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Hydraulic failure is one of the main causes of tree mortality in conditions of severe drought. Resistance to cavitation is known
to be strongly related to drought tolerance and species survival in conifers, but the threshold of water-stress-induced embo-
lism leading to catastrophic xylem dysfunction in angiosperms has been little studied. We investigated the link between
drought tolerance, survival and xylem cavitation resistance in five angiosperm tree species known to have contrasting desic-
cation resistance thresholds. We exposed seedlings in a greenhouse to severe drought to generate extreme water stress. We
monitored leaf water potential, total plant water loss rate, leaf transpiration, stomatal conductance and CO, assimilation rate
during drought exposure and after rewatering (recovery phase). The time required for the recovery of 50% of the maximum
value of a given ecophysiological variable after rewatering was used to determine the critical water potential corresponding
to the threshold beyond which the plant failed to recover. We also investigated the relationship between this potential and
stem xylem cavitation resistance, as assessed from vulnerability curves. This minimum recoverable water potential was con-
sistent between ecophysiological variables and varied considerably between species, from —3.4 to —6.0 MPa. This minimum
recoverable water potential was strongly correlated with Ps, and Pgg, the pressures inducing 50 and 88% losses of stem
hydraulic conductance, respectively. Moreover, the embolism threshold leading to irreversible drought damage was found to
be close to 88%, rather than the 50% previously reported for conifers. Hydraulic failure leading to irreversible drought-
induced global dysfunction in angiosperm tree species occurred at a very high level of xylem embolism, possibly reflecting
the physiological characteristics of their stem water-transport system.

Keywords: cavitation resistance, drought resistance, hydraulic failure, mortality, recovery, water stress.

Introduction
become more frequent in the future, as models have predicted

Extreme drought decreases both tree growth (Waring 1987,
Ciais et al. 2005, Bigler et al. 2006, Hogg et al. 2008,
Michaelian et al. 2011, Eilmann and Rigling 2012, Sanchez-
Salguero et al. 2012) and survival (Pockman and Sperry 2000,
Breshears et al. 2005, Bigler et al. 2006, Gitlin et al. 2006,
van Mantgem and Stephenson 2007, Hogg et al. 2008, Galiano
et al. 2010, Michaelian et al. 2011). Many cases of drought-
related forest dieback have already been reported (see the
review by Allen et al. 2010) and such diebacks are likely to

more frequent and intense extreme climatic events, such as
long, severe droughts (Meehl and Tebaldi 2004, Schar et al.
2004, Burke et al. 2006, Jentsch et al. 2007).

Two main hypotheses have been proposed concerning the
mechanisms underlying drought-induced mortality in trees:
hydraulic failure and carbon starvation (McDowell et al. 2008,
Adams et al. 2009, Sala 2009, Galiano et al. 2011, McDowell
2011, Anderegg et al. 2012, Plaut et al. 2012). Hydraulic failure
occurs when water transport is disrupted in a large number of
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embolized vessels (cavitation), resulting in the desiccation of
plant tissues. Stomatal closure allows plants to reduce water
loss, but also decreases carbon uptake by photosynthesis.
Plant metabolism requires a constant supply of carbohydrates,
so stomatal closure may lead to carbon starvation. Support for
both these hypotheses has been obtained in recent studies
(Galiano et al. 2011, Anderegg et al. 2012), but the precise
physiological mechanisms underlying plant mortality are poorly
understood. This stresses the need for a clearer understanding
of drought-induced mortality in trees, in particular regarding
the threshold leading to hydraulic failure, which may be the
primary cause of mortality during severe drought (Rice et al.
2004, McDowell et al. 2008). Species vulnerable to cavitation
should be more prone to hydraulic failure because their xylem
cannot sustain very negative pressure. Cavitation resistance
varied widely across species and biomes (Delzon et al. 2010,
Choat et al. 2012) and might therefore explain species distri-
bution and survival (Maherali et al. 2004).

