraulic traits. B. pendula is a
typical pioneer, broad-leaved tree species in the temperate and boreal forests of Europe.
It has the ability to grow in both wet and dry habitats but has high needs for light. It
can survive under fairly extreme conditions through physiological adaptation and is
considered to follow an isohydric stomatal control strategy [43]. The second species
selected, A. pseudoplatanus, prefers a humid climate, high rainfall, and moderately moist
to wet site up to 1800 m elevation. The species has a high water demand and needs large
rooting space. The species is considered as moderately drought and heat sensitive [44]
and is defined as isohydric [45]. The last species of our sample, S. aucuparia, occurs as a
tree or a shrub and can experience wide water potential variations during droughts (i.e.,
related to an anisohydric behavior), and shows a high resistance to cavitation [46]. In the
Botanical Garden, open-field air temperature and air humidity is continuously measured at
2 m height aboveground (UmweltmefStechnik Adolf Thies GmbH & Co. KG, Gottingen,
Germany). Micro-climatic conditions inside the growing chamber of the greenhouse
are likewise continuously recorded (RAM GmbH Mess-und Regeltechnik, Herrsching,
Germany), but unfortunately the data for the 2019 and 2020 growing seasons were lost due
to a fatal computer crash. We therefore used the data from the 2021 growing season, which
also became a dry and warm growing season in Wiirzburg, to model the microclimatic
conditions in 2019 and 2020 (Figures S1 and S2); both were highly interrelated according to
a linear model (R2 = 0.85, p < 0.001; data not shown).

After initial sowing in March 2019 and transplanting in May 2019, the seedlings
were grown in 7.5 L pots in an Euroham soil mixture (Eurohum Faser, Article no. 12-
03200-xx) containing N, P, K in a proportion of 14, 16, and 18 kg m3, respectively. For
the duration of the growing phase (i.e., 18 months), a subset of randomly selected 10 to
12 plants per species (n = 34) were placed in a small chamber of a greenhouse with an
area of 18 m?, hereafter named “inside’ or ‘stress treatment’. We took advantage of the
severe climatic conditions in 2019, an unprecedented heat and drought event since more
than 250 years [47], which exposed these plants to stressful environmental conditions
resulting in reduced growth rates. This stress was mainly caused by high temperatures and
high atmospheric moisture stress inside the growing chamber (Figure 1). Meanwhile, the
remaining 14 to 18 plants per species (n = 48) where grown outside under a transparent
roof but with completely open sites, enabling air exchange due to wind, hereafter named
‘outside” or ‘control treatment’. These plants were therefore exposed to more natural
environmental conditions. As a consequence of the different growing locations, saplings
that were grown inside the greenhouse chamber were strongly affected by the heat wave
(i.e., stress treatment) while the plants outside experienced more natural growing conditions
(control treatment), which was mirrored in large differences in growth rates. During the
growing season in 2019, the daily maximum temperature (Tmax) differed on average by
15.9% between inside and outside (mean =+ SE: 29.5 4+ 0.4 °C versus 24.8 4+ 0.5 °C), and
vapour pressure deficit (VPDmax) differed by 36.2 % (3.04 4= 0.12 kPa versus 1.94 + 0.08 kPa).
Similar differences were observed during the growing season in 2020, where Tax differed
by 15.8% (29.7 £ 0.3 °C versus 25.0 £ 0.4 °C) and VPD by 36.0% (3.08 £ 0.10 kPa versus
1.97 £ 0.07 kPa). During the 10% of the hottest days in 2019 and 2020, a daily VPDmax of
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5.89 £ 0.27 kPa or 5.64 + 0.23 kPa was reached inside the greenhouse, indicative for severe
atmospheric moisture stress. Average outside values stayed below 4 kPa (3.93 + 0.19 kPa
in 2019 and 3.75 £ 0.16 kPa in 2020, respectively; Figure 1).
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Figure 1. Boxplots showing the micro-climatic growing conditions in the greenhouse (inside) and
open-field measurements at 2 m height (outside) during the growing season from May to September
in 2019 and 2020. Given are the daily maximum temperature (Tmax, °C) for 10% of the hottest days as
well as the daily maximum vapour pressure deficit (VPDmax, kPa) for 10% of the driest days of each
growing season. Please note that only the outside microclimatic data are available for both years, the
inside values have been modelled based on data from 2021 (refer to Figures S1 and S2 for details).

