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Abstract: Climate change-induced rise of air temperatures and the increase of extreme climatic
events, such as droughts, will largely affect plant growth and hydraulics, leading to mortality
events all over the globe. In this study, we investigated the growth and hydraulic responses
of seedlings of contrasting functional types. Pinus sylvestris, Quercus spp. and Castanea sativa
seedlings were grown in a common garden experiment under four treatments: control, air warming,
drought and their combination during two consecutive growing periods. Height and diameter
increments, stomatal conductance and stem water potentials were measured during both growing
seasons. Additionally, hydraulic parameters such as xylem-specific native and maximum hydraulic
conductivities, and native percentage of loss of conductivity were measured at the end of the entire
experiment. Our results clearly pointed to different adaptive strategies of the studied species.
Scots pine displayed a relatively isohydric behavior with a strict stomata control prohibiting native
embolism whereas sweet chestnut and oak as relatively anisohydric species displayed an increased
loss of native conductivity as a results of low water potentials. Seasonal timing of shoot and
diameter growth also differed among functional types influencing drought impacts. Additionally,
the possibility of embolism reversal seemed to be limited under the study conditions.

Keywords: climate change; drought; hydraulic conductivity; stem water potential; manipulation
experiment; plant functional types; tree growth; stomatal conductance; warming

1. Introduction

Climate change is certainly affecting forests at different spatial and temporal scales [1]. In fact,
forests are especially sensitive to climate change because trees have a long life-span reducing their
ability to adapt to environmental changes [2]. In the last decades, several mortality events have been
observed across different ecosystems, species and continents triggered by drought and heat spells;
pointing to a global vulnerability of forests to the ongoing climate change [3]. Among the climate
changes forecasted by the last Intergovernmental Panel on Climate Change (IPCC) report [4], not only
a rise of mean temperatures and an irregular rainfall distribution, but also an increase in frequency
and intensity of extreme climate events such as drought are predicted by the end of 21th century
for Europe. Thus, the risk of forest mortality may increase as a consequence of future detrimental
climatic conditions. Since forest ecosystems play a major role in different natural cycles, climate
change-induced mortality would imply, for instance, changes in ecological communities leading to
a loss of ecosystem services [5]. Nonetheless, many questions remain unanswered and require a deeper
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understanding of climate change-induced impacts, such as species-specific physiological thresholds of
drought severity and duration [6].

Forests acclimation comprises molecular, physiological, and structural adjustments [7]. In plants,
the water movement is initiated by transpiration through the stomata pulling water from the roots
to the leaves through the xylem. This pathway connects soil and atmosphere through the plant and
is well known as the soil-plant-atmosphere-continuum (SPAC) [8]. Plants have developed different
strategies to cope with drought by adjusting different traits along the SPAC such as a reduction of
leaf area [9] or an increase of the sapwood area-to-leaf area ratio [10]. Therefore, the study of plant
hydraulic traits has lately become the main approach to understand plant vulnerability to fast changing
conditions [11]. Plants have different physiological strategies to cope with drought. During dry spells,
stomatal closure is the main plant mechanism to limit water loss, and thus, to maintain water potentials
within the safety margins. Therefore, species have been classified in two groups based on the degree of
stomatal closure in response to drought [12,13], although recent studies claim that there is a continuum
between isohydric and anisohydric behaviors [14,15]. On the one side, relatively isohydric species
show moderate constant maximum values of water potentials which means that stomatal closure
occurs faster, avoiding water loss through transpiration. These species have been described as more
prone to suffer carbon starvation during prolonged dry spells [6], since the early stomatal closure
also stops assimilation, and thus, plants are obliged to rely on carbon reserves [16]. On the other side,
relatively anisohydric species perform a more relaxed stomatal regulation allowing water potentials
to reach more negative values during drought conditions. As a consequence, carbon assimilation is
not interrupted, but during intense drought events cavitation may occur inside the xylem conduits.
Cavitation breaks the continuity of water columns and hence the water supply to transpiring leaves.
Xylem embolism reduces hydraulic conductance and may ultimately result in the hydraulic failure
of the plant hydraulic system [17]. These two different strategies include several trade-offs between
the level of xylem tension and carbon uptake through photosynthesis. Thus, the strategy followed
by a given tree species and the intensity and duration of the dry spells are crucial to determine tree
performance and survival.

Several studies have claimed the possibility of refilling gas-filled conduits driven by
over-atmospheric root/stem pressures originating during night or specific periods of the year [18,19] or
even when the xylem is still under tension driven by phloem unloading [20]. Although the refilling of
the gas-filled conduits has been better explained in angiosperms, it also seems to occur in conifers [21],
but the mechanisms behind might differ from those proposed for angiosperms due to xylem structural
differences. However, the re is some controversy about conduit refilling since it could be affected by
measurement artifacts [22]. Nevertheless, the study of hydraulic traits such as hydraulic conductivity,
stomatal conductance and water potentials of different functional tree types (isohydric vs. anisohydric,
conifer vs. angiosperm), and the species-specific ability of conduits refilling under controlled conditions
is a prerequisite to assess species resilience under future climatic conditions.

Plants may have benefited from the rise in temperature, for instance, due to an extension of
the growing season [23,24]. Although tree responses are usually species-specific, the increase of
temperature alone can also enhance plant growth [25] through higher carbon assimilation if water
availability is not restricted [26], but can promote drought stress by raising the water vapor deficit [27].
Drought impacts on tree physiology describe a circle that starts by affecting water transport and
assimilation and continues with allocation processes such as growth [28]. Several studies have
associated the drought-induced growth reduction to physiological tree decline and with overall tree
mortality [29,30]. In fact, tissue formation is inhibited by drought long before carbon supply falls
short because of drought-induced limitations of gas exchange [31]. Moreover, plant-plant interactions
seem to have an interspecific effect on the drought tolerance of tree species to cope with future
climate scenarios [32–34], since competition decreases individual radial growth as a result of reduced
nutrient and water availability [35]. Previous studies have suggested that tree-to-tree competition,
as a long-term predisposing stressor, may be an additional risk factor for drought-induced mortality in



Forests 2017, 8, 450 3 of 19

water-stressed areas [36]. Therefore, additional parameters such as stand density need to be included
to evaluate the physiological response of different tree species to drought.

The seedling stage is considered to be a very drought sensitive and mortality susceptible
period of plant development, given the lower rooting volume and depth, as well as lower
carbohydrate reserves [37,38]. Seedling establishment is directly related to sustainable forest cover
and production [39]; thus, the influence of climate on trees at this stage has been recalled to probably
influence regeneration negatively inducing alternate forest communities [40]. Although most of the
studies analyzing seedling responses under controlled conditions are conducted in pots, the se may
produce some artifacts most likely due to restrictions of the natural root system [41].

The present study aims to investigate the response of seedlings of three European tree species
with contrasting functional types (Castanea sativa Mill., Pinus sylvestris L., and Quercus spp.) under
predicted future climatic conditions in an experimental field. A factorial combination of warming
and drought was achieved using an open air-heating system and an automatic rain-out shelter,
respectively. This experimental design allowed natural root development of the seedlings contrary
to pot experiments. Moreover, high and low competition levels were taken into consideration.
We assessed plant responses as changes in ecophysiological parameters (e.g., stomatal conductance,
water potentials and plant hydraulics) and growth performance. We focused on the following questions:
(i) Are there inter-specific differences in the response to prolonged drought and warming? (ii) Is
competition enhancing drought stress? (iii) Is the relation between stomatal conductance and water
potential equal among species? (iv) Do the studied species recover their hydraulic conductivity after
experiencing very low water potentials?

2. Materials and Methods

2.1. Study Species

Sweet chestnut (Castanea sativa Mill.) is a medium sized deciduous tree from the Fagaceae family.
As a ring-porous species, its hydraulic system is made up of vessels. It is considered to be a drought
tolerant species. Thus, being anisohydric, it keeps stomata open under drought conditions [42].
Sessile and pedunculate oak (Quercus petrea (Matt.) Liebl. and Quercus robur L., respectively) are
large deciduous trees that, similar to sweet chestnut, also belong to the Fagaceae family and have
a ring-porous wood anatomy. Both species share most of their functional characteristics and are usually
regarded in the literature as a unique cluster Quercus spp. due to frequent hybridization. Quercus spp.
are also anisohydric, tolerating hydraulic tension in their xylem by opened stomata and therefore,
higher rate of photosynthesis under water restricted conditions [43]. Scots pine (Pinus sylvestris L.)
from the Pinaceae family is an evergreen conifer with a wide distribution range across Eurasia.
Its xylem is made of non-specialized tracheids that perform conductive and structural functions.
Scots pine is an isohydric species since its stomatal closure occurs faster under drought conditions [44],
thus maintaining steady water potentials.

2.2. Experimental Design

The experiment was set up at an open field site located in the Gewächshauslaborzentrum Dürnast
(GHL) of the TUM School of Life Sciences Weihenstephan (48◦24′ N, 11◦41′ E, 445 m a.s.l.). According to
the German Meteorological Service, the climate conditions at this location are characterized by a mean
annual temperature of 7.9 ◦C and 785 mm of mean annual precipitation for the period 1971–2000.

