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Abstract

Aim: The aim was to examine whether recent mortality can be explained by hydraulic failure linked

to water deficit.

Location: Western Europe.

Time period: 1986–2014.

Major taxa studied: Forty-four tree species.

Methods: We modelled the hydraulic safety margin (HSM) across the ranges of 44 tree species at

their driest margin (n5193,261 plots), defined as the difference between the estimated minimal

soil water potential of each plot and the species water stress threshold, which corresponds to the

hydraulic failure of the vascular system. Soil water potential was estimated by applying Campbell’s

equations on the minimal and maximal soil water contents estimated from 1979 to 2010 in the

top 289 cm of soil and five soil textures across the species ranges. For each species, we modelled

the amount of average mortality derived from plots of the Spanish and French National Forest

Inventories to the variation in modelled hydraulic safety margin and environmental drivers across

the species ranges using hurdle models.

Results: We did not identify any global convergence of modelled HSM within the species distribu-

tion ranges, finding instead a rather large variability in modelled HSM for most of the studied

species. Fifteen species, out of 25 for which the models were practicable, showed significantly

higher mortality in populations with negative HSM in comparison to those showing positive HSM,

with positive and negative interaction along the aridity index.

Main conclusions: The combination of competition, average climate and modelled HSM explained

average tree mortality. Most of the species presented at least one population that had already

experienced a negative HSM and many other populations a positive but narrow HSM, suggesting

that climate change is likely to push some populations towards a higher risk of hydraulic failure in

the drier conditions projected for Western Europe.
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1 | INTRODUCTION

The number of forest mortality events has increased in recent decades

in some regions (Peng et al., 2011; Phillips et al., 2009; van Mantgem

et al., 2009), making ecological research on tree mortality a priority

(Bonan, 2008). However, attention has mainly focused on mortality die-

back (Allen, Breshears, & McDowell, 2010; Allen et al., 2015; Anderegg

et al., 2016), and little is known about the increase in average mortality

along large climatic gradients (Berdanier & Clark, 2016; Clark, Iverson,

& Woodall, 2016; Hartmann, Adams, Anderegg, Jansen, & Zeppel,

2015; Neumann, Mues, Moreno, Hasenauer, & Seidl, 2017; Young

et al., 2017). Explaining these patterns in forest vulnerability is challeng-

ing because tree mortality depends on the ecophysiological limits of

each individual species and the interactions with other species, which

can change along species ranges (Benito-Garz�on, Ruiz-Benito, & Zavala,

2013; G�omez-Aparicio, García-Vald�es, Ruiz-Benito, & Zavala, 2011;

Kunstler et al., 2016; Ruiz-Benito, Lines, G�omez-Aparicio, Zavala, &

Coomes, 2013). Moreover, the link between hydraulic traits and mor-

tality across species ranges has not generally been included in vegeta-

tion models (Anderegg, Flint, & Huang, 2015), which could lead to

incorrect interpretations of the effects of climate change on trees

inhabiting ranges affected by very different environments. Hence,

attributing average tree mortality to water stress at large scales remains

a challenge (Clark et al., 2016; Steinkamp & Hickler, 2015; Young et al.,

2017), and there is an urgent need to couple the physiological margin

of drought tolerance of species along climatic gradients to understand

vegetation patterns at large scales.

Large variations in mortality rates have been observed across spe-

cies ranges (Benito-Garz�on et al., 2013; Kunstler et al., 2016; Purves,

2009; Vanderwel, Lyutsarev, & Purves, 2013), suggesting that this vari-

ability is mostly driven by climatic gradients (Neumann et al., 2017;

Young et al., 2017). The relationship between mortality and climate is

so strong that it can delimit the ranges of species, in particular at the

drier edge of the distribution (Benito-Garz�on et al., 2013; Kunstler

et al., 2016; Purves, 2009; Stahl, Reu, & Wirth, 2014). For instance, in

Western Europe, the drier edge of temperate tree species is mostly

occupied by populations showing high mortality and low reproductive

rates and biomass, indicating a retraction of their current distribution,

which reflects the current pattern of climate change (Benito-Garz�on

et al., 2013; Linares & Camarero, 2011; Urli et al., 2015). Furthermore,

it remains unexplored whether the mortality patterns at the drier edge

of the species distributions are attributable to climate that makes spe-

cies reach their ecophysiological limit at that point. In this sense, the

inclusion of hydraulic traits explaining mortality along the species

ranges would make a major contribution to the interpretation of the

effects of climate change on trees growing in very different environ-

ments across their distribution ranges. Nonetheless, studies linking pat-

terns of mortality and hydraulic traits are scarce, and most of them

have been carried out in laboratory conditions for a few species

(David-Schwartz et al., 2016; L�opez, Cano, Choat, Cochard, & Gil,

2016; L�opez et al., 2013; but see Anderegg et al., 2016).

