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† Background and Aims Vulnerability of the leaf hydraulic pathway to water-stress-induced dysfunction is a key
component of drought tolerance in plants and may be important in defining species’ climatic range. However, the
generality of the association between leaf hydraulic vulnerability and climate across species and sites remains to
be tested.
† Methods Leaf hydraulic vulnerability to drought (P50leaf, the water potential inducing 50 % loss in hydraulic func-
tion) was measured in a diverse group of 92 woody, mostly evergreen angiosperms from sites across a wide range of
habitats. These new data together with some previously published were tested against key climate indices related to
water availability. Differences in within-site variability in P50leaf between sites were also examined.
† Key Results Values of hydraulic vulnerability to drought in leaves decreased strongly (i.e. became more negative)
with decreasing annual rainfall and increasing aridity across sites. The standard deviation in P50leaf values recorded
within each site was positively correlated with increasing aridity. P50leaf was also a good indicator of the climatic
envelope across each species’ distributional range as well as their dry-end distributional limits within Australia,
although this relationship was not consistently detectable within sites.
† Conclusions The findings indicate that species sorting processes have influenced distributional patterns of P50leaf

across the rainfall spectrum, but alternative strategies for dealing with water deficit exist within sites. The strong link
to aridity suggests leaf hydraulic vulnerability may influence plant distributions under future climates.

Key words: Leaf hydraulic vulnerability, interspecific variation, drought, rainfall, aridity, climate change,
species distribution.

INTRODUCTION

Plant functional traits that vary systematically across environ-
mental gradients are considered to be adaptive because they
enhance species performance and survival under particular en-
vironmental conditions (Ackerly, 2003). In cases where they
have a known mechanistic relationship with specific environ-
mental stress, such as drought, these traits offer insight into
how specific changes in the environment might affect vegetation
structure and function (McGill et al., 2006).

Under drought stress, the water transport pathway from the
roots to the sites of evaporation in the leaves is vulnerable to
dysfunction. The ability of plants to resist such drought-induced
hydraulic stress varies widely across species. Drought stress vul-
nerability has been shown to correlate with site water availability
(Pockman and Sperry, 2000; Choat et al., 2007; Nardini et al.,
2012), with mean annual rainfall (Maherali et al., 2004), and
with the dry-end rainfall boundaries of species distributions
(Blackman et al., 2012; Brodribb and Hill, 1999). These correla-
tions imply that resistance to hydraulic dysfunction is adaptive,
meaning both that it can confer benefits to plants from environ-
ments that experience strong water deficit, and also that it
incurs costs so that strong resistance to hydraulic dysfunction
should not be found where it is not needed.

Most studies of interspecific variation in the ability of plants to
resist drought-induced hydraulic dysfunction have examined

plant stems. However, more recent research has begun to reveal
the functional significance of this ability in leaves. Leaves re-
present a disproportionately large bottleneck in the whole-plant
hydraulic continuum (.30 % of whole-plant hydraulic resist-
ance),and thus may limitmaximum rates of photosyntheticgas ex-
change (Sack and Holbrook, 2006). As in stems, the vulnerability
of the leaf hydraulic pathway is generally measured as P50, or the
water potential value inducing 50 % loss of maximum hydraulic
conductance (Brodribb and Holbrook, 2003). Such losses in leaf
hydraulic conductance have been linked to cavitation and the for-
mation of embolisms in the water conducting xylem (Johnson
et al., 2012); however, conduit collapse (Cochard et al., 2004;
Brodribb and Holbrook, 2005) and extravascular processes such
as turgor loss (Brodribb and Holbrook, 2004b; Knipfer and
Steudle, 2008) and leaf shrinkage (Scoffoni et al., 2014) may
also be important in driving changes in leaf hydraulic function.

Compared with stems, leaves are typically more vulnerable to
hydraulic dysfunction (Brodribb et al., 2003; Choat et al., 2005;
Hao et al., 2008). Hydraulic conductance in leaves (Kleaf ) is also
typically more dynamic, with many species losing and recover-
ing more than 50 % of Kleaf diurnally (Johnson et al., 2009) as
a function of changes in evaporative demand (Brodribb and
Holbrook, 2004a) and water availability (Scoffoni et al.,
2011). In some species, the onset of this reduction in Kleaf has
been shown to coincide with reduced stomatal conductance
and photosynthesis (Brodribb and Holbrook, 2003; Blackman
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et al., 2009), which suggests leaf hydraulic vulnerability may
play an important role in defining the short-term response of
plants to water stress. Leaf hydraulic vulnerability has also
been linked to species absolute drought tolerance in both conifers
(Brodribb and Cochard, 2009) and angiosperms (Blackman
et al., 2009).