The soil composition of the 87 m2 parcel was carefully prepared to ensure a good drainage and
thus reduced water availability for the plants. Three different layers of soil, reaching 120 cm in total,
comprised deep down, 35 cm of gravel, followed by 50 cm of pure sand and a 35-cm top layer of sand
with 30% humus. This soil composition is similar to the soils from the Franconian plateau [45], one of
the driest and warmest regions in Germany [46], having a 32.5% of maximum water capacity and a pH
of 7.2. The experiment was set up following a split-plot design (Figure S1) with four treatments during
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the growing season: control, temperature increase (temp), rainfall exclusion (dry) and the combination
of temperature increase and rainfall exclusion (drytemp). However, due to technical reasons, it was not
possible the randomization of treatments and species within the plots, which may lead to potential
limitations in the interpretation of the results. The temperature increase was accomplished by using
a water heating system, which was connected to corrugated pipelines mounted 2 cm over the ground
gridding each seedling. This structure located at the treatments temp and drytemp fulfilled the objective
of heating the air by 1–2 ◦C compared to ambient temperature in the surrounding of the seedlings.
Drought conditions were achieved with an automated transparent rainout shelter, which covered the
plots of the dry and drytemp treatments during precipitation events. Lateral water movement was
prohibited by concrete foundations of the rainout shelter as well as vertical plastic sheets in the soil
between the treatments. Each treatment plot had a total area of 18.85 m2.

A total of 384 seedlings of Castanea sativa, Quercus spp. and Pinus sylvestris (128 per species)
were planted on 21 November 2013. Each treatment had 96 seedlings (32 per species). The seedlings
were one-year-old in the case of sweet chestnut and oak and two-year-old in the case of Scots pine.
In order to study the effect of density, each treatment plot consisted of three subplots: two subplots
with a high density of seedlings (7.57 seedlings m−2, 12 per species) and one subplot with a low
density of seedlings (3.69 seedlings m−2, eight per species; Figure S1). The plant material was
obtained from a nursery. After planting, the seedlings had an acclimation period of seven months
(from November 2013 to June 2014) before the treatments started. The first treatment period in 2014
started on 23 June and ended on 14 October. During winter 2014–2015 the treatments were stopped
and seedlings experienced normal site conditions. The second treatment period in 2015 ran from
30 June until 15 September.

The temperature in all treatment plots was continuously monitored with a temperature sensor
(FF-10V-INT-TE, B+B Thermo-Technik GmbH, Donaueschingen, Germany). Soil moisture was recorded
twice a week during the treatment periods at 20 and 60 cm depth using a profile soil moisture sensor
and readout unit (PR2 Profile Probe and HH2 Moisture Meter, Delta-T Devices Ltd., Cambridge, UK).
However, due to technical problems, the re were some gaps in both time series (air temperature and
soil moisture).

2.3. Growing Conditions

During the treatment periods, marked differences of air temperature and soil moisture were
observed among the plots (Figure 1). Mean recorded temperatures were higher in temp and drytemp
compared to dry and control, thus evidencing the effect of the heating system (Figure S2). However,
higher absolute mean temperatures were recorded in 2015 indicating an extraordinary warm summer
in the region (Figure S3). In fact, in 2015 the highest temperatures since 1880 were recorded in Germany
(German Meteorological Service).

Soil moisture was in general higher in the control treatment and declined along the temp, dry and
drytemp treatments. The seasonal soil moisture evolution differed between the years 2014 and 2015.
In 2014 the control and temp treatments displayed a higher content of water at both depths compared
to dry and drytemp which additionally displayed a decreasing trend at 20 cm depth. In 2015 the soil
moisture in all treatments showed nearly the same values at 20 cm depth pointing to a clear impact of
the natural drought in 2015. In contrast to the 20 cm depth, clear differences were still detectable at
60 cm depth among the treatments.
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Figure 1. Climate conditions during the two treatment periods in 2014 and 2015. Mean daily 
temperatures are shown in the upper panels. Middle and lower panels display soil moisture at 20 and 
60 cm depth, respectively. Abscissas labels are placed at the beginning of the month. 

2.4. Field Measurements 

Height and diameter of six seedlings per species, treatment and subplot were measured once a 
month during the treatment periods. Stem diameter was recorded 1.5 cm above the ground level with 
a pocket measuring slide caliper of 0.01 mm of resolution (0220 DIGI-MET IP65, Helios-Preisser, 
Gammertingen, Germany). The height of the seedlings was measured from the base of the seedling 
to the terminal tip using a folding rule. 

Stem water potential (ΨSTEM) and stomatal conductance (gs) were only measured in the high 
density plots due to time restrictions. In 2014 ΨSTEM and gs were measured every week or every second 
week depending on the weather conditions avoiding rainy conditions from 23 June to 14 October and 
5 June to 26 September, respectively. In 2015, ΨSTEM and gs were measured simultaneously on 7 July, 
5 and 21 August, and 11 September. 

ΨSTEM was measured on six seedlings per species and treatment using a Scholander type pressure 
chamber, (PMS Instrument Company, Albany, NY, USA). A fully developed leaf of each seedling 
was covered with aluminum foil and was enclosed in a plastic bag in the evening before the day of 
harvesting. This procedure stops leaf transpiration and enables the leaf water potential to equilibrate 
with the xylem water potential at the petiole [47]. On the next day (11:00–15:00) each leaf was 
removed with a razor blade and immediately placed into the pressure chamber. Since the water 
potential is strongly influenced by time of the day, the measurements were completely randomized 
each time. The stomatal conductance (gs) was measured on fully developed leaves avoiding main 
veins with a porometer (SC-1 Leaf Porometer, Decagon Devices, Pullman, WA, USA). 
  

Figure 1. Climate conditions during the two treatment periods in 2014 and 2015. Mean daily
temperatures are shown in the upper panels. Middle and lower panels display soil moisture at
20 and 60 cm depth, respectively. Abscissas labels are placed at the beginning of the month.

2.4. Field Measurements

Height and diameter of six seedlings per species, treatment and subplot were measured once
a month during the treatment periods. Stem diameter was recorded 1.5 cm above the ground level
with a pocket measuring slide caliper of 0.01 mm of resolution (0220 DIGI-MET IP65, Helios-Preisser,
Gammertingen, Germany). The height of the seedlings was measured from the base of the seedling to
the terminal tip using a folding rule.

Stem water potential (ΨSTEM) and stomatal conductance (gs) were only measured in the high
density plots due to time restrictions. In 2014 ΨSTEM and gs were measured every week or every second
week depending on the weather conditions avoiding rainy conditions from 23 June to 14 October and
5 June to 26 September, respectively. In 2015, ΨSTEM and gs were measured simultaneously on 7 July,
5 and 21 August, and 11 September.

ΨSTEM was measured on six seedlings per species and treatment using a Scholander type pressure
chamber, (PMS Instrument Company, Albany, NY, USA). A fully developed leaf of each seedling
was covered with aluminum foil and was enclosed in a plastic bag in the evening before the day of
harvesting. This procedure stops leaf transpiration and enables the leaf water potential to equilibrate
with the xylem water potential at the petiole [47]. On the next day (11:00–15:00) each leaf was removed
with a razor blade and immediately placed into the pressure chamber. Since the water potential is
strongly influenced by time of the day, the measurements were completely randomized each time.
The stomatal conductance (gs) was measured on fully developed leaves avoiding main veins with
a porometer (SC-1 Leaf Porometer, Decagon Devices, Pullman, WA, USA).
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2.5. Laboratory Measurements

The plant material for hydraulic analyses was harvested at the end of the second treatment period
(September–October 2015). The harvest schedule was randomized in order to avoid possible time
interactions. The identical six seedlings per species, treatment and subplot measured for growth traits
were analyzed. Entire seedlings including the root system were collected, immediately sprayed with
water, placed inside plastic bags and transported to the laboratory. At the same day and once in the
laboratory, the whole seedling was submerged under water and successively cut by trimming the ends
of each segment with a fresh razor blade. This procedure was applied in order to avoid any potential
artificial embolism [48,49]. The 3-year-old internode of each seedling was cut, labeled and kept under
water to avoid dehydration. Diameter and length of the resulting segments were recorded for each
sample (Table S1). The stem sections were quickly connected to the Sperry hydraulic conductivity
apparatus [50]. The set-up consists mainly of tubes and containers filled up with a degassed and
deionized solution of 20 mM KCl and 1 mM CaCl2 which allows controlling probable ionic effects
on pit membrane conductance. The gravity-induced water flow rate through the segments was
measured every 10 s with a high precision electronic balance (Mettler-Toledo XS204R, Mettler-Toledo
AG, Greifensee, Switzerland) interfaced with a computer.

The native hydraulic conductivity (KH, kg m MPa−1 s−1) was calculated as:

KH = (F·L)/∆P (1)

where F is the flow rate (kg s−1), L is the length of the segment (m) and ∆P the driving force (MPa).
The xylem-specific native hydraulic conductivity (KS-NATIVE, kg m−1 MPa−1 s−1) was then calculated
as KH normalized by the total cross-sectional xylem area (m2). Cross sections were prepared from
the center of each stem. The total cross-sectional xylem area was captured using a digital camera
(Canon Rebel T2i, Canon, Krefeld, Germany) connected to a binocular microscope (Leica S6D, Leica
Camera AG, Wetzlar, Germany) and afterwards measured with the software ImageJ (IJ 1.46r, National
Institutes of Health, Bethesda, MD, USA). Areas corresponding to the pith and the bark of the stems
were excluded from the measurements.

