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Abstract: In the last 20 years, a significant mortality of Fagus sylvatica L. (European beech) has been
documented in central and northern European forests. Surprisingly, no beech die off occurred at the
southern limit. This fact leads us to hypothesize that European beech populations growing at the
southern limit of the distribution might have a significant phenotypic plasticity to better cope with low
water availability and rising temperatures. To check this hypothesis, we evaluated the ecophysiological
behavior of F. sylvatica growing along an altitudinal transect in Calabria (Italy). We selected three
study sites (750 m a.s.l., 976 m a.sl. m a.s.l., 1450 m a.s.l.) showing narrow ranges of temperature,
rainfall and air humidity. Trees growing at 976 m a.s.l. showed the highest stomatal conductance
values during the entire experimental period. The lowest gas exchange and highest leaf mass area
were recorded in plants growing at 750 m a.s.l. In the European beech growing at 1450 m a.s.l., higher
vessel density, lower mean vessel diameter and higher vessel grouping index values were recorded.
Overall, our results highlighted that the measured populations show a considerable phenotypic
plasticity leading them to adjust anatomical and physiological traits in response to narrow ranges of
environmental parameters. Despite that, the distribution of F. sylvatica seems to be limited to areas
with a growing season rainfall of at least 400 mm and vapor pressure deficit (VPD) values < 3 kPa,
which may represent the main environmental thresholds which strongly limit the beech growth and,
therefore, influence the ability of this species to cope with future environmental conditions.

Keywords: climate change; European beech; water relations; xylem anatomy

1. Introduction

Fagus sylvatica L. (European beech) is an ecologically and economically relevant decid-
uous species of European forests: it is one of the dominant trees of natural sites ranging
from southern Scandinavia to southern Italy [1,2] and has a high economical relevance
in the forestry sector. F. sylvatica is also one of the deciduous trees most suffering from
climate-change-driven plant decline [3]. Since 2005, a drought-driven decline in radial
growth has been documented in populations growing at the southern edge limit of the
European beech [4] and, in the last 20 years, European beech die off has occurred mainly in
Central Europe [5,6]. Based on model predictions, further productivity losses are expected
in the near future [7], although some data support the hypothesis of an increase of beech
dominance in response to climate change, especially in Central Europe [4,8]. European
beech is known as a drought sensitive species: it is capable of acclimatizing its hydraulic
system under mild drought [9], but it suffers when exposed to severe and recurrent drought
events [10,11]. Greater drought vulnerability of F. sylvatica individuals has been recorded in
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mesic compared with xeric sites [12–14]. Pfenninger et al. [15] recorded differences in gene
expression of differently damaged beech trees that grew close to each other and experienced
the same drought events. Overall, these results suggest that a phenotypic plasticity in
drought resistance traits might exist among different European beech populations, as a
consequence of natural selection, selective management and breeding. On the other hand,
other studies showed a weak or even absent plasticity to drought acclimation of F. sylvatica
samples collected from native sites with different water availability [16–18]. It cannot be
excluded that the reported discrepancies on the drought vulnerability and/or plasticity of F.
sylvatica are a consequence of studies in plants of different ages [19–21]. Nevertheless, these
contrasting results reveal our still limited knowledge on the ecophysiological plasticity of F.
sylvatica within its distribution range, as well as on the actual resilience of this species to
the predicted global warming. This, in turn, strongly affects our ability to reliably predict
the fate of F. sylvatica forests in the near future. In this light, European beech populations
occurring on the southern edge of Europe (i.e., the hottest and/or driest environment in
which this species grows) represent ideal model experimental sites to study the maximum
phenotypic plasticity levels that this species can achieve when growing under stressful
environmental conditions and, then, possibly, to identify more drought-tolerant genotypes.