Recent studies of interspecific variation in P50leaf suggest leaf
hydraulic vulnerability influences species distributions across
water availability gradients at local scales (Nardini et al.,
2012) and at the very dry-end of their geographical ranges
(Blackman et al., 2012). These studies have indicated an adaptive
link between P50leaf and site water availability using small
groups of angiosperms within a relatively narrow band of
climate. Here we seek to test this relationship across a much
wider spread of climate zones and species.

Based on a functional link between leaf hydraulic vulnerabil-
ity and drought resistance, across species we expected P50leaf

would (1) become more negative (stronger resistance to hydraul-
ic dysfunction) with both decreasing site rainfall and increasing
site aridity, and (2) influence species climatic range. Given that
within-site variation in stem hydraulic vulnerability to drought
can be high, particularly in arid (Jacobsen et al., 2007b; Pratt
et al., 2012) and seasonally dry tropical environments
(Markesteijn et al., 2011; Pineda-Garcia et al., 2013), we also
assessed and compared the level of within-site variability in
P50leaf across sites that might indicate divergences in drought
strategy among co-occurring species.

MATERIALS AND METHODS

Species and sites

We made new measurements of P50leaf in species from five sites
across eastern Australia. Four of these sites (Kur-ing-gai, Yengo,
Round Hill and Fowler’s Gap) were associated with a strong
east–west aridity gradient in New South Wales, while a fifth
site (Princess Hills) was located in seasonally dry eucalyptus
woodland in tropical Queensland. Together with species previ-
ously studied from Tasmania (Mount Field) and central Peru
(Cordillera Yanachaga) (Blackman et al., 2010, 2012), these
sites spanned a variety of habitats, ranging from sparse arid scrub-
land to ever-wet montane cloud forest. Across sites, rainfall varied
widely, ranging from236 to3170 mmper year,while aridity index
(rainfall/pan evaporation) varied 17-fold (Table 1). With the ex-
ception of monsoonal Princess Hills, the Australian sites are char-
acterized by relatively even monthly rainfall throughout the year
(Supplementary Data Fig. S1). The cloud forest site in Peru has

a moderate dry season during the austral winter (Supporting
Information Fig. S1), but persistent canopy cloud cover approx.
75 % of the year (Catchpole, 2012) probably maintains ever-wet
soil conditions.

A total of 92 woody angiosperm species were used in the
analysis, representing 32 families (Supplementary Data Table
S1). These species were largely evergreen, but varied widely in
aspects of leaf form and function; leaf size varied by nearly
four orders of magnitude, ranging from 0.012 to 104.5 cm2,
while leaf dry mass per area (LMA) ranged from 43 g m–2 in the
succulent leavesof Atriplex angulata to772 gm–2 in theextremely
scleromorphic needles of Hakea lissosperma (Table S1). The
sample also included a drought deciduous species Planchonia
careya, the winter deciduous species Nothofagus gunnii and
three leaf succulent species from Amaranthaceae.

Leaf hydraulic vulnerability (P50leaf )

For each mainland Australian site leaf hydraulic vulnerability
was measured in 11–16 of the most common co-occurring
woody species. Leaf hydraulic vulnerability data for the
Tasmanian and Peruvian species were sourced from previous
work (Blackman et al., 2010, 2012). Vulnerability curves were
generated for each species by measuring Kleaf at a range of
water potentials (Cleaf ). Kleaf was measured using a modified re-
hydration technique whereby leaves were allowed to rehydrate
while connected to a flow meter (Brodribb and Cochard,
2009). Branches 1–2 m in length were cut from the upper can-
opies of three individuals of each species and immediately
placed inside plastic bags for transport back to the laboratory.
Most sampling was done early in the morning when plants
were well hydrated. Cut branches were laid on the bench top
and allowed to dehydrate slowly in approx. 1-MPa steps. At
each 1-MPa step, the branch was carefully re-bagged to arrest
water loss and ensure water potential equilibrium. After equili-
bration, two adjacent leaves or small shoot tips with fully
expanded leaves were cut from each branch for determination
of Cleaf (pressure chamber Model 1000, PMS Instruments,
Corvallis, OR, USA). An adjacent sample shoot was then cut
under water to prevent vessel cavitation and immediately con-
nected via silicon tubing to a beaker of ultra-pure milli-Q water
placed on a laboratory balance (Sartorius CP225D, Göttingen,
Germany). A pressure release valve ensured zero pressure in
the system upon connection of the shoot to the tubing. Water
was then drawn into the rehydrating leaves out of the balance,
which logged the change in mass every 2 s. The maximum rate
of water flow was calculated from the first 3–4 data points at

TABLE 1. Details and climate characteristics of each sample site in the study; climate characteristics include mean annual
precipitation (MAP), minimum and maximum average monthly temperature, and aridity index (AI)

Site Habitat Coordinates Elevation (m) MAP (mm) Min. temp. (8C) Max. temp. (8C) AI

Yanachaga Montane cloud forest 10.5168S, 75.358W 2800 3170 3.4 18.1 2.524
Mount Field Sub-alpine rain forest 42.6798S, 46.6238E 900 1530 –1.1 15.8 2.096
Ku-ring-gai Coastal woodland/scrub 33.6798S, 151.1478E 201 1210 5.3 26.3 1.038
Princess Hills Seasonally dry woodland 18.2958S, 145.4928E 677 1139 10.1 30.6 0.717
Yengo Sclerophyllous woodland 32.7788S, 150.9228E 310 779 2.8 28.6 0.598
Round Hill Semi-arid shrubland 32.9768S, 146.1568E 180 383 3.6 33.2 0.287
Fowler’s Gap Sparse arid scrub 31.0738S, 141.6788E 182 236 4.3 34.0 0.146
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the very beginning of the rehydration (exponential decay) curve.
This rate was then normalized by leaf area, pressure gradient (i.e.
leaf water potential) and water viscosity. For each species, nor-
malized flow rates (Kleaf ) were maximal in shoots near full hydra-
tion (between –1 and –2 MPa) and declined as shoots became
progressively drier. Loss in Kleaf was plotted against initial leaf
(xylem) water potential and fitted with an exponential sigmoidal
equation (Pammenter and Vander Willigen, 1998). We assumed
losses in hydraulic conductance in our sample group were pri-
marily due to cavitation and the formation of embolisms in the
water conducting xylem; however, we acknowledge that pro-
cesses such as turgor loss and leaf shrinkage may also act to
drive changes in Kleaf (Scoffoni et al., 2014), especially in the
small number of non-sclerophyllous species from moist sites.
Embolism resistance was expressed as the water potential at
which 50 % of the initial conductance was lost (P50leaf; see
Supplementary Data Fig. S2 for species vulnerability curves).

Climate data

To examine how P50leaf related to site-specific climate indices
of water availability we collected data on mean annual precipita-
tion (MAP) and aridity index [AI, the ratio of MAP to potential
evapotranspiration (Thornthwaite, 1948)]. For each Australian
site, long-term rainfall averages were sourced via the Australian
Bureau of Meteorology from adjacent or nearby (,10 km) me-
teorological stations. For the montane cloud forest site in Peru,
rainfall data were based on 7 years of within-site measurements
(2003–2009; D. Catchpole, University of Tasmania, unpubl.
res.). Potential evapotranspiration data were downloaded from
the CGIAR-CSI geospatial database (http://www.cgiar-csi.org/
data) and were modelled after Hargreaves and Allen (2003).

To test whether leaf hydraulic vulnerability relates to species
climatic range we downloaded MAP and AI data for all observa-
tion points across each species distribution within Australia
(Atlas of Living Australia website, http://www.ala.org.au).
Peruvian species were excluded from this analysis because suffi-
cient location data do not exist for them. Species climatic range
was then characterized by mean annual rainfall, minimum rain-
fall (calculated as the 5th percentile of mean annual rainfall)
and maximum aridity (calculated as the 95th percentile of AI).
Note that this analysis assumes our P50leaf measurements are
representative for each species across their respective distribu-
tions and do not take into account possible intraspecific variation
(Matzner et al., 2001).

Statistical analysis

Ordinary least squares regression was used to model cross-
species relationships between P50leaf and climate variables.
P50leaf data were significantly right-skewed and were log-scaled
prior to analysis. Relationships between the within-site variation
in P50leaf (standard deviation around site means) and site climate
were also fitted with ordinary least squares regression models
using untransformed data. Differences in P50leaf between sites
were compared using ANOVA.

RESULTS

Leaf hydraulic vulnerability to drought (P50leaf ) ranged from
–1.03 MPa recorded in the most vulnerable species in montane

cloud forest (Yanachaga) to –8.35 MPa for the least vulnerable
species in semi-arid shrubland (Round Hill; Supplementary Data
Table S1). Significant differences in species P50leaf were detected
between sites (ANOVA, P , 0.0001), with site means (+s.d.)
ranging from –1.38+0.25 MPa among species in montane
cloud forest (Yanachaga) to –5.69+1.60 MPa among species
in semi-arid shrubland (Round Hill; Table 2). Across species,
P50leaf became significantly more negative with decreasing site
rainfall (r2 ¼ 0.68, P , 0.0001; Fig. 1A) and with increasing
site aridity index (r2 ¼ 0.72, P , 0.0001; Fig. 1B). We thought
it important to investigate aridity index as well as precipitation
because aridity index also considers evaporation and therefore
should more accurately represent water availability across the
wide range in latitude examined here. Also, evaporation might
shape plant adaptations somewhat independently of precipitation
(Eamus, 2003). However, aridity index was only a marginally
better predictor of P50leaf, relative to precipitation, across the
sites and species studied here.

Within-site variability in P50leaf, expressed using the non-
transformed standard deviation from the mean (s.d.), increased
significantly with decreasing site rainfall and increasing site
aridity (r2 ¼ 0.63, P , 0.05; r2 ¼ 0.64, P , 0.05, respectively).
However, when expressed as a coefficient of variation within
sites (Table 2), within-site variability in P50leaf showed no
significant relationship to rainfall or aridity (r2 ¼ 0.34, n.s.;
r2 ¼ 0.12, n.s., respectively).

P50leaf among the Australian species was significantly co-
rrelated with mean annual rainfall (r2 ¼ 0.55, P , 0.0001), the
5th percentile of mean annual rainfall (r2 ¼ 0.53, P , 0.0001)
and the 5th percentile of aridity index (r2 ¼ 0.61, P , 0.0001)
across each species distribution (Fig. 2A, B, C, respectively).
That is, species with more negative P50leaf tended to have distri-
butions characterized by lower mean annual rainfall, and which
also extended into regions with lower rainfall and higher aridity.
However, with the exception of species from Mount Field in
Tasmania, these relationships were not significant when ana-
lysed across species within each site separately (absence of cor-
relation within sites in Fig. 2, Supporting Information Table S2).

DISCUSSION

This study examined how variation across species in the vulner-
ability of leaves to drought-induced hydraulic dysfunction
relates to key aspects of climate using a broad group of woody
angiosperms from sites that varied widely in water availability.

TABLE 2. The mean, standard deviation (s.d.) and coefficient of
variation (CV) for P50leaf values within each sample site;
significant differences (P , 0.05) in P50leaf between site means
are denoted with different lower case subscripts (Bonferroni mean

separation)

Site n Mean P50leaf (MPa) s.d. CV

Yanachaga 14 –1.38a 0.25 0.18
Mount Field 15 –1.76a 0.46 0.26
Kur-ing-gai 14 –2.83b 0.53 0.19
Princess Hills 16 –3.25b 0.60 0.18
Yengo 11 –3.40b 0.83 0.24
Round Hill 11 –5.69c 1.60 0.28
Fowler’s Gap 11 –4.70c 1.12 0.24
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Leaf hydraulic vulnerability decreased significantly with both
decreasing site rainfall and increasing site aridity (Fig. 1A, B, re-
spectively). P50leaf was also related to species climatic envelope
within Australia, in terms of both the average rainfall across each
species biogeographical range and the very dry-end limits of
their distributions (Fig. 2). Given the overall relationship
between leaf hydraulic vulnerability and the low-rainfall bound-
ary of species distributions, it might have been expected that the
variation in hydraulic vulnerability between species within each
site would also be correlated, with those species whose distribu-
tion extended further towards low rainfall also having more nega-
tive leaf P50. However, this pattern was statistically significant
only for species from the Mt Field site.

Our results substantially broaden the findings from smaller
sets of species and relatively narrow aridity ranges that have
been studied in the past. Our results largely support these previ-
ous studies, linking variation in leaf hydraulic vulnerability to
species distribution patterns across gradients of mean annual pre-
cipitation (Nardini et al., 2012), as well as the dry-end limits of
species distributional ranges (Blackman et al., 2012). Indeed,
the generality of the association between leaf vulnerability and

climate is made clear considering P50leaf was assessed across
such a large and diverse group of species with a climate-coverage
that captured a substantial portion of the global water availability
spectrum in terms of both rainfall and aridity. Aridity index as an
indicator of site water availability did not, for these data, provide
any stronger insight into the patterns of variation in P50leaf across
sites and species distributions than did rainfall (MAP).

It is clear from our results that leaf hydraulic vulnerability is
strongly tuned to the apparent level of water stress experienced
by plants in the field. We note that xylem water potentials regu-
larly fall below levels associated with P50leaf (Brodribb and
Holbrook, 2004a; Johnson et al., 2009). Such hydraulic dysfunc-
tion is recoverable once water tension is relieved (e.g. during the
night under well-watered conditions), or else requires metabolic-
ally active refilling of embolized conduits in cases where leaf
water potential remains substantially below zero. While there
is clear evidence of embolism reversal under tension in many
plants (Brodersen and McElrone, 2013), including those under
moderate drought (Trifilo et al., 2014), it remains unclear
whether this process is viable in plants that experience severe
and prolonged drought where dry soils and strong water
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tension prevents embolism repair (Hacke and Sperry, 2003). In
the present study, the seasonal midday plant water potential
(measured at most of the Australian sites at the height of a multi-
year drought) was significantly correlated with leaf hydraulic
vulnerability, and was more strongly negative than P50leaf in
only a small number of species (data not shown). This suggests
species in our sample group generally avoid substantial losses
in Kleaf and that P50leaf represents a robust indicator of plant
drought resistance across the rainfall spectrum. Indeed, our
sample group largely comprised evergreen species that retain
their leaves over long periods of water deficit, maintain viable hy-
draulic pathways year round and ideally respond promptly to
rainfall events. Thus, low leaf hydraulic vulnerability among
species in the more arid sites that are associated with unpredict-
able rainfall and large water deficits probably reflects all these
needs. Conversely, a high level of vulnerability among species
from ever-wet montane cloud forest reflects the almost complete
absence of water stress in these environments.

The variation among P50leaf values within sites increased sig-
nificantly with increasing site aridity. This increase was in the
spread of absolute P50leaf values (s.d.), but not in the coefficient
of variation, i.e. the percentage variation around the site mean.
Within-site variation in hydraulic vulnerability in arid environ-
ments has been attributed to differences in plant water-use and
life-history strategies, often involving co-variation in plant hy-
draulic properties such as rooting depth, drought deciduousness
and water storage capacity (Jacobsen et al., 2007b; Pratt et al.,
2012); however, we do not know whether it is the spread of abso-
lute P50leaf or rather the percentage variation around the mean
that should be regarded as the better indicatorof variation in strat-
egies for water use. But in either case, our results contrast with
reports of converging water-use strategies found among arid
plant communities in Western Australia (Mitchell et al., 2008).
Wider hydraulic variation among co-occurring species from
our most arid sites probably reflects greater heterogeneity in
the soil water profile or differing life-history strategies among
the species themselves. Co-variation between P50leaf and traits
such as rooting depth and/or water storage capacity may even
shape the drought tolerance vs. avoidance strategies of particular
species in these environments. However, therewas inconsistency
in these trait trade-offs across species within individual sites
(data not shown), which suggests that drought avoidance
versus resistance strategies in plants may be influenced by a
range of traits that do not necessarily co-vary (Jacobsen et al.,
2007a; Miranda et al., 2010).

Overall, our findings considerably extend the evidence that re-
sistance to hydraulic dysfunction in leaves, especially among
evergreen species, is functionally tuned to site rainfall and
aridity and is a key component of drought resistance in arid en-
vironments. Furthermore, leaf hydraulic vulnerability may be
important in shaping the climatic envelope across species distri-
butions as well as defining their distributional limits in terms of
minimum water availability. Because these relationships are
based on a fundamental understanding of the drought tolerance
limits in plants (Blackman et al., 2009; Brodribb and Cochard,
2009; Urli et al., 2013), greater knowledge of the hydraulic
vulnerability of leaves may prove to be a very useful functional
trait in predicting the consequences of changing climate for
species distributions.

SUPPLEMENTARY DATA

The following Supplementary data are available online at www.
aob.oxfordjournals.org. Fig. S1: monthly rainfall for each site.
Fig. S2: vulnerability curves for species measured in this study.
Table S1: species taxonomic and trait data. Table S2: correlation
coefficients of P50leaf vs. climate analysed by site.
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