Many studies have shown that hydraulic failure plays a key
role in the drought-induced mortality of leaves, peripheral
shoots and roots (Rood et al. 2000, Davis et al. 2002, Rice
et al. 2004, Hoffmann et al. 2011) and have reported the exis-
tence of relationships between hydraulic failure and either min-
imum water potential (Pockman and Sperry 2000, Choat et al.
2012) or climate (Tyree and Ewers 1991, Tyree and Cochard
1996, Davis et al. 1999, Pockman and Sperry 2000, Maherali
et al. 2004, Choat et al. 2012). However, few studies have
investigated the direct relationship between drought-induced
tree mortality and hydraulic failure (Tyree et al. 2002, 2003,
Brodribb and Cochard 2009, Kursar et al. 2009, Brodribb et al.
2010). Tyree et al. (2002, 2003) and Kursar et al. (2009)
measured the native embolism of severely wilted tropical
angiosperm tree seedlings from forests in Panama. Their
results suggested that death occurred at a threshold corre-
sponding to ~80% loss of xylem conductance per leaf area
(but they did not measure cavitation resistance). Brodribb and
Cochard (2009) and Brodribb et al. (2010) assessed the link
between cavitation and plant death for seven southern hemi-
sphere conifer species with different levels of water stress tol-
erance. They found a strong linear relationship between the
water potential inducing a 50% loss of stem conductivity (Ps)
and the lethal water potential. No such direct evidence is avail-
able for angiosperm trees, despite the large number of eco-
nomically important species belonging to these taxa.

We studied the physiological significance of xylem embolism
in angiosperm tree species, by quantifying the relationship
between drought-induced mortality and hydraulic failure. We
selected five angiosperm tree species on the basis of the large
range of water stress tolerance they covered: Populus tremula
L., Quercus robur L., Fagus sylvatica L., Quercus petraea (Matt.)
and Quercus ilex L. Seedlings of each species were exposed to
water stress until they were severely wilted and close to death.

We assessed the minimum recoverable potential, by determin-
ing the leaf potential inducing a failure of various ecophysiolog-
ical variables to recover (predawn leaf water potential, total
plant water loss rate, leaf transpiration, stomatal conductance
and CO, assimilation rate). We specifically addressed the fol-
lowing questions: Is there a relationship between irreversible
drought damage and xylem embolism in angiosperm tree spe-
cies? Is the threshold of embolism leading to drought damage
similar between angiosperm species and close to the one pre-
viously reported for conifer species?

Materials and methods

Plant materials

We selected five angiosperm tree species widespread in
Europe and presenting a broad range of water stress tolerance.
Populus tremula L. is a deciduous Eurasian species generally
found in open areas, such as waste ground and glades on
mesic soils (Rameau et al. 1989). Quercus robur L. is a Eurasian
deciduous species common throughout Europe other than the
Mediterranean region, as it is susceptible to summer droughts
(Rameau et al. 1989). Fagus sylvatica L. and Quercus petraea
(Matt) Lielb. are deciduous species inhabiting plains and
mountains throughout Europe; they tolerate drier soils than
P. tremula and Q. robur (Rameau et al. 1989). Quercus ilex L. is
a typical evergreen Mediterranean species found around the
entire Mediterranean Basin (Alia et al. 2009).