In Italy, beech forests occur between 600 and 1300 m a.s.l. in the Alps and between
1000 and 1700 m a.s.l. in the Apennine mountains [22]. In Calabrian sites, however, beech
populations are also present at lower altitudes, as low as 400–500 m a.s.l. As far as we
know, only one study has been performed on the ecophysiology of natural populations
of beech trees growing in south Europe [23] and none on samples growing in Calabria,
where no climate-driven dieback has been documented. In the present study, we measured
leaf water relations, morphological and xylem anatomical traits of adult beech individuals
growing along an altimetric transect in the Calabrian forests (Southern Italy) (i.e., the
southern sites, along with a few sites in Sicily, where this species grows) [1]. The aim of the
study was to highlight the ecophysiological behavior of the beech growing at its southern
edge. We expect that the results of our analysis could provide key information about the
phenotypic plasticity of F. sylvatica, as a result of a long-term growth acclimatation in hot
and drought-prone sites. This information, in turn, can provide insights that can be useful
to predict the fate of European beech forests and/or pinpoint possible genotypes with a
better chance of surviving to novel climate conditions.

2. Materials and Methods
2.1. Study Sites

The study was performed during the summer 2022 on three F. sylvatica populations
growing in Aspromonte, a mountain massif of the southern Apennines in the Metropolitan
city of Reggio Calabria (Calabria, Italy), along an altimetric transect of about 700 m. The
study sites were located at 750 m a.s.l. (i.e., Cittanova, 38◦20′27.66′′ N 16◦7′18.70′′ E),
976 m a.s.l. (i.e., Ostello, 38◦18′27.18′′ N, 16◦ 7′4.00′′ E) and 1450 m a.s.l. (i.e., Santo Stefano
in Aspromonte, 15◦50′32.09′′ E, 38◦ 9′38.61′′ N). In each study site, 5 adult samples of
similar age (about 20 years old and 5 m in height) and exposition (i.e., South–East) were
randomly selected. The three study sites are characterized by a temperate climate with
dry summer. In detail, the sites show a mean annual precipitation (MAP) ranging between
1300 and 1800 mm year−1, with minimum rainfall during the summer period, as recorded
in the last 60 years (data derived from Arpacal Calabria, https://www.meteoincalabria.
com/tag/arpacal/, accessed on 20 January 2023).

2.2. Seasonal Changes of Plant Water Relations

Leaf water conductance to water vapor (gL) and leaf water potential (ΨL) were mea-
sured hourly from 11.00 to 14.00 h (solar time) in June, in July and at the beginning of
September 2022 in selected trees per site. In detail, in each study site and experimen-
tal period, gL of at least five fully expanded and undamaged leaves was measured by a
steady-state porometer (SC-1, Decagon Devices Inc., Pullman, WA, USA), while leaf water
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potential (ΨL) was measured in three leaves (one sample per tree) using a portable pressure
chamber (3005 Plant Water Status Console, Soil Moisture, Santa Barbara, CA, USA). All
measurements were performed on clear sunny days with PAR ranging between 1200 and
1600 µmol m−2 s−1. The time of day at which to perform measurements was chosen on the
basis of preliminary measurements which showed that the highest stomatal conductance
values were recorded during the selected time slot. At the same time, air temperature (T)
and relative humidity (RH) were also recorded by using a data logger (Datalogger BL30,
Trotec, Marchtrenk, Austria) in order to estimate the vapor pressure deficit (VPD). VPD
was estimated as: SVP × (1 − RH), where SVP is the saturated vapor pressure.

Leaf water potential at turgor loss point (Ψtlp), osmotic potential at full turgor (π0)
and elastic modulus at full turgor (ε) were estimated by Pressure–Volume curve analysis.
Measurements were performed in June and in September in order to evaluate possible
changes of water relation parameters, as driven by the lower water availability that typically
occurs during the summer season in all three study sites. Five shoots per study sites were
collected in the early morning, transported to the laboratory with their petiole submerged
in the water within 3 h. Measurements were performed according to [24].

2.3. Anatomical Measurements

Three branches of different plants and for each study site were collected in September, i.e.,
at the end of the seasonal growth. Samples were transported to the laboratory with their cut
basal end immersed in water in order to avoid leaf dehydration and then shrinkage. One-year
branch segments, as collected at about 12 cm from the apex, were fixed in 50% FAA solution
(formalin, acetic acid, ethanol, 1:1:1, v:v:v) to be analyzed later. Leaf surface area (AL) was
estimated by acquiring leaf images with a scanner (HP Scanjet G4050, USA) and measuring with
the software ImageJ (http://imagej.nih.gov/ij/; accessed on 6 September 2021). Leaf samples
were then dehydrated in an oven for 3 days at 70 ◦C and their dry weight (DW) was measured
by a digital balance in order to estimate the leaf mass area, LMA, calculated as: DW/AL.

Cross transverse sections from branch segments were obtained using a microtome
(mod. Cut 4055, SLEE Technick GmbH, Mainz, Germany) and analyzed by a microscope
(Laborlux S, Leitz GmbH, Stuttgart, Germany) connected to a PC via a digital camera (DC
300F Leica Camera AG, Solm, Germany).

Vessel density, Vd (i.e., total number of xylem conduits per section) and xylem conduits
diameters (d) were measured using the software ImageJ. Moreover, we measured:

• the mean xylem conduit diameter D;
• the hydraulically weighted mean xylem conduit diameter [25], Dh, estimated as:

Σd5/Σd4;
• the potential cross-sectional conductive area, estimated as: Σπr2, where r is the inner

conduit radius;
• the relative xylem conduit area, estimated as: Σπr2/Ax, where Ax is the xylem area;
• the efficiency of water transport estimated as: Σr4 (according to the Hagen–Poiseuille

equation).

The solitary vessel index Vs (estimated as the ratio of total number of solitary vessels
to total vessel groupings). the vessel grouping index, VG (estimated as the ratio of the total
number of vessels to the total number of vessel groupings, including solitary and grouped
vessels) and the vessel multiple fraction, FVM (estimated as the ratio of grouped vessels to
the total number of vessels) [26] were calculated.

2.4. Statistical Analysis

The main aim of our analysis was to test eventual differences of ecophysiological, as
well as anatomical, traits between populations of F. sylvatica growing in three sites along an
elevational gradient.

We used linear mixed models (LMMs) to test differences in gL and ΨL among sites
and months. Specifically, we used the lme function in the “nlme” [27] R [28] package to
run two independent LMMs for gL and ΨL (response variables), setting Site (levels: 750,
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976 and 1450 m a.s.l.), Month (levels: June, July, September) and their interaction as the
fixed factors, while individual was set as the random one. For significant interactions
(p-value < 0.05), estimated marginal means were calculated using the emmeans function
in the “emmeans” [29] R package to assess pairwise group differences. The p-values were
corrected using the Holm correction. Marginal and conditional R2 were calculated using
the r.squaredGLMM function in the “MuMIn” [30] R package.

To test the differences among sites and months in Ψtlp, πo and ε, two-way ANOVA
models followed by post hoc Tukey comparisons were performed using the aov and
TukeyHSD functions, respectively, in the “stats” R package.

To check differences among sites on anatomical traits, one-way ANOVA models followed
by post hoc Tukey comparisons were performed, as indicated above. At last, linear models
were calculated using the lm function in the “stats” R package to test the relationships between
gL and ΨL (set as the response variables) and climatic data (set as predictive variables).

3. Results
3.1. Study Sites

In all three study sites, the mean temperature in spring and summer 2022 was at least
1 ◦C higher than that recorded in the last 60 years (Figure 1).
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Figure 1. Mean monthly precipitation sums (Precipitation) and air temperature (Temperature) for
the period 1960–2021 (black columns and solid line, respectively) and 2022 (white columns and
dash line) as recorded in the three study sites, (a) Cittanova (750 m a.s.l.), (b) Ostello (976 m a.s.l.,
(c) Santo Stefano in Aspromonte (1450 m a.s.l.). Data derived from Arpacal Calabria, https://www.
meteoincalabria.com/tag/arpacal/, accessed on 20 January 2023.
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Ostello (976 m a.s.l.) was the rainiest study site during the growing season (March–
September). However, in all three study sites, the rainfall during the 2022 growing season
was lower with respect to the values recorded in 1960–2021. In more detail, in Cittanova
(750 m a.s.l.) the sum of rainfall in March–September was 434 mm versus 535 mm, in
Ostello (976 m a.s.l.) it was 532 mm versus 682 mm and in Santo Stefano in Aspromonte
(1450 m a.s.l.) it was 413 mm versus 566 mm. It can be noted that the mean temperature of
the 2022 growing season of Ostello (976 m a.s.l.) was very similar to the value recorded
over the last 60 years (Figure 1). By contrast, a higher temperature was recorded especially
at Santo Stefano in Aspromonte (1450 m a.s.l.).