Native xylem embolism was reversed by applying two different methods for conifers and
angiosperms due to their contrasting physiologies [51]. In the case of Scots pine, the stem portions
were submerged in a degassed solution of 20 mM KCl and 1 mM CaCl2 and vacuum infiltrated for
1 h. In the case of chestnut and oak, the segments were connected to a tubing apparatus and flushed,
with the same measuring solution, for 1 h at 100 kPa [51]. Afterwards, the xylem-specific maximum
hydraulic conductivity (KS-MAX) was measured following the same procedure as for the KS-NATIVE.
The native percentage of loss of hydraulic conductivity (PLC) was calculated as the percentage of
KS-NATIVE relative to KS-MAX in order to determine the degree to which the maximum hydraulic
conductivity had been reduced.

2.6. Statistical Analyses

Due to their non-normal distribution, the inter- and intraspecific differences in growth and
hydraulic variables were analyzed by Kruskal-Wallis tests. To test pairwise differences, a Dunn´s
test with a Bonferroni correction was performed. Additionally, the effect of seedling density on the
different response variables (height, diameter, and hydraulic measurements) was determined with
pairwise Wilcoxon signed-rank tests.

The influence of species, treatment and year on stem water potential and stomatal conductance
was analyzed for the whole study period from end of June 2014 until beginning of September 2015
using linear mixed effects models (R package nlme; [52]). The starting model contained the three-way
interaction of the factorial dummy variables species, treatment and year and single individuals were
used as a random variable to account for repeated measurements. Variance function structure classes
were applied to assure homoscedasticity of residuals. These models were then simplified by removing
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the terms that did not improve the model fit based on the Akaike information criterion (AIC) using the
stepAIC function with backward and forward selection (R package MASS, [53]). The final models of
stem water potential and stomatal conductance contained all possible two-way interactions of species,
treatment and year and the three-way interaction of species, treatment and year, respectively.

The relation between simultaneously measured stem water potential and stomatal conductance in
2015 was assessed by fitting exponential functions. In order to determine which xylem tension drives
the loss of conductivity, the minimum and the last recorded stem water potentials were related to PLC.
This relation was assessed fitting a Weibull function as commonly used for vulnerability curves [54]:

PLC/100 = 1− exp
[
−(−ΨSTEM/b)c] (2)

where b and c are fitting constants. Fitting was carried out using the nls function (R package stats).
The resulting models per species were compared by AIC values.

All the statistical analyses were performed using the different mentioned packages implemented
in the R statistical software (R Development Core Team 2008).

3. Results

3.1. Density Effect

In general, seedling density had little effects on the studied parameters (diameter, height,
KS-NATIVE, KS-MAX and PLC) (Table S2). Among the 84 possible pairwise comparisons, only nine
were significant (p < 0.05), six of them for sweet chestnut, one for oak and two for Scots pine. Sweet
chestnuts from the low-density control showed higher diameter increases than those at the high-density
control whereas the opposite pattern was true for dry. Sweet chestnut from low-density subplots of
drytemp displayed higher height increments than those from the low-density. The opposite pattern was
found for Scots pine at control. Regarding hydraulics, sweet chestnut from high-density dry showed
higher KS-NATIVE values, which translated ino lower PLC values compared to low-density. However,
seedlings from high-density drytemp also showed higher KS-MAX than those from low-density but this
did not affect PLC. Contrary to sweet chestnut, oak from the low-density dry showed higher values of
KS-NATIVE that those from high-density. PLC from Scots pine at low-density temp were significantly
higher than those from high-density.

Therefore, since there were only marginal and even not congruent density effects, the y were not
further considered in the analyses.

3.2. Growth Effects

In 2014 and 2015, the diameter increments of Scots pine in both control and dry were significantly
higher than those of the other two species (Figure 2a,b). In 2014, oak displayed significantly lower
diameter increments than the other two species in drytemp and temp with no significant differences
between sweet chestnut and Scots pine. At the intraspecific level, seedlings of all species growing
without water restrictions in 2014 (control and temp) showed significant larger diameter increments
than those from dry and drytemp. In contrast, in 2015, diameter increments of Scots pine did not show
any significant differences among treatments, whereas sweet chestnut showed the same pattern as
in 2014 and oak of control and dry displayed significantly larger diameter increments compared to
drytemp and temp.

Height increments 2014 of oak and sweet chestnut in dry were significantly lower than those of
Scots pine, whereas in temp and drytemp oak displayed significantly lower height increments than
the other two species (Figure 2c). No significant differences in height increments 2014 were found
among species in control. While there were no significant intraspecific differences among oak and
Scots pine, sweet chestnut from dry and drytemp grew significantly less in height than those from
control. Additionally, sweet chestnut from dry displayed lower height growth than those from control.
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Figure 2. Diameter (a,b) and height (c,d) increments for both treatment periods 2014 (a,c) and 2015 (b,d).
Bars represent mean ± SE. Upper and lowercase letters represent inter- and intraspecific significant
differences (p < 0.05) within and between treatments, respectively.

No interspecific differences in height increments 2015 were found in control, temp and dry (Figure 2d),
whereas Scots pine had significantly larger height growth than the other two species in drytemp.
At intraspecific level, no significant differences were found among Scots pine treatments, while oak
seedlings from control showed significantly higher height increments than those from temp and drytemp.
Sweet chestnut seedlings from drytemp grew significantly less in height than those from control.

3.3. Stem Water Potential and Stomatal Conductance

The variation in stem water potential (ΨSTEM) was explained by all possible two-way interactions of
species, treatment and year. In general, Scots pine had the highest ΨSTEM per treatment and year, followed
by sweet chestnut and oak (Figure 3b). Furthermore, Scots pine exhibited a smaller reduction of ΨSTEM

(<0.3 MPa) across treatments and years than the other two species (Figure 3a). Within each species and
treatment, ΨSTEM was lower in 2015 than in 2014 (Figure 3b,c and see Figure S4 for temporal evolution).
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More specifically, compared to control, temp did not have an effect on ΨSTEM for all species,
whereas ΨSTEM of dry and drytemp was pronouncedly decreased for sweet chestnut and oak (Figure 3a).
In 2014, ΨSTEM declined along the control, temp, dry treatments towards the drytemp (Figure 3c). In 2015,
ΨSTEM in control and temp was as low as in dry during 2014 with an even stronger reduction dry and
drytemp (Figure 3c).

The best model for stomatal conductance (gs) included the tree-way interaction of species, treatment
and year (Figure 4). Similar to ΨSTEM, temp did not affect gs. Values of 2015 were generally lower within
treatments for sweet chestnut and oak but not for Scots pine. Scots pine showed lower gs per treatment
than sweet chestnut and oak in 2014, but no differences were found in 2015. In general, gs in dry and
drytemp was significantly lower than in control except for Scots pine in 2014. For sweet chestnut in 2014
and 2015 and for Scots pine in 2014, gs did not significantly decrease in dry and drytemp compared to
temp, although it did for oak. However, drytemp amplified the reduction of gs compared to dry in sweet
chestnut and in Scots pine in 2014. gs in oak did not differ between dry and drytemp.
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In all three species, gs decreased as a function of declining ΨSTEM (Figure 5). The relationship
was significantly fit by an exponential function in all cases. Although sweet chestnut and oak showed
a more relaxed stomatal closure, oak reached 90% of stomatal closure at lower ΨSTEM than sweet
chestnut (−4.61 MPa and −3.59 MPa, respectively). In contrast, gs in Scots pine sharply responded to
decreasing water potential and underwent 90% of stomatal closure at around ΨSTEM −1.43 MPa.Forests 2017, 8, 450  10 of 19 
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3.4. Hydraulic Measurements

Sweet chestnut and Scots pine displayed significantly higher KS-NATIVE values than oak in the
control, whereas in the other treatments Scots pine showed significantly higher values than the broadleaf
species (Figure 6). Sweet chestnut KS-NATIVE values decreased significantly with increasing stress
conditions, reaching the lowest values in drytemp. KS-NATIVE values of oak in drytemp were significantly
lower than those of temp, but did not significantly differ from control and dry. Scots pine seedlings of
drytemp displayed significantly lower KS-NATIVE values than dry and temp.

Sweet chestnut displayed significantly higher KS-MAX than Scots pine and oak in the control
treatment (Figure 6), but no interspecific differences were found for the other treatments. Similarly
to KS-NATIVE, sweet chestnut showed a significant decrease in KS-MAX towards increasing aridity:
KS-MAX in drytemp was 75% lower than in the control treatment. No significant differences were found
among treatments in KS-MAX of oak and, in the case of Scots pine, KS-MAX followed the same pattern
as KS-NATIVE.