Vulnerability curves

Xylem cavitation was assessed with the CAVITRON technique,
a centrifugation-based technique, as described by Cochard
et al. (2005), on 11 and 30 mature trees for P. tremula and
F. sylvatica, respectively. Centrifugal force was used to estab-
lish negative pressure in the xylem and to provoke water-
stress-induced cavitation, using a custom-built honeycomb
rotor (Precis 2000, Bordeaux, France) mounted on a high-
speed centrifuge (Sorvall RC5, Asheville, NC, USA). The xylem
pressure (P), hydraulic conductance (k) and percentage loss
of conductance (PLC) were determined at various speeds, to
obtain a vulnerability curve (the VC is the percentage loss of
xylem conductance plotted against xylem pressure; see Delzon
et al. 2010 for details). For Q. robur, Q. petraea and Q. ilex, VCs
were replotted from previous studies (Cochard et al. 1992,
Tyree and Cochard 1996). Vulnerability curves were measured
on branches of mature trees by the air-dehydration method
(Sperry et al. 1988), with samples brought to the laboratory
and dehydrated on a bench over various periods of time to
obtain branches with various degrees of stress (water poten-
tials ranging from —2 to —5 MPa; see Cochard et al. 1992 for
details of the procedure). Vulnerability to cavitation has also
been measured in two different organs (root and stem) of two
Q. petraea seedlings following the same protocol.
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For each species and sample, a sigmoid function (Pammenter
and Vander Willigen 1998) was fitted (proc NLIN, SAS version
9.2, SAS Institute, Cary NC, USA) to the VC, according to the
following equation:

100

PLC = i+ exp(S 7 25(P - ) M

where Ps, (MPa) is the xylem pressure inducing a 50% loss of
conductance and S (% MPa™) is the slope of the VC at the
inflexion point. The xylem pressure inducing 88% of PLC (Pgg,
MPa) was calculated from the equation of Domec and Gartner
(2001):

Fes = ——= + Fo @)

Experimental design

In April 2010, we transplanted 30-50 cm high seedlings into
8 | cylindrical plastic containers filled with loam. All the seed-
lings used were 2-3 years old, with the exception of Q. ilex
seedlings, which were 4-5 years old. We arranged 275 plants
(55 per species) into a randomized complete block design
(5 blocks) in a greenhouse at the INRA Forest Research Station
(0°45'58.60, 44°44’18.6N, Cestas, France). The leaves of
each plant had fully expanded before the beginning of the
experiment. All plants were watered two or three times per
week, to keep soil water content at field capacity until the start
of the experimental drought period. Air temperature and rela-
tive humidity were monitored hourly with sensors (HOBO,
HO8-032-08, Onset, Cape Cod, MA, USA). Mean temperature
and relative humidity during the experiment (from May to
August) were 23 £ 6 °C and 65 £ 24%, respectively. Pesticides
were applied to prevent the development of diseases caused
by insects (aphids) or fungi (mildew, rust). The soil surface
was covered with plastic film to prevent evaporation.

After 2 weeks of acclimation in the greenhouse, two different
water regimes were applied. Five plants per species were
watered to keep the soil at field capacity (control plants),
whereas drought was induced by withholding irrigation for
50 plants per species (water-stressed plants). The drought
phase lasted until predawn leaf water potential could no longer
be measured due to leaf desiccation (no more leaves, complete
necrosis or withered leaves). The duration of this phase was
thus species-dependent, ranging from 43 days for P. tremula to
about 80 days for more water-stress-resistant species. The per-
centage of dead leaves was visually assessed on five plants per
species at each level of water stress. At the end of the experi-
ment, the three remaining water-stressed seedlings per species
were rewatered to check for mortality 1 year later.

Predawn water potential was monitored during the drought
phase, for the selection of five levels of increasing water stress
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per species. Ecophysiological variables were measured on five
water-stressed and one control plant per stress level and spe-
cies. Three of the five water-stressed plants were rewatered
until the soil was fully saturated. These plants (recovered plants)
were then watered daily to keep the soil at field capacity during
the recovery phase. During this period, the same ecophysiolog-
ical measurements were performed on the plants, at intervals of
1-4 days, depending on the recovery rate of the plants.

Ecophysiological measurements

For each species, plant water status, gas exchanges and total
plant water loss rate were assessed throughout the experiment
on water-stressed, control and recovered plants. Plants were
placed overnight in a dark room within the greenhouse. The
following morning, predawn leaf water potential (¥, MPa)
measurements were performed on one to three healthy leaves
per individual, with a Scholander pressure chamber (Precis
2000, Gradignan, France). The same seedlings were then
exposed to a standard controlled-light environment (created
with four high-energy gas-discharge lamps) for 90 min.
Photosynthetically active radiation (PAR), measured at mid-
plant level, reached 566 + 281 umol m= s~ on average.

