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Invasion of natural habitats by alien trees is a threat to forest conservation. Our understanding of fundamental ecophysiological
mechanisms promoting plant invasions is still limited, and hydraulic and water relation traits have been only seldom included in
studies comparing native and invasive trees. We compared several leaf and wood functional and mechanistic traits in
co-occurring Ailanthus altissima (Mill.) Swingle (Aa) and Fraxinus ornus L. (Fo). Aa is one of the most invasive woody species in
Europe and North America, currently outcompeting several native trees including Fo. We aimed at quantifying inter-specific differ-
ences in terms of: (i) performance in resource use and acquisition; (ii) hydraulic efficiency and safety; (iii) carbon costs associated
to leaf and wood construction; and (iv) plasticity of functional and mechanistic traits in response to light availability. Traits related
to leaf and wood construction and drought resistance significantly differed between the two species. Fo sustained higher struc-
tural costs than Aa, but was more resistant to drought. The lower resistance to drought stress of Aa was counterbalanced by high-
er water transport efficiency, but possibly required mechanisms of resilience to drought-induced hydraulic damage. Larger
phenotypic plasticity of Aa in response to light availability could also promote the invasive potential of the species.

Keywords: functional traits, gas exchange, hydraulic conductance, invasive plant, plasticity, turgor loss point.

Introduction

The invasion of natural habitats by alien plants is one of the most
important threats to biodiversity conservation and ecosystem
stability at regional and global scales (Pejchar and Mooney
2009, Pyšek et al. 2012). Invasion by alien trees is of particular
concern because forests represent the largest carbon stock in
terrestrial ecosystems and are also at the base of several bio-
geochemical and hydrological processes of fundamental import-
ance (Bonan 2008). Hence, alterations in tree species’
composition and abundance following invasion by alien trees is
predicted to produce large and possibly irreversible impacts
(Moser et al. 2009). This is especially worrying in the context of

ongoing climate change, leading to higher frequency and inten-
sity of droughts that are apparently increasing the dieback and
mortality rates of forest trees (Hember et al. 2017, Neumann
et al. 2017). Invasion by alien trees and resulting competition
for water might accelerate these processes (Cavaleri and Sack
2010, Schachtschneider and February 2013), increasing the
risk of native forest decline in the coming decades.

Our understanding of the fundamental ecophysiological
mechanisms promoting invasion by alien tree species is still lim-
ited. Studies comparing functional traits of species with different
growth forms and biogeography have revealed consistent pat-
terns in traits’ differences between alien and native species
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(van Kleunen et al. 2010). In particular, invasive trees have
been frequently reported to display higher values for traits
related to resource acquisition compared with native tree spe-
cies. These traits include high photosynthetic capacity, high spe-
cific leaf area and extensive root systems, all leading to
increased biomass production in invasive species (Stratton and
Goldstein 2001, Lamarque et al. 2011, Zeballos et al. 2014,
Luo et al. 2016). In fact, invasive and native species typically
occupy opposite ends in the leaf economic spectrum (Wright
et al. 2004, Zeballos et al. 2014, Funk et al. 2016). Phenotypic
plasticity, defined as the ability of a genotype to express different
phenotypes in different environments (Nicotra et al. 2010), has
been also proposed as an important trait favouring the invasive
potential of alien species (Luo et al. 2016, Oliveira et al. 2017).
Richards et al. (2006) proposed that plasticity of functional traits
may allow invasive species to better acclimate to different envir-
onmental conditions than natives, thus broadening their eco-
logical spatial amplitude or extending the period of active
photosynthesis and biomass production on a seasonal scale
(Stratton and Goldstein 2001, Nardini et al. 2003, Caplan and
Yeakley 2013, Luo et al. 2016).
Despite large efforts devoted to identify functional traits

related to invasiveness of alien woody species, most studies
dealing with this topic have focused on traits relatively easy to
measure, but often without clear mechanistic linkages with plant
physiological performance. As an example, specific leaf area is
one of the most used parameters in trait-based ecology,
although it actually represents a ‘syndrome trait’ resulting from
the interaction of several different processes including mass-
based light-saturated photosynthetic rate, leaf lifespan and nutri-
ent concentration, all finally influencing the plant-level growth
rate (Poorter et al. 2009). However, ‘mechanistic’ traits (sensu
Brodribb 2017) clearly associated with physiological processes
hold better promise to provide meaningful information on fitness
and performance of invasive plants compared with native ones.
Among these, traits related to plant water relations and hydraul-
ics are very interesting for studies focused on invasive trees,
because the efficiency of root-to-leaf water transport is one of
the factors most closely correlated to leaf gas exchange rates,
maximum net photosynthesis, competition for water and relative
growth rates (Nardini et al. 1999, Nardini 2002, Tyree 2003,
Brodribb 2009). On the other hand, hydraulic safety expressed
in terms of critical water potential values inducing xylem embol-
ism (Urli et al. 2013, Zhu et al. 2017) or cell turgor loss (Binks
et al. 2016, Savi et al. 2017) is the most critical factor for tree
resistance to drought and persistence under water-limited condi-
tions (Nardini et al. 2014a). Most importantly, it has been sug-
gested that a trade-off exists between tree hydraulic safety and
efficiency (Nardini and Luglio 2014, Gleason et al. 2016), and
this trade-off might be important to explain interaction and com-
petition processes during the invasion process.