The extent to which hydraulic failure and carbon starvation can

explain tree mortality can potentially be related to the intensity and

duration of water stress (McDowell et al., 2008). Recent studies have

shown that trees subjected to drought die sooner than starved trees

(Hartmann, Ziegler, Kolle, & Trumbore, 2013) and that tree mortality

can be predicted exclusively from the loss of vascular transport

capacity (Anderegg et al., 2015). Indeed, hydraulic failure of the vascu-

lar system has been shown to be linked closely to survival in extreme

drought conditions in both conifers and angiosperms (Brodribb &

Cochard, 2009; Brodribb, Bowman, Nichols, Delzon, & Burlett, 2010;

Urli et al., 2013). Hydraulic failure occurs when plant water potential

drops sufficiently to provoke air embolisms that block xylem vessels,

reducing the ability of trees to move water from the soil to their leaves

(Tyree, 1999). Embolism in the xylem vessels can potentially lead to a

decrease in the total volume of trees by branch reduction or even tree

death (Brodribb & Hill, 1999; Brodribb et al., 2010; Lens et al., 2013;

Urli et al., 2013). The loss of conductivity that provokes hydraulic fail-

ure has been suggested to be at 50% for gymnosperms (W50) and at

88% for angiosperms (W88). Resistance to embolism varies among spe-

cies and biomes (Maherali, Pockman, & Jackson, 2004), and in general,

species inhabiting drier environments show a greater resistance to

embolism than those in wetter ones (Choat, Jansen, & Brodribb, 2012).

Less is known about the intraspecific variability of resistance to embo-

lism; whereas low variation has been measured for some species (Lamy

et al., 2014; Martínez-Vilalta et al., 2009; S�aenz-Romero et al., 2013;

Wortemann et al., 2011), other species do show variability in resistance

to embolism (David-Schwartz et al., 2016; L�opez et al., 2016). How-

ever, for most species, the intraspecific variation in the resistance to

embolism is still unknown.

Most tree species seem to operate very close to their hydraulic

failure level (i.e., they have a narrow hydraulic safety margin; Choat

et al., 2012), and thus appear to be highly vulnerable to drought-

induced mortality when conditions become warmer and/or drier

(Engelbrecht, 2012). The hydraulic safety margin (HSM) corresponds to

the difference between the minimal water potential experienced by the

species in natural conditions (Wi) and the water potential at which the

loss of vascular conductivity provokes hydraulic failure (Meinzer,

Johnson, Lachenbruch, McCulloh, & Woodruff, 2009). Although it is

known that tree species currently survive within typically small safety

margins (Choat et al., 2012) and that vulnerability to embolism and the

hydraulic safety margin are important predictors of cross-species mor-

tality at global scales (Anderegg et al., 2016), the within-species range

variation in hydraulic safety margin and its potential relationship with

tree mortality remain completely unknown.

Here, we hypothesize that the footprint of drought linked to the

species resistance to xylem embolism can already be observed in aver-

age mortality rates across large climatic gradients within species ranges.

We therefore investigated the legacy of water deficit by comparing

observed mortality in populations having experienced negative and

positive hydraulic safety margins, in particular at the drier edge of spe-

cies ranges. To achieve our aim, we combined spatial information of

modelled soil water potential from climate data and soil texture maps

with average mortality from 193,261 plots belonging to 44 species

recorded in the French and Spanish National Forest Inventories (NFIs)

with the species’ threshold of hydraulic failure measured in laboratory
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conditions (W50/88). For spatial assessment of the modelled hydraulic

safety margin across the distribution range of the 44 European species,

we estimated for each NFI plot (population) the minimal soil water

potential based on the texture of the soil and the soil volumetric water

content of the last 30 years estimated at a depth of 289 cm. Finally,

we tested the effect of hydraulic safety margin together with climatic

factors and competition on the average tree mortality of the 44 spe-

cies. Using this approach, we were able to identify those populations of

each species that have operated with a negative hydraulic safety mar-

gin over the last 30 years and the relative effect of the modelled

hydraulic safety margin in average mortality. To the best of our knowl-

edge, our results report, for the first time, the relationship between the

modelled hydraulic safety margin and the water deficit legacy in the

mortality of tree populations within species ranges, providing useful

information to identify potential shifts in European species distribution

and composition attributable to ongoing climate change.