For each plant, total plant water loss rate (W, mmol m== s)
was determined by gravimetric measurement, as follows:

1 Aw
Y 3)
L
where Aw/At (mmol s™) is the loss of water over a given time
interval (30—90 min) under controlled-light conditions, as mea-
sured with an electronic balance (PM34K, Mettler Toledo,
Columbus, OH, USA) and A, (m?) is the total plant leaf area.
Leaf size was measured on at least 15 seedlings per species,
with a leaf area meter (WinFolia 2007b, Regent Inst., Quebec,
Canada). For each species, we then determined A by multiply-
ing the mean leaf size for the species by the number of leaves.
Stomatal conductance (g,, mmol m= s7"), leaf transpiration
(E,, mmol m= s7") and CO, assimilation rate (A, umol m= s™)
were measured with a portable open system including an
infrared gas analyser (CIRAS 2, PPSystems, Amesbury, MA,
USA). Mean PAR was 1493 + 5 umol m= s~', CO, concentra-
tion was 391 + 15 ppm and vapor pressure deficit in the leaf
chamber was 1460 480 hPa during the experiment.
Immediately after gas exchange measurements, midday leaf
water potential (¥,,, MPa) was measured on one to three
leaves per plant, during the drought phase only.

Determination of the minimum recoverable water
potential

The minimum recoverable potential (¥,...,) was determined

as described by Brodribb and Cochard (2009) and Brodribb
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etal. (2010), for all five species, based on five ecophysiologi-
cal variables (predawn leaf water potential, total plant water
loss rate, leaf transpiration, stomatal conductance and CO,
assimilation rate). During the recovery phase, the time
required for each variable (‘{’p, W, E, g, and A) to reach 50%
of its maximum value (t;,) was calculated per water stress
level and species. The 50% maximum value of each variable
was calculated by dividing the 99th quantile of the distribu-
tion of each variable by 2 (on control, water-stressed and
recovered plants). For each species and variable, linear
regressions were fitted to the inverse of t;,, versus midday
water potential (proc GLM, SAS version 9.2, SAS Institute,
Cary, NC, USA). The minimum recoverable potential, corre-
sponding to the water potential inducing a failure of the stud-
ied variable to recover, was assessed by determining the
x-intercept of the linear regression. One-way analyses of
covariance were carried out to test the difference in slope of
linear regressions between minimum recoverable potentials
and Pgg or Pg, (proc GLM, SAS version 9.2, SAS Institute).

For each species and variable, predicted native embolism
(PLC,) was derived from the ¥, and VCs. Differences in
Wiecor P at the most severe level of water stress and PLC,
between species were tested using one-way analyses of vari-
ance and Tukey tests (proc GLM, SAS version 9.2, SAS
Institute).

100
80 1
60 1

(@)

40 1 Pt

20 { Ps=-2.36MPa
Pgy=-3.09MPa

Results
Cavitation resistance

All VCs for each of the species followed a sigmoid shape
(Figure 1). We found substantial differences in cavitation resis-
tance between species, with Pg, values ranging from
—2.36 MPa for P. tremula to —5.52 MPa for Q. ilex. Cavitation-
resistant species (with the lowest Pg, values) had the VCs with
the shallowest slopes (Figure 1), increasing the between-
species differences for Pgg, which ranged from —3.09 MPa for
P. tremula to —7.08 MPa for Q. ilex. For Q. petraea, VCs mea-
sured on the stem and root of two seedlings showed no differ-
ence with those obtained on mature trees (Figure 1c; no
difference of cavitation resistance between developmental
stages and organs).