Hydraulic and water relation traits have been only seldom
included in studies comparing native and invasive trees, and
results are somehow contrasting. As an example, Crous et al.
(2012) reported that the invasive Acacia mearnsii had higher
resistance to xylem embolism, and hence tolerance to drought,
compared with two native species in fynbos riparian ecotones.
A similar finding was reported by Yazaki et al. (2010) showing
that saplings of the invasive Psidium cattleianum were more
resistant to xylem embolism than native Trema orientalis.
Opposite findings were reported by Zeballos et al. (2014),
showing that wood density of invasive tree species was on aver-
age lower than that of native trees. This would suggest higher
vulnerability to xylem embolism in invasive trees, considering
the frequently reported correlation between wood density and
xylem resistance to embolism (Markestejn et al. 2011, Nardini
et al. 2013, Barotto et al. 2018). By comparing five pairs of co-
occurring native and invasive trees, Pratt and Black (2006) con-
cluded that hydraulic traits do not explain alone the invasive
nature of tree species, although in two out of the five pairs con-
sidered, the invasive species turned out to be more vulnerable to
embolism than the native ones.

Ailanthus altissima (Mill.) Swingle (hereafter referred to as
Aa) is one of the most invasive woody species in Europe and
North America, where it was introduced for ornamental and eco-
nomical purposes from East Asia (Sladonja et al. 2015). The
genus Ailanthus belongs to the family of Simaroubaceae.
Members of this family have a primarily pantropical distribution
(Clayton et al. 2007). However, the genera Leitneria, Castela,
Holacantha, Ailanthus, Picrasma and Brucea include subtropical
and temperate members. Although Ailanthus has an extensive
fossil record dating from the early Eocene across the entire
Northern Hemisphere (Corbett and Manchester 2004), Aa is at
present the only species of the family represented in Europe,
where it is considered alien and invasive. In its invasive range,
the species is common in urban or disturbed areas, but in the
Mediterranean region it also occurs in some natural habitats with
increasing negative impacts on native outcompeted species
(Gómez-Aparicio and Canham 2008, Constan-Nava et al.
2010). In the area selected for this study (Classical Karst, NE-
Italy), Aa is currently outcompeting the native tree Fraxinus ornus
L. (hereafter referred to as Fo) in post-disturbance vegetation
successions as well as in natural forest regeneration processes,
where Fo acts as a pioneer tree well adapted to exploit warm,
sunny and water-limited habitats (Kalapos and Csontos 2003,
Chiatante et al. 2006, Gortan et al. 2009). Fo is a member of
the Oleaceae. The genus is represented in Europe by other spe-
cies like Fraxinus excelsior or Fraxinus angustifolia, but these
have quite different ecological requirements as they generally
occur in mature forests with higher water availability.

The distribution ranges of Aa and Fo in Europe are largely
overlapping (Caudullo et al. 2017), and the two species show
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similar ecological requirements and habitat preferences (http://
forest.jrc.ec.europa.eu/european-atlas-of-forest-tree-species).
Aa and Fo share several common features, including small-to-
medium size, presence of compound leaves, high seed produc-
tion, fast growth, insect pollination, winged fruits (samaras) dis-
persed by wind, and the tendency to colonize and spread in
open habitats. By measuring several leaf and wood functional
and mechanistic traits in co-occurring Aa and Fo, we specifically
aimed at testing inter-specific differences in terms of: (i) per-
formance in resource use and acquisition; (ii) hydraulic effi-
ciency and safety; (iii) carbon costs associated to leaf and wood
construction; and (iv) plasticity of functional and mechanistic
traits in response to light availability.

Materials and methods

Study area

The study area was located near the village of Gropada (North-
Eastern Italy, 45.667390N, 13.846307E) in the Classical
Karst, a limestone plateau extending by ~500 km2 and charac-
terized by a sub-Mediterranean climate. Summers are warm
(average temperature 24.2 °C) with a short dry period occurring
in July, while winters are mild (average temperature 7.5 °C),
although frost events are not rare. Mean annual rainfall averages
900 mm (data from ARPA-OSMER, http://www.osmer.fvg.it, ref-
erence period 1996–2016). The natural vegetation is domi-
nated by deciduous thermophilous mixed oak woodland, which
alternates with Pinus nigra J.F. Arnold subsp. nigra plantations.
Two sites, each with an extension of ~1500m2 and charac-

terized by contrasting light conditions (hereafter, L = site with
high light availability and S = shaded site) were selected in the
study area. The L site was located in an open grassland area
undergoing progressive encroachment, where Aa was dominat-
ing over the native Fo. Here, individuals of both species had
heights ranging from 1.5 to 5 m. The S site was located within a
nearby pinewood where the dominant species in the canopy
was P. nigra with a mean plant height in the range of 10–15m
and several individuals of Aa and Fo were present in the under-
story, with average heights of 1–3m. Air temperature (T, °C),
relative humidity (RH, %) and incident photosynthetic photon
flux density (PPFD, μmol m−2 s−1) were measured in each site
at the same dates and times selected for field physiological mea-
surements, using a thermo-hygro-anemometer (model 45160,
Extech Instruments, Nashua, NH, USA) and a portable light metre
(model HD 9021, Delta OHM srl, Padova, Italy), respectively.
Five individuals of Aa and five of Fo were randomly selected in
each site, and the functional traits listed in Table 1 were mea-
sured. All field measurements and sample collection for labora-
tory analyses were performed during 10 sunny days between
the end of June and early July 2016.