In general, the percent loss of conductivity (PLC) was significantly higher for the broadleaf
species than for Scots pine, regardless of the treatment (Figure 6). The highest PLC values of the
broadleaf species were recorded in drytemp reaching approximately 75% and 90% for oak and sweet
chestnut, respectively. Non-significant differences in PLC were found between oak and sweet chestnut
in any of the treatments. PLC of Scots pine and oak did not differ among treatments. In contrast, PLC of
sweet chestnut increased towards aridity, i.e., seedlings from dry and drytemp displayed significantly
higher PLC values than those in the other treatments.

Forests 2017, 8, 450  11 of 19 

 

 
Figure 6. Native specific-hydraulic conductivity KS-NATIVE, maximum specific-hydraulic conductivity 
KS-MAX and percentage of loss of hydraulic conductivity PLC of the study species under the four 
treatments. Bars represent means and their standard errors. Upper and lowercase letters represent 
inter- and intraspecific significant differences (p < 0.05) within and between treatments, respectively. 

3.5. PLC versus Minimum and Last Recorded ΨSTEM 

Weibull functions were fitted to explained PLC based on the minimum and the last recorded 
stem water potentials for each species (Figure 7). In the case of sweet chestnut, PLC data were better 
fitted by the minimum than the last recorded water potential, which can also be seen in the lower 
AIC value of the model based on the minimum stem water potential (Table 1). The relationship 
followed a sigmoidal curve typically reported for vulnerability curves. However, PLC data did not 
cover the whole possible range of ΨSTEM. 

Figure 6. Native specific-hydraulic conductivity KS-NATIVE, maximum specific-hydraulic conductivity
KS-MAX and percentage of loss of hydraulic conductivity PLC of the study species under the four
treatments. Bars represent means and their standard errors. Upper and lowercase letters represent
inter- and intraspecific significant differences (p < 0.05) within and between treatments, respectively.



Forests 2017, 8, 450 11 of 19

3.5. PLC versus Minimum and Last Recorded ΨSTEM

Weibull functions were fitted to explained PLC based on the minimum and the last recorded
stem water potentials for each species (Figure 7). In the case of sweet chestnut, PLC data were better
fitted by the minimum than the last recorded water potential, which can also be seen in the lower AIC
value of the model based on the minimum stem water potential (Table 1). The relationship followed
a sigmoidal curve typically reported for vulnerability curves. However, PLC data did not cover the
whole possible range of ΨSTEM.Forests 2017, 8, 450  12 of 19 
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In case of oak, the re was no substantial difference between both models. Similarly to sweet
chestnut, PLC of Scots pine was better explained by the minimum ΨSTEM. However, Scots pine
generally displayed only low values of PLC less than 10% and relative high ΨSTEM above −1.5 MPa.
Consequently, the vulnerability curves are very restricted.

Table 1. AIC values of the Weibull models using the minimum recorded (min) and the last measured
(last) stem water potential ΨSTEM.

AIC Castanea sativa Quercus spp. Pinus sylvestris

min 216.53 156.90 32.63
last 226.65 157.19 38.37
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4. Discussion

4.1. Effect of Seedling Density

In general, our results showed little effects of density on growth and hydraulics. An increase in
radial growth would be expected at the low-density subplots regardless of the species due to a reduced
competition for resources, e.g., light, water and nutrients [32,55,56]. This effect was only found in
sweet chestnut (control 2015), but an opposite pattern was found for dry. However, a higher sensitivity
to competition displayed by sweet chestnut is in agreement with [32] who found a slightly higher
effect of competition on the response to aridity in broadleaf species (but see [56]).

Scots pine as a pioneer and light-demanding species [57] might have grown more in height
in the high-density subplots in order to be more competitive, as pointed in our results. However,
this effect was only clear in 2014 when the weather conditions were rather milder compared to 2015
(Figure S3) when the differences due to competition disappeared. On the contrary, both broadleaf
species, as relatively shade tolerant species [58], did not show significant differences in height increment
except for sweet chestnut in drytemp. However, it should be considered that height increment was
measured only in the main shoots, neglecting the growth of secondary shoots, which can vary in
different competition levels, especially in broadleaf species as reported by [59].

Just a few studies have assessed the effect of density on plant hydraulics. Trees growing in
high-density stands displayed lower water potentials and sap flow, particularly during drought [60].
Our results did not show clear patterns in the effect of density on hydraulics, although sweet chestnut
and oak showed some differences in KS-NATIVE and KS-MAX between high- and low-densities in dry.
Moreover, the se differences in KS-NATIVE and KS-MAX were not translated into significant differences
in PLC.

Our results are based on a two-year experiment and thus, we cannot exclude the possibility
that long-term competition could lead to further challenges in overcoming drought events, as found
by [33,34].

4.2. Effects of Warming and Drought on Growth

In contrast to the general assumption that temperature facilitates carbon allocation to growth if
water availability is not limiting [61], especially among deciduous species [62], warming conditions
did not lead to significantly larger height or diameter increments, regardless of the species. Even more,
during 2015, when the conditions were more stressful, oak seedlings growing at temp displayed lower
increments pointing to a high sensitivity to warming, especially for young individuals as reported
by [63]. This finding contradicts [64] who found a temperature-induced stem shoot elongation but
a diameter reduction in different species of the genus Quercus. According to our results, Scots pine
seedlings did not increase their height increments under warming as reported by [65]. It should be
considered that positive warming effects have mostly been reported in long-term studies [66] and our
experiment might have not been long enough to observe those positive temperature effects.

Drought had a higher impact on growth, and we found species-specific responses. In general,
our results pointed to a growth reduction under restricted water availability and thus this effect was
clearly enhanced by warming, as also reported by [67]. Scots pine shoot length was not affected at all,
most likely due to the timing of shoot growth. The elongation of the main stem shoot starts early in the
growing season and achieves its maximum length in June [68]. Thus, most shoot growth took place
before the treatment period (i.e., summer), avoiding the applied stress conditions. On the contrary,
oak and sweet chestnut height increments were largely affected by the drought treatment in 2014 and
2015. Their duration of shoot elongation is longer and thus the drought treatment may reduce or
delay the number of flushes [69,70] since these species are able to flush several times during a growing
season [71]. In 2015 Scots pine shoot length was considerably shorter than in 2014. We hypothesize that
the isohydric strategy of Scots pine reduced carbon uptake and reserves during the first experimental
drought period [72], which might be a limiting factor at the beginning of the following growing



Forests 2017, 8, 450 13 of 19

season. However, a detailed analysis would be needed to confirm this hypothesis since contradictory
results were found regarding the carbohydrate storage of Scots pine under drought [73]. In contrast,
the anisohydric species oak and sweet chestnut exhibited similar height increments in 2014 and 2015
due to a more relaxed stomatal control as indicated by the higher gs. The period of diameter increment
of all species lasted longer during the growing season and, consequently, was clearly affected by the
experimental droughts. In 2014 Scots pine growing under drought conditions grew less in diameter
than in the control, whereas this effect completely disappeared in 2015. However, broadleaf species
showed this pattern in both years. Unexpectedly, Scots pine was the species showing the highest
diameter increments even under drought conditions most likely due to morphological differences
of the species (main stem/shoot, multilateral stems). It should be taken into considerations that the
artificial poor soil composition in our experimental field could have intensified the stress conditions.
Besides, our experimental design with a limited randomization of the species and treatments, may have
induced limitations in our results.

4.3. Contrasting Hydraulic Strategies among the Study Species

Our results are in agreement with previous studies regarding the strategies of the selected species
to cope with drought conditions. Scots pine displayed a relatively isohydric strategy avoiding possible
drought damages through a strict stomata control as also previously reported by [44,74]. Stomatal
conductance was drastically reduced in seedlings growing at dry and drytemp treatments, and these
differences were even higher during the more severe treatment period of 2015. The early stomatal
closure allowed maintaining relatively high stem water potentials, with significant but small differences
between treatments which translated into a small percent loss of conductivity (PLC). These low values
of native loss of conductivity found in our study are in disagreement with the ones reported by [72],
who found a strong decline in native PLC in a Scots pine population located in the NE Iberian Peninsula.
However, a more extensive study assessing the native loss of conductivity across Scots pine stands,
located at the southern limit of the species distribution during one of the driest summers in the area,
found similar values as ours [51]. Nevertheless, this conservative strategy allows keeping the xylem
functional in water transport during several years, since the annual build-up of new xylem tissue just
accounts for 15–20% of the total hydraulic conductivity [75]. Moreover, such a strategy intends to
maintain the potential hydraulic conductivity even under extreme conditions, which can be clearly
seen in our results since Scots pine displayed higher KS-NATIVE values at increasing aridity than the
rest of the study species.