Ecophysiological response to drought

Leaf death increased more rapidly for P. tremula and Q. robur
(<60 days) than for other species (>60 days) and reached
50% (F. sylvatica) to 100% (P. tremula and Q. robur) at the
most severe level of water stress (Figure 2). Predawn and mid-
day water potentials decreased in a similar manner during
drought for all species. Midday water potential (i.e., ¥,) dif-
fered significantly between species, ranging from —3.1 MPa for
P. tremula to —5.8 MPa for Q. ilex for the most severe level of

0 g
100 100
(b) (d)
80 1 r 80
s\: 60 I 60
Q I
R0 o re 40
20 { Pso=-2.83MPa Pgy=-3.48 MPa L 20
o Pgg=-3.41MPa R, Pg=-4.16MPa ‘. 0
100 100 =
(c) (e) &
80 1 [ 80
60 1 [ 60
40 1 Qp Qi I 40
20 { Ps=-3.46MPa Pjp=-5.52MPa L 20
Pg=-4.58 MPa Pgg=-7.08 MPa
0 s 0
-10 -8 -6 -4 -2 0 -10 -8 -6 -4 -2 0
Xylem pressure (MPa)

Figure 1. Percentage loss of hydraulic conductance (PLC) versus xylem pressure for each of the species studied. Vulnerability curves were
obtained with the CAVITRON technique on mature trees for P. tremula and F. sylvatica and correspond to one individual per species. The
air-dehydration method was used for the long vessel oak species (mature tree, closed circles; stem seedling, triangles; root seedling, diamonds).
(a) Pt, P. tremula; (b) Qr, Q. robur; (c) Fs, F. sylvatica; (d) Qp, Q. petraea; (e) Qi, Q. ilex.
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Figure 2. Changes in predawn (open circles) (‘¥,) and midday (closed circles) (‘¥;,) water potential, and percentage of leaf death (grey squares) over
time and with increasing drought duration: (a) Pt, P. tremula; (b) Qr, Q. robur; (c) Fs, F. sylvatica; (d) Qp, Q. petraea; (e) Qi, Q. ilex. Values of predawn
and midday water potentials are the mean values for at least five individuals per species and per level of water stress; the bars indicate the standard
error on the mean value. Photos illustrate leaf desiccation for two individuals of Q. robur at (f) 30 and (g) 64 days after withholding irrigation.

water stress (Figure 2, Table 1, analysis of variance (ANOVA),
F=4.07, P=0.0171). All the ecophysiological variables studied
responded strongly to drought, with a sharp decline, from O to
—2 MPa of predawn water potential. However, different pat-
terns were observed for the different species, with, for exam-
ple, an even more abrupt decline in W, g., E, and A for Q. robur
compared with Q. ilex (Figure 3).

Recovery from drought

The time required for each variable (‘\¥,, W, E,, g, and A) to reach
50% of its maximum value (t;,) depended strongly on the level

of water stress experienced by the plant, regardless of the spe-
cies considered. Individuals subjected to moderate water stress
(open circles in Figure 4) generally recovered overnight.
Recovery time after rewatering was no longer than 2 days in any
case. Plants that had experienced severe water stress (closed
circles in Figure 4) generally did not recover, but in all cases in
which recovery was observed, t,,, exceeded 2 days.

Minimum recoverable potential and cavitation resistance

The minimum recoverable potential—the potential associated
with a failure to recover—differed significantly between species
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Table 1. Values of minimum recoverable potential associated with predawn leaf water potential (\Preco_\yp, MPa), total plant water loss rate (‘*Feco
MPa), leaf transpiration (\I’recoj, MPa), stomatal conductance (¥, ; MPa) and CO, assimilation rate (¥, 4, MPa), minimum recoverable
potential averaged for the five ecophysiological variables studied (‘¥,..,, MPa), midday potential at the most severe level of water stress (‘¥,,, MPa)
and predicted (PLC,, %) native embolism, determined for each species. Mean values with the same letter between species are not significantly
different (o0 = 0.05).