Plant water status and gas exchange

Leaf conductance to water vapour (gL), minimum leaf water
potential (Ψmin) and pre-dawn leaf water potential (Ψpd) were
measured on two leaves per individual selected from the outer
part of the canopy. Both gL and Ψmin were measured between
12:30 and 15:00 h, using a steady-state porometer (SC-1
Decagon Devices Inc., Pullman, WA, USA) and a pressure cham-
ber (mod. 1505D, PMS Instrument Company, Albany, OR, USA),
respectively. Ψpd was measured between 4:00 and 5:00 h. For
Ψpd and Ψmin, leaves were detached from branches, wrapped in
cling film and put in plastic bags with a piece of wet paper inside.
Samples were stored in cool bags until measurements in the
laboratory within 1–2 h from collection.

Estimating leaf transpiration rate and whole-plant hydraulic
conductance

Leaf transpiration rate (EL) was calculated as:

= ( ) ×E p gVPD/L atm L

where VPD is the leaf-to-air vapour pressure deficit (kPa), patm is
the atmospheric pressure (kPa) and gL is the leaf conductance
to water vapour (mmol m−2 s−1). The VPD is given by

= −VPD VP VPleaf air, where VPleaf is the saturated water vapour
pressure in the sub-stomatal cavity and VPair is the partial pres-
sure of water vapour in the air. VPair and VPleaf were calculated

Table 1. List of functional and mechanistic traits with their respective
abbreviation and unit measured in A. altissima and in F. ornus.

Functional trait Abbreviation Unit

Leaf conductance to water vapour gL mmol m−2 s−1

Leaf transpiration rate EL mmol m−2 s−1

Pre-dawn leaf water potential Ψpd MPa
Minimum leaf water potential Ψmin MPa
Leaf osmotic potential at full turgor π0 MPa
Leaf water potential at turgor loss
point

Ψtlp MPa

Stem specific hydraulic conductivity Ks kg m−1 s−1 MPa−1

Whole-plant hydraulic conductance kplant mmol m−2 s−1

MPa−1

Water potential at 50% loss of
conductivity

Ψ50 MPa

Safety margin SM MPa
Wood density WD g cm−3

Wood capacitance Cwood kg MPa−1 m−3

Leaf dry matter content LDMC mg g−1

Specific leaf area SLA mm2 mg−1

Major vein length per unit area VLAmaj mm mm−2

Minor vein length per unit area VLAmin mm mm−2

Leaf C to N ratio C:N /
Leaf C content C %
Leaf N content N %
Leaf 13C isotopic composition δ13C ‰
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as = × ( − )VP VP 1 RHx 0 , where VP0 is the vapour pressure at
saturation and RH is the relative humidity recorded at the time
when gL was measured (see above). Relative humidity was
assumed to be 100% in the leaf interior spaces.
On the basis of EL values as well as Ψmin and Ψpd (taken as a

proxy for soil water potential measurements), whole-plant
hydraulic conductance (kplant) was calculated as:

= (Ψ − Ψ )k E /plant L pd min

Water relation parameters

Osmotic potential at full turgor (π0) and water potential at turgor
loss point (Ψtlp) were measured on five leaves from five indivi-
duals, sampled on the basis of a hierarchically stratified random
design (Petruzzellis et al. 2017). Leaves were detached from
branches, wrapped in cling film and put in plastic bags with a
piece of wet paper inside to avoid dehydration. Samples were
stored in cool bags until processing in the laboratory.
Measurements were done according to Bartlett et al. (2012)
with some modifications. Fresh leaf laminas were first rehydrated
overnight and were then roughly crumbled and sealed in cling
film. Then, they were immersed in liquid nitrogen for 2 min.
Leaves (still sealed in cling film) were then carefully ground and
stored in sealed plastic bottles at −20 °C until measurements,
when samples were thawed at room temperature for 5 min while
still sealed in cling film and in plastic bottles. Measurements of
π0 were done with a dew point hygrometer (Model WP4,
Decagon Devices Inc.). Measurements of π0 using the method
described above could be influenced by sample dilution due to
apoplastic water. To overcome this limitation, π0 were corrected
for different leaf dry matter content (LDMC; see below) using
the following equation (Petruzzellis et al. in preparation):

π = ( × π ) + ( × ) −0.5303 0.0019 LDMC 0.0013060 WP4

Ψtlp was finally calculated as:

Ψ = ( × π ) –1.31 0.03tlp 0

Leaf morpho-anatomical traits

Five leaves from five individuals in each site and for each species
were sampled as described for water relation parameters and
leaf morpho-anatomical traits were measured. Leaf dry matter
content and specific leaf area were calculated as:

=LDMC Leaf dry weight/Leaf turgid weight

= ( ) ( )SLA Leaf area / Leaf dry weight

Fresh leaves were first rehydrated overnight and leaf turgid
weight was measured with an analytical balance. Leaves were
scanned using a scanner, and leaf area was measured using

the software ImageJ. Leaves were finally oven-dried for 48 h at
72 °C and leaf dry weight was measured.

The lengths of major and minor veins per unit surface area
(VLAmaj and VLAmin, respectively) were measured as:

=VLA Vein Length/Leaf sample area

To measure VLAmaj, fresh leaves were scanned and the ratio
between vein length and sample area were measured using
PhenoVein software (Bühler et al. 2015). For VLAmin, fresh
leaves were cleared in 1 M NaOH solution for 48–72 h at room
temperature, replacing solution when it turned dark coloured.
Then, small portion of leaves (1 cm2) were cut and bleached in
5% NaClO for 1–2min. Samples were treated in a sequence of
ethanol solutions at increasing concentration (25%, 50%, 75%
and 100%) and then immersed in an alcoholic solution of tolui-
dine blue (3%) overnight. Finally, samples were processed in a
series of ethanol solutions at decreasing concentration and
microscopic slides were prepared. Images of small portions
(~5 mm2) of leaves were captured with an optical microscope
at 4× magnification equipped with a digital camera and VLAmin

was measured using PhenoVein software.