In contrast to Scots pine, sweet chestnut and oak displayed relatively anisohydric behaviors
with a relaxed stomatal control. However, the hard conditions that the seedlings experienced during
2015 might have surpassed their limits (as noticed by visual observations of decaying oak seedlings),
and stomatal conductance was exponentially reduced to similar levels than Scots pine, especially in
the dry and drytemp treatments. Stem water potentials tracked the fluctuations in soil water availability
in both years. The low water potentials displayed by both species, especially by oak which could
be related to decay processes, turned into a generalized native loss of hydraulic conductivity (PLC).
Such a less strict stomatal strategy and the high native PLC values have been commonly reported
by other authors [75]. In fact, this strategy is linked to a renovation of the xylem, since all hydraulic
conductivity is recovered by new earlywood vessels that are formed in the next growing season [76].
Interestingly, the increase in PLC was related to an increase in aridity only in sweet chestnut, with low
PLC in control and maximum PLC in drytemp. Our results also agree with global studies that reported
wider safety margins in conifers than in angiosperms [17], operating closer to their critical water
potentials that may cause catastrophic xylem dysfunctions. The threshold of the critical water potential
is typically reported as the water potential that causes 50% of loss of conductivity in conifers, whereas
new studies highlighted that the critical water potential in angiosperms is closer to the 80% as
a consequence of the narrower safety margins (P88) [75]. We hypothesize that oak seedlings may had
surpassed the P88 value in all treatments and, as a consequence of its looser stomatal control, may have
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experienced similar PLC values in all treatments, leading to decay processes as visually observed.
This was also observed in the control treatment: as a consequence of the harsher conditions in 2015,
some oak seedlings reached low water potentials (−3 MPa, Figure S4). The PLC values reported for
oak in relation to the observed water potentials are in agreement with previous studies [77].

According to the Hagen-Poiseuille law [8], the maximum hydraulic conductivity is directly related
to the conduit size. Therefore, the two ring-porous species recorded higher values of KS-MAX than Scots
pine since their xylem architecture is better designed for an efficient water transport. Similar results
were found in other studies comparing angiosperms and conifers [51]. However, with increasing
aridity, sweet chestnut, Scots pine and to a lesser degree oak displayed lower KS-MAX suggesting
an acclimation of the xylem. This acclimation can be explained by the xylem plasticity and by the
height differences among treatments, in the case of sweet chestnut and oak. Recent studies highlighted
the importance of the widening trend of the xylem conduits towards the stem base on hydraulic
conductivity measurements [78]. Such a universal configuration of the xylem architecture [79,80]
predicts that conduits should widen from stem/branch tip to the base, and ultimately result in an
increase of the hydraulic conductivity. On the other hand, xylem-conduit adjustments in number
and size of the conduits have been reported for angiosperms [81] and conifers [82] in order to avoid
possible damages at the expenses of modifying the potential conductivity. This may be particularly
important for Scots pine in our study since no differences in height were reported among treatments.
Therefore, further analyses in the wood anatomy of the selected species should be done to confirm our
hypotheses. Potential artifacts due to seedling harvest and handling have been discarded, since the
entire sapling was removed from the soil, kept moist, cut under water and measured the same day.

In order to indirectly assess the possibility of conduit refilling, the minimum and the latest
measured water potentials experienced by the seedlings were related to the native loss of conductivity.
In the case of sweet chestnut and Scots pine, the minimum stem water potential better explained
the native amount of embolisms, which points to a reduced capability to recover the hydraulic
conductivity. In Scots pine, low PLC values suggested that the hydraulic safety margins were far from
the point causing a hydraulic dysfunction. In the case of oak, the models did not statistically differ.
However, as previously stated, oak showed decay processes (visual observations), which could have
masked the results. In the case of the ring-porous species, this finding would be supported by the
annual regeneration of the xylem as described in [76]. Although conduit refilling has been proved
in conifers [83] and might be a plausible explanation for our low PLC values, little is known about
the required conditions and how this process occurs under negative xylem tension [84]. Our result
may indirectly point to a reduced possibility of the conduits refilling during the growing season after
experiencing the lowest water potential. However, we cannot discard that such a refilling could occur
during non-vegetation periods as reported by [83]. Further studies measuring the evolution of the
percentage of embolism during the growing season, would be helpful to understand such processes.

5. Conclusions

The contrasting strategies displayed by the studied species translated into divergent responses
to drought and/or warming. The relatively isohydric strategy of Scots pine preserved its hydraulic
conductivity but may have reduced tree height growth during the second year. However, Scots pine
seemed to be able to mobilize reserves even with closed stomata. In contrast, the relatively anisohydric
species sweet chestnut and oak lost most of their hydraulic conductivity particularly during the most
severe dry spell of 2015, and their growth was also adjusted to the climatic conditions. The decay
processes observed among oak seedlings could indicate that the species-specific threshold of stress
was surpassed. Therefore, the intensity and length of future climate change-induced dry spells will
be decisive for the performance and survival of the seedlings. More studies are needed in order to
disentangle whether the capacity and the conditions of the gas-filled xylem conduits in saplings differ
from the adult trees.
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Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/11/450/s1.
Figure S1: Climatic treatments and density arrangement and dimensions, Figure S2. Difference in maximum,
mean and minimum temperatures between the control and each treatment for the years 2014 and 2015, Table S1:
Dimensions of the 3-year old internode segments as mean value ± standard deviation (n = 12) per treatment,
Table S2. Influence of the density of plantation in the studied variables.
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Gerda Benner, Clemens Kramer, Zoltán Szőke and Philipp Falk for their help during the fieldwork, Nik Hofmann
and Marvin Lüpke for technical support and to Uwe Hacke and Jaime Sebastian Azcona for advice and discussion.
We also thank staff from GHL Dürnast for their support handling the plant material.

Author Contributions: E.M.-S., H.S., I.D.-L. and A.M. conceived and designed the experiments; L.K.V.N., H.S.
and E.M.-S. performed the measurements; E.M.-S., L.K.V.N. and H.S. analyzed the data and E.M.-S. led the writing
with many comments from L.K.V.N., H.S., I.D.-L. and A.M.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Walther, G.; Post, E.; Convey, P.; Menzel, A.; Parmesan, C.; Beebee, T.J.C.; Fromentin, J.-M.;
Hoegh-guldberg, O.; Bairlein, F. Ecological responses to recent climate change. Nature 2002, 416, 389–395.
[CrossRef] [PubMed]

2. Lindner, M.; Maroschek, M.; Netherer, S.; Kremer, A.; Barbati, A.; Garcia-Gonzalo, J.; Seidl, R.; Delzon, S.;
Corona, P.; Kolström, M.; et al. Climate change impacts, adaptive capacity, and vulnerability of European
forest ecosystems. For. Ecol. Manag. 2010, 259, 698–709. [CrossRef]

3. Allen, C.D.; Macalady, A.K.; Chenchouni, H.; Bachelet, D.; McDowell, N.; Vennetier, M.; Kitzberger, T.;
Rigling, A.; Breshears, D.D.; Hogg, E.H.; et al. A global overview of drought and heat-induced tree mortality
reveals emerging climate change risks for forests. For. Ecol. Manag. 2010, 259, 660–684. [CrossRef]

4. IPCC. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK;
New York, NY, USA, 2013.

5. Anderegg, W.R.L.; Kane, J.M.; Anderegg, L.D.L. Consequences of widespread tree mortality triggered by
drought and temperature stress. Nat. Clim. Chang. 2013, 3, 30–36. [CrossRef]

6. Anderegg, L.D.L.; Hillerislambers, J. Drought stress limits the geographic ranges of two tree species via
different physiological mechanisms. Glob. Chang. Biol. 2015, 22, 1029–1045. [CrossRef] [PubMed]

7. Chaves, M.M.; Pereira, J.S.; Maroco, J.; Rodrigues, M.L.; Ricardo, C.P.P.; Osório, M.L.; Carvalho, I.; Faria, T.;
Pinheiro, C. How plants cope with water stress in the field? Photosynthesis and growth. Ann. Bot. 2002, 89,
907–916. [CrossRef] [PubMed]

8. Tyree, M.T.; Zimmermann, M.H. Xylem Structure and the Ascent of Sap, 2nd ed.; Springer: Berlin, Germany, 2002.
9. Ciordia, M.; Feito, I.; Pereira-Lorenzo, S.; Fernández, A.; Majada, J. Adaptive diversity in Castanea sativa Mill.

half-sib progenies in response to drought stress. Environ. Exp. Bot. 2012, 78, 56–63. [CrossRef]
10. Mencuccini, M.; Grace, J.; Fioravanti, M. Biomechanical and hydraulic determinants of tree structure in Scots

pine: Anatomical characteristics. Tree Physiol. 1997, 17, 105–113. [CrossRef] [PubMed]
11. Carnicer, J.; Barbeta, A.; Sperlich, D.; Coll, M.; Peñuelas, J. Contrasting trait syndromes in angiosperms and

conifers are associated with different responses of tree growth to temperature on a large scale. Front. Plant Sci.
2013, 4, 409. [CrossRef] [PubMed]

12. McDowell, N.; Pockman, W.T.; Allen, C.D.; Breshears, D.D.; Cobb, N.; Kolb, T.; Plaut, J.; Sperry, J.; West, A.;
Williams, D.G.; et al. Mechanisms of plant survival and mortality during drought: Why do some plants
survive while others succumb to drought? New Phytol. 2008, 178, 719–739. [CrossRef] [PubMed]