None of the plants inside the greenhouse showed signs of leaf discoloration, indicat-
ing that frequent stomatal closure due to a high evaporative demand explains observed
differences in biomass production as all other growing conditions were comparable (e.g.,
light exposure, soil composition and volume, and irrigation schedule). Please note that
the plant material from both groups was even-aged and seeds originated from the same
parental trees. After 18 months of growth under the different conditions, we collected plant
material for structural, functional, and hydraulic measurements in August 2020.

2.2. Sample Collection, Structural Measurements, and Growth Rate

Before the hydraulic measurements, saplings were watered overnight to ensure full
turgor and a relaxed state to minimize measurement artefacts associated with cutting
under tension.

We performed all measurements on the main shoot of most saplings (i.e., structural
measurements were performed on all 82 trees, while hydraulic and leaf morphological
measurements were carried out on a subset of 57 to 64 trees including side branches (see
Table S1 for more details). We first measured structural parameters of each sapling, i.e.,
the root collar diameter (RCD) and shoot length, and then proceeded to cut-off the main
shoot at the root collar and to recut it under water several times in order to relax the xylem,
thereby avoiding measurement artefacts associated with sample excision [48]. On this
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shoot, we labelled a targeted segment to be used for hydraulic measurements, and collected
and separated (i.e., divided in two groups: basal and apical leaves) all leaves above and
below the proximal end of the targeted section and stored them in plastic bags at 4 °C
until scanning. Furthermore, the distance from the segment used for hydraulic and wood
anatomical measurements to the tip was recorded. Directly below the proximal end of
the targeted segment, we stored a ~3 cm segment in 70% ethanol for subsequent wood
anatomical analyses. After hydraulic measurements, the segment used and the remaining
woody samples were oven-dried at 70 °C for 72 h. Subsequently, total aboveground biomass
(AGB, g) was estimated by adding the total leaf dry mass per plant, and aboveground
biomass increment (ABI, mg d 1) estimated by dividing AGB by the growth period, i.e., the
difference between seed sowing and sapling harvesting time. A list of all traits measured
with the corresponding acronyms and units is given in Table 1.

Table 1. List of variables included in this study with their definitions and units.

Abbreviation Units Definitions

Growth attributes

RCD mm Collar diameter of the stem above the ground
Shoot length cm Shoot length from ground to uppermost leaf
AGB g Aboveground biomass
ABI mgd~! Aboveground biomass increment
Hydraulic traits
Py MPa Xylem pressure at 12% loss of hydraulic
conductance
Pso MPa Xylem pressure at 50% loss of hydraulic
conductance
Pes MPa Xylem pressure at 88% loss of hydraulic
conductance
Ks kgm ! MPa~ls! Specific conductivity

10~* kg m~! MPa~!

Ky, o1 Leaf-specific conductivity
Kpit kg m-1MPa1s! Pit conductivity
Ky kgm~! MPa~!s~! Potential conductivity
Foliar traits
4.2 2 Huber value, i.e. the sapwood-to-leaf area
HV 1074 m?m e
Aleat cm? Mean leaf size
SLA cm? g~ ! Specific leaf area
Anatomical traits
D pm Mean vessel diameter
D Hydraulically weighted mean vessel
h Hm diameter
VD nmm~—2 Vessel density
Alumen:Axylem Y% Lumen-to-sapwood area ratio

2.3. Leaf Traits

All leaves from basal and apical group (see the previous section for details) were
scanned separately with an A3 high-resolution scanner (Expression 12000XL, EPSON,
Nagano, Japan). We divided the leaves into two groups to relate hydraulic conductivity
measurements to the leaf area that is supported by the measured segment (i.e., apical
group). We then computed the areas to obtain total leaf area (Ar ', cm?) and mean leaf
area (Ajeaf, cm?) per sapling using the Image] software. The Huber value (HV, 10* m?> m—2),
i.e., the sapwood-to-leaf-area ratio, was calculated by dividing the sapwood area (i.e.,
obtained from anatomical cross-sections) by the distal leaf area. All leaves were then
oven-dried at 70 °C for 48 h to calculate specific leaf area (SLA, cm? g’l).
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2.4. Hydraulic Conductivity

