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ABSTRACT

In 2012, an extreme summer drought induced species-specific
die-back in woody species in Northeastern Italy. Quercus
pubescens and Ostrya carpinifolia were heavily impacted,
while Prunus mahaleb was largely unaffected. By comparing
seasonal changes in isotopic composition of xylem sap, rainfall
and deep soil samples, we show that P. mahaleb has a deeper
root system than the other two species. This morphological
trait allowed P mahaleb to maintain higher water potential
(Ψ), gas exchange rates and non-structural carbohydrates con-
tent (NSC) throughout the summer, when compared with the
other species. More favourable water and carbon states
allowed relatively stable maintenance of stem hydraulic con-
ductivity (k) throughout the growing season. In contrast, in
Quercus pubescens and Ostrya carpinifolia, decreasing Ψ and
NSC were associated with significant hydraulic failure, with
spring-to-summer k loss averaging 60%. Our data support the
hypothesis that drought-induced tree decline is a complex phe-
nomenon that cannot bemodelled on the basis of single predic-
tors of tree status like hydraulic efficiency, vulnerability and
carbohydrate content. Our data highlight the role of rooting
depth in seasonal progression of water status, gas exchange
and NSC, with possible consequences for energy-demanding
mechanisms involved in the maintenance of vascular integrity.

Key-words: cave; isotopes; rainfall; soil; xylem sap; xylem
hydraulics.

INTRODUCTION

The increasing number of reports describing large-scale tree
mortality and die-back following extreme climatic events, with
special reference to droughts (van Mantgem and Stephenson
2007; Dietze and Moorcroft 2011; Peng et al. 2011; Matusick
et al. 2013; Nardini et al. 2013; Pratt et al. 2014), has stimulated

research into the mechanisms responsible for tree resistance
and resilience to severe water stress (McDowell et al. 2013;
Sevanto et al. 2014). Prolonged and intense drought leads to
progressive deterioration of plant water balance as a conse-
quence of atmospheric evaporative demand associated with
high vapour pressure deficit (Williams et al. 2013), and of pro-
gressive depletion of soil water reserves. Increased water loss
to the atmosphere and reduced root water uptake cause a
decline in plant water potential, translating into symplastic
damage (Wang et al. 2012) or hydraulic failure due to embolism
build-up in xylem conduits (Urli et al. 2013). In fact, hydraulic
failure has been proposed as a main driver of tree crown desic-
cation under extreme drought and heat waves (Hoffmann et al.
2011; Barigah et al. 2013; Nardini et al. 2013; Anderegg et al.
2014). On the other hand, drought provokes prolonged stomatal
closure intended to minimize xylem embolism or resulting from
non-lethal levels of embolism-induced reduction of plant hydrau-
lic conductance (Salleo et al. 2000). Under these circumstances,
impairment of net carbon gain has been proposed to cause
progressive depletion of non-structural carbohydrate (NSC)
reserves, which in turn might predispose plants to biotic attacks
(Gaylord et al. 2013) or lead toprogressive growth declinebecause
of carbon starvation (Poyatos et al. 2013; Sevanto et al. 2014;
Nardini et al. 2014a). Hydraulic failure and carbon starvation are
likely to co-occur to different extents in drought-impacted trees
(McDowell et al. 2008), with relative prevalence of one of the
two mechanisms depending on the species-specific hydraulic
strategy (Mitchell et al. 2013) as well as on intensity and duration
of the drought event (Anderegg and Callaway 2012).