2 | MATERIALS AND METHODS

2.1 | Mortality estimation from national

forest inventories

Mortality was estimated for each of the 44 species presented in the

French and Spanish National Forest Inventories at the plot level (NFIs;

Supporting Information Table S1). The sampling for the Spanish NFI

was conducted from 1986 to 1996 (second campaign) and from 1997

to 2007 (third campaign), and mortality was recorded as the number of

trees found dead in the third campaign that were alive during the sec-

ond one. The sampling for the French NFI was conducted from 2005 to

2014, and mortality was recorded for adult trees that died up to 5 years

before the records were made. Plots for both NFIs are circular, with a

radius of 25 m. Mortality was estimated as the number of dead trees of

a given species per plot (Benito-Garz�on & Fernandez-Manjarr�es, 2015).

Managed plots were filtered out from the final database.

The NFI plots were also used to define the distribution of the 44

species considered (Supporting Information Figure S1). For simplicity,

we use the term ‘populations’ to refer to the plots recorded in the

NFIs. Potential competition was calculated as the sum of the basal area

of tree neighbours in the plot.

2.2 | Determination of the species’ threshold of

hydraulic failure

For conifers, resistance to embolism was determined in the Cavitplace

platform (University of Bordeaux, Talence, France; http://sylvain-del-

zon.com/caviplace). One to two branches were collected from an aver-

age of five to 10 healthy trees per species in Kew Gardens (Royal

Botanic Gardens) or at the Bordeaux Botanical garden (Talence, France;

for more details, see Bouche, Larter, & Domec, 2014). After harvesting,

leaves or needles were immediately removed, and the branches were

wrapped in moist paper towel, placed in black bags and immediately

sent to the laboratory. The branches were kept wet and cool (3 8C)

until embolism resistance was measured [at a maximum of 3 weeks

after their collection, and no change in vulnerability to embolism has

been detected over 10 weeks (Herbette et al., 2010)]. Before measure-

ment, the bark was removed and the branches were recut with a razor

blade underwater to a standard length of 0.27 m. In the Cavitron

method, a centrifugal force is applied to induce a loss of conductance

by embolism, simulating a water stress-induced embolism. To do this,

the samples are inserted into a custom-built rotor (Precis 2000, Bor-

deaux, France) mounted on a high-speed centrifuge (Sorvall RC5, USA).

Conductance measurements were taken using the Cavisoft software

(version 2.0; BIOGECO, University of Bordeaux).

The xylem pressure (Wi) and percentage loss of conductance (PLC)

were determined at different speeds, to obtain a vulnerability curve per

sample (VC; i.e., percentage loss of xylem conductance as a function of

xylem pressure; for details, see Delzon, Douthe, Sala, & Cochard, 2010).

For each sample, a sigmoid function (Pammenter & Vander

Willigen, 1998) is fitted to the VC (proc NLIN, SAS version 9.2; SAS

Institute, Cary, NC, USA) using the following equation:

PLC5
100

15exp S
Wi2W50

� �h i ;

where W50 (in megapascals) is the xylem pressure inducing 50% loss of

conductance, and S (expressed as a percentage per megapascal) is the

slope of the vulnerability curve at the inflexion point. The xylem pres-

sure inducing 88% of PLC (W88, in megapascals) was calculated from

the equation of Domec and Gartner (2001):

W885250=S1W50:

For angiosperms, we used a previously reported dataset (Lens,

Picon-Cochard, & Delmas, 2016), in which sigmoidal vulnerability

curves were kept only to avoid bias attributable to open vessel arte-

facts. Recent direct observations of embolism formation by X-ray

tomography confirmed the reliability of these values (Choat et al.,

2016; Cochard, Delzon, & Badel, 2015; Cochard et al., 2013;

Torres-Ruiz et al., 2014, 2017).

2.3 | Environmental data: average climate, volumetric

soil water content and soil texture

We used gridded average climate from 1960 to 1990 at 1 km resolu-

tion (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005) for six climatic

variables related to mortality: mean annual temperature (BIO1), maxi-

mum temperature of the warmest month (BIO5), minimum temperature

of the coldest month (BIO6), precipitation of the wettest month

(BIO13), precipitation of the driest month (BIO14) and annual precipita-

tion (BIO12) (http://www.worldclim.org/). We also used the aridity

index (AI) at 1 km resolution, estimated as mean annual precipitation/

mean annual potential evapotranspiration, as obtained from http://

www.cgiar-csi.org/.

Minimum and maximum monthly volumetric soil water contents

from 1979 to 2010 were estimated from the ERA-INTERIM daily global

atmospheric reanalysis database (Dee et al., 2011; http://apps.ecmwf.

int/datasets/) from the soil surface to a depth of 289 cm at T255 spec-

tral spatial resolution (Balsamo et al., 2015). We used a gridded dataset
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at a spatial resolution of 0.1258 (c. 10 km 3 14 km at a latitude of 458).