In the laboratory, stem segments were shortened under water (mean length + SD:
307.3 & 2.07 mm), lateral branches cut off, and scars sealed with quick-drying contact ad-
hesive (Loctite 431 with Loctite activator SF 7452, Henkel, Diisseldorf, Germany). Segment
diameters were measured twice at the basal and distal ends of the segment and four times
along the segment (mean diameter & SD: 8.30 £ 0.79 mm). Subsequently, the bark was re-
moved at the basal end and segments connected to the Xylem apparatus (Bronkhorst France,
Montigny les Cormeilles, France) to measure hydraulic conductivity (Kj,; kg m MPa~! s71).
We used filtered (0.2 pm) and degassed demineralized water mixed with 10 mM KCl
and 1 mM CaCl,. We initially measured the actual hydraulic conductivity (K,>) at a
low pressure of 6 kPa and then measured maximum hydraulic conductivity (K,™**) after
repetitively water-flushing the segments at a high pressure of 120 kPa for 10 min until K},
remained constant. The hydraulic conductivity and flow rate data were analyzed with the
software XylWin 3.0 (Bronkhorst France, Montigny les Cormeilles, France). We calculated
sapwood-specific hydraulic conductivity (Ks; kg m~! MPa~!s~1) by dividing K;,™® with
the basal sapwood cross-sectional area without pith and bark [14,24]. We also calculated
leaf-specific hydraulic conductivity (Ki; kg m~! MPa~! s~! by dividing K™ by the
supported leaf area.

2.5. Vulnerability Curves

The flow-centrifuge technique [49] was used to construct xylem vulnerability curves
(VCs) of the same stem segments used for hydraulic conductivity measurements. The
samples were shortened to a length of ca. 27 cm and the bark was removed at both ends
and had a basal diameter of 7.91 &+ 0.09 mm and an apical diameter of 6.57 & 0.09 mm
(mean = SD). The segments were then inserted into a custom-made Cavitron rotor chamber
attached to a centrifuge (Cavitron device built from a Sorvall RC-5C series centrifuge,
customised) and measurements were made using the Cavisoft software (Cavisoft version
5.2.1, University of Bordeaux, Bordeaux, France).

Measurements started at a xylem pressure of —0.37 MPa for B. pendula, and —0.83 MPa
for A. pseudoplatanus and S. aucuparia. We then stepwise raised the rotation speed corre-
sponding to 0.2-0.3 MPa until the percentage loss of hydraulic conductivity (PLC) reached
at least 90%. By plotting PLC against xylem pressure (Y¥), vulnerability curves were
generated for each branch. We used an exponential-sigmoidal function provided by [50] to
derive the ¥y causing 50% loss of conductivity (Ps):

PLC =100 / (1 +exp (s/25 x (P; — Psp))),

with s (% MPa~!) being slope of the curve at Psy and P;, the applied xylem pressure.
Subsequently, the ¥ at 12% and 88% loss of conductivity (P, and Pgg) were obtained by
following [27] as: P12 = P5g — 50/s and Pgg = P5g + 50/s. Values of P1, and Pgg represent
the thresholds of xylem tension at the onset and offset of cavitation, respectively.