An interesting question related to tree mortality and forest
decline is whether it is possible to predict what species will be
most affected by future extreme droughts. The answer to such
a question is not an easy one. Hydraulic traits, with special
reference to vulnerability to xylem embolism, have been sug-
gested as functional proxies that might locally predict species-
specific risk of drought-induced die-off. As an example,
Nardini et al. (2013) reported more widespread crown desicca-
tion during an extreme summer drought in species displaying
more embolism-vulnerable xylem, as expressed in terms ofCorrespondence:A.Nardini.Tel.:+39 040 5583890; e-mail:nardini@units.it
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P50 (the value of xylem tension inducing 50% loss of xylem hy-
draulic conductivity). However, in some cases, counter-
intuitive larger impacts of drought on species more resistant
to xylem embolism have been reported (Hoffmann et al.
2011; Paddock et al. 2013). This apparent paradox might be
due to the fact that despite substantial variability of P50 across
species and biomes (Maherali et al. 2004; Nardini et al.
2014b), all woody plants commonly reach minimum xylem
pressures very close to this critical tension threshold, resulting
in very narrow ‘safety margins’ towards catastrophic hydraulic
failure (Choat et al. 2012). Hence, the likelihood of hydraulic
failure or prolonged stomatal closure caused by reduced hy-
draulic conductance (Salleo et al. 2000) can be predicted to de-
pend on the species-specific risk to surpass this critical
threshold under extreme drought. This, in turn, is probably a
function of rooting depth, as deep root systems offer access to
more stable and reliable water sources, while shallow root sys-
tems expose plants to the risk of severe deterioration of their
water status under drought (Lindh et al. 2014). On this basis,
the inverse relationship between resistance to xylem embolism
and rooting depth (Sperry and Hacke 2002; Lopez et al. 2005)
can be hypothesized to be one of the reasons for reported im-
pacts of extreme droughts even on species displaying remark-
ably safe xylem (Hoffmann et al. 2011; Paddock et al. 2013).
When considering the use of hydraulic proxies to define

species-specific risks of drought-induced die-off, it should be
taken into account that P50 and related safety margins are
somewhat ‘static’ parameters, as they depend in large part on
structural features of the xylem (Lens et al. 2011). Moreover,
vulnerability curves are generally measured by rapidly expos-
ing excised branches or stems to progressively more negative
xylem pressures, either by bench dehydration or centrifuga-
tion, and measuring the corresponding variations in stem
hydraulic conductivity (Cochard et al. 2013). However, what
is crucial for plant survival is the actual amount of embolism
suffered during a prolonged drought (McDowell et al. 2013,
Sperry and Love 2015). This, in turn, critically depends on
the interplay of embolism formation rate, which is a function
of P50 and minimum daily xylem pressure, and embolism repair
rate, which is a likely function of the maximum xylem pressures
reached during overnight partial rehydration, as well as of plant
NSC status (O’Brien et al. 2014; Zwieniecki and Secchi 2015).
In fact, woody plants have been reported to actively refill
embolized xylem (Tyree et al. 1999; Nardini et al. 2008; Brodersen
et al. 2010; Ogasa et al. 2013; Trifilò et al. 2014) by generation of
local positive pressures based on an osmotic mechanism, likely
fuelled by the release into embolized conduits of soluble sugars
derived from starch de-polymerization in vessel-associated
parenchyma (Salleo et al. 2009; Secchi and Zwieniecki 2012;
Mayr et al. 2014). Processes of embolism formation and repair
result in diurnal changes of percentage loss of stemhydraulic con-
ductivity (PLC) (Christman et al. 2012; Trifilò et al. 2015). Hence,
PLC is more properly considered as a dynamic parameter,
representing a complex output of plant water and carbon status
as affected by anomalous drought events.
On the basis of the aforementioned, we might speculate that

the impact of anomalous drought on trees results from the in-
terplay of rooting depth, seasonal changes in plant water status
and stomatal aperture, NSC content and mobilization and

hydraulic functioning (McDowell et al. 2011). To investigate
these functional relationships, we took advantage of an extreme
summer drought that occurred in the Classical Karst area of
Northeastern Italy in 2012 and produced widespread but vari-
able die-back (canopy loss) in different woody species. We spe-
cifically addressed the following hypothesis: (1) species-specific
impact of drought is related to different rooting depth; (2) deep
roots allow some species to maintain a more favourable water
and carbon status throughout the summer; and (3) improved
water and carbon status results in the maintenance of hydraulic
integrity in deep-rooted species, while shallow-rooted plants
suffer both NSC depletion and hydraulic damage.