Nutrient concentration and stable isotopes analysis

Nitrogen content (N %), carbon content (C %), C:N ratio and
carbon isotopic composition (δ13C) were measured on one
dried pulverized leaf randomly sampled from each individual of
each species in L and S sites. Leaves were sampled as described
above, oven-dried and then pulverized in a mortar. Samples
were analysed for C and N contents (% dry weight), and stable
isotope ratios were assessed via elemental analyser/continuous
flow isotope ratio mass spectrometry using a CHNOS Elemental
Analyser (vario ISOTOPE cube, Elementar, Hanau, Germany)
coupled with an IsoPrime 100 mass spectrometer (Isoprime Ltd,
Cheadle, UK). All isotope analyses were conducted at the Centre
for Stable Isotope Biogeochemistry at the University of
California, Berkeley. Long-term external precision based on ref-
erence material ‘NIST SMR 1577b’ (bovine liver) is 0.10‰ and
0.15‰ for C and N isotope analyses, respectively.

Wood density, wood capacitance and hydraulic conductivity
measurements

Wood density (WD) and wood capacitance (Cwood) were mea-
sured on 2-year-old segments from one stem per each individual
(10 stems per species, 5 per each site).

Wood density was calculated as:

=WD Wood dry weight/Wood dry volume

Bark was removed from 3 cm long segments before oven-drying
the samples at 70 °C for 24 h. Samples were then weighed, and
their dry volume was measured using a water displacement
method (Hughes 2005).
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To measure wood capacitance (Cwood), 3 cm long segments
were longitudinally split in two parts. Bark was removed, and
samples were soaked in water overnight. Fresh volume was
measured as described for WD. Sequential measurements of
sample weight and water potential (using the WP4 hygrometer,
see above) were performed during bench dehydration.
Measurements were performed in the Ψ range between 0 and
−2.0 MPa. Cwood was calculated as the slope of the cumulative
water loss vs Ψ linear relationship, normalized by fresh volume
(Savi et al. 2017).
To estimate the vulnerability of the study species to drought-

induced embolism formation, vulnerability curves were mea-
sured with classical hydraulic techniques coupled with bench
dehydration. Embolism-induced loss of stem hydraulic conduct-
ance was measured on stem segments sampled from 2-year-old
branches, randomly collected from all individuals included in the
study (see above). Stems were detached from branches and the
cut section was immediately put in water. Additional cuts were
made under water to remove any eventual embolism induced by
the initial cutting (Trifilò et al. 2014, Beikircher and Mayr 2016)
and stems were immediately transported to the laboratory,
where they were rehydrated overnight. Stems were left dehy-
drating in the laboratory for a minimum of 1 h up to a maximum
of 4 days. At different time intervals, two apical leaves were
wrapped in cling film and the stem was enclosed in a black plas-
tic bag containing wet paper tissue. After 30 min of equilibration,
the xylem water potential (Ψxyl) was measured. Stem segments
were obtained from branches and progressively re-cut under
water to the desired length of 5–10 cm. About 1 cm of bark
was removed at both ends, and samples were connected
to an hydraulic apparatus (Xyl’Em; Bronkhorts France S.A.S.,
Montigny-Les-Cormeilles, France). The measurement solution
was a 10mM KCl solution (filtered at 0.2 μm) in degassed min-
eral water (Nardini et al. 2007). Native stem hydraulic conduct-
ance (ki) was initially measured under low water pressure (P =
7 kPa). Samples were then flushed at P = 0.2 MPa for 10 min to
remove embolism and k was re-measured at low pressure to get
maximum stem hydraulic conductance (kmax). The percent loss
of stem hydraulic conductivity (PLC) was calculated as:

= × [ − ( )]k kPLC 100 1 /i max

One vulnerability curve (VC, sigmoidal with four parameters) for
each species and in each site was generated by plotting all PLC
values vs the corresponding Ψxyl, and the reference value Ψ50

(xylem water potential at 50% loss of conductance) was
calculated.
Values of kmax were also used to calculate stem specific

hydraulic conductivity (Ks) for each species and site as:

= ( × )K k l A/s max x

where l is sample length and Ax is the transverse xylem area as
calculated on the basis of xylem diameter measured using a
digital calliper immediately after hydraulic measurements.

Finally, the safety margin (SM) experienced by the two spe-
cies in the different sites was calculated as:

= Ψ − ΨSM min 50

Statistical analysis

After checking for data normality and homogeneity of variances,
pairwise comparisons between means of each functional trait
measured in the two study species were performed using a two-
tailed Student’s t-test where, for each couple of normally distrib-
uted populations, the null hypothesis that the means are equal
was verified. This analysis was run through ‘t.test’ function in
‘stats’ package for R software. Each functional trait was treated
as a response variable, while species were treated as explana-
tory variables.

Two-way parametric ANOVA analysis was run to test differ-
ences between functional traits values of the study species
through ‘aov’ function, in ‘stats’ package for R software. Each
functional trait was treated as a response variable, while species
and site were treated as explanatory variables. After checking for
data normality and homogeneity of variances, post-hoc Tukey’s
Honestly Significant Differences comparisons were run through
‘TukeyHSD’ function in ‘stats’ package for R software when the
main terms and their interaction in the ANOVA model resulted sig-
nificant. Vulnerability curves were fitted through ‘fitplcs’ function
in ‘fit-PLC’ package for R software and Ψ50 values and confidence
intervals were calculated for each vulnerability curve. The Ψ50

value of a single vulnerability curve was considered different from
the others if its confidence intervals did not overlap with confi-
dence intervals calculated from the other vulnerability curves.

To summarize and visually describe the differences among
traits of individuals of the two species in the two study sites, a
Principal Component Analysis (PCA, R mode) was run through
‘princomp’ function in ‘stats’ package for R software. Before pro-
cessing data, traits values were standardized (mean = 0; stand-
ard deviation = 1).

Results

Air temperature at the time of measurements ranged between
25.7 ± 0.5 and 29.4 ± 1.2 °C in the S and L site, respectively.
Relative humidity was similar in the two sites (41.9 ± 2.1% in L
and 41.5 ± 3.1% in S), while marked differences were recorded
in terms of PPFD, ranging from 21 ± 6 μmol m−2 s−1 in S to
1386 ± 249 μmol m−2 s−1 in L.

The mean values for all traits measured in Aa and Fo in the
two study sites, and the relative standard deviations are summar-
ized in Table 2 (data aggregated by species and site) and in
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Table S1 available as Supplementary Data at Tree Physiology
Online (data aggregated by species). Individuals of both species
had higher gL and EL in L site compared with the S one, with no
differences between species (Figure 1). In particular, gL was
almost double in leaves under high irradiance compared with
those in the shade, and these differences translated into an even
larger increase of EL (Figure 1) due to higher air temperatures in
the L site than in S one.
Despite similar leaf-level rates of water loss, the water status

of the two species was different. In fact, Ψmin values measured in
L site were significantly higher (less negative) in Aa than in Fo,
while no inter-specific difference was recorded in S site
(Figure 2). Ψpd values varied within a very narrow range and
averaged −0.4 MPa (Figure 2). The water potential at turgor
loss point (Ψtlp) changed accordingly to different light regimes
(Figure 2), with significant lower values in L site compared with
S site in both species. However, in both sites Fo had lower Ψtlp

values (−2.4 MPa in L site and −1.9 MPa in S site) compared
with Aa (−1.8 MPa in L site and −1.5 MPa in S site). These dif-
ferences in Ψtlp were similar to those recorded for osmotic
potential that in both light regimes was lower in Fo than in Aa
(Figure 2).
Values of both Ks and kplant were higher in Aa compared with

Fo, especially in L site where Ks and kplant were respectively four-
fold and twofold higher in Aa than in Fo (Figure 3). Values of
Ψ50 calculated from vulnerability curves of each species
(Figure 4) did not differ between L and S sites, but were differ-
ent in the two species. Fo had higher resistance to drought
stress than Aa, with Ψ50 averaging −3.2 MPa and −1.2 MPa,

respectively. The safety margin against embolism formation
experienced at midday was significantly lower in Aa where it
was close to 0, than in Fo where it was very large and ranged
between 1.5 and 1.9 MPa (Table 2, Figure 5).

The cost associated with the production of tissues devoted to
water transport was lower in Aa than in Fo, as WDwas ~0.5 g cm−3

in the former species compared with 0.7 g cm−3 in the latter
(Figure 5). Differences between species in terms of WD apparently
translated into differences in Cwood, which was higher in Aa than in
Fo, with no significant differences between sites (Figure 5). Also
leaf structural costs were different between species and sites. In
fact, Aa had higher SLA values in the S site than in the L one, while
Fo had similar values in both sites. Notably, in the S site the SLA of
Aa was about double that of Fo. VLAmaj did not change significantly
between species and sites, while VLAmin was significantly higher in
Aa compared with Fo, again with no difference between sites
(Figure 6).

Nutrient concentration varied according to the sites.
Specifically, in both species C:N was higher in the L site than in
the S site (Figure 7). Moreover, C:N was higher in Fo than in Aa.
These differences mostly derived from variation in N content, as
C content was rather constant at 47% across species and sites,
while N was higher in Aa than Fo, and generally higher in S site
compared with L site. Leaf carbon isotopic composition was
similar in the two species, but values were significantly different
in the two sites (Figure 7). In particular, δ13C was significantly
higher in the S site compared with the L site in both Aa and Fo.

The projection of individuals on axis 1 and 2 of the PCA (see
Figure S1 available as Supplementary Data at Tree Physiology

Table 2. Mean values ± standard deviation of functional traits measured in A. altissima and F. ornus in the site with high irradiance (L) and in shaded
site (S). Different letters indicate significant differences between groups (P < 0.05).

A. altissima F. ornus

L S L S

gL, mmol m
−2 s−1 443.4 ± 76.6 a 219.3 ± 98.6 b 514.5 ± 177.3 a 234.1 ± 38.9 b

EL, mmol m
−2 s−1 8.1 ± 1.9 a 2.7 ± 1.0 b 10.5 ± 4.4 a 3.0 ± 0.7 b

Ψpd, MPa −0.5 ± 0.1 a −0.5 ± 0.1 a −0.4 ± 0.1 a −0.3 ± 0.03 b
Ψmin, MPa −1.1 ± 0.1 a −1.0 ± 0.2 a −1.8 ± 0.3 b −1.3 ± 0.2 a
π0, MPa −1.5 ± 0.3 a −1.4 ± 0.3 a −2.2 ± 0.2 b −1.9 ± 0.8 a
Ψtlp, MPa −1.4 ± 0.1 a −1.1 ± 0.1 b −1.9 ± 0.1 c −1.5 ± 0.4 a
Ks, kg m