2.6. Wood Anatomy

A sliding microtome (G.S.L.1, Schenkung Dapples, Ziirich, Switzerland) was used
to cut three transverse sections of 10-20 um thickness from ethanol-stored segments. Sec-
tions were stained with safranin alcian blue (1% safranin in ethanol), rinsed with distilled
water and ethanol (95%), and permanently embedded on glass slides using Euparal (Carl
Roth, Karlsruhe, Germany). Slides were oven-dried at 50 °C for ten days. Complete cross-
sections were digitalized at 100x magnification with a resolution of 1.33 pixels um~! using
a stereo-microscope equipped with an automatic stage and a digital camera (Observer.Z1,
Carl Zeiss Microlmaging GmbH, Jena, Germany; Software: AxioVision c4.8.2, Carl Zeiss
Microlmaging GmbH). The digitalized images were then analyzed using GIMP (version
2.10.14) and Image] (Version 1.51h) for anatomical traits using the particle analysis function.
The recorded parameters include sapwood area (Ayylem, um?), lumen-to-sapwood area ratio
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(Alumen:Axylem, %), vessel density (VD, n mm~2), and vessel diameter (D, um) from major
(a) and minor (b) vessel radii using the equation, D = ((32 x (a x b)?)/(a? + b2 ))/4 [51]. D
was then used to obtain the hydraulically-weighted vessel diameter (D}, pm) accord-
ing to [52] as Dy, = ¥.D%/%D* Standardized Dy, was calculated according to [53] as
Dy = Dy, /LP, where L is the distance of the segment to the apex and b is the exponent
constant (0.2) according to the metabolic scaling theory [54]. The potential conductivity
(Kp; kg m~! MPa~!s™!) was derived using the Hagen-Poiseuille equation:

KP =7T X r} X ZD4/(128 X '1 X Axylem)/

where 1is the viscosity (1.002 x 10~ MPas) and p the density of water (998.2 kg m~3), both
at 20 °C, and Ayylem (mm?) is the analysed sapwood area. Pit conductivity was estimated
as Kpit = ((1/Ks) — (1/ Kp))~1 [55]. A low Kot indicates that higher resistance to water flow
has to be overcome.

2.7. Statistical Analyses

All statistical analyses were carried out with R version 4.0.3 [56] in the framework of
the tidyverse package [57]. First descriptive statistics were applied, and then data were
tested for normal distribution with a Shapiro-Wilk normality test. For inferential statistics,
significant differences were tested by adopting a t-test or welch test within species as per
treatment basis. However, Wilcoxon test was performed if normality assumptions were not
met. We also performed linear models to test the effect of predictors on target variables,
e.g., effect of growth rate on hydraulic traits. We log transformed variables that did not
met normality assumptions.

3. Results
3.1. Growth and Structural Differences across Species and Treatments

Because the species were monitored from seed sowing, the juvenile growth perfor-
mance could be assessed in terms of shoot length and aboveground biomass increment per
day (i.e., growth rate). For all species, we recorded significantly different growth-related
parameters (p < 0.001) between the control and stressed treatment (Figure 2, Table S1).
All control plants had a higher growth compared to the stressed plants. In B. pendula, A.
pseudoplatanus, and S. aucuparia, the shoot length was smaller in the stress treatment than in
the control and differed by 47%, 50%, and 33%, respectively. For the aboveground biomass
increment (ABI), the differences were even more pronounced and differed on average
2.8- to 5.3-fold between the control and stress treatment, i.e., 287 mg d ! versus 61 mg d!
for A. pseudoplatanus, 424 mg d~! versus 79 mg d ! for B. pendula, and 324 mg d ! versus
117 mg d ! for S. aucuparia (Figure 2, Table S1).

3.2. Effects of Climatic Stress on Hydraulic, Wood Anatomical, and Leaf Morphological Traits

We found significant, yet contrasting, intra-specific differences between trees grown
under stressed and optimal control conditions. Notably, Psy was more negative (i.e., higher
resistance) in stressed S. aucuparia compared to the control (Figure 3a; p < 0.01), while
for B. pendula, we found that stressed plants were slightly less resistant to embolism
formation (p < 0.05). We did not find differences in hydraulic safety between the two
groups of A. pseudoplatanus. Likewise, we found that hydraulic efficiency (i.e., specific
conductivity, Ks) was significantly higher in optimally-grown saplings of two of the three
species (Figure 3b; B. pendula and A. pseudoplatanus) while the last one (S. aucuparia) showed
no significant difference (Figure 3b); similar trends were found for Ky;; (Figure S3). These
differences in hydraulic efficiency were mirrored by xylem anatomical differences between
groups as we found wider vessels in controlled plants of A. pseudoplatanus and B. pendula
but not in S. aucuparia (Figure 3¢, Figure S4). Similar patterns were observed for the

hydraulically-weighted vessel diameter standardized by the distance to the tip (Dy%';
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Table S1), which was highly related to Dy, (Figure S5). However, the vessel density (VD)