MATERIALS AND METHODS

Study site and species

The study was conducted during spring–summer 2013 in a nat-
ural site near the village of Basovizza (Trieste, Northeastern
Italy, 45° 38′ N, 13° 52′ E, altitude 400ma.s.l.). The site is lo-
cated in the Classical Karst area, a vast morphological unit
dominated by carbonate type rocks (mostly limestone) origi-
nated between the upper Cretaceous and the lower Eocene.
Typical karst features arise from carbonate dissolution and in-
clude karren, dolines and caves (DeWaele et al. 2009).We took
advantage of these features to identify a site covered by woody
vegetation over a large cave (Bac Cave, www.catastogrotte.fvg.
it) with a relatively easy access, which allowed us to collect
deep soil samples for measurements of soil water isotopic com-
position (see the following). The Bac Cave is 16m deep and ex-
tends for about 130m. Themain entrance is quite large, and the
first part of the cave is characterized by a gallery with a gentle
slope. The base is covered by clay deposits where roots can
be observed down to a depth of about 10–13m with respect
to the soil surface above the cave. The vegetation in the area
is an open woodland dominated at the tree level by Quercus
pubescensWilld.,PrunusmahalebL.,Ostrya carpinifolia Scop.,
Fraxinus ornus L. and Pinus nigra L., with occasional presence
of other woody shrubs.

The area experienced an extreme drought episode during
summer 2012, with precipitation and temperature anomalies
of �48% and +2.3 °C, respectively (http://www.osmer.fvg.it).
The event induced extensive desiccation in several plants, with
apparent species-specific differences in terms of percentage of
individuals suffering branch die-back (Nardini et al. 2013). A
census carried out in summer 2012 and repeated in spring
2013 revealed that less than 20% of P.mahaleb individuals
had suffered desiccation and die-back, while this figure in-
creased to more than 60% of individuals in the case of Q.
pubescens and O. carpinifolia populations (Piškur et al. 2011;
Nardini et al. 2013). These three species were selected for the
study because of their differential response to drought and
abundance above the cave. In particular, three individuals per
species (each >20 years old) were sampled from May to
September 2013 in order to evaluate their water status, isotopic
signature of xylem sap, stem embolism level, gas exchange
rates and stem NSC content. Hence, sample size for statistical
analysis was fixed at n=3. All leaf and stem samples were
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collected from the outer part of the crown in southeast to
southwest exposure. Individuals selected for this study showed
no or very limited signs of crown die-back.

During 2013, mean daily air temperature in the area ranged
between 15 °C in May and 24.5 °C in July–August. Total pre-
cipitation between May and September was about 400mm
(Fig. 1), that is, close to the average precipitation for the same
period recorded between 1961 and 2000 (456mm; www.osmer.
fvg.it).

Seasonal changes in plant water status and gas
exchange rates

Plant water status was quantified in terms of water potential. In
particular, pre-dawn water potential (Ψpd) as well as minimum
daily leaf (Ψ leaf) and xylem (Ψxyl) water potential were mea-
sured on a monthly basis from June to September. Ψpd was
measured between 0500 and 0600h (solar time), while Ψmin

and Ψ xyl were measured between 1200 and 1300h. On each
month, measurements were performed during two consecutive
sunny days. Two leaves per individual (for a total of six leaves
per species) per daytime were sampled in the field and immedi-
ately wrapped in plastic film. Leaves were transported to the
laboratory in a refrigerated bag, and their water potential was
measured using a pressure chamber (mod. 1505D, PMS Instru-
ments Company, Albany, OR, USA). Leaves to be used for
Ψ xyl measurements were preliminarily wrapped in plastic film
and aluminium at pre-dawn, to allow equilibration of leaf water
potential to that of the adjacent stem xylem. On the same dates
selected for water potential measurements, leaf conductance to
water vapour (gL) was measured between 1100 and 1300h,
using a steady-state porometer (mod. SC-1, Decagon Devices,
Pullman, WA, USA). Two leaves per individual (for a total of
six leaves per species) per daytime were measured. Previous
studies have shown that gL reaches maximum values around
midday in the study species (Nardini et al. 2003).

Isotopic composition of rainfall, cave soil water and
xylem sap

Rainfall in the study site was collected on amonthly basis using
a rain gauge composed of a plastic container connected to a
funnel with a diameter of 20 cm and equipped with an anti-
evaporation connection. For the purpose of this study, we
considered the average isotopic composition of rain falling in
May–June and July–August 2013, that is, before and during
sampling campaign for determination of non-structural carbohy-
drate concentration and stem hydraulic conductivity (see the
following). The surface soil neighbouring the trees is scant be-
cause of the severely rocky surface in thewoodland; thus, no sur-
face soils were collected for isotopic analysis, and rainwater was
instead used as a proxy for surface soil isotopic composition.