The minimum (Wi) and maximum (Ws) monthly volumetric soil water

contents were calculated as the monthly average water content values

for the 5 years showing the lowest and highest values of volumetric

soil water from 1979 to 2010, respectively. We extracted the dominant

surface textural classes from the European Soil Database at a resolu-

tion of 1 km (Panagos, Van Liedekerke, Jones, & Montarella, 2012;

http://eusoils.jrc.ec.europa.eu/wrb/). Dominant surface textural classes

were used to downscale the ERA-INTERIM resolution to calculate the

soil-related characteristics from Campbell’s equations at 1 km resolu-

tion (Campbell, 1985; see “2.4. Modelling soil water potential” section

below). The dominant surface textural soils were aggregated into five

texture classes to fit Campbell’s equations: coarse, medium, medium

fine, fine and very fine (Supporting Information Table S1).

2.4 | Modelling soil water potential

For each NFI plot, we equalized the maximum volumetric soil water

content from 1979 to 2010 (Ws), as explained above, to the total satu-

ration of the soil at which the soil water potential (SWP) is zero. This

allowed us to calculate the soil water potential for each of the five soil

types considered (see Supporting Information Table S1, showing the

soil water potential of soil types) following Campbell’s equations

(Campbell, 1985; Sperry, Adler, Campbell, & Comstock, 1998).

Campbell’s equations were used to model the minimum soil water

potential (Wi) from the values of the minimum soil water content (Wi)

that were obtained from the ERA-INTERIM dataset. More specifically,

Wi can be computed as a function of Wi and the water content (Ws)

and water potential (We) at maximum hydration.

Wi5Ws We=Wið Þ21=b:

Then, Wi is estimated as:

Wi5We Wi=Wsð Þb;

where Ws is the maximum water content and Wi the minimum water

content, as explained above. The parameters b and We are functions of

the soil texture (Campbell, 1985), as follows:

We520:53GMD20:5

b522We10:2GSD;

where GMD is the geometric particle diameter, and GSD is the geo-

metric standard deviation of particle size (in millimetres) for each type

of soil defined above (Supporting Information Table S1).

This allowed us to obtain oneWi value per NFI plot. For analysis at the

species level, we modelled the minimum soil water potential within each

species range (Wmin) as the average of theWi values in the driest quartile of

the species distribution. We worked on the driest margin of the species

distribution to evaluate the effect of large water deficit on mortality.

Depending on the species,Wmin varies between21.822 and212 MPa in

the top 289 cm of soil, which overlaps with the W50/88 of the 44 species

analysed (Supporting Information Table S2). Among the different soil

types, loam soils showed the highest minimum water volumetric content

for a certain soil water potential (Supporting Information Figure S1).

2.5 | Hydraulic safety margin within species ranges

Hydraulic safety margins (HSMs) are typically defined as the difference

between the minimum midday water potential measured in natural

conditions (Wi) and the water potential inducing 12, 50 or 88% of

embolism (Choat et al., 2012; Delzon & Cochard, 2014; Meinzer et al.,

2009). From an ecological perspective, it is relevant to define hydraulic

safety margins as a threshold for tree mortality. In conifers, the lethal

level of embolism was found to be close to 50% of embolized conduits

in stems (Brodribb & Cochard, 2009; Brodribb et al., 2010; Urli et al.,

2013), whereas for angiosperms, the threshold of hydraulic failure is

closer to 88% (Barigah, Charrier, & Douris, 2013; Urli et al., 2013). We

therefore used W50 and W88 as thresholds of tree mortality (W50/88) for

conifers and angiosperms, respectively.

We calculated the HSM at the species and population (NFI plot)

levels. At the species level, HSM was calculated as the difference

between the modelled soil water potential (with the assumption that,

during extreme drought, stomata are closed and there is no water flow,

hence soil water potential is equal to the stem water potential) at the

lowest quartile of the distribution of the species (Wmin) and the specific

W50/88:

HSM5Wmin–W50=88:

To calculate the modelled HSM at the population level, we

assumed that the water potential measured in plants in natural condi-

tions (Wi) can be equated to that of the soil (SWP). To test this assump-

tion, we conducted Spearman’s correlation analyses between the

average W50/88 of the 44 species (angiosperms and gymnosperms

together and separately; Supporting Information Table S2) and the esti-

mated soil water potential at the lowest quartile (Wmin) of each species

distribution range. If this condition was fulfilled across species, then the

populations having experienced positive and negative modelled HSM

of the species could be identified and mapped. The modelled HSM at

the population level was then calculated by applying an equation simi-

lar to that at the species level, but to each plot across the distribution

range of each of the 44 species:

HSM5Wi–W50=88;

where Wi is the soil water potential calculated for each plot as,

explained above (see section 2.4 Modelling soil water potential), and

W50/88 is the point of critical loss of conductivity for each species. In

other words, when modelled HSM is zero, Wi is equal to W50/88.