did not change with growing conditions in any of the species (Figure 3d).
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Figure 2. Boxplot of growth-related traits of Acer pseudoplatanus (ACPS), Betula pendula (BEPE), and
Sorbus aucuparia (SOAU) for the control (grey) and stress (white) treatment. Presented are (a) shoot
length, (b) aboveground biomass (AGB), and (c) aboveground biomass increment (ABI). Asterisks
indicate the level of significance (***, p < 0.001; ns, for non-significant).
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Figure 3. Boxplot depicting the variability between treatments for hydraulic, wood anatomical, and
leaf morphological traits for the three species. Given are (a) water potential at 50% loss of hydraulic
conductivity (Psp), (b) specific conductivity (Ks), (c) hydraulically-weighted vessel diameter (Dy,),
(d) vessel density (VD), (e) Huber value (HV), and (f) specific leaf area (SLA) for the control (grey)
and stress (white) treatment. Asterisks indicate the level of significance (*, p < 0.05; **, p < 0.01;
***, p < 0.001; ns, for non-significant). For species abbreviations, see Figure 1.

We found significant differences between treatments with regards to leaf characteristics.
For example, the specific leaf area (SLA) was lower in the stressed plants of B. pendula and
S. aucuparia compared to the control (Figure 3f), but higher in stressed A. pseudoplatanus
(Figure 3f). Nonetheless, both A. pseudoplatanus and B. pendula had a significantly higher
Huber value (HV) when stressed (Figure 3e), i.e., a reduced leaf area per cross-sectional
sapwood area.

3.3. Relationships of Hydraulic Safety-Efficiency, Leaf and Anatomical Traits with Species
Growth Performance

In our study, S. aucuparia was the most embolism-resistant species with a mean
Psp of —4.05 MPa and a mean Pgg of —5.17 MPa (Figure 3, Table S1). A. pseudopla-
tanus was found to be less resistant (P5yg = —3.54 MPa, Pgg = —4.14 MPa), followed
by B. pendula (P59 = —1.91 MPa, Pgg = —2.14 MPa). However, A. pseudoplatanus was the
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least sensitive species regarding the onset of cavitation (Pj; = —2.93 MPa; Table S1). Al-
though being vulnerable to embolism, B. pendula presented the highest hydraulic efficiency
(Ks = 1.40 kg m~! MPa~! s71), followed by S. aucuparia (1.18 kg m~! MPa~! s71) and A.
pseudoplatanus (0.56 kg m~! MPa~! s 1). Linear regressions depicted significant associations
of hydraulic safety with growth traits, although no general trend across species existed
(Figure 4a,b). We found that P5y was related to log-transformed ABI in B. pendula (p < 0.01,
R? =0.42) and in S. aucuparia (p < 0.05, R? = 0.32) but not in A. pseudoplatanus (Figure 4a). A
positive relationship in B. pendula suggests that a higher embolism resistance was associated
with a higher growth, while a negative relationship in S. aucuparia indicates the opposite,
i.e., a low hydraulic safety was related to high growth rates. Similar trends were found
between Psy and the shoot length (Figure 4b).
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Figure 4. Effect of growth performance on the water potential at 50% loss of hydraulic conductivity
(Psp) and specific conductivity (Ks). Given are linear regression analyses between (a) Psg or (c) Ks and
log-transformed growth rate, and (b) P5j or (d) Ks and shoot length. Indicated for each species are
the coefficients of determination, i.e., R-squared, for the investigated relationships. Different colours
and symbols represent different species and treatments (blue: A. pseudoplatanus; red: B. pendula; green:
S. aucuparia; filled circles: control treatment; triangles: stress treatment). Full lines indicate significant
effects of variable x on variable y; dashed lines indicate a non-significant relationship. Asterisks
indicate the level of significance (*, p < 0.05; **, p < 0.01; ns, for non-significant).
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In B. pendula and A. pseudoplatanus, we found that hydraulic conductivity (Ks) was
significantly affected by growth-related parameters (B. pendula: p < 0.01, R? = 0.41 with
ABI and p < 0.001, R? = 0.50 with shoot length; A. pseudoplatanus: p < 0.05, R? = 0.35 with
ABI and R? = 0.30 with shoot length; Figure 4c,d). This indicates that a higher hydraulic
efficiency was associated with a high juvenile growth. In S. aucuparia, on the other hand,
Kg was not related to any of the growth-related variables investigated (Figure 4c,d).

The analysis of other hydraulic efficiency traits (Kp;t) and anatomical traits (D}, and
VD) associated with the growth rate revealed similar contrasting patterns across species
(Figure 5). We found that a higher aboveground biomass increment (ABI) was associated
with a higher Kyt in A. pseudoplatanus and B. pendula but not in S. aucuparia. Likewise, Dy,
was related to higher ABI in A. pseudoplatanus and B. pendula only. VD, however, was not
linked to the growth performance for any of the species (Figure 5c,d). We also found that
leaf traits such as the HV were well related to the growth rate in the case of A. pseudoplatanus
and B. pendula but not in S. aucuparia (Figure 5f). In the first two species, a lower Huber
value was associated with a high growth. The SLA was always related to the ABI, although
the nature of the relationship was different across species. B. pendula and S. aucuparia had a
higher SLA associated with a higher growth performance, while the A. pseudoplatanus that
performed better had a reduced SLA (Figure 5e)
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Figure 5. Dependency of growth rate on wood anatomical and leaf morphological traits. Given
are linear regression analyses of log-transformed growth rate against (a) leaf-specific conductivity
(KL), (b) pit conductivity (Kpit), () hydraulically-weighted vessel diameter (Dy,), (d) vessel density
(VD), (e) specific leaf area (SLA), and (f) Huber value (HV). Different colours and symbols represent
different species and treatments (blue: A. pseudoplatanus; red: B. pendula; green: S. aucuparia; filled
circles: control treatment; triangles: stress treatment). Indicated for each species are the coefficients of
determination, i.e., R-squared, for the investigated relationships. Full lines indicate significant effects
of variable x on variable y; dashed lines indicate a non-significant relationship. Asterisks indicate the
level of significance ( *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, for non-significant).
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3.4. Hydraulic Safety-Efficiency Trade-Offs and Their Relations to Wood Anatomy and Leaf Traits

In all three species, we found that Psy was unrelated to Kg, indicating the absence of
any trade-off between hydraulic safety and efficiency (Figure 6a). As expected from the
Hagen—Poiseuille equation, Ks was well related to Dy, in all species (Figure 6¢; p < 0.01
and R? = 0.35,0.71 and 0.37 in A. pseudoplatanus, B. pendula, and S. aucuparia, respectively).
More interesting was that none of the species showed the relationship between Dy, and
Psp, indicating that xylem embolism likely does not depend on vessel diameter in the
investigated species of our sample (Figure 6b). We also found that xylem safety was
associated with a higher specific leaf area (SLA) in B. pendula but a lower one in S. aucuparia
(Figure S6).
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Figure 6. Water potential at 50% loss of hydraulic conductivity (Psp) in relation to (a) specific conduc-
tivity (Kg) and (b) hydraulically-weighted vessel diameter (Dy,), as well as (c) specific conductivity
(Ksg) in relation to hydraulically-weighted vessel diameter (Dy,). The results from the linear regression
analyses are given. Different colours and symbols represent different species and treatments (blue: A.
pseudoplatanus; red: B. pendula; green: S. aucuparia; filled circles: control treatment; triangles: stress
treatment). Indicated for each species are the coefficients of determination, i.e., R-squared, for the
investigated relationships. Full lines indicate significant effects of variable x on variable y; dashed
lines indicate a non-significant relationship. Asterisks indicate the level of significance ( *, p < 0.05;
** p <0.01; ***, p < 0.001; ns, for non-significant).
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4. Discussion
4.1. Relationship of Juvenile Growth with Hydraulic Safety and Efficiency