In June andAugust, on the sameweekwhen plant water sta-
tus and gas exchange weremeasured, we accessed the cave and
collected soil samples from a clay deposit at 13m depth, where
root tips were observed (see previous). Three soil samples
were collected at a depth of 10–20 cm from the soil surface, to
avoid layers potentially exposed to isotopic enrichment be-
cause of evaporation. Soil samples were enclosed in sealed
plastic bags. On the same daywhen soil samples were collected,
stem samples were collected from the same individuals used for
other analysis. Three- to four-year-old stems were detached
from plants at midday, bark and leaves were immediately
removed and stems were cut in 2–4 cm long pieces sealed in
plastic vials. Soil and stem samples were transported to the lab-
oratory and kept frozen (�20 °C) before analysis.

Soil water and xylem sap were extracted using a cryogenic
vacuum distillation method and following the extraction times
suggested by West et al. (2006). The oxygen isotope composi-
tion (δ18O) of rainfall samples, as well as water samples
extracted from cave soil and stems, was measured by isotope-
ratio mass spectrometry (Thermo-Fisher Delta Plus Advan-
tage) using the CO2/water equilibration technique (Epstein

Figure 1. Monthly rainfall (bars) and daily average temperature (line) as recorded from March to August 2013, obtained from data recorded by
meteorological station located near the village of Sgonico (15 km from the study site; data from ARPA FVG: Regional Agency of Environmental
Protection of Friuli Venezia Giulia, http://www.osmer.fvg.it).
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and Mayeda 1953), with an analytical precision of 0.05‰ for
δ18O values. Measurements are reported against the Vienna
Standard Mean Ocean Water international standard.

Non-structural carbohydrates content (starch and
sucrose)

Four samples of 2-year-old branches (about 5 g fresh weight)
from three different individuals of each species (for a total of
12 samples per species) were collected in June and August
2013. Samples were frozen in liquid nitrogen and stored in a
freezer (�80 °C). The samples were then treated in amicrowave
(700W) for 3min and then oven-dried overnight at 65 °C.
Starch and sucrose analysis was performed following the
method described in Hoch et al. (2003). The resulting material
was reduced to fine powder, and about 0.1 g of it was suspended
in 1mL of 0.1M Na acetate buffer (pH4.5) and boiled for
30min. The sample was centrifuged at 12 000g (centrifuge
model 5415 C, Eppendorf, Engelsdorf, Germany) for 5min to
separate sucrose (in the supernatant) from the starch (in the
pellet). For sucrose detection, 20μL of supernatant was incu-
bated for 30min with invertase (20 IU). For starch analysis,
the pellet was re-suspended in the same acetate solution as
aforementioned and incubated at 45 °C overnight with
amyloglucosidase (250 International Unit (IU)) to allow hydro-
lysis from starch to glucose. Aliquots of solution from both
starch and sucrose processing were placed in 2mLof extraction
buffer (Tris-HCl, pH7.5, containing 0.125mM β-NADP+, 5mM

MgCl2, 1mM MgATP) and used for the measurement of glu-
cose content. Glucose concentration was measured by a
spectro-fluorimeter (model Lambda 15, Perkin-Elmer,
Wellesley, MA, USA) using the coupled enzymatic reduction
of β-NADP+ by glucose-6-phosphate dehydrogenase in the
presence of hexokinase and ATP. Glucose was monitored as
an increase of fluorescence of β-NADPH at 329nm and
460nm for excitation and emission, respectively. The reaction
was started by the addition of 6 IU of glucose-6-phosphate de-
hydrogenase and 2.5 IU of hexokinase. The calibration curve
was carried out for both starch and glucose starting from
known amounts of commercial amylose and sucrose processed
with the same protocol of samples. The calculated concentra-
tion of starch and sucrose was finally corrected for the amount
of existing glucose 6-phosphate and glucose, and measured be-
fore starch digestion or sucrose hydrolysis to give the actual
starch/sucrose quantities. We did not include free glucose
amounts data because these were much lower (by about one
order of magnitude) with respect to sucrose concentrations.

Stem hydraulic conductivity

Hydraulic conductivity of 2-year-old stems of the species under
study was measured in June and August, on the same weeks
when plant water status was assessed (see previous section).
About 30 cm long branches were cut under water in the field,
between 1200 and 1400h. Samples were progressively trimmed
at both ends (Venturas et al. 2015), until a segment 5–8 cm long,
corresponding to the second year growth, was obtained.