3.2. Seasonal Changes of Plant Water Relations

European beech samples growing at lower and higher altitude sites (i.e., 750 m a.s.l.
and 1450 m a.s.l.) showed the same Ψtlp values as well as of πo and ε during the exper-
imental period (Table 1). In detail, in the late summer, lower Ψtlp (i.e., more negative)
as a consequence of lower πo values, were recorded in these sites with respect to values
recorded in June. F. sylvatica samples growing at Ostello (i.e., 976 m a.s.l.) showed, at the
beginning of the summer, Ψtlp and πo values similar to those recorded in the other two
study sites but no change was recorded in response to the summer season. No significant
change of εwas recorded in response to the summer season in all three study sites.

Table 1. Mean ± SD of leaf water potential at turgor loss point (Ψtlp), osmotic potential at full turgor
(πo) and elastic modulus at full turgor (ε) as recorded in the study sites in June and September 2022.
Different letters indicate statistically different values as recorded by a two-way ANOVA. The p-values
are also reported. Significant p-values are in bold. Cit: Cittanova; Ost: Ostello; SSA: Santo Stefano
in Aspromonte.

Study Site Month −Ψtlp (MPa) −πo (MPa) ε (MPa)

750 m a.s.l. (Cit)
June 2.30 ± 0.05 a 1.69 ± 0.04 a 24.5 ± 1.7

September 2.64 ± 0.10 b 1.82 ± 0.02 bc 30.5 ± 9.2

976 m a.s.l. (Ost)
June 2.19 ± 0.1 a 1.66 ± 0.09 a 23.5 ± 11.3

September 2.16 ± 0.09 a 1.72 ± 0.11 ac 20.1 ± 7.5

1450 m a.s.l.
(SSA)

June 2.20 ± 0.04 a 1.78 ± 0.08 a 17.9 ± 5.9
September 2.59 ± 0.09 b 1.88 ± 0.11 b 32.1 ± 6.9

p-value Site <0.0001 0.054 1.779
Month <0.0001 0.002 1.297

Site ×Month <0.0001 0.341 1.187

During the entire experimental period, plants growing at 976 m a.s.l. (Ostello) showed
the highest values of stomatal conductance to water vapor with respect to plants growing
at the two other sites (Figure 2). In July, a statistically significant stomatal closure occurred
in samples growing in all three study sites. However, it can be noted that trees growing in
Ostello (976 m a.s.l.), where a rainy spring occurred in 2022, in July showed gL values high as
about 130 mmol m−2 s−1, i.e., the same value recorded in June and in September in samples
growing at 750 m a.s.l. and 1450 m a.s.l. The most negative leaf water potential value
(i.e., about −2.2 MPa) was recorded in July at the higher altitude site (i.e., 1450 m a.s.l.).
However, the turgor loss point was reached at no site along the altitudinal transect.



Forests 2023, 14, 2058 6 of 13Forests 2023, 14, x FOR PEER REVIEW 7 of 14 
 

 

 

Figure 2. Mean values ± SD of (a) stomatal conductance at water vapor, gL, and (b) leaf water poten-

tial, -ΨL, as recorded in the three study sites in June, July and September. Values were recorded from 

11:00 to 14:00. Different letters indicate statistically significant differences between groups. Χ2 and p 

values, as obtained by the LMMs, are reported. Significant p-values are in bold. Study sites (Site, i.e., 

750 m a.s.l., 976 m a.s.l. and 1450 m a.s.l.) and the month in which measurements have been per-

formed (Month) (i.e., June, July and September) are the explanatory variables. 

The seasonal variation of gas exchange rates was strongly driven by VPD and, thus, 

by the diurnal and seasonal values of T and RH (Figure 3). 

Figure 2. Mean values ± SD of (a) stomatal conductance at water vapor, gL, and (b) leaf water
potential, −ΨL, as recorded in the three study sites in June, July and September. Values were recorded
from 11:00 to 14:00. Different letters indicate statistically significant differences between groups. X2

and p values, as obtained by the LMMs, are reported. Significant p-values are in bold. Study sites
(Site, i.e., 750 m a.s.l., 976 m a.s.l. and 1450 m a.s.l.) and the month in which measurements have been
performed (Month) (i.e., June, July and September) are the explanatory variables.