In our study, significant growth rate and biomass allocation differences were observed
for all three species in contrasting growing conditions. We found that juvenile growth
was related to either or both hydraulic efficiency and safety in all species. This might
suggest a close dependency of juvenile growth on xylem characteristics, but the nature
of these relationships contrasted across species. While the growth rate (aboveground
biomass increment and shoot length) was negatively related to the xylem pressure at 50%
loss of hydraulic conductivity (Psg) in B. pendula, no clear pattern emerged as a positive
relationship was found in the case of S. aucuparia. However, growth performance was
notably associated to a higher hydraulic efficiency in two of the three species, most likely
through an increase in hydraulically-weighted vessel diameter (Dy,), which was strongly
and positively related to sapwood-specific hydraulic conductivity (Ks). In B. pendula and A.
pseudoplatanus, two species with an isohydric water potential regulation strategy [45,58],
and Kumar et al., unpublished, efficiency-related variables (e.g., Dy, and K;) were associated
with higher growth. This is consistent with earlier intra- and inter-specific studies reporting
a close association of growth biomass increment to hydraulic efficiency rather than to other
wood traits [14,34,37,59]. However, the growth performance was decoupled from hydraulic
efficiency in S. aucuparia. This was the only species following a rather anisohydric water
potential regulation strategy in our study [46], and Kumar et al., unpublished.

In the case of A. pseudoplatanus, which has large leaves with a high conductance but
a stringent control of its stomates, only hydraulic efficiency and not safety was related
to the growth performance. Although B. pendula likewise follows an isohydric strategy,
a lower embolism resistance was found in stressed individuals with a lower growth per-
formance. In B. pendula, no intra-specific variation in Psy has been observed at various
stands across Europe, strongly differing in microclimatic conditions [60]. Consequently,
we likewise observed a marginal increase in Psg by 0.11 MPa only in B. pendula, but coun-
terintuitively plants in the control group developed a slightly more embolism-resistant
xylem (P59 = —1.97 MPa versus —1.86 MPa, respectively). This might explain why hy-
draulic safety counterintuitively was negatively, and not positively, related to growth as
hypothesized. In the case of S. aucuparia, the most embolism-resistant species with the least
stringent stomatal control, we found that hydraulic safety was positively associated with
growth as speculated, i.e., fast-growing individuals developed a less embolism-resistant
xylem (Psy = —3.87 MPa versus —4.24 MPa in the control versus the stress treatment,
respectively). The disparities in the growth-hydraulic safety trade-off between species
observed here was also reported in previous studies. While a negative relationship was
found for willow genotypes [28,41] and provenances of cedar [61], a positive relationship
was reported for poplar hybrids [38] and European beech [62], and other studies did not
find any link at all [14,22,24,33,39].

Contrasting results across studies suggest that relationships between growth perfor-
mance and hydraulic safety, but also efficiency, do not necessarily present a general trend
across species but may be linked to species-specific hydraulic strategies [63].

4.2. Relationship of Juvenile Growth with Leaf-Related Traits

Leaf traits are often used as an indicator of plant growth performance since they are
responsive to the local environment [64,65]. For example, the specific leaf area (SLA) is
often assumed to be a central trait under species-selection, and species with large and
thin but short-lived leaves tend to have a resource-acquisition strategy based on a quick
return on leaf investments [66,67]. In this study, we found the SLA to be linked to growth
performance, but once more without revealing any clear trend. While we found that a
reduction of SLA was associated with a higher growth performance in A. pseudoplatanus,
the opposite was found in the other two species. In our study, stressed individuals of
A. pseudoplatanus developed larger and/or lighter leaves compared to the control, although
the opposite relationship is usually associated with environmental stress [68,69].
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We also found that two of the three species, namely A. pseudoplatanus and B. pendula,
had Huber values (HV), i.e., the sapwood-to-leaf area ratios, that decreased with the
growth performance as one would expect. While the third species, S. aucuparia, showed
the same tendency, this relationship was non-significant. Thus, all species of our sample
adjusted their leaf-level water supply in response to more stressful climatic conditions by
reducing the size of single leaves (Table S1), and potentially their numbers. Our results
suggest that all three foliar traits covered are highly plastic and responsive to climatic stress
conditions, consistent with studies reporting that leaf traits respond to gradients of water
availability [32,65].