Samples were immediately transported to the laboratory,
where they were connected to a hydraulic apparatus. Stem hy-
draulic conductance was measured at a pressure P=7 kPa
while recording flow rate via calibrated capillaries, and then
normalized by multiplying by sample length and dividing by
the transverse xylem area (as determined measuring wood di-
ameter using a digital calliper), thus obtaining stem-specific hy-
draulic conductivity (kstem). Two samples per individual, for a
total of six samples per species and per month, were measured.

RESULTS

In late spring (June), all studied species had a favourable water
status, as Ψpd was around �0.2MPa, indicating high soil water
availability (Fig. 2) independent of rooting depth (Fig. 4b). In
the same month, xylem and leaf water potential dropped to
about �0.8MPa and �1.4MPa, respectively, with no signifi-
cant difference among species. During seasonal drought pro-
gression, Ψpd reached progressively lower values, with
minima recorded in August, when significant differences
emerged among species. At the peak of the seasonal drought,
the most negative Ψpd values were recorded in Q.pubescens
and O.carpinifolia (about �2.5MPa), while P.mahaleb main-
tained Ψpd above �1.5MPa. Similarly, both Ψ xyl and Ψ leaf

dropped below �3.0MPa in Q.pubescens and O.carpinifolia,
but remained above�2.5MPa inP.mahaleb (Fig. 2). After late
summer rains (September), the water status of all study species
promptly returned to pre-drought values (Fig. 2).

Leaf conductance to water vapour as measured in the study
species averaged 450mmol s�1 m�2 in June, and progressively
declined during summer drought stress (Fig. 3). Minimum
values of gas exchange rates were reached in August, when gL
was lowest in O. carpinifolia (41±7mmol s�1 m�2) and slightly
higher in Q.pubescens (68±19mmol s�1 m�2) and P.mahaleb
(89±17mmol s�1m�2), althoughdifferences among specieswere
not statistically significant. However, the ratio of gL measured in
August to that recorded in June was 0.1 in O.carpinifolia,
0.15 in Q.pubescens and 0.18 in P.mahaleb, suggesting less
severe stomatal closure in the latter species than in the former.
Following plant water status recovery after late summer rains
(Fig. 2), gL increased again in all the study species, but remained
lower than pre-drought. In September, the highest gL was re-
corded inP.mahaleb (351±48mmol s�1 m�2), and lower values
were recorded in Q.pubescens (250±32mmol s�1 m�2) and
O. carpinifolia (180 ± 9mmol s�1 m�2).

The oxygen isotopic composition of rainfall averaged over
May–June was �8.6 ± 0.5‰, and increased to �4.3 ± 0.2‰ in
rainwater sampled in July–August (Fig. 4a). The δ18O of water
extracted from cave soil wasmore negative than that of rainfall,
with values ranging from �9.9 ± 0.2‰ to �9.2 ± 0.6‰ in June
and August, respectively. The δ18O of xylem sap extracted
from stems of Q.pubescens and O.carpinifolia had values in-
termediate between those recorded for rainfall and cave soil,
both in June and August. In June, the most negative value of
δ18O (even lower than that recorded for cave soil at 13m
depth) was recorded in P.mahaleb (�10.8± 0.5‰), while
values very close to those detected for rainfall water were
found in both Q.pubescens (�9.1 ± 0.4‰) and O.carpinifolia
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(�8.9± 0.7‰). In August, the most negative δ18O was still re-
corded inP.mahaleb (�7.7± 0.4‰), and progressively less neg-
ative values were observed in Q.pubescens (�7.0 ± 0.2‰) and
O.carpinifolia (�5.8± 0.5‰). According to a mixing model
analysis performed on the basis of Phillips and Gregg (2001)

and using a dedicated spreadsheet (http://landflux.org/Tools.
php), in August, the contribution of cave soil water to plant xy-
lem sap averaged 31% in O.carpinifolia, 55% in Q.pubescens
and 69% in P.mahaleb (Fig. 4b).

Starch concentration as measured in June ranged from
20.3±4.9mgg�1 inP.mahaleb to 9.3±1.4mgg�1 inO.carpinifolia
(Fig. 5). At the peak of drought stress (August), starch content
significantly increased to 35.9 ± 2.6mg g�1 in P.mahaleb
(+77%), while it slightly but not significantly decreased in
the other two species (�16% and �45% in Q. pubescens
and O. carpinifolia, respectively). Sucrose content as mea-
sured in June ranged from 5.8 ± 0.7mg g�1 in P.mahaleb
to 11.5 ± 1.3mgg�1 in Q.pubescens. These values significantly
increased in all the study species in August, with a peak of
62.2± 4.4mgg�1 in Q.pubescens. More specifically, sucrose
content increased approximately by twofold in P.mahaleb,
threefold in O.carpinifolia and sixfold in Q.pubescens.