Negative values of modelled HSM identify those populations pres-

ent at geographical locations at which the modelled SWP is more nega-

tive than the W50/88 of the species, meaning that these populations

have operated outside their hydraulic safety margin over the last

30 years.

2.6 | The legacy of water deficit in mortality of

populations with negative hydraulic safety margin

The variation of modelled SWP within the species ranges in combina-

tion with the specific W50/88 allowed us to identify those populations

with negative and positive modelled HSM across the distribution
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ranges of the species. The rationale behind this is that populations with

modelled SWP lower than the specific W50/88 have experience negative

modelled HSM at some stage during the last 30 years, which could

have left a mark in their average mortality. We define the legacy of

water deficit in a given population when mortality was significantly

higher in populations with negative modelled HSM than in those with

positive modelled HSM.

2.7 | Statistical analysis

To understand the main possible climatic drivers of tree mortality

across the species ranges, and because mortality has a multifactorial

origin and hydraulic failure is considered to shape the driest part of the

species distributions, we considered in our models seven climatic driv-

ers (BIO1, BIO5, BIO6, BIO12, BIO13, BIO14 and the aridity index) and

competition (calculated as the sum of the basal area of neighbouring

trees in each plot).

To handle the zero-inflated distribution of mortality, we built hur-

dle models (pscl R library), which allowed us to model the occurrence of

mortality (yes/no states) and the amount of mortality as separate proc-

esses (Young et al., 2017). In hurdle models, the occurrence of mortality

is estimated firstly by binomial models with logarithmic transformation,

and the amount of predicted mortality is estimated secondly by nega-

tive binomial models with logarithmic transformation. The goodness of

fit is estimated with the area under the curve (AUC) and the pseudo-

R2. Within these two separate models, we used the second one to

explain the amount of mortality across aridity gradients for populations

located at the most negative quartile of the modelled HSM, at the

most positive quartile of the modelled HSM and for populations with

average values of modelled HSM within each species’ ranges.

Hence, a hurdle model was performed for each species to test the

combined effects of competition, hydraulic safety margin, aridity and

average climate effects on average tree mortality per plot (i.e., the per-

centage of dead trees of a given species per plot), and special attention

was paid to the model explaining the amount of mortality found per

plot. The interactions between modelled HSM and aridity, and the

modelled HSM and plot competition were also considered in the model

as explanatory factors. Owing to the small number of trees recorded in

NFIs for some species and/or to the lack of model convergence for

others, hurdle models were finally calculated for 25 tree species. All cal-

culations were performed with the software R Project for Statistical

Computing (R Development Core Team, 2016).

3 | RESULTS

3.1 | Correlation between species’ hydraulic threshold
and minimal soil water potential

We found a significant and positive correlation between the modelled

SWP measured at the driest quartile of the species distribution (Wmin)

and the species hydraulic threshold (W50/88; q5 .533, p< .001). This

relationship held even when considering angiosperm (q5 .475,

p5 .034) and gymnosperm species (q5 .679, p5 .003) separately. The

Wmin ranged between 21.82 and 28.79 MPa, whereas W50/88 varied

from 22 to 212.48 MPa for the species studied. Figure 1a shows that

species more resistant to embolism (more negative W50/88) experience

more negative soil water potentials and therefore inhabit more arid

environments. Likewise, species with higher hydraulic safety margins

inhabit drier environments (Figure 1b). This correlation was significant

for angiosperms (q 5 2.550, p5 .002) and when all species were con-

sidered together (q 5 2.310, p5 .037), but not for gymnosperms alone

(q 5 2.220, p5 .402).

3.2 | How variable is the hydraulic safety margin

within species?