13. Buckley, T.N. The control of stomata by water balance. New Phytol. 2005, 168, 275–292. [CrossRef] [PubMed]
14. Martínez-Vilalta, J.; Garcia-Forner, N. Water potential regulation, stomatal behaviour and hydraulic transport

under drought: Deconstructing the iso/anisohydric concept. Plant. Cell Environ. 2016, 40, 962–976. [CrossRef]
[PubMed]

www.mdpi.com/1999-4907/8/11/450/s1
http://dx.doi.org/10.1038/416389a
http://www.ncbi.nlm.nih.gov/pubmed/11919621
http://dx.doi.org/10.1016/j.foreco.2009.09.023
http://dx.doi.org/10.1016/j.foreco.2009.09.001
http://dx.doi.org/10.1038/nclimate1635
http://dx.doi.org/10.1111/gcb.13148
http://www.ncbi.nlm.nih.gov/pubmed/26663665
http://dx.doi.org/10.1093/aob/mcf105
http://www.ncbi.nlm.nih.gov/pubmed/12102516
http://dx.doi.org/10.1016/j.envexpbot.2011.12.018
http://dx.doi.org/10.1093/treephys/17.2.105
http://www.ncbi.nlm.nih.gov/pubmed/14759880
http://dx.doi.org/10.3389/fpls.2013.00409
http://www.ncbi.nlm.nih.gov/pubmed/24146668
http://dx.doi.org/10.1111/j.1469-8137.2008.02436.x
http://www.ncbi.nlm.nih.gov/pubmed/18422905
http://dx.doi.org/10.1111/j.1469-8137.2005.01543.x
http://www.ncbi.nlm.nih.gov/pubmed/16219068
http://dx.doi.org/10.1111/pce.12846
http://www.ncbi.nlm.nih.gov/pubmed/27739594


Forests 2017, 8, 450 16 of 19

15. Klein, T. The variability of stomatal sensitivity to leaf water potential across tree species indicates a continuum
between isohydric and anisohydric behaviours. Funct. Ecol. 2014, 28, 1313–1320. [CrossRef]

16. Sevanto, S.; Mcdowell, N.G.; Dickman, L.T.; Pangle, R.; Pockman, W.T. How do trees die? A test of the
hydraulic failure and carbon starvation hypotheses. Plant Cell Environ. 2014, 37, 153–161. [CrossRef]
[PubMed]

17. Choat, B.; Jansen, S.; Brodribb, T.J.; Cochard, H.; Delzon, S.; Bhaskar, R.; Bucci, S.J.; Feild, T.S.; Gleason, S.M.;
Hacke, U.G.; et al. Global convergence in the vulnerability of forests to drought. Nature 2012, 491, 752–755.
[CrossRef] [PubMed]

18. Nardini, A.; Lo Gullo, M.A.; Salleo, S. Refilling embolized xylem conduits: Is it a matter of phloem unloading?
Plant Sci. 2011, 180, 604–611. [CrossRef] [PubMed]

19. Taneda, H.; Sperry, J.S. A case-study of water transport in co-occurring ring- versus diffuse-porous trees:
Contrasts in water-status, conducting capacity, cavitation and vessel refilling. Tree Physiol. 2008, 28, 1641–1651.
[CrossRef] [PubMed]

20. Salleo, S.; Lo Gullo, M.A.; Trifilo, P.; Nardini, A. New evidence for a role of vessel-associated cells and phloem
in the rapid xylem refilling of cavitated stems of Laurus nobilis L. Plant Cell Environ. 2004, 27, 1065–1076.
[CrossRef]

21. Brodersen, C.R.; McElrone, A.J.; Choat, B.; Matthews, M.A.; Shackel, K.A. The dynamics of embolism repair
in xylem: In vivo visualizations using high-resolution computed tomography. Plant Physiol. 2010, 154,
1088–1095. [CrossRef] [PubMed]

22. Sperry, J.S. Cutting-edge research or cutting-edge artefact? An overdue control experiment complicates the
xylem refilling story. Plant Cell Environ. 2013, 36, 116–118. [CrossRef] [PubMed]

23. Menzel, A.; Fabian, P. Growing season extended in Europe. Nature 1999, 397, 659. [CrossRef]
24. Menzel, A.; Sparks, T.H.; Estrella, N.; Koch, E.; Aaasa, A.; Ahas, R.; Alm-Klübler, K.; Bissolli, P.; Braslavská, O.;

Briede, A.; et al. European phenological response to climate change matches the warming pattern.
Glob. Chang. Biol. 2006, 12, 1969–1976. [CrossRef]

25. Martínez-Vilalta, J.; López, B.C.; Adell, N.; Badiella, L.; Ninyerola, M. Twentieth century increase of Scots
pine radial growth in NE Spain shows strong climate interactions. Glob. Chang. Biol. 2008, 14, 2868–2881.
[CrossRef]

26. Chung, H.; Hiroyuki, M.; Nakamura, M.; Saerom, H.; Muller, O.; Son, Y. Experimental warming studies on
tree species and forest ecosystems: A literature review. J. Plant Res. 2013, 126, 447–460. [CrossRef] [PubMed]

27. Williams, A.P.; Allen, C.D.; Macalady, A.K.; Griffin, D.; Woodhouse, C.A.; Meko, D.M.; Swetnam, T.W.;
Rauscher, S.A.; Seager, R.; Grissino-Mayer, H.D.; et al. Temperature as a potent driver of regional forest
drought stress and tree mortality. Nat. Clim. Chang. 2012, 3, 292–297. [CrossRef]

28. Bréda, N.; Huc, R.; Granier, A.; Dreyer, E. Temperate forest trees and stands under severe drought: A review
of ecophysiological responses, adaptation processes and long-term consequences. Ann. For. Sci. 2006, 63,
625–644. [CrossRef]

29. Carnicer, J.; Coll, M.; Ninyerola, M.; Pons, X.; Sánchez, G.; Peñuelas, J. Widespread crown condition decline,
food web disruption, and amplified tree mortality with increased climate change-type drought. Proc. Natl.
Acad. Sci. USA 2011, 108, 1474–1478. [CrossRef] [PubMed]

30. Sánchez-Salguero, R.; Navarro-Cerrillo, R.M.; Swetnam, T.W.; Zavala, M.A. Is drought the main decline
factor at the rear edge of Europe? The case of southern Iberian pine plantations. For. Ecol. Manag. 2012, 271,
158–169. [CrossRef]

31. Körner, C. Paradigm shift in plant growth control. Curr. Opin. Plant Biol. 2015, 25, 107–114. [CrossRef]
[PubMed]

32. Fernández-de-Uña, L.; Cañellas, I.; Gea-Izquierdo, G. Stand competition determines how different tree
species will cope with a warming climate. PLoS ONE 2015, 10, e0137932. [CrossRef] [PubMed]

33. Martin-Benito, D.; Kint, V.; del Río, M.; Muys, B.; Cañellas, I. Growth responses of West-Mediterranean
Pinus nigra to climate change are modulated by competition and productivity: Past trends and future
perspectives. For. Ecol. Manag. 2011, 262, 1030–1040. [CrossRef]

34. Linares, J.C.; Camarero, J.J.; Carreira, J.A. Competition modulates the adaptation capacity of forests to
climatic stress: Insights from recent growth decline and death in relict stands of the Mediterranean fir
Abies pinsapo. J. Ecol. 2010, 98, 592–603. [CrossRef]

http://dx.doi.org/10.1111/1365-2435.12289
http://dx.doi.org/10.1111/pce.12141
http://www.ncbi.nlm.nih.gov/pubmed/23730972
http://dx.doi.org/10.1038/nature11688
http://www.ncbi.nlm.nih.gov/pubmed/23172141
http://dx.doi.org/10.1016/j.plantsci.2010.12.011
http://www.ncbi.nlm.nih.gov/pubmed/21421408
http://dx.doi.org/10.1093/treephys/28.11.1641
http://www.ncbi.nlm.nih.gov/pubmed/18765369
http://dx.doi.org/10.1111/j.1365-3040.2004.01211.x
http://dx.doi.org/10.1104/pp.110.162396
http://www.ncbi.nlm.nih.gov/pubmed/20841451
http://dx.doi.org/10.1111/pce.12148
http://www.ncbi.nlm.nih.gov/pubmed/23763611
http://dx.doi.org/10.1038/17709
http://dx.doi.org/10.1111/j.1365-2486.2006.01193.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01685.x
http://dx.doi.org/10.1007/s10265-013-0565-3
http://www.ncbi.nlm.nih.gov/pubmed/23689840
http://dx.doi.org/10.1038/nclimate1693
http://dx.doi.org/10.1051/forest:2006042
http://dx.doi.org/10.1073/pnas.1010070108
http://www.ncbi.nlm.nih.gov/pubmed/21220333
http://dx.doi.org/10.1016/j.foreco.2012.01.040
http://dx.doi.org/10.1016/j.pbi.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26037389
http://dx.doi.org/10.1371/journal.pone.0122255
http://www.ncbi.nlm.nih.gov/pubmed/25826446
http://dx.doi.org/10.1016/j.foreco.2011.05.038
http://dx.doi.org/10.1111/j.1365-2745.2010.01645.x


Forests 2017, 8, 450 17 of 19

35. Bréda, N.; Granier, A.; Aussenac, G. Effects of thinning on soil and tree water relations, transpiration and
growth in an oak forest (Quercus petraea (Matt.) Liebl.). Tree Physiol. 1995, 15, 295–306. [CrossRef] [PubMed]

36. Greenwood, D.L.; Weisberg, P.J. Density-dependent tree mortality in pinyon-juniper woodlands.
For. Ecol. Manag. 2008, 255, 2129–2137. [CrossRef]

37. Lloret, F.; Siscart, D.; Dalmases, C. Canopy recovery after drought dieback in holm-oak Mediterranean
forests of Catalonia (NE Spain). Glob. Chang. Biol. 2004, 10, 2092–2099. [CrossRef]

38. Niinemets, Ü. Responses of forest trees to single and multiple environmental stresses from seedlings to
mature plants: Past stress history, stress interactions, tolerance and acclimation. For. Ecol. Manag. 2010, 260,
1623–1639. [CrossRef]

39. Seidel, H.; Menzel, A. Above-ground dimensions and acclimation explain variation in drought mortality of
Scots pine seedlings from various provenances. Front. Plant Sci. 2016, 7, 1014. [CrossRef] [PubMed]

40. Anderson-Teixeira, K.J.; Miller, A.D.; Mohan, J.E.; Hudiburg, T.W.; Duval, B.D.; DeLucia, E.H. Altered
dynamics of forest recovery under a changing climate. Glob. Chang. Biol. 2013, 19, 2001–2021. [CrossRef]
[PubMed]

41. Passioura, J.B. The perils of pot experiments. Funct. Plant Biol. 2006, 33, 1075–1079. [CrossRef]
42. Lüpke, M.; Steinbrecher, R.; Leuchner, M.; Menzel, A. The Tree Drought Emission MONitor (Tree DEMON),

an innovative system for assessing biogenic volatile organic compounds emission from plants. Plant Methods
2017, 13, 14. [CrossRef] [PubMed]

43. Bréda, N.; Granier, A. Intra- and interannual variations of transpiration, leaf area index and radial growth of
a sessile oak stand (Quercus petraea). Ann. For. Sci. 1996, 53, 521–536. [CrossRef]

44. Poyatos, R.; Aguadé, D.; Galiano, L.; Mencuccini, M.; Martínez-Vilalta, J. Drought-induced defoliation and
long periods of near-zero gas exchange play a key role in accentuating metabolic decline of Scots pine.
New Phytol. 2013, 200, 388–401. [CrossRef] [PubMed]

45. Walentowski, H.; Kudernatsch, T.; Fischer, A.; Ewald, J. Naturwaldreservatsforschung in Bayern—Auswertung
von Vegetationsdaten zur waldökologischen Dauerbeobachtung. Tuexenia 2014, 34, 89–106.

46. Walentowski, H.; Falk, W.; Mette, T.; Kunz, J.; Bräuning, A.; Meinardus, C.; Zang, C.; Sutcliffe, L.M.E.;
Leuschner, C. Assessing future suitability of tree species under climate change by multiple methods: A case
study in southern Germany. Ann. For. Res. 2017, 60, 1–26. [CrossRef]

47. Garnier, E.; Berger, A. The influence of drought on stomatal conductance and water potential of peach trees
growing in the field. Sci. Hortic. 1987, 32, 249–263. [CrossRef]

48. Wheeler, J.K.; Huggett, B.A.; Tofte, A.N.; Rockwell, F.E.; Holbrook, N.M. Cutting xylem under tension
or supersaturated with gas can generate PLC and the appearance of rapid recovery from embolism.
Plant Cell Environ. 2013, 36, 1938–1949. [CrossRef] [PubMed]

49. Torres-ruiz, J.M.; Jansen, S.; Choat, B.; McElrone, A.J.; Cochard, H.; Brodribb, T.J.; Badel, E.; Burlett, R.;
Bouche, P.S.; Brodersen, C.R.; et al. Direct X-ray microtomography observation confirms the induction of
embolism upon xylem cutting. Plant Physiol. 2015, 167, 40–43. [CrossRef] [PubMed]

50. Sperry, J.S.; Donnelly, J.R.; Tyree, M.T. A method for measuring hydraulic conductivity and embolism in
xylem. Plant Cell Environ. 1988, 11, 35–40. [CrossRef]

51. Martínez-Sancho, E.; Dorado-Liñán, I.; Hacke, U.G.; Seidel, H.; Menzel, A. Contrasting hydraulic
architectures of Scots pine and sessile oak at their southernmost distribution limits. Front. Plant Sci.
2017, 8, 598. [CrossRef] [PubMed]

52. Pinheiro, J.; Bates, D.; DebRoy, S.; Sarkar, D.; R Core Team. Nlme: Linear and Nonlinear Mixed Effects Models.
R Package Version 3.1-131. Available online: https://CRAN.R-project.org/package=nlme (accessed on
25 June 2014).

53. Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S. Technometrics 2003, 45, 111.
54. Ogle, K.; Barber, J.J.; Willson, C.; Thompson, B. Hierarchical statistical modeling of xylem vulnerability to

cavitation. New Phytol. 2009, 182, 541–554. [CrossRef] [PubMed]
55. Fernández-de-Uña, L.; McDowell, N.G.; Cañellas, I.; Gea-Izquierdo, G. Disentangling the effect of

competition, CO2 and climate on intrinsic water-use efficiency and tree growth. J. Ecol. 2016, 104, 678–690.
[CrossRef]

56. Gómez-Aparicio, L.; García-Valdés, R.; Ruíz-Benito, P.; Zavala, M.A. Disentangling the relative importance
of climate, size and competition on tree growth in Iberian forests: Implications for forest management under
global change. Glob. Chang. Biol. 2011, 17, 2400–2414. [CrossRef]

http://dx.doi.org/10.1093/treephys/15.5.295
http://www.ncbi.nlm.nih.gov/pubmed/14965953
http://dx.doi.org/10.1016/j.foreco.2007.12.048
http://dx.doi.org/10.1111/j.1365-2486.2004.00870.x
http://dx.doi.org/10.1016/j.foreco.2010.07.054
http://dx.doi.org/10.3389/fpls.2016.01014
http://www.ncbi.nlm.nih.gov/pubmed/27458477
http://dx.doi.org/10.1111/gcb.12194
http://www.ncbi.nlm.nih.gov/pubmed/23529980
http://dx.doi.org/10.1071/FP06223
http://dx.doi.org/10.1186/s13007-017-0166-6
http://www.ncbi.nlm.nih.gov/pubmed/28321263
http://dx.doi.org/10.1051/forest:19960232
http://dx.doi.org/10.1111/nph.12278
http://www.ncbi.nlm.nih.gov/pubmed/23594415
http://dx.doi.org/10.15287/afr.2016.789
http://dx.doi.org/10.1016/0304-4238(87)90091-4
http://dx.doi.org/10.1111/pce.12139
http://www.ncbi.nlm.nih.gov/pubmed/23701011
http://dx.doi.org/10.1104/pp.114.249706
http://www.ncbi.nlm.nih.gov/pubmed/25378693
http://dx.doi.org/10.1111/j.1365-3040.1988.tb01774.x
http://dx.doi.org/10.3389/fpls.2017.00598
http://www.ncbi.nlm.nih.gov/pubmed/28473841
https://CRAN.R-project.org/package=nlme
http://dx.doi.org/10.1111/j.1469-8137.2008.02760.x
http://www.ncbi.nlm.nih.gov/pubmed/19210723
http://dx.doi.org/10.1111/1365-2745.12544
http://dx.doi.org/10.1111/j.1365-2486.2011.02421.x


Forests 2017, 8, 450 18 of 19

57. Gaudio, N.; Balandier, P.; Perret, S.; Ginisty, C. Growth of understorey Scots pine (Pinus sylvestris L.) saplings
in response to light in mixed temperate forest. Forestry 2011, 84, 187–195. [CrossRef]

58. Smith, B.; Prentice, I.C.; Sykes, M.T. Representation of vegetation dynamics in the modeling of terrestrial
ecosystems: Comparing two contrasting approaches within European climate space. Glob. Ecol. Biogeogr.
2008, 10, 621–637. [CrossRef]

59. Van Hees, A.F.M. Growth and morphology of pedunculate oak (Quercus robur L.) and beech
(Fagus sylvatica L.) seedlings in relation to shading and drought. Ann. For. Sci. 1997, 54, 9–18. [CrossRef]

60. Moreno, G.; Cubera, E. Impact of stand density on water status and leaf gas exchange in Quercus ilex.
For. Ecol. Manag. 2007, 254, 74–84. [CrossRef]

61. Saxe, H.; Cannell, M.G.R.; Johnsen, Ø.; Ryan, M.G.; Vourlitis, G. Tree and forest functioning in response to
global warming. New Phytol. 2002, 149, 369–399. [CrossRef]

62. Way, D.A.; Oren, R. Differential responses to changes in growth temperature between trees from different
functional groups and biomes: A review and synthesis of data. Tree Physiol. 2010, 30, 669–688. [CrossRef]
[PubMed]

63. Rozas, V. Dendrochronology of pedunculate oak (Quercus robur L.) in an old-growth pollarded woodland in
northern Spain: Tree-ring growth responses to climate. Ann. For. Sci. 2005, 62, 209–218. [CrossRef]

64. Arend, M.; Kuster, T.; Günthardt-Goerg, M.S.; Dobbertin, M. Provenance-specific growth responses to
drought and air warming in three European oak species (Quercus robur, Q. petraea and Q. pubescens).
Tree Physiol. 2011, 31, 287–297. [CrossRef] [PubMed]

65. Taeger, S.; Sparks, T.H.; Menzel, A. Effects of temperature and drought manipulations on seedlings of Scots
pine provenances. Plant Biol. 2015, 17, 361–372. [CrossRef] [PubMed]

66. Wu, Z.; Dijkstra, P.; Koch, G.W.; Peñuelas, J.; Hungate, B.A. Responses of terrestrial ecosystems to temperature
and precipitation change: A meta-analysis of experimental manipulation. Glob. Chang. Biol. 2011, 17, 927–942.
[CrossRef]

67. Matiu, M.; Ankerst, D.P.; Menzel, A.; Mahr, D.; Mustard, J.; Banziger, M. Interactions between temperature
and drought in global and regional crop yield variability during 1961–2014. PLoS ONE 2017, 12, e0178339.
[CrossRef] [PubMed]

68. Schiestl-Aalto, P.; Nikinmaa, E.; Mäkelä, A. Duration of shoot elongation in Scots pine varies within the
crown and between years. Ann. Bot. 2013, 112, 1181–1191. [CrossRef] [PubMed]

69. Spieß, N.; Oufir, M.; Matušíková, I.; Stierschneider, M.; Kopecky, D.; Homolka, A.; Burg, K.; Fluch, S.;
Hausman, J.-F.; Wilhelm, E. Ecophysiological and transcriptomic responses of oak (Quercus robur) to
long-term drought exposure and rewatering. Environ. Exp. Bot. 2012, 77, 117–126. [CrossRef]

70. Collet, C.; Colin, F.; Bernier, F. Height growth, shoot elongation and branch development of young
Quercus petraea grown under different levels of resource availability. Ann. For. Sci. 1997, 54, 65–81. [CrossRef]

71. Kuster, T.M.; Dobbertin, M.; Günthardt-Goerg, M.S.; Schaub, M.; Arend, M. A phenological timetable of oak
growth under experimental drought and air warming. PLoS ONE 2014, 9, e89724. [CrossRef] [PubMed]

72. Aguadé, D.; Poyatos, R.; Gomez, M.; Oliva, J.; Martínez-Vilalta, J. The role of defoliation and root rot pathogen
infection in driving the mode of drought-related physiological decline in Scots pine (Pinus sylvestris L.).
Tree Physiol. 2015, 35, 229–242. [CrossRef] [PubMed]

73. Bachofen, C.; Wohlgemuth, T.; Moser, B.; Hoch, G.; Ghazoul, J. No carbon “bet hedging” in pine seedlings
under prolonged summer drought and elevated CO2. J. Ecol. 2017, 1–16. [CrossRef]

74. Irvine, J.; Perks, M.P.; Magnani, F.; Grace, J. The response of Pinus sylvestris to drought: Stomatal control of
transpiration and hydraulic conductance. Tree Physiol. 1998, 18, 393–402. [CrossRef] [PubMed]

75. Urli, M.; Porté, A.J.; Cochard, H.; Guengant, Y.; Burlett, R.; Delzon, S. Xylem embolism threshold for
catastrophic hydraulic failure in angiosperm trees. Tree Physiol. 2013, 33, 672–683. [CrossRef] [PubMed]

76. Hacke, U.G.; Sperry, J.S. Functional and ecological xylem anatomy. Perspect. Plant Ecol. Evol. Syst. 2001, 4,
97–115. [CrossRef]

77. Cochard, H.; Bréda, N.; Granier, A.; Aussenac, G. Vulnerability to air embolism of three European species
(Quercus petraea (Matt) Liebl, Q. pubescens Willd, Q. robur L.). Ann. For. Sci. 1992, 49, 225–233. [CrossRef]

78. Petit, G.; Savi, T.; Consolini, M.; Anfodillo, T.; Nardini, A. Interplay of growth rate and xylem plasticity
for optimal coordination of carbon and hydraulic economies in Fraxinus ornus trees. Tree Physiol. 2016, 36,
1310–1319. [PubMed]

http://dx.doi.org/10.1093/forestry/cpr005
http://dx.doi.org/10.1046/j.1466-822X.2001.t01-1-00256.x
http://dx.doi.org/10.1051/forest:19970102
http://dx.doi.org/10.1016/j.foreco.2007.07.029
http://dx.doi.org/10.1046/j.1469-8137.2001.00057.x
http://dx.doi.org/10.1093/treephys/tpq015
http://www.ncbi.nlm.nih.gov/pubmed/20368338
http://dx.doi.org/10.1051/forest:2005012
http://dx.doi.org/10.1093/treephys/tpr004
http://www.ncbi.nlm.nih.gov/pubmed/21422189
http://dx.doi.org/10.1111/plb.12245
http://www.ncbi.nlm.nih.gov/pubmed/25262794
http://dx.doi.org/10.1111/j.1365-2486.2010.02302.x
http://dx.doi.org/10.1371/journal.pone.0178339
http://www.ncbi.nlm.nih.gov/pubmed/28552938
http://dx.doi.org/10.1093/aob/mct180
http://www.ncbi.nlm.nih.gov/pubmed/23985987
http://dx.doi.org/10.1016/j.envexpbot.2011.11.010
http://dx.doi.org/10.1051/forest:19970106
http://dx.doi.org/10.1371/journal.pone.0089724
http://www.ncbi.nlm.nih.gov/pubmed/24586988
http://dx.doi.org/10.1093/treephys/tpv005
http://www.ncbi.nlm.nih.gov/pubmed/25724949
http://dx.doi.org/10.1111/1365-2745.12822
http://dx.doi.org/10.1093/treephys/18.6.393
http://www.ncbi.nlm.nih.gov/pubmed/12651364
http://dx.doi.org/10.1093/treephys/tpt030
http://www.ncbi.nlm.nih.gov/pubmed/23658197
http://dx.doi.org/10.1078/1433-8319-00017
http://dx.doi.org/10.1051/forest:19920302
http://www.ncbi.nlm.nih.gov/pubmed/27587483


Forests 2017, 8, 450 19 of 19

79. Anfodillo, T.; Deslauriers, A.; Menardi, R.; Tedoldi, L.; Petit, G.; Rossi, S. Widening of xylem conduits in
a conifer tree depends on the longer time of cell expansion downwards along the stem. J. Exp. Bot. 2012, 63,
837–845. [CrossRef] [PubMed]

80. Olson, M.E.; Anfodillo, T.; Rosell, J.A.; Petit, G.; Crivellaro, A.; Isnard, S.; León-Gómez, C.;
Alvarado-Cárdenas, L.O.; Castorena, M. Universal hydraulics of the flowering plants: Vessel diameter
scales with stem length across angiosperm lineages, habits and climates. Ecol. Lett. 2014, 17, 988–997.
[CrossRef] [PubMed]

81. Martínez-Sancho, E.; Dorado-Liñán, I.; Heinrich, I.; Helle, G.; Menzel, A. Xylem adjustment of sessile oak at
its southern distribution limits. Tree Physiol. 2017, 37, 903–914. [CrossRef] [PubMed]

82. Martin-Benito, D.; Beeckman, H.; Cañellas, I. Influence of drought on tree rings and tracheid features of
Pinus nigra and Pinus sylvestris in a mesic Mediterranean forest. Eur. J. For. Res. 2013, 132, 33–45. [CrossRef]

83. Mayr, S.; Schmid, P.; Laur, J.; Rosner, S.; Charra-Vaskou, K.; Dämon, B.; Hacke, U.G. Uptake of water via
branches helps timberline conifers refill embolized xylem in late winter. Plant Physiol. 2014, 164, 1731–1740.
[CrossRef] [PubMed]

84. Hacke, U.G.; Laur, J. Xylem refilling—A question of sugar transporters and pH? Plant Cell Environ. 2016, 39,
2347–2349. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/jxb/err309
http://www.ncbi.nlm.nih.gov/pubmed/22016427
http://dx.doi.org/10.1111/ele.12302
http://www.ncbi.nlm.nih.gov/pubmed/24847972
http://dx.doi.org/10.1093/treephys/tpx036
http://www.ncbi.nlm.nih.gov/pubmed/28402468
http://dx.doi.org/10.1007/s10342-012-0652-3
http://dx.doi.org/10.1104/pp.114.236646
http://www.ncbi.nlm.nih.gov/pubmed/24521876
http://dx.doi.org/10.1111/pce.12784
http://www.ncbi.nlm.nih.gov/pubmed/27351802
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Species 
	Experimental Design 
	Growing Conditions 
	Field Measurements 
	Laboratory Measurements 
	Statistical Analyses 

	Results 
	Density Effect 
	Growth Effects 
	Stem Water Potential and Stomatal Conductance 
	Hydraulic Measurements 
	PLC versus Minimum and Last Recorded STEM 

	Discussion 
	Effect of Seedling Density 
	Effects of Warming and Drought on Growth 
	Contrasting Hydraulic Strategies among the Study Species 

	Conclusions 