P. tremula Q. robur Q. petraea F. sylvatica Q. ilex
\Ijrecog*‘p 338 -3.74 —4.24 —-4.67 -5.3
Wiecow -2.77 -39 -4.79 -3.49 -5.34
\Prec075 374 -4.21 —-4.59 —-4.52 —-6.78
\Preco_gs _3.48 -3.04 -4.62 -4.90 -5.82
Yo a -3.77 -2.88 -4.25 -4.48 -6.97
Yoo -343+0.18 a —-3.55+0.26 ab —-450+011 b —441+£0.24 b —-6.04+0.35c
¥, -3.10+0.24 a -545+101b -512+110 ab -3.21+0.78 ab —5.76 £ 0.00 ab
PLC, 9278 +£4.22 a 82.97+9.18 a 85.77+2.34 a 8740+ 234 a 63.39+9.27 a
@)
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Figure 3. Changes in total plant water loss rate (W), leaf transpiration (E,), stomatal conductance (g,) and CO, assimilation rate (A) with decreasing
predawn water potential during drought for two of the five species studied: we present one of the least drought-tolerant species, Q. robur
(left panel), and the most drought-tolerant species, Q. ilex (right panel). Each value corresponds to a single individual.

(Table 1, ANOVA, P < 0.0001), particularly for Q. ilex, which had Significant linear regressions between minimum recoverable

the most negative values for all the variables studied. During the water potential and cavitation resistance (P, or Pgg) were
experiment, all species except F. sylvatica experienced leaf water found for all variables (‘I’,ecoiq,p, Wieco wr Preco_gr Vreco_g, @nd
potentials close to their minimum recoverable potential, as dem- Yo 4 Figure 5, P<0.0003). The slopes of the regression
onstrated by the values of midday water potential measured at with Pgg were closer to 1 (deviation from 1 of 0.03 to 0.11,

the most severe level of water stress (Table 1). Table 2), whereas those obtained with Ps, deviated to a greater
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Quercus ilex
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Figure 4. An example of the recovery over time of predawn water potential (\¥,), total plant water loss rate (W), leaf transpiration (), stomatal
conductance (g,) and CO, assimilation rate (A) for moderate (open circles) and severe (closed circles) stresses, in rewatered plants of Q. robur
(left panel) and Q. ilex (right panel). Measurements of ecophysiological variables before and on the day of rewatering indicated the level of water
stress experienced by the plants. Dashed lines indicate 50% of the maximal value for ecophysiological variables.

extent from 1 (deviation from 1 of 0.13 to 0.25, Table 2).
Moreover, the estimated embolism rates reached at ‘P,ecof\{,p,
Yeco wr Wreco_£r Preco_g OF Wreco 4 averaged for all species,
were systematically >50% (82 + 10, 72+ 11, 93+3, 82+ 8
and 83 £ 8%, respectively) and close to 88%. Small differ-
ences in minimum recoverable potential were found between
ecophysiological variables (standard error between 0.11 for Q.
petraea and 0.35 for Q. ilex; Table 1). Moreover, we found no
difference in slope of linear regression according to the vari-
able used to estimate the minimum recovery potential for Pgg
(Figure 5, analysis of covariance (ANCOVA), F=1.51,
P =0.2347) or for Ps, (ANCOVA, F=1.32, P=0.2969).

The 1 : 1 relationship between Pgg and the overall minimum
recovery potential corresponding to recovery failure (estimated
from the mean of the five ecophysiological variables studied
per species) was highly significant (Table 2). The predicted

native embolism (PLC,) at the minimum recoverable potential
was >80% for all species other than Q. ilex (PLC,=63%;
Table 1).

Discussion

Our findings demonstrate that xylem cavitation clearly limits
the desiccation resistance of angiosperm trees and that the
minimum recoverable potential corresponds to the water stress
threshold associated with hydraulic failure at the plant level.
The five species studied here were exposed to severe drought
conditions and were unable to recover if their water potential
dropped below the pressure inducing 88% xylem embolism in
the stem. The use of several post-drought recovery variables to
estimate the severity of water stress renders our findings both
valid and reliable for estimating the global limit of desiccation
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Figure 5. Relationships between Pgg (left panel) or Ps, (right panel) and minimum recoverable water potential associated with predawn leaf
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and CO, assimilation raