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a b s t r a c t
The low recruitment success of some endemic species under Mediterranean environmental conditions is
primarily the result of a low ability to create an efﬁcient (highly conductive) and safe (able to maintain an
intact water column under negative pressure) hydraulic system. Consequently, their lower resistance to
drought-induced cavitation may induce mortality in seedlings and, during summer droughts, in mature
individuals. In this study, the hydraulic safety (water potential at 50% loss of conductivity, P50 ), hydraulic
efﬁciency (speciﬁc conductivity, Ks) and xylem anatomy were compared between Rhamnus ludovicisalvatoris, an endemic species of the Balearic Islands whose distribution area is being reduced, and two
populations of Rhamnus alaternus, which is widely distributed along the Mediterranean basin. R. ludovicisalvatoris was found to be more susceptible to drought-induced cavitation and less efﬁcient at conducting
water in comparison with R. alaternus. Moreover, R. ludovici-salvatoris demonstrated a lower vessel area,
wood density and inter-vessel wall strength than R. alaternus. These results are in accordance with the
lower ability of R. ludovici-salvatoris to recruit seedlings under Mediterranean conditions in comparison
with R. alaternus; this may partially explain the reduction in the distribution area of R. ludovici-salvatoris.
© 2017 Elsevier GmbH. All rights reserved.

1. Introduction
Mediterranean ecosystems, which feature an almost complete
lack of precipitation during the summer period, coinciding with
high temperatures and high light intensities, are considered among
the most demanding environments for plant survival (Nardini
et al., 2014). Endemic plants account for 7–8% of the ﬂora of the
Mediterranean islands (Cardona and Contandriopoulous, 1979).
However, judging from their declining distribution and high extinction rates (Alomar et al., 1997), some endemic species seem to be
poorly adapted to their present environmental conditions. Moreover, endemic and relict plant species are especially vulnerable to
environmental changes (natural or human-induced) owing to small
population sizes, which are exposed to increased inbreeding, lower
individual ﬁtness and lower genetic variability (Ellstrand and Elam,
1993; Aizen et al., 2002; Angeloni et al., 2011).
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Rhamnus ludovici-salvatoris R. Chodat is an endemic species
found only in the Gymnesic Islands (Mallorca, Menorca and
Cabrera) of the Balearic Archipelago, located in the western
Mediterranean basin (Alomar et al., 1997; Fig. 1). By contrast, the
closely related species Rhamnus alaternus L. is distributed widely
across the Mediterranean basin, from Portugal to Crimea (Tutin
et al., 1968). These two sclerophyllous shrubs represent a typical
case of contrasting distributions between phylogenetically related
species that possess similar morphological characteristics. As no
genetic incompatibility exists between them, both species may
share a common ancestor and isolation by time could be the
main cause of the sympatric speciation (Ferriol et al., 2009). However, the distribution area of R. ludovici-salvatoris has decreased
during recent decades, with some populations becoming extinct
recently (Alomar et al., 1997). The low recruitment success of this
species due to high seedling mortality during the ﬁrst summer
drought (Traveset et al., 2003, 2012) limits its regeneration after
disturbances to the ecosystem. In addition, R. ludovici-salvatoris
demonstrates low biomass accumulation regardless of the water
regime (El Aou-ouad et al., 2015)
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Fig. 1. Distribution of the Balearic endemic Rhamnus ludovici-salvatoris, including the location of the populations from which samples of both R. alaternus and R. ludovicisalvatoris were collected, with their Walter-Lieth climodiagrams (above the diagram area, from left to right: elevation above sea level of the population, mean annual
temperature and mean annual rainfall. To the left of the temperature axis, from top to bottom: the mean of the years absolute maximum temperature, the mean of the daily
maximum temperatures of the warmest month of the year, the mean of the daily minimum temperatures of the coldest month of the year, the mean of the year absolute
minimum temperature. Black bars below the months indicate freezing periods. Climatic data were obtained from the records collected by MAGRAMA (2013) (Supplementary
material 1).

Drought leads to a water deﬁcit in the leaf tissue; this affects
many physiological processes and can have signiﬁcant consequences on plant growth and survival. Among these processes, the
loss of hydraulic conductivity in the xylem has been recognized
as playing an important role in plant survival (Tyree and Sperry,
1989). This phenomenon is due to xylem cavitation, a breakage of
the water column under negative xylem pressure (Zimmermann,
1983), and the formation of embolisms. Resistance to xylem cavitation is positively correlated with drought resistance in plant species
(Sperry and Tyree, 1988; Cochard et al., 2008; Blackman et al.,
2010). A reduction in water transport can result in declines in stomatal conductance (Pratt et al., 2005) and lowered photosynthetic
capacity (Brodribb and Field, 2000).
Survival in a given environment largely depends on plant ability
to create an efﬁcient (highly conductive) and safe (able to maintain an intact water column under negative pressure) hydraulic
system. Much research has been devoted to understanding how
plant hydraulic systems have evolved to accommodate survival
under different environmental conditions. Generally, wider vessels allow large hydraulic conductance (Sperry et al., 2006), and
therefore, greater rates of stomatal conductance and photosynthesis (Santiago et al., 2004; Zhang and Cao, 2009; Meinzer et al.,
2010). Conversely, the relationship between xylem anatomy and
xylem safety is more complex (Tyree et al., 1994). It has been
demonstrated that drought-induced embolism is related to the
vessel wall structure, that is, inter-vessel wall thickness (Hacke

et al., 2001; Cochard et al., 2008; Fichot et al., 2009), pit-pore and
pit-membrane area (Wheeler et al., 2005; Christman et al., 2009),
and pit-membrane porosity or physical-chemical properties (Chen
et al., 2009; Cochard et al., 2009).
Losses in conductivity due to vessel implosion may explain the
correlations between cavitation resistance and wood density (WD),
xylem mechanical strength, and vessel and ﬁber anatomical properties (Hacke et al., 2001; Baas et al., 2004; Jacobsen et al., 2005).
WD is often taken as starting point when comparing species; this is
because it has strong ecological implications (Falster, 2006). High
WD is associated with high survival (Sterck et al., 2006; Sperry
et al., 2008) and resistance to physical damage by herbivores and
pathogens (McCarthy-Neumann and Kobe, 2008).
Both Rhamnus species included in this study have been
described as anisohydric and desiccation-tolerant plants
(Martínez-Ferri et al., 2000; Gulías et al., 2002). Consequently,
because they operate with narrow hydraulic safety margins during
drought conditions, they are often exposed to hydraulic failure
(Gucci et al., 1997; Martínez-Ferri et al., 2000; Nardini et al., 2014).
The observed differences between R. ludovici-salvatoris and R.
alaternus in terms of germination and seedling emergence and
survival (El Aou-ouad et al., 2014; Gulías et al., 2004; Traveset
et al., 2003), biomass accumulation, water use efﬁciency (WUE)
and photosynthetic capacity (Gulías et al., 2002), could support
the following predictions for these two species: i) R. alaternus
has a higher resistance to drought stress-induced cavitation than
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R. ludovici-salvatoris. This trait would explain to some extent
their contrasting ﬁtness under Mediterranean conditions and the
decline in distribution of the endemic R. ludovici-salvatoris. ii)
Differences in water availability in their main distribution areas
may result in different xylem anatomy. iii) There is a relationship
among hydraulic safety (water potential at 50% loss of conductivity; P50 ), hydraulic efﬁciency (speciﬁc conductivity; KS ) and xylem
anatomy.
2. Material and methods
2.1. Plant material and study site
The study was performed in two populations of R. alaternus and
one population of R. ludovici-salvatoris. In all cases, considered individuals were adult plants (at least 15 years old). The ﬁrst population
of R. alaternus is located at Esporles (39◦ 40 N, 2◦ 34 E), 200 m above
sea level (a.s.l.), on the North Slope of a hill on the southwestern
Mallorca Island (Fig. 1). This population is in the understory of a
mixed pine-oak forest with clay-calcareous soil, where surrounding
vegetation includes: Pistacia lentiscus, Ampelodesmos mauritanica,
Olea europaea and Cistus albidus. The second population of R.
alaternus is located at the University of the Balearic Islands (UIB)
experimental ﬁeld (80 m a.s.l.; 39◦ 38 N, 2◦ 38 E; Fig. 1). The
sampled R. ludovici-salvatoris population is located at Binifaldó, at
600 m a.s.l., near the Lluc Monastery (39◦ 49 N, 2◦ 53 E; Fig. 1) in the
understory of a large oak (Quercus ilex) forest with clay-calcareous
soil. The mean annual temperatures and the mean annual rainfall
in the habitats of these populations range from 12.7 to 18.1 ◦ C, and
from 468 to 1388 mm, respectively (Fig. 1).
2.2. Xylem vulnerability to cavitation
The degree of vulnerability to embolism was inferred from
vulnerability curves (VCs), created by plotting the xylem water
potential (xyl , MPa) against the corresponding percentage loss
of hydraulic conductivity (PLC, %). Two techniques were used to
construct these curves: the bench-top dehydration method (Sperry
and Tyree, 1988) and the standard centrifuge method (Alder et al.,
1997), using a rotor that ﬁts 14-cm stem segments. In the case of
R. ludovici-salvatoris, we used both methods to construct VCs with
samples from the same population to test the agreement between
methods. In fact, several studies have suggested that the results
obtained by both methods are similar (Cochard et al., 2010, 2013).
The R. alaternus samples used in the centrifuge-force method were
collected at UIB and the samples for the dehydration bench-top
method were collected in Esporles. Samples used for the dehydration bench-top method were collected three days earlier than those
used for the centrifuge method. All samples were collected at the
end of winter (mid-February 2012) when soil water availability is
not limiting.
Prior to branch collection, the maximum length of xylem vessels was determined using the air inﬁltration method along the
entire length of large branches (Zimmermann and Jeje, 1981). Air
was injected at the distal end of branches (2–3 mm diameter) at
100 kPa. The longest vessels found in six samples of R. alaternus and
ﬁve samples of R. ludovici-salvatoris branches were 14 and 10 cm in
length, respectively.
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collected early in the morning and placed into plastic bags immediately in order to minimize dehydration. In order to prevent
cavitation by air-entry, only branches longer than 50 cm were sampled and segments were cut under water.
The hydraulic conductivity (K, kg s−1 m MPa−1 ) of shoot segments of both species was measured following the method
of Sperry and Tyree (1988). K was measured at low pressure
(2–3 × 10−3 MPa) in order to minimize the displacement of air
bubbles in open vessels. All sample segments were perfused with
ultra-pure, deionized, degassed and ﬁltered (0.2 m) water with
10 mM KCl. The ﬂow rate was determined by repeated measurements of the water mass on an electronic balance and K was
calculated as the ratio between the ﬂow through each segment and
the corresponding hydrostatic pressure gradient.
Branches were gradually dehydrated to cover a wide range of
xyl values (measured by using a pressure chamber, Soil Moisture Equipment. Corp., Santa Barbara, CA, USA). For each xyl point
(measured in ﬁve previously covered leaves), K was measured.
For R. alaternus, which possesses high conductivity, 10-cm segments from near the base of second-year shoots were used, and
the water ﬂow through the segments over 2 min was measured. For
R. ludovici-salvatoris, which has low conductivity, 8-cm segments
from near the bases of second-year shoots were used, and the water
ﬂow through the segments over 4 min was measured. On average, 20 s-year shoots were sampled per species. After measuring
xyl , shoots with a diameter of 2–3 mm were excised underwater;
2–3 cm of shoot was discarded in order to avoid embolisms being
induced by cutting. Following this, the initial hydraulic conductivity
(Kin ) was measured. Segments were repeatedly perfused (pressure
of 175 kPa) to dissolve and expel air bubbles, until the maximum
conductivity (Kmax ) was obtained.
In the standard centrifuge method, shoots 14 cm in length were
similarly prepared as explained in the bench-top method. Segments were perfused and, after determining Kmax , branches were
centrifuged for 6 min at successively higher velocities, achieving
tensions of −1, −2, −3, −4, −5, −6 and -7 MPa. K was measured
using a XYL’EM system (Xylem Embolism Meter, Bronkhorst, Montigny les Cormeilles, France) after imposing and relaxing each
pressure level.
The
PLC
for
both
methods
was
estimated
as:
PLC = 100 × (Kmax − K)/Kmax . The experiment was halted when
the PLC reached approximately 90%. VCs were ﬁtted using
SigmaPlot 10 software (Systat Software Inc., San Jose, CA, USA) to
a logistic function (Pammenter and Vander-Willigen, 1998):
PLC(%) = 100/(1 + e(s/(25∗(P − P50))) )
Where P50 is the pressure inducing a 50% loss of xylem conductivity
and s is the slope of the VC at this point. In addition, xylem pressure
at 12% loss of conductance (P12 ), an estimate of the xylem water
potential at which embolism begins, and xylem pressure at 88%
loss of conductance (P88 ), a proxy of the xylem water potential at
full embolism (Domec and Gartner, 2001), were calculated as:
P12 = P50 + 50/s
P88 = P50 − 50/s
Maximum
xylem-speciﬁc
conductivity
(KS-max ,
kg m−1 s−1 MPa−1 ) was calculated by dividing Kmax by its xylem
cross-sectional area (m2 ; e.g. Hultine et al., 2006).

2.3. Bench-top dehydration and standard centrifuge
vulnerability curves

2.4. Xylem anatomy

In the bench-top dehydration method, two-year-old branches
were collected (cut in air) in order to prevent previously embolized
and non-functional conduits of older xylem rings. Branches were

All the anatomical characteristics were examined in the samples that were collected for the centrifuge VCs, that is, R. alaternus
collected at UIB and R. ludovici-salvatoris collected at Binifaldó. In
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Table 1
Hydraulic xylem characteristics in two Mediterranean shrubs, Rhamnus alaternus and the Balearic endemic Rhamnus ludovici-salvatoris. Mean values ± standard errors (n = 5)
are presented. KS-max (kg m−1 s−1 MPa−1 ), maximum xylem-speciﬁc conductivity; Slope (MPa−1 ), slope parameter (s) of the ﬁtted vulnerability curves; P12 (MPa), pressure at
which a 12% loss of conductivity is produced; P50 (MPa), pressure at which a 50% loss of conductivity is produced; P88 (MPa), pressure at which an 88% loss of conductivity is
reached. P-values from a nested ANOVA (species and method nested under species as factors) are presented.
Variable

R. alaternus
a

KS-max
Slope
P12
P50
P88

P-value

a

b

UIB

Esporles

Binifaldó

Binifaldó

Species

Method

2.36 ± 0.38
8.2 ± 3.7
−0.4 ± 0.6
−6.6 ± 0.3
−12.8 ± 0.8

1.03 ± 0.13
18.5 ± 3.2
−2.2 ± 0.5
−5.7 ± 0.3
−9.2 ± 0.7

1.23 ± 0.14
16.6 ± 2.6
−0.4 ± 0.4
−3.7 ± 0.2
−6.5 ± 0.8

0.43 ± 0.03
17.4 ± 3.7
−0.9 ± 0.6
−3.9 ± 0.3
−6.9 ± 0.6

0.007
0.300
0.241
<0.001
<0.001

0.002
0.162
0.136
0.273
0.030

Vulnerability curves constructed with the dehydration bench method.
Vulnerability curves constructed with the centrifugal-force method.

each selected branches, 4–5 cm-long segments were cut from the
left basal pieces of the branches selected; they were then preserved
in FAA (formaldehyde, acetic acid and ethanol 70%, 10:5:85). Transverse sections (approximately 40 m thick) were prepared using a
sliding microtome (Leica SM2400, Leica Microsystems GmbH, Nussloch, Germany). Sections were stained using 0.5% safranine for
1–3 min and were mounted using a xylene-based medium. Images
of the cross sections were taken with a light microscope system
interfaced with a digital camera (Leica DM LA, Leica Microsystems,
Heerbrugg, Switzerland). Four randomly-selected 45◦ sectors were
analysed per sample. Calibration of each picture was made with a
micrometer before measuring. The following variables were used
to describe the xylem anatomy: mean vessel diameter (Dmean , m),
vessel frequency (VF, vessels mm−2 ), grouped lumen area of vessels in relation to total xylem area (VGA, %), number of grouped
vessels (NGV), and ray frequency (RF). The percentage of grouped
vessels (PGV, %) was estimated by counting all the grouped and nongrouped vessels. The tangential lumen span (b) and the double-wall
thickness (t) of all adjacent vessels within ﬁve randomly-selected
square sectors (0.5 mm2 ) were measured in each sample. Subsequently, the intervessel wall strength within these sectors was
calculated as (t/b)2 following the method of Hacke et al. (2001). In
addition, hydraulic vessel diameter (Dh ) was calculated in each sector by dividing the sum of the vessel diameters to the
ﬁfth power
 by
the sum of vessel diameters to the forth power (Dh = VD5 / VD4 )
(Kolb and Sperry, 1999).

100
80

PLC (%)

a
b

R. ludovici-salvatoris
b

60
40
20
0
-7

-6

-5

-4

-3

-2

-1

0

Ψ xyl (MPa)
Fig. 2. Vulnerability curves constructed for two-year-old xylem samples of Rhamnus
alaternus (circles) and Rhamnus ludovici-salvatoris (triangles). PLC: percentage loss
of hydraulic conductivity; xyl : xylem water potential. Open circle: UIB population;
Closed circle: Esporles population. Triangles: Binifaldó population. Full symbols correspond to centrifugal-force methodology curves and open symbols to dehydration
bench-top methodology curves.

between species. The SPSS 16 software package (SPSS, Chicago, IL)
was used to perform both ANOVA.
3. Results

2.5. Wood density
Xylem density of all the samples was determined as follows.
Six to seven stem segments per species were cut from one end
of each sample and were trimmed to a length of 2–3 cm. These
stem segments were split longitudinally, and the bark and pith
were removed using a razor blade. The resultant xylem segments
were soaked overnight in degassed water. Following this, the fresh
volume of each sample was determined according to Archimedes’
principle (Hacke et al., 2000), by immersing the sample in a waterﬁlled test-tube placed on a balance. The samples were stored at
75 ◦ C for 48 h, and their dry weight was subsequently measured.
WD (g/cm3 ) was calculated as the ratio of dry weight to fresh volume.
2.6. Data analysis
Regression coefﬁcients and correlations were obtained using
Sigma Plot 10.0 software package (Systat Software Inc., San Jose,
CA, USA). A nested ANOVA with two factors: species and measurement method nested under species was performed to reveal
differences in hydraulic conductivity and xylem vulnerability to
cavitation parameters. Xylem anatomy and wood density data were
analyzed by performing a one-way ANOVA to reveal differences

The maximum xylem-speciﬁc conductivity (KS-max ) of the samples used to construct the VCs was found to differ between the
two methodologies used (p = 0.002, Table 1). The observed differences could be attributed to the different age of the samples
and the variation of sample length and diameter required in the
two methods; larger samples in the centrifuge method resulted in
increased resistance to water ﬂow between vessel elements in comparison with the shorter samples used in the dehydration method.
Despite these differences in KS-max , the VCs generated by the different methods did not differ in most of the parameters (p > 0.05;
Table 1, Fig. 2), only in P88 differences between methods were signiﬁcant (P = 0.03; Table 1), supporting the comparison of results
obtained for these species using the centrifuge and the dehydration method. The differences between the species were consistent
and KS-max was signiﬁcantly (p = 0.007) higher in R. alaternus than
in R. ludovici-salvatoris. In addition, both P50 and P88 were signiﬁcantly (p < 0.001) lower in R. alaternus than in R. ludovici-salvatoris
(Table 1).
Both species differed in several anatomical traits. R. alaternus
showed signiﬁcantly higher wood density (WD), hydraulic vessel
diameter (Dh ), vessel frequency (VF), and inter-vessel wall strength
(t/b2 ) in comparison with R. ludovici-salvatoris (Table 2). By contrast, ray frequency (RF) was signiﬁcantly lower in R. alaternus
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Table 2
Xylem anatomic features of Rhamnus alaternus UIB population and of Rhamnus
ludovici-salvatoris Binifaldó population. Mean values ± standard errors (n = 4) and
the P-value from a one-way ANOVA are presented. VF, vessel frequency; Dh ,
hydraulic vessel diameter; PGV, percentage of grouped vessels; PLA, percentage of
lumen area; (t/b)2 , intervessel wall strength; RF, ray frequency; WD, wood density;
VL, vessel length.
Variable
VF
Dh
PGV
PLA
VL
(t/b)2
RF
WD

Units
−2

Vessels mm
m
%
%
cm
m m−2
Rays mm−2
g cm−3

R. alaternus

R. ludovici-salvatoris

P-value

518.0 ± 83.0
25.3 ± 1.8
51.2 ± 12.4
47.8 ± 8.4
13.3 ± 2.7
0.06 ± 0.003
27.6 ± 5.7
0.74 ± 0.02

271.7 ± 44.4
19.9 ± 1.0
36.9 ± 9.2
53.9 ± 8.32
9.3 ± 4.5
0.04 ± 0.006
79.1 ± 17.9
0.56 ± 0.04

0.040
0.040
0.081
0.623
0.170
0.009
0.033
0.005

than in R. ludovici-salvatoris. No signiﬁcant differences were found
between the species in both the average vessel length (VL) and the
vessel grouped lumen area (PLA) (Table 2).
No relationship was found between the WD and the ability
of vessels to resist implosion, as measured with the parameter
(t/b)2 (R2 = 0.4; P = 0.103; Fig. 3c). The pressure at which a 50% loss
in conductivity is induced (P50 ) was somewhat correlated with
Dh (R2 = 0.48; P = 0.056; Fig. 3b). However, the maximum xylemspeciﬁc conductivity (KS-max ) showed a signiﬁcant and negative
relationship with P50 (R2 = 0.66; P = 0.015; Fig. 3a).
4. Discussion
Differences in vulnerability to cavitation among species can
play a key role in the recruitment success of young individuals in
Mediterranean areas (Vilagrosa et al., 2012) and can explain to some
extent the lower recruitment capacity of some endemic species in
comparison with their more widely distributed counterparts.
The data reported in this study support the hypothesis that
R. ludovici-salvatoris is more susceptible to water stress-induced
cavitation than R. alaternus. This greater susceptibility could
explain the observed low seedling recruitment rates of R. ludovicisalvatoris (Traveset et al., 2003) and the dieback of large branches
of many individuals during periods of drought in the summer
(personal observation). Cavitation resistance (estimated by P50 )
varied considerably between both species, ranging from −3.7 for
R. ludovici-salvatoris to −6.6 MPa for R. alaternus. These values
fall within the range described for other chaparral and Mediterranean basin species, which exhibit a mean P50 between −3.9
and −5.1 MPa, and a range from −1 MPa to −11 MPa (Jacobsen
et al., 2007; Nardini et al., 2014 and references therein). However, in spite of P50 of R. ludovici-salvatoris being similar to those
reported for Quercus ilex (Limousin et al., 2010), it appears to be
higher than that shown for drought adapted species like Pistacia lentiscus (Vilagrosa et al., 2003) and it is among the highest
P50 of the typical Mediterranean and Chaparral shrub species
(Jacobsen et al., 2007; Nardini et al., 2014 and references therein).
In fact, those species displayed different drought-avoidance strategies, by water spending in P. lentiscus (Vilagrosa, 2002), and by
closing the stomata and deep-rooting in Q. ilex (Rambal et al.,
2003). Rhamnus alaternus and R. ludovici-salvatoris did not demonstrate any trade-off between water transport efﬁciency (KS-max )
and hydraulic safety (P50 ) (Fig. 3a). Despite both species exhibiting diffuse-porous wood characteristics, and solitary vessel or short
multiple vessels forming a dendritic pattern characteristics (Fig. 4),
R. alaternus constructed a safer and more efﬁcient xylem system
than R. ludovici-salvatoris (Tables 1 and 2). The larger Dh and higher
VF provided this species with higher hydraulic conductance, but
may have also affected the hydraulic safety owing to redundancies
in the water pathways. High VF allows plants to transport water

Fig. 3. Correlation of (a) maximum xylem-speciﬁc conductivity (KS-max ) and xylem
water potential at 50% loss of hydraulic conductivity (P50 ), (b) xylem water potential
at 50% loss of hydraulic conductivity (P50 ) and hydraulic vessel diameter (Dh ), and (c)
vessel resistance to implosion or (t/b)2 and wood density (WD). Rhamnus alaternus
(circles) and Rhamnus ludovici-salvatoris (triangles). P-value and r2 correspond to
the plotted regression line.

despite deactivation of part of the xylem (Zimmermann, 1983). In
an anatomical study on Mediterranean shrubs and trees, De Micco
et al. (2008) observed that VF increased from mesic to xeric environments, and that R. alaternus, together with Cistus monspeliensis,
had the most redundant xylem. Dmean and length of the two species
examined in this study were in accordance with values of other
Rhamnus species found in Israel and Turkey (diameter 15–40 m;
length 130–370 mm), which are adapted to dry Mediterranean or
desert conditions (Carlquist, 1977; Fahn et al., 1986; Akkemik et al.,
2008).
Previous studies have highlighted that higher investment in
conduit wall per conduit volume relates to cavitation resistance
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Fig. 4. Cross-sectional xylem images: Rhamnus alaternus (a, c), R. ludovici-salvatoris (b, d). Scale bars are 500 m for top images (a, b), and 200 m for lower images (c, d).

and higher WD. Consequently, the latter could be used as a valuable
screening tool for identifying species that may be less vulnerable
to variation in water availability in a speciﬁc community (Hacke
et al., 2001; Jacobsen et al., 2007). This seems to be the case with
R. alaternus; in comparison with R. ludovici-salvatoris, R. alaternus
has denser wood, a greater degree of mechanical strength at the
tissue level ((t/b)2 ), which would help xylem cells to resist the
stresses created by negative hydrostatic pressures (Hacke et al.,
2001; Jacobsen et al., 2005), and greater cavitation resistance. These
results follow the same trend as that observed in a study of nine
Rhamnaceae species in the California chaparral (Pratt et al., 2008)
and are in accordance with the reported greater ability of R. alaternus to accumulate biomass and to survive under moderate drought
stress (El Aou-ouad et al., 2015; Gulías et al., 2004; Traveset et al.,
2003).
Finally, higher RF in R. ludovici-salvatoris could entail higher respiration rates, affecting its competitiveness under dry conditions
when photosynthesis is limited. In fact, higher stem and whole
plant respiration rates have been observed in R. ludovici-salvatoris
seedlings in comparison with R. alaternus under both well-watered
and water-limited conditions (El Aou-ouad et al., 2015).
Endemic and relict plant species are especially vulnerable to
environmental changes, mainly owing to their small population
sizes, which are exposed to increased inbreeding, lower individual ﬁtness and lower genetic variation (Ellstrand and Elam,
1993; Aizen et al., 2002; Angeloni et al., 2011). Furthermore,

vulnerability to cavitation has important implications for the survival of adult individuals, and this vulnerability could be even more
critical in the recruitment of young individuals (Davis et al., 1999;
Pratt et al., 2008; Kursar et al., 2009). Rhamnus alaternus seedlings
show higher growth rates and biomass accumulation in comparison to R. ludovici-salvatoris (El Aou-ouad et al., 2015). Moreover,
R. ludovici-salvatoris seedling recruiment is known to be impaired
by summer drought (Traveset et al., 2003). Lázaro-Nogal et al.
(2013) have previously demonstrated that R. ludovici-salvatoris displays a narrow safety margin in the face of drought. The higher
vulnerability to cavitation, the lower vessel area and the lower
WD and inter-vessel wall strength (t/b)2 observed in R. ludovicisalvatoris in comparison with R. alaternus are in accordance with
its lower competitive ability, i.e. its smaller distribution area, and
lower ability to recruit seedlings under Mediterranean conditions
than its congeneric species R. alaternus. Consequently, the results
of this study may partially explain the differences observed in
the ability of both species to colonize environments, in particular the low rates of establishment and recovery after degradation
of R. ludovici-salvatoris and the reduction in its distribution area.
Moreover, taking into consideration that climate change models
predict more intense and longer drought periods for the Mediterranean Basin (IPCC, 2013), the distribution area of the endemic R.
ludovici-salvatoris could decrease even more in the coming decades,
compromising the survival of this species.
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