−1 s−1 MPa−1 8.0 ± 2.4 a 8.0 ± 3.0 a 1.6 ± 0.9 b 1.6 ± 0.6 b
kplant, mmol m

−2 s−1 MPa−1 15.4 ± 6.0 a 5.5 ± 1.4 b 7.5 ± 2.1 b 3.2 ± 0.7 b
Ψ50, MPa −1.1 −1.3 −3.3 −3.0
SM, MPa −0.03 ± 0.1 a 0.3 ± 0.2 a 1.5 ± 0.3 b 1.9 ± 0.2 b
WD, g cm−3 0.5 ± 0.05 a 0.4 ± 0.1 a 0.7 ± 0.1 b 0.6 ± 0.1 b
Cwood, kg MPa−1 m−3 66.1 ± 9.3 a 58.3 ± 8.8 a 21.5 ± 5.5 b 31.9 ± 12.5 b
LDMC, mg g−1 411.9 ± 23.1 a 230.6 ± 5.2 b 408.8 ± 31.6 a 395.6 ± 12.7 a
SLA, mm2 mg−1 14.0 ± 3.3 a 37.0 ± 7.0 b 11.0 ± 2.4 a 16.8 ± 4.1 a
VLAmaj, mm

2 mm−1 0.3 ± 0.02 a 0.3 ± 0.1 a 0.3 ± 0.1 a 0.2 ± 0.1 a
VLAmin, mm

2 mm−1 12.5 ± 0.9 a 12.2 ± 1.9 a 8.8 ± 0.8 b 6.8 ± 1.2 b
C:N 23.8 ± 3.2 a 13.8 ± 3.2 b 29.7 ± 1.3 c 22.1 ± 1.3 a
C, % 47.2 ± 1.0 a 46.9 ± 0.7 a 47.8 ± 0.7 a 47.3 ± 0.9 a
N, % 2.0 ± 0.3 a 3.5 ± 0.8 b 1.6 ± 0.1 a 2.1 ± 0.1 a
δ13C,‰ −27.7 ± 0.5 a −29.4 ± 1.1 b −27.6 ± 0.8 a −29.1 ± 1.2 ab
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Online) confirmed a separation between the two species (axis
1, 47% of total explained variance) and between the two study
sites with contrasting light availability (axis 2, 24% of total
explained variance).

Discussion

Understanding which functional/mechanistic traits promote inva-
siveness of alien species is fundamental to understanding the
mechanisms underlying plant invasions in different native vege-
tation types, and eventually predict the vulnerability of forests to

alien tree invasions. In this study, key functional traits related to
resource use and acquisition, with special reference to water
use strategies, were compared in an alien species and a co-
occurring native tree, growing in two sites with different light
availability. We observed significant differences in some physio-
logical and morphological traits, overall suggesting that the inva-
sive potential of Aa is driven by a combination of reduced
carbon costs for leaf and stem construction and high efficiency
of water transport, translating into high productivity even though
at the expense of hydraulic safety.

Figure 1. Median values, 25th and 75th percentiles of leaf conductance
to water vapour (gL) and leaf transpiration rates (EL) measured in A. altis-
sima (Aa) and in F. ornus (Fo) in L site (grey boxes) and in S site (dark
grey boxes). Different letters indicate statistical significant differences
among groups (P < 0.05).

Figure 2. Median values, 25th and 75th percentiles of minimum leaf
water potential (Ψmin), pre-dawn leaf water potential (Ψpd), osmotic
potential at full turgor (π0) and water potential at turgor loss point (Ψtlp)
measured in A. altissima (Aa) and in F. ornus (Fo) in L site (grey boxes)
and in S site (dark grey boxes). Different letters indicate statistical signifi-
cant differences among groups (P < 0.05).

Figure 3. Median values, 25th and 75th percentiles of stem specific
hydraulic conductivity (Ks), and whole-plant hydraulic conductance
(kplant) measured in A. altissima (Aa) and in F. ornus (Fo) in L site (grey
boxes) and in S site (dark grey boxes). Different letters indicate statis-
tical significant differences among groups (P < 0.05).

Figure 4. Vulnerability curves reporting the relationship between percent
loss of hydraulic conductivity (PLC) and xylem water potential (Ψxyl)
measured in A. altissima and in F. ornus in L site (grey point and lines)
and in S site (dark grey points and lines).
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Similar gas exchange rates but more favourable water
status in invasive A. altissima compared with native F. ornus

The different incident light radiation in the two study sites had
significant effects on gas exchange rates, as both species had
lower gL and EL in the S site compared with the L one, but no dif-
ferences were detected between the two species in this respect,
as also confirmed by similar δ13C values that represent a proxy
for stomatal aperture integrated over longer time intervals than
those typical of gas exchange measurements. Interestingly, des-
pite similar leaf-level transpiration rates, plant water status was
different in the two species. Aa had higher Ψmin than Fo, with
lower values in the L site for both species, in agreement with
higher evaporative water losses under high irradiance. In gen-
eral, Ψmin is considered a proxy for the maximum water stress
level experienced by an individual on a daily or seasonal scale.
Different daily Ψmin values in co-occurring species experiencing
similar rates of water loss can be explained by three non-
exclusive factors: (i) access to different water sources character-
ized by different soil water potential (Ehleringer and Dawson
1992); (ii) different hydraulic resistance in the soil-to-leaf water
transport pathway (Sperry et al. 1998); and (iii) different
hydraulic capacitance of stem and leaf tissues possibly buffering
the water potential drop (McCulloh et al. 2012).

We did not estimate rooting depth of the study species. To the
best of our knowledge, there are no data available about max-
imum rooting depth in Aa, although previous studies have

Figure 5. Median values, 25th and 75th percentiles of safety margin
(SM), wood density (WD), and wood capacitance (Cwood) measured in
A. altissima (Aa) and in F. ornus (Fo) in L site (grey boxes) and in S site
(dark grey boxes). Different letters indicate statistical significant
differences among groups (P < 0.05).

Figure 6. Median values, 25th and 75th percentiles of specific leaf area
(SLA), major vein length per unit area (VLAmaj) and minor vein length per
unit area (VLAmin) measured in A. altissima (Aa) and in F. ornus (Fo) in L
site (grey boxes) and in S site (dark grey boxes). Different letters indi-
cate statistical significant differences among groups (P < 0.05), while
n.s. indicates no significant differences (P > 0.05).

Figure 7. Median values, 25th and 75th percentiles of leaf C to N ratio
(C:N), leaf C content (C), leaf N content (N) and leaf 13C isotopic com-
position (δ13C) measured in A. altissima (Aa) and in F. ornus (Fo) in L
site (grey boxes) and in S site (dark grey boxes). Different letters indi-
cate statistical significant differences among groups (P < 0.05), while
n.s. indicates no significant differences (P > 0.05).
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reported that lateral roots can spread to distances of ~27 m
from the base of the plant, and down to 2 m below the soil sur-
face (Kowarik and Säumel 2007). On the other hand, Fo was
reported to undergo marked seasonal drop in pre-dawn water
potential (Nardini et al. 2003), possibly suggesting prevalence
of relatively shallow roots in this species. Thus, it is possible that
Aa had access to more abundant water sources than Fo, and
future analysis of xylem sap isotopic composition could provide
useful information on rooting depth in these species (Nardini
et al. 2016). However, it has to be noted that Ψpd, a commonly
used proxy to estimate the water potential of soil volumes
explored and exploited by the root system (Sellin 1999), was
similar and quite high in both species. This would suggest that,
regardless of eventual differences in rooting depth, the two spe-
cies had no limitations in terms of water access and availability
when measurements were performed.
Calculations of whole-plant hydraulic conductance (kplant), as

based on transpiration rates and soil-to-leaf water potential drop,
revealed that Aa was about twofold more efficient in terms of root-
to-leaf water transport capacity than Fo. This indirect estimate of
kplant was consistent with hydraulic measurements of stem specific
hydraulic conductivity (Ks), which was fourfold higher in Aa than in
Fo. Also, kplant values were in agreement with recorded differences
in terms of minor vein density (VLAmin), which was ~60% higher
in Aa than in Fo. Vein density has been reported to correlate to
leaf hydraulic conductance (Nardini et al. 2014b, Scoffoni et al.
2016). In turn, leaf hydraulic conductance is an important deter-
minant of whole-plant hydraulic efficiency (Nardini 2001, Sack
and Holbrook 2006). Hence, high vein density and high Ks of Aa
probably contributed to an important extent to decrease resis-
tances associated with long distance water transport, leading to
moderate drop of leaf water potential even at relatively high tran-
spiration, while similar water loss rates induced a much
larger water potential drop in Fo. Finally, high wood capacitance
recorded for Aa (~60 kgMPa−1 m−3 vs only 20–30 kgMPa−1

m−3 in Fo) was consistent with its lower wood density compared
with Fo, and possibly contributed to buffer the water potential drop
on a daily basis as previously suggested for other woody species
(McCulloh et al. 2012, De Guzman et al. 2017, Epila et al. 2017).
The larger daily leaf water potential drop recorded in Fo com-

pared with Aa did not necessarily translate into a major reduction
of turgor pressure in the native tree, as also suggested by high
midday values of gL. This was apparently due to the fact that Fo
had more negative values of π0 and Ψtlp than Aa. Indeed, values
of Ψtlp – Ψmin were similar in the two species (~−0.6 MPa), sug-
gesting that they experienced similar water stress levels during
daytime. However, this was achieved by Fo only thanks to osmo-
regulation, which likely required important energetic inputs to
accumulate and or synthesize solutes in mesophyll cells. Hence,
a secondary advantage of high kplant and Cwood of Aa was
reduced costs for osmoregulation and turgor maintenance, so
that it can be hypothesized that more carbohydrates remained

available for growth and biomass accumulation in this species
than in the native one (Attia et al. 2015).

The safety–efficiency trade-off in invasive A. altissima
compared with native F. ornus

Previous studies on different species’ assemblages have sug-
gested the existence of a trade-off between hydraulic efficiency
and hydraulic safety (Tyree et al. 1994, Gleason et al. 2016).
The current paradigm is that high hydraulic conductance derives
from anatomical features, like wide xylem conduits and/or thin
and permeable inter-conduit pit membranes, which increase the
vulnerability of xylem to drought-induced embolism formation.
We could detect this trend in our study species, as the high kplant
and Ks of Aa was coupled to high vulnerability to xylem embol-
ism. Values of Ψ50 in Aa were ~−1.2 and −1.1 MPa in L and S
site, respectively. Fo was significantly more resistant to embol-
ism, with Ψ50 of ~−3.2 MPa consistent with low kplant and Ks in
this species. These differences were also in agreement with the
higher wood density of Fo compared with Aa, as this trait has
been reported to be correlated to embolism resistance (Nardini
et al. 2013). Values of Ψ50 represent the intrinsic vulnerability
of xylem to embolism. However, the actual risk of hydraulic fail-
ure to which different species are exposed does not depend
simply on Ψ50, but rather on the difference between Ψ50 and the
actual Ψmin reached by the species during the day or the whole
growing season, i.e., on the so-called ‘safety margin’ (Choat
et al. 2012). In Aa, the safety margin was close or slightly above
0 in L and S site, respectively. On the other hand, Fo maintained
a very large safety margin of ~1.5–2.0 MPa. These findings sug-
gest that Fo was not experiencing a significant risk of embolism
development, consistent with a safe hydraulic construction, but
likely requiring substantial carbon investment into wood con-
struction as revealed by high WD. On the other hand, low WD in
Aa probably significantly reduced carbon costs invested in wood
formation, translating into high hydraulic efficiency per unit car-
bon invested, but also into a risky hydraulic strategy implying
likelihood of embolism formation on a daily or seasonal scale.
Interestingly, Aa has been reported to promptly close stomata
under severe drought (Trifilò et al. 2004) and to rapidly recover
from embolism following post-drought irrigation (Savi et al.
2016). In general terms, species with low WD and high Cwood
have been reported to be more capable of embolism reversal
than those with high WD and low Cwood (Trifilò et al. 2015).
Hence, Aa and Fo might be an example of two species lying
along the recently proposed trade-off between water use strat-
egy, wood capacitance and embolism reversal ability (Klein et al.
2018, Nardini et al. 2018).