The seasonal variation of gas exchange rates was strongly driven by VPD and, thus,
by the diurnal and seasonal values of T and RH (Figure 3).
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Figure 3. Relationships between the values of stomatal conductance to water vapor, gL, and leaf
water potential, −ΨL and the vapor pressure deficit, VPD ((a) and (d), respectively), temperature,
T ((b) and (e), respectively) and relative humidity, RH ((c) and (f), respectively) as recorded from
11:00 to 14:00 in plants of F. sylvatica growing at three different altitudes in June (circle), July (triangle)
and September (square). Black solid and short dotted lines show the regression curve and associated
95% Cis, respectively. Long dotted lines show very weak correlations. R2 and p values are reported.
Significant p-values are in bold. Cit: Cittanova (750 m a.s.l.); Ost: Ostello (976 m a.s.l.); SSA: Santo
Stefano in Aspromonte (1450 m a.s.l.).

3.3. Anatomical Measurements

No difference in the mean leaf surface area was recorded among the three study sites
(Table 2). Samples growing at Cittanova (750 m a.s.l.) showed the highest LMA value
and the lowest values of vessel density, potential cross-sectional conductive area (Σπr2),
relative xylem conduit area (Σπr2/Ax), vessel grouping index and vessel multiple fraction
(Table 2). European beech growing at Santo Stefano in Aspromonte (1450 m a.s.l.) showed
significantly higher values of vessel density (i.e., about 870), VG (about 2.4) and FVM (about
0.8) as well as the lowest values of the mean xylem conduit diameter (~20 µm), Dh (~27)
and vs. (0.5) compared to samples growing at lower altitude study sites.
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Table 2. Mean ± SD of anatomical traits measured in September in F. sylvatica samples growing at
three different altitude sites, i.e., 750 m a.s.l., 976 m a.s.l. and 1450 m a.s.l. Different letters indicate
statistically different values recorded among the three study sites on the basis of a one-way ANOVA
test. The p-values are also reported. Significant p-values are in bold. Cit: Cittanova; Ost: Ostello;
SSA: Santo Stefano in Aspromonte; AL: leaf surface area (n = 12); LMA: leaf mass area (n = 12); Ax:
xylem surface area (n = 3); Σπr2: potential cross-sectional conductive area (n = 3); Σπr2/Ax: relative
xylem conduit area (n = 3); Vd: vessel density (n = 3); D: mean xylem conduit diameter (n = 3); Dh:
hydraulically weighted mean xylem conduit diameter (n = 3); Σr4: efficiency of water transport
(n = 3); Vs: solitary vessel index (n = 3); VG: vessel grouping index (n = 3); FVM: vessel multiple
fraction (n = 3).

750 m a.s.l. (Cit) 976 m a.s.l. (Ost) 1450 m a.s.l. (SSA) p-Value

AL (cm2) 19.2 ± 6.6 15.7 ± 5.5 18.5 ± 6.4 0.352

LMA (g m−2) 42.9 ± 9.3 a 30.0 ± 2.6 b 32.4 ± 8.1 b <0.001

Ax (mm2) 8.2 ± 0.6 10.4 ± 2.1 7.7 ± 1.3 1.0

Vd 375.8 ± 19.1 a 564.5 ± 30.7 b 869.6 ± 17.6 c <0.001

D (µm) 24.3 ± 1.3 a 22.8 ± 0.2 a 19.7 ± 0.3 b <0.001

Dh (µm) 30.8 ± 2.3 a 30.8 ± 0.2 a 27.2 ± 0.7 b 0.017

Σπr2 (mm2) 1.45 ± 0.09 a 2.78 ± 0.64 b 2.24 ± 0.40 b 0.002

Σπr2/Ax (%) 17.7 ± 2.0 a 26.7 ± 2.9 b 29.0 ± 0.4 b <0.001

Σr4 E-6 (mm2) 98.9 ± 18.7 173.6 ± 42.2 b 113.7 ± 25.5 0.052

Vs 0.69 ± 0.05 a 0.69 ± 0.006 a 0.5 ± 0.03 b <0.001

VG 1.44 ± 0.08 a 1.88 ± 0.08 b 2.43 ± 0.06 c <0.001

FVM 0.49 ± 0.07 a 0.61 ± 0.01 b 0.80 ± 0.01 c <0.001

4. Discussion

Data recorded in the present study highlighted two main results: 1. plants growing in
the three study sites showed anatomical and physiological differences in response to the
little different environmental growing conditions, suggesting a high phenotypic plasticity.
Therefore, the populations sampled in our study area represent a valuable genetic pool that
can be exploited in forest management planning; 2. the measured turgor loss point (i.e.,
a proxy of drought resistance) was similar to or even less negative than values recorded
in adult trees growing in central and northern Europe [31,32]. Likewise, measured xylem
anatomical traits, such as mean conduit diameter (a proxy of xylem embolism vulnerability),
were similar to values recorded in European beech growing in the warmer and more arid
sites of central Europe [4,33,34]. Moreover, in the Mediterranean region, F. sylvatica grows
in sites with specific microclimatic conditions (i.e., growing season rainfall not lower than
about 400 mm and VPD not higher than about 3 kPa). Overall, these data suggest a
vulnerability to severe drought events of this species similar to that of some measured F.
sylvatica populations growing in northern and central Europe.

4.1. Phenotypic Plasticity of Beech Populations at Its Southern Distribution Limit

In all the three study sites, the recorded seasonal regulation in stomatal aperture
operated properly to avoid dehydration damage, ensuring gas exchange, and therefore
carbon assimilation, even in the hottest and driest month of the 2022 (July). However, it can
be noted that the absence of changes in turgor loss point in Ostello (976 m a.s.l.) suggests
that trees growing on this site did not experience drought conditions [31,32]. In fact, the
site at 976 m a.s.l. showed the highest rainfall during the whole growing season and the
least decrease in spring precipitation compared to data recorded in Cittanova (750 m a.s.l.)
and Santo Stefano in Aspromonte (1450 m a.s.l.). In Cittanova (750 m a.s.l.) the MAT value
of 2022 was higher with respect to the value reported in the literature for beech samples
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(i.e., 15.6 ◦C versus 6.6–13.5 ◦C, [23,34,35]. In this site, in July, F. sylvatica has experienced
the highest VPD values with respect to plants growing in the other two study sites. This
reasonably explains the higher LMA values recorded in samples growing in Cittanova
(750 m a.s.l.) with respect to the value recorded in the sites at higher altitude. Indeed, LMA
values are generally more strongly related to VPD values than to rainfall [36]. Therefore,
the adjustments adopted by samples growing in this site allowed beech samples to cope
with periods of the year with VPD values of about 3 kPa and temperature reaching peaks
of 30 ◦C. Schönbeck et al. [37] showed that VPD and T values negatively impact European
beech hydraulics, even when soil water is not limiting. Rising T and VPD caused major
hydraulic dysfunctions in trees without soil drought with respect to the experience of
drought per se. Furthermore, Zhu et al. [38] showed that different F. sylvatica leaf traits
were driven by the previous years’ VPD values. On this basis, the significant negative
relationship found between gL, a proxy of plant growth and, thus, productivity [39], and
VPD, is not surprising, especially if considering the leaf water uptake ability of European
beech by trichomes and cuticle [40,41].

Differences in anatomical traits were also recorded among the three study sites. The
lowest values of the mean xylem vessel diameter and hydraulically weighted mean xylem
conduit diameter and the highest values of vessel density were recorded in Santo Stefano
in Aspromonte (1450 m a.s.l.). Different studies reported that vessel diameter is positively
related to the water potential, leading to 50% loss of hydraulic conductivity (P50), and thus
to the xylem embolism vulnerability, caused by drought and freeze–thaw events [42–44].
The link between xylem embolism vulnerability and xylem anatomy is probably more
complex than we know, limiting our ability to predict how plant water transport is affected
by environmental constraints [45]. Nevertheless, mean vessel diameter and/or Dh are
good predictors of xylem vulnerability especially for diffuse porous species [46], such as F.
sylvatica. The development of narrower conduits in samples growing at the 1450 m a.s.l.
site is reasonably a proxy for the ability of the beech to adjust xylem traits to limit xylem
embolism spread at the site where this risk is most likely to occur. Indeed, it can be noted
that, at this site, there was a decrease in growing season precipitation of −153 mm and
the greater increase in T (i.e., +2 ◦C) in 2022 with respect to the mean values of the last
60 years. Therefore, the beech trees growing in Santo Stefano in Aspromonte (1450 m a.s.l.)
actually experienced, in 2022, a more severe hot and drought-like summer than in the past
compared to the other two study sites. However, it can be noted that plants growing in
this site showed a D value of about 20 µm, similar to value recorded in F. sylvatica trees
growing in the more xeric and warmer sites of central Europe [33,34]. At a higher altitude
study site, F. sylvatica trees also showed a lower solitary vessel index and higher values
of vessel grouping index and vessel multiple vessel fraction values than those recorded
in plants growing at lower altitudes. Vessel grouping indexes are poorly investigated
functional traits of the xylem hydraulic system, despite their potential ecological relevance.
Higher conduit connectivity increases the risk of xylem embolism spread to the neighboring
conduits of similar developmental age and radial position because xylem embolism likely
propagates by air seeding from embolized into neighboring conduits in a circumferential
pattern [47]. However, a greater number of grouped vessels can increase the resilience to
xylem dysfunction because it provides alternative pathways to bypass the non-functioning
vessel(s) through one or more still functional xylem conduits [48,49], also increasing the
xylem hydraulic conductivity by ion-mediated mechanism [26,50]. Thus, the higher number
of grouped vessels recorded in the site with more environmental constraints (i.e., hot and
drought-like during the summer and cold during the winner) may actually improve the
redundancy of the xylem pathways to mitigate the risk of xylem dysfunction. In summary,
higher vessel density, smaller vessel diameter and higher vessel grouping index suggest
greater resistance to xylem embolism of plants growing at 1450 m a.s.l. with respect to those
at lower altitude sites [51]. Last but not least, high vessel density and xylem conductive
allow compensating of the low efficiency of water transport, as driven by narrower conduits
(on the basis of the Hagen–Poiseuille equation) of these trees.
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4.2. Climate-Driven Plasticity

On a global scale, 2022 was a year of climate extremes: Europe experienced its second-
warmest year on record and severe heat waves and drought events were recorded in
different regions, including Italy (https://climate.copernicus.eu, accessed on 15 June 2023).
In line with this report, in all three study sites, 2022 was characterized by higher temperature
and lower precipitation with respect to the mean values recorded in the last 60 years,
especially during the growing season. However, no evident symptom of climate-driven
suffering has been noted in the studied beech populations, as previously discussed. These
findings allow advancement of our knowledge on environmental thresholds limiting
beech growth.

Knutzen et al. [52] have estimated for the center and north distribution range of beech
that the minimum MAP value ensuring the survival of this species is about 660 mm and not
less than about 350 mm of rainfall must occur during the growing season. Different studies
have reported the key role of the water availability, especially during the spring/early
summer for beech tree growth [6,53] as well as the relevant impact of climatic conditions
of the current year with respect to that of the previous year [54]. At the investigated sites,
despite the documented heat waves and drought events during spring and summer of 2022,
the precipitation and temperature that occurred during the growing season were above the
thresholds estimated by Knutzen et al. [52]. In other words, we suggest that, in addition to
a long-term acclimatation, the growth F. sylvatica populations in Calabria (southern edge)
is guaranteed by the presence of specific microclimate conditions, widely different from
those of the coastal areas’ climate, characterized by an adequate rainfall rate during the
growing seasons (i.e., not less than about 400 mm) and relatively low VPD, not higher than
about 3 kPa. In accordance, no shift towards drier sites has been documented in southern
Italy for this species.

5. Conclusions

Overall, our data support the hypothesis that European beech populations growing at
their southern distribution limit have a significant phenotypic plasticity leading them to be
able to regulate stomatal conductance and change physiological and anatomical traits in
response to even a narrow range of climate conditions (rainfall and temperature) during
the growing season. However, the fact that, at southern Italy, F. sylvatica typically grow
only at sites with high mean annual precipitation (i.e., not lower than 800–1000 mm year−1)
and mean maximum summer temperature not exceeding 25 ◦C, strongly suggests that
this species is not able to face more severe drought and temperature raises. In fact, the
distribution of F. sylvatica seems to be limited to areas with a growing season rainfall of at
least 400 mm and vapor pressure deficit (VPD) values < 3 kPa, i.e., threshold values similar
to European beech growing in central Europe. Future studies and predictive models will
have to pay particular attention to the range of VPD values suitable for F. sylvatica growth.
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