Within-species variability in modelled hydraulic safety margin was large

for all of the species, except for Pinus cembra and Abies pinsapo, which

were also the only species without populations having experienced

FIGURE 1 (a) Significant correlations between the soil water potential modelled at the driest quartile of each species distribution (Wi) and
the water potential inducing 50 or 88% of xylem embolism, W50/88 (W50 and W88, for gymnosperms and angiosperms, respectively) per
species, when considering gymnosperm (blue; q50.679, p5 .003) and angiosperm (orange; q50.475, p5 .034) species separately and for
both conifers and angiosperms considered together (black; q50.533, p< .001). The dotted line represents the hydraulic safety margin
(HSM), which at the species level was calculated as Wi 2 W50/88. (b) Modelled hydraulic safety margin versus the aridity index (mean annual

precipitation/mean potential evapotranspiration) measured at the lowest quartile of the species ranges. Again, gymnosperms and
angiosperms are represented in blue and orange, respectively. The dotted line represents the hydraulic safety margin when the minimum
soil water potential (Wi) equals the W50/88 (W50 and W88 for gymnosperms and angiosperms, respectively)
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negative modelled HSM (Figure 2; Supporting Information Table S2).

Indeed, on average, more than one-third of the populations of each

studied species have operated with negative hydraulic safety ranges

(NFI plots; Supporting Information Table S2), except Platanus hispanica

and Populus alba, for which 70 and 52% of their populations have oper-

ated with negative modelled HSM, respectively.

3.3 | Combined effects of hydraulic safety margin,

competition and climate on tree mortality across

species ranges

Hurdle models separated mortality processes in the prediction of the

occurrence of mortality (binomial model) and the prediction of probabil-

ity of the specific amount of mortality per plot (negative binomial model).

Here, the binomial and negative binomial models showed a goodness of

fit (measured by the AUC and the R2, respectively) ranging from zero

(Acer opalus) to .88 (Ilex aquifolium) and from .08 (Betula pendula) to .96

(I. aquifolium), respectively (Supporting Information Table S3).

Climate and competition had a strong effect on both occurrence

and probability of mortality (Supporting Information Table S3). The

effect of competition on predicted occurrence of mortality was signifi-

cant for all species except I. aquifolium and Quercus suber (Supporting

Information Table S3), whereas the effect of competition on the proba-

bility of mortality was significant for all species but I. aquifolium (Support-

ing Information Table S3). The interaction between modelled HSM and

competition was significant for most of the species for both the binomial

and negative binomial models (Supporting Information Table S3).

For binomial models, modelled HSM or the statistical interaction

between modelled HSM and aridity had a significant effect on the

occurrence of mortality for all species except A. opalus, B. pendula, Frax-

inus excelsior, Quercus petraea and Q. suber (Supporting Information

Table S3).

Within hurdle models, we used the outputs of negative binomial

mortality models that predict the probability of the specific amount of

mortality per plot. We found a significant effect of the modelled HSM

and/or the interaction of modelled HSM with aridity in the predicted

amount of mortality in 21 out of the 25 study species (Supporting

Information Table S3). Among them, 15 species showed higher proba-

bility of mortality for populations located at the more negative quartile

of modelled HSM than those located at the more positive quartile or

those having an average modelled HSM (namely, Acer campestre, Alnus

glutinosa, B. pendula, Corylus avellana, Carpinus betulus, F. excelsior, Larix

decidua, Picea abies, Pinus halepensis, Pinus sylvestris, Pseudotsuga men-

ziesii, Pinus uncinata, Q. petraea, Quercus pubescens, Quercus robur and

Q. suber; Supporting Information Table S3).

For some species, predicted mortality increases with aridity

(Abies alba, A. campestre, F. excelsior, L. decidua, P. halepensis, P. men-

ziesii, Quercus ilex, Q. petraea and Q. pubescens), whereas for other

species the opposite pattern was found (A. glutinosa, A. opalus,

B. pendula, C. avellana, C. betulus, Fraxinus angustifolia, P. abies, Pinus

pinaster, P. sylvestris, Q. robur and Q. suber; Figure 3). More specifi-

cally, having negative HSM increases mortality particularly in

arid environments in the cases of B. pendula, C. avellana, P. abies,

P. sylvestris and Q. suber.

FIGURE 2 Modelled hydraulic safety margin (HSM) across the distribution range of the 44 study species. At the population level, HSM
was modelled as the difference in soil water potential in each National Forest Inventory plot and the specific tree mortality threshold, W50

and W88 for gymnosperms and angiosperms, respectively. The different colours and numbers represent the different species, following the
same order as in the figure legend. Violin plots illustrate a compact display of a continuous distribution
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4 | DISCUSSION

Efforts to understand the vulnerability of forests to drought based on

hydraulic traits have been focused at the species level, showing that

almost all forest biomes operate with positive but narrow hydraulic

safety margins (Choat et al., 2012; Figure 1b). However, here we show

that our modelled HSM presents large variability within species ranges,

which means that most species have at least one population with a

negative hydraulic safety margin (Figure 2). We also show a significant

legacy of water deficit in mortality in those populations living with a

negative modelled HSM for 15 out of 25 species (Supporting Informa-

tion Table S3; Figure 3), confirming the significant link between tree

mortality and hydraulic traits (resistance to embolism and HSM) found

at the species level (Anderegg et al., 2016).