The wood and leaf economic spectra of A. altissima and
F. ornus

Recently, Eller et al. (2018) depicted the possible trade-off
between safety margin and tree growth rate, emerging from the
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coordination between WD and Ψ50. It was suggested that low
construction costs (low wood density) in fast-growing species
with narrow safety margins could allow these plants to achieve
higher volumetric xylem production rates. As a consequence, the
higher xylem volume available could allow fast-growing species
like Aa to transport larger water volumes thus favouring expan-
sion growth. Our results are overall consistent with this struc-
tural/physiological safety–efficiency framework, where higher
efficiency in water transport in the invasive Aa implies higher
hydraulic vulnerability but at lower wood construction costs, with
potential benefits for carbon assimilation rates, growth and com-
petition with native tree species. Hence, Aa and Fo would lie at
the opposite extremes of this ‘wood economic spectrum’.
Recent studies and meta-analyses (Leishman et al. 2007, van

Kleunen et al. 2010) have reported that invasive species gener-
ally occupy a position along the global leaf economic spectrum
that favours fast growth, with higher SLA, nitrogen content and
photosynthetic capacity per unit leaf mass compared with native
species. In this study, SLA was higher in Aa than in Fo, especially
in the shaded site. This would suggest that Aa undergoes less
carbon investment per unit leaf area construction, despite higher
VLAmin (Nardini et al. 2012) and similar carbon content on a
mass basis. Also, Aa had higher nitrogen concentration and low-
er C:N ratio than Fo in both L and S sites, suggesting high invest-
ments in the photosynthetic machinery in Aa (Gulías et al.
2003). However, these inter-specific differences did not trans-
late into differences in terms of δ13C, consistent with similar
levels of stomatal aperture in both Aa and Fo.

Functional plasticity and shade-tolerance of A. altissima and
F. ornus

The magnitude of changes in different functional traits in
response to light availability was overall larger in the invasive Aa
compared with native Fo. In particular, Aa showed larger varia-
tions in terms of SLA, kplant, C:N and N content between L and S
sites, when compared with Fo. This would suggest that the func-
tional plasticity of Aa is larger than that of Fo.
Interestingly, Aa is generally described as a shade-intolerant

species, but the species has been recently reported to invade
closed forest stands dominated by Castanea sativa L. in
Southern Switzerland (Knüsel et al. 2017). The presence of
large invasion spots in shaded habitats in our study area is in
agreement with this report, and apparently consistent with the
large functional plasticity of Aa. In particular, kplant was much
higher in the L site compared with S one, and this allowed Aa to
exploit high light availability to maintain fully open stomata while
buffering the diurnal water potential drop. Because Ks was simi-
lar in S and L sites, this increase in kplant was likely due to
changes at the root or leaf level, most likely in the extra-vascular
water pathways that are known to be very dynamic and respon-
sive to light conditions (Tyree et al. 2005). The large increase of

SLA recorded in Aa individuals growing in S site compared with
L one is a typical response of shade-tolerant plants, where it
helps to minimize leaf carbon construction costs while maximiz-
ing photosynthetic carbon gain per unit surface. The twofold
increase of SLA in response to shade in Aa is in striking contrast
to that of Fo, where SLA increased only by ~50%, suggesting
that the native tree species is competitively disadvantaged even
under low light conditions. Large phenotypic plasticity has been
proposed as an important factor promoting invasiveness of alien
plant species (Davidson et al. 2011) and this pattern is appar-
ently confirmed by our data.

Conclusions

The comparison of several key functional and mechanistic traits
of Aa, one of the most invasive species in Europe, and the native
and outcompeted Fo, have revealed interesting patterns and
overall suggest that a safety–efficiency trade-off provides a
mechanistic framework to explain the invasive success of the
alien tree. Traits related to leaf and wood construction costs and
drought resistance significantly differed between the two spe-
cies, with Fo sustaining higher structural costs than Aa. The lower
resistance to drought stress of Aa was apparently counterba-
lanced by higher water transport efficiency, possibly requiring
mechanisms to assure resilience to drought-induced hydraulic
damage. Large phenotypic plasticity of Aa in response to light
availability could also play a role in determining the invasive
potential of this species. While we note that caution should be
used when inferring species-specific drought resistance on the
basis of physiological measurements performed over limited time
intervals during the growing season, our data show that the
measurement of mechanistic traits related to resource acquisi-
tion, with special reference to water-use strategies, could provide
important novel insight into the mechanisms underlying the inva-
sive nature of alien tree species in natural forest habitats.
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