Stem hydraulic conductivity as measured in June was
highest in O. carpinifolia (6.7 ± 1.3 kg s�1 MPa�1 m�1) and
lowest in P.mahaleb (1.9 ± 0.2 kg s�1 MPa�1 m�1). In all study
species, kstem decreased in August with respect to values
recorded in June. The decrease was largest in Q.pubescens
and O. carpinifolia, where kstem dropped by about 60%, than
in P.mahaleb where the loss of conductivity was only about
31% (Fig. 6).

DISCUSSION

The species analysed in this study displayed contrasting sea-
sonal changes of plant water status, gas exchange rates, NSC
content and stem hydraulics, which are apparently related to
their differential access to deep water sources, according to
our analysis of isotopic composition of rainfall, deep cave soil
and xylem sap and related mixing analysis (Fig. 4). These find-
ings support the hypothesis that rooting depth is a key trait
linking water and carbon metabolism of plants exposed to ex-
treme drought stress. In fact, the three co-occurring woody

Figure 3. Seasonal changes of leaf conductance to water vapour (gL)
as measured in the three study species. Means are reported ± SD.
Asterisks indicate significant differences among species (P< 0.05;
one-way analysis of variance).

Figure 2. Seasonal changes of pre-dawn leaf water potential (Ψpd) as
well asmidday leaf (Ψleaf) and xylem (Ψxyl) water potential asmeasured
in the three study species. Means are reported ± Standard Deviation
(SD). Asterisks indicate significant differences among species
(P< 0.05; one-way analysis of variance).
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angiosperms suffered summer drought stress to different extents,
as revealed by patterns of leaf and xylem water potential drop
from late spring to the end of summer. In particular, P.mahaleb
apparently maintained a more favourable water status through-
out the summer, while in both Q.pubescens and O.carpinifolia,
leaf and xylem water potential dropped to more negative values
at the peak of drought stress. These different behaviours are in
overall agreement with the observed impact of the extreme sum-
mer 2012 drought on the three species, asP.mahalebwas largely
unaffected, while the other two species suffered extensive die-
back. In a previous study by some of us (Nardini et al. 2013),
the differential impact of the extreme summer 2012 drought on
P.mahaleb versus Q. pubescens was related to species-specific
vulnerability to xylem embolism, and related losses of stem hy-
draulic conductivity. Our present data further suggest that the
different damage suffered by the two species during extreme
drought depends not only on their hydraulic vulnerability but
is also profoundly influenced by rooting depth and consequent
effects on seasonal changes of plant water status, gas exchange
and non-structural carbohydrates content.
Previous studies have reported substantial differences in

δ18O of stem water in species co-occurring in different vegeta-
tion types (Moreno-Gutiérrez et al. 2012; West et al. 2012), sug-
gesting that exploitation of different water sources is an
important phenomenon favouring co-existence of different
plant species (Nardini et al. 2003). In this study, we observed

substantially more negative values of xylem sap δ18O in P.
mahaleb than in co-occurringQ.pubescens andO. carpinifolia.
In June, xylem sap δ18O of P.mahaleb was remarkably close to
that of water sampled in deep cave soil, and substantially more
negative than that of rainfall cumulated in May–June, suggest-
ing use of deep soil water by this species. On the contrary, both
Q.pubescens and O.carpinifolia displayed xylem sap δ18O
values indistinguishable from that of rainfall water, suggesting
a prevalent use of shallow water resources. In August, values
of xylem sap δ18O increased for all species, in parallel with in-
creased δ18O values of rainfall water. This would indicate that
deep-rooted P.mahalebmaintained the ability to absorb water
from shallow soil layers, while still largely relying on deep wa-
ter sources (Fig. 4b). August xylem sap isotopic composition
and mixing analysis confirmed access to deeper water sources
in P.mahaleb than in the other co-occurring species.

The different rooting depth of our study species translated
into a progressive deterioration of plant water status in more
shallow-rooted species (Q.pubescens and O.carpinifolia). On
the other hand, deep-rooted P.mahalebmaintained higher leaf
and xylem water potential at the peak of summer drought, suf-
fered less severe stomatal closure and displayed better recov-
ery of gas exchange rates after late-summer rains than the co-
occurring species. These contrasting behaviours might be at
the basis of different seasonal changes in NSC content ob-
served in the three study species. In P.mahaleb, maintenance

Figure 4. (a) Oxygen isotope composition (δ18O) as measured in June and August 2013 in rainfall, soil samples and xylem sap extracted from the
three study species. In the case of rainfall, values represent the average for May–June and July–August precipitations. (b) Percentage contribution of
rainfall and cave soil to xylem sap isotopic composition asmeasured inAugust in the three study species.Means are reported ± Standard error (SEM).
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of more favourable water status apparently allowed continued
positive carbon gain, with an increase of starch content from
June toAugust, and relatively mild increase of sucrose concen-
tration, possibly suggesting limited utilization of starch
reserves. On the contrary, starch concentration in stems of
the other two species slightly decreased from June to August,
and this trend was paralleled by a marked increase in the frac-
tion of sucrose, possibly deriving from starch depolymerization.
Hoch et al. (2003) reported year-round high carbohydrates
reserves in different woody species, and Sala et al. (2012) sug-
gested that large pools of stored carbon reserves represent a
key trait of trees, as these would provide soluble sugars impor-
tant for maintenance of turgor and vascular integrity (Salleo
et al. 2009) under adverse environmental conditions. We did

not assess total plant NSC content, but instead, we focused on
distal twigs where the risk of hydraulic failure is highest, be-
cause most negative pressures are reached in the distal plant
sectors (Tyree et al. 1993). Moreover, previous studies have
suggested that the maintenance of vascular integrity of distal
twigs relies mostly on NSC stored or produced in the immedi-
ate proximity of these organs (Bloemen et al. 2015; Schmitz
et al. 2012).

In P.mahaleb, increasing starch content in stems throughout
the summer season was accompanied by relatively constant
values of stem hydraulic conductivity. In fact, kstem decreased
by only about 30% from June to August. The maintenance of
vascular integrity during summer drought in 2013 inP.mahaleb
is consistent with data gathered on the same species in summer
2012 (Nardini et al. 2013) and with the high rate of survival of
this species to drought episodes. This seasonal trend in kstem
is likely due to high resistance to embolism formation in this
species (Cochard et al. 2008), coupled with deep roots allowing
maintenance of relatively high xylem water potential even in
August. Our present data further suggest that high and con-
stant NSC content might contribute to rapid recovery of even-
tual losses of xylem hydraulic conductivity via embolism
refilling, a conclusion that would be supported by the June-
to-August increase in stem sucrose content, indicating that part
of available carbohydrates was osmotically active. In the other
two species, whose populations were most impacted by the
extreme 2012 summer drought, we found a slight but not signif-
icant decrease of starch content from June to August,
paralleled by a large increase in stem sucrose content. These
data might suggest that starch accumulation was limited in

Figure 5. Starch and sucrose content as measured in 2-year-old stems
in the three study species, sampled in June andAugust 2013. Means are
reported ± SD. Asterisks indicate significant differences (P< 0.05; one-
way analysis of variance).

Figure 6. Seasonal changes of xylem-specific stem hydraulic conduc
tivity (kstem) as measured in 2-year-old twigs of the study species,
sampled in June and August 2013. The calculated June-to-August
percentage loss of hydraulic conductivity (PLC) is also reported, as
well as P values (one-way analysis of variance).

7



these species by prolonged stomatal closure because of shallow
roots and consequent water potential drop during seasonal
drought progression. The increase in sucrose content might in-
dicate an energetic requirement to fuel primary metabolism
during prolonged stomatal closure (Sala et al. 2012), or to ac-
tively maintain the functional integrity of the vascular system
during progressivewater potential drop and embolism accumu-
lation (O’Brien et al. 2014). However, the low starch content re-
corded in Q.pubescens and O.carpinifolia might have been
insufficient to maintain functional integrity of xylem conduits
throughout the summer, and in fact, kstem decreased in both
species by about 60% from June toAugust. Moreover, the lack
of starch accumulation over the growing season might expose
these species to higher risks of winter damage and mortality
(Galvez et al. 2013) and make them more vulnerable to biotic
attacks as observed in the case of O. carpinifolia (Piškur et al.
2011). It has to be noted that embolism refilling has not been in-
vestigated nor demonstrated in the three study species, so alter-
native roles for the stem NSC cannot be ruled out on the basis
of our data.
Our data are consistent with data gathered by Sevanto et al.

(2014) and theoretical consideration by McDowell et al. (2008,
2011), suggesting that co-occurrence of carbon starvation and
hydraulic failure is likely at the basis of progressive decline in
slow-drying trees, like was the case for our study species during
the selected experimental period. The climate during the sum-
mer 2013was ‘normally’ dry in our study area, andwe observed
only some twig desiccation in Q.pubescens and O.carpinifolia
individuals, but not inP.mahaleb. However, data collected dur-
ing 2013 suggest that water potential drop and NSC depletion
might become much more serious in shallow-rooted species
during anomalous and extreme droughts, like the one that oc-
curred in the study area in 2012. While one must be careful to
derive implications regarding mortality from studies that do
not kill trees (McDowell and Sevanto 2010), we cautiously link
our observations of 2013 to the observed desiccation and mor-
tality rates of these same species at the same site in 2012
(Nardini et al. 2013). While a previous study by some of us
pointed to species-specific vulnerability to xylem embolism as
a factor explaining different patterns of crown desiccation in
different species, our present data suggest that the scenario is
probably more complicated and that hydraulic failure causing
desiccation and die-back might result from the interplay of xy-
lem vulnerability, rooting depth and seasonal fluctuations in
concentration of starch, sucrose and possibly other soluble
sugars like glucose and fructose (McDowell et al. 2013).
While P.mahaleb is apparently favoured in terms of compet-

itive ability under intense and/or prolonged summer drought
scenarios, it might be hypothesized that the species’ drought re-
sistance comes at significant costs related to rooting depth and
resistance/resilience to xylem embolism (Cochard et al. 2008).
This might be at the basis of the slower growth rate of this spe-
cies compared with Q.pubescens and O.carpinifolia, these lat-
ter species being probably advantaged under ‘normal climate’
scenarios by overall higher kstem (Fig. 6) and reduced costs as-
sociated with shallower root systems.
Our study is among the few investigating rooting patterns in

complex karstic soils, characterized by very shallow soil

profiles, coupled to complex fissures and cave systems where
roots can penetrate, and that are often filled with clay soils
representing potentially important water sources for plants
(Estrada-Medina et al. 2013a). Contrasting species-specific pat-
terns of rooting depth in karst-type substrates have been previ-
ously reported by Nie et al. (2012) in Southwest China,
Querejeta et al. (2007) and Estrada-Medina et al. (2013b) in
Mexico, but not by Kukowski et al. (2013) in Texas nor by
Swaffer et al. (2014) in South Australia, where all sampled spe-
cies were found to rely only on precipitation to sustain transpi-
ration, and not on groundwater available in the depth of the
Karst features. The Classical Karst area where this study was
carried out might represent an ideal location for further studies
on plant–soil relationships because of the abundance of natural
caves allowing relatively easy collection of soil and root sam-
ples at great depth (Johnson et al. 2014).

In conclusion, our data offer support to the hypothesis that
drought-induced tree decline and mortality is a complex phe-
nomenon that cannot be modelled on the basis of single and
simple predictors of tree status like hydraulic efficiency, vulner-
ability and carbohydrate content. In particular, our data high-
light the role of rooting depth and functioning (Johnson et al.
2014) in seasonal progression of water status, gas exchange
and NSC content, with possible consequences for energy-
demanding mechanisms involved in the maintenance of vascu-
lar integrity. Indeed, rooting depth emerges as a key trait un-
derlying tree resistance and resilience to extreme drought
events andmight be speculated to be one of themost important
traits protecting some tree species from drought-induced mor-
tality. On the other hand, our data suggest that the knowledge
of species-specific vulnerability to xylem embolism and related
safety margins (Choat et al. 2012), while useful, cannot provide
a complete picture of differential risks suffered by plant species
facing extreme droughts. A deep knowledge of the occurrence
ofNSC-basedmechanisms tomaintain and repair the hydraulic
system is necessary, coupled to the definition of eventual mini-
mumNSC content and/or xylem pressure thresholds that when
surpassed lead to irreversible tree decline.
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