4.1 | The hydraulic safety margin across species

The SWP measured at the lowest quartile of the distribution range of

each species (Wmin) represents the most difficult condition in terms of

water availability that the species suffered during the previous 30 years

(1979–2010). Here, and in agreement with previous studies, we find a

significant positive correlation between the threshold of hydraulic fail-

ure (W50/88) and Wmin (Figure 1a; Choat et al., 2012; Maherali et al.,

2004). However, we also find a significantly negative relationship

FIGURE 3 Predicted probability of mortality along an aridity gradient (aridity index 5 mean annual precipitation/mean annual potential
evapotranspiration) for those species showing a significant effect of the modelled hydraulic safety margin (HSM) and/or of the interaction
between the modelled HSM and aridity index, according to negative binomial hurdle models. Black, orange and blue lines represent the
probability of mortality of populations occurring in areas with average, negative and positive values of HSM along the species distribution
ranges, respectively. Note the different scale of the y axis. Confidence intervals, calculated after 100 bootstraps, are shown
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between the species-specific modelled HSM and the aridity index,

showing that species inhabiting more arid environments present higher

modelled HSM than those inhabiting wetter ones (Figure 1b). This

result contrasts with the findings of Choat et al. (2012), who found that

HSM did not significantly vary across environmental gradients and

between biomes (Choat et al., 2012). We explain this discrepancy in

terms of differences in the method of estimating Wmin between these

studies. In the study by Choat et al. (2012), Wmin was obtained from

plants in field conditions, which did not always represent the driest

extreme of the species distribution ranges, whereas we modelled Wmin

as the soil water potential located in the driest quartile of the species

distribution. Furthermore, the results of performing a linear regression

between the Wmin values of the 22 species that were included in both

studies showed that the slope was not equal to one (i.e., an absolute

match between data; Wmin-c 5 0.85 1 0.34Wmin-swp; p5 .01; where

Wmin-c comes from Choat et al., 2012 and Wmin-swp is the one calculated

in our study; Supporting Information Figure S2). This suggests that our

modelled soil water potential data might overestimate the actual Wmin

of species at low soil moisture contents because of the exponential

nature of soil moisture curves (Supporting Information Figure S1). Fur-

ther measurements of the minimum water potential of plants in field

conditions at the driest margin of species ranges would help to clarify

the differences between the studies.

4.2 | Identifying plots with a negative hydraulic

safety margin

As modelled HSM varies markedly within species distribution ranges,

we can identify those populations with negative values of modelled

HSM that are likely to be at highest risk of hydraulic failure. We show

that all species except A. pinsapo and P. cembra present populations

with a negative hydraulic safety margin (Figure 2). It is likely that we

did not detect populations with negative modelled HSM for these two

species because of the low number of populations recorded in the

Spanish and French NFIs. Indeed, A. pinsapo featured only a few scarce

populations in South Spain (Farjon, 1990; Vidakovic, 1991), whereas

European natural populations of P. cembra extend from the subalpine

zone of the French Alps and reach the mountainous areas of Ukraine

(Ulber, Gugerli, & Bozic, 2004; Supporting Information Table S2), and

these areas were not considered in our analysis. In contrast, P. alba and

P. hispanica were the only species with > 50% of their populations hav-

ing already experienced a negative hydraulic safety margin (Supporting

Information Table S2). Populus alba mainly occurs in riparian areas, in

which the availability of water from the phreatic layer can help to miti-

gate the negative effect of drought (Blanco Castro, Casado Gonzalez, &

Costa Tenorio, 1997). Platanus hispanica, a hybrid of Platanus orientalis

and P. occidentalis, has been widely planted in public areas, boundary

roads and river banks in Southern Europe (Blanco Castro et al., 1997),

and the few populations recorded in the NFIs may also be present in

areas with more moderate water availability.

The finding that almost all the species analysed here present popu-

lations with negative and/or positive but narrow hydraulic safety mar-

gins, suggests that, in the drier conditions projected by the IPCC (2014)

for Western Europe, climate change will be likely to push some popula-

tions of these species outside their HSM (Figure 2).

4.3 | The legacy of water deficit in plots having

experienced a negative hydraulic safety margin

Supporting our initial hypothesis, we detected a fingerprint of water

deficit on the mortality of populations with a negative modelled HSM

for 15 out of 25 European species for which hurdle models were prac-

ticable. For these 15 species, populations having experienced negative

modelled HSM showed higher tree mortality than those having experi-

enced positive modelled HSM. These results agree with those of previ-

ous works reporting forest dieback in Europe. All species suffering

from forest dieback were also detected by our analysis, showing higher

mortality in populations with negative modelled HSM than in those

with positive modelled HSM (P. sylvestris, Q. suber, P. abies and several

unidentified Mediterranean conifers; see Allen et al., 2010, and referen-

ces therein).

For five of the remaining study species, we found the opposite

pattern; populations having experienced negative significant modelled

HSM showed less mortality than those having experienced positive

HSM (Figure 3; A. alba, A. opalus, F. angustifolia, P. pinaster and Q. ilex).

All of them except A. alba are Mediterranean species with a wider dis-

tribution than that considered in our study, including populations in

North Africa, where more negative HSM are expected. The importance

of the modelled HSM in A. alba mortality is very low (estimate50.03;

Supporting Information Table S3) in comparison with other variables

(competition and aridity index have estimate values of 0.53 and 20.77,

respectively; Supporting Information Table S3), so although it is signifi-

cant, this result needs to be considered with caution. Furthermore,

F. angustifolia, like P. alba, is a riparian tree, and any effect of drought

can be mitigated by the availability of phreatic water (Blanco Castro

et al., 1997). In the case of Q. ilex, the Spanish populations of this spe-

cies have been severely affected by the fungus Phytophthora cinna-

momi (Corcobado, Cubera, Ju�arez, Moreno, & Solla, 2014), and some

signs of the plague can remain in our data, despite the efforts made to

clean our dataset from confounding factors.

For the other five species analysed (Arbutus unedo, I. aquifolium,

Pinus nigra, Populus tremula and P. uncinata), no significant relationship

between modelled HSM and the amount of mortality predicted was

found. Again, in some of these cases, the lack of a footprint of long-

term water deficit on the average mortality in populations with nega-

tive modelled HSM can be explained by the fact that the distributions

derived from the NFI from Spain and France do not cover the entire

distribution range of all of the species. This is particularly the case for

the driest edge of the distribution range of those species also found in

North Africa (A. unedo) and Turkey (P. nigra). Also, little differences

between populations can hide any effect of modelled HSM on tree

mortality (see estimates values for each factor in Supporting Informa-

tion Table S3). For all these species, other factors, rather than modelled

HSM, must be modulating tree mortality. Indeed, climatic variables

(including aridity) and competition seem to be drivers of tree mortality,

even considering the modulation exerted by the hydraulic traits (HSM).
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Our results support previous analysis showing that drought-

induced tree mortality increases at the driest part of the species distri-

bution ranges (Anderegg et al., 2015; Young et al., 2017; Figure 3) and

that this phenomenon is also controlled by competition (Ruiz-Benito

et al., 2013). Abies alba, A. campestre, A. opalus, F. excelsior, L. decidua, P.

halepensis, Q. ilex, Q. petraea and Q. pubescens (Supporting Information

Table S3) showed higher mortality at the drier locations, suggesting the

vulnerability of these populations to increasingly frequent droughts at

the drier edge of their distribution. In contrast, Q. suber showed lower

mortality at the drier locations, but this is probably attributable to the

lack of the driest Moroccan populations in our analysis.

4.4 | Final remarks and further work

Our approach assumes that the within-species phenotypic variability in

W50/88 is negligible (Anderegg, 2015; Hajek, Kurjak, von W€uhlisch,

Delzon, & Schuldt, 2016; Lamy et al., 2014; S�aenz-Romero et al.,

2013), but this would not be the case for all species. In general, intra-

specific variability of W50/88 has been shown to be lower than that

found across species (Anderegg, 2015). But, although low variability in

W50 was found for most of the conifers (Anderegg, 2015; Lamy et al.,

2014; Martínez-Vilalta et al., 2009; S�aenz-Romero et al., 2013; Worte-

mann et al., 2011), recent studies reflecting some within-species vari-

ability in embolism resistance have recently been reported (David-

Schwartz et al., 2016; L�opez et al., 2013, 2016). These studies show

that marginal populations of Pinus canariensis and P. halepensis present

slightly more negative resistance to embolism than populations at

the core of the species ranges. In particular, for the xeric species

P. canariensis, only the driest populations showed plasticity in embolism

resistance (L�opez et al., 2013, 2016). Overall, more phenotypic varia-

tion in W50/88 has been reported for angiosperms than for gymno-

sperms (Anderegg, 2015; Schuldt et al., 2016). Further studies

evaluating the intraspecific variability in hydraulic traits are needed to

clarify the lack of a footprint of water deficit in populations with nega-

tive modelled HSM found here for some species.
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