4.3. Trade-Off between Hydraulic Efficiency and Safety and Anatomic Determinants

In agreement with a growing body of evidence, we did not find any relationship be-
tween the hydraulic safety and efficiency across the three species of our sample cf. [55,70,71],
but see [22]. Although we only investigated siblings originating from the same parental tree,
our results support the assumption that different evolutionary pathways exist for achieving
xylem safety and efficiency, and that the safety—efficiency trade-off may be species- and
scale-dependent [17,71]. Furthermore, hydraulic safety appears to be a rather conservative
trait in temperate broad-leaved tree species cf. [72,73], while hydraulic efficiency is more
plastic in order to meet the water demand of the supported foliage at the place of growth.

Therefore, the majority of recent results support a divergence from the classical
paradigm of plant hydraulics, postulating that plant hydraulic functioning is dependent on
a trade-off between xylem safety and efficiency [74]. It is evident that some species might
have both a low safety and a low efficiency, which means that the anatomical basis for a
high efficiency could be trading off with traits other than embolism resistance [20]. Hence,
a question arises on the significance of given anatomical features that play a role. On that
matter, the vessel diameter was initially proposed as the primary anatomical determinant
of the safety—efficiency trade-off since vessel conductivity increases in the proportion of
its diameter at the fourth power according to the Hagen—Poiseuille equation [75]. This is
supported by our study, as Dy, was related to Kg in all three species. However, it seems
that vessel diameter is not universally linked to embolism resistance. While several studies
observed a dependency of P5y on Dy, within or across species [13-15,19,39], others could
not [24,38,40,76,77]. It is meanwhile well-established that embolism resistance is only indi-
rectly related to vessel diameter through an increased number of interconnected vessels,
while it is directly related to pit membrane thickness [12]. Thus, the focus has shifted from
conduit diameter to inter-vessel transport and pit membrane characteristics such as pore
size and membrane thickness for determining embolism resistance. Further work is needed
to shed light on these controversies.

4.4. Variability in Hydraulic and Foliar Traits in Response to Environmental Stress

As shown and discussed, the three species exhibited significant differences in their
hydraulic and leaf functional attributes between both treatments. Because genetic material
was similar within a species, those differences can be imputed to a plastic response of the
plants to heat stress. Knowledge of the degree of phenotypic plasticity of given traits is
essential to better understand tree responses to climate change. In B. pendula, the highest
degree of variability was found. Here, 14 of the 17 growth-related, wood anatomical,
hydraulic, and leaf morphological traits differed between treatments, while only six differed
in the case of S. aucuparia (Table S1). Although stressed plants of S. aucuparia developed
a more embolism-resistant xylem, other traits such as hydraulic efficiency and its main
anatomical determinant, vessel diameter, were unaffected by the growing conditions.
Because S. aucuparia relies on its high resistance to embolism to survive drought, this
might explain why mainly xylem safety responded plastically. In B. pendula, on the other
hand, both embolism resistance and specific conductivity decreased in stressed plants.
This was associated with a reduction in the vessel diameter, and this effect remained even
after standardizing for the distance to the tip (Table S1). Altogether, this matches the
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expected growth strategy of this pioneer tree species. In A. pseudoplatanus, we found a
strong reduction of hydraulic conductivity and vessel diameter but not xylem safety. This
species seems to have a stringent stomatal control [Kumar et al., unpublished] associated
with a fairly embolism-resistant xylem.

5. Conclusions

This study on the association of juvenile growth with xylem safety and efficiency revealed
considerable inter-specific differences. The distinguishable relationships across species could
be related to their habitat preferences and ecological strategies. We found species-specific
links between growth performances and hydraulic safety and efficiency in two of the tree
species but without revealing any clear pattern. The safety-related traits appeared more static,
while efficiency traits revealed a higher intra-specific plasticity. In all species, the hydraulic
efficiency was strongly dependent on vessel diameter but was unrelated to xylem safety.
Overall, understanding the links among hydraulic traits and their specific association with
juvenile growth performance during stress is necessary to understand plant behaviour in a
warmer and drier environment and to improve breeding programs.
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Standardized vessel diameter (Dhstd) in relation to hydraulically—weighted vessel diameter (Dh) of
the three temperate tree species; Figure S6. Water potential at 50% loss of hydraulic conductivity (P50)
and specific conductivity (KS) in relation to specific leaf area (SLA) of the three temperate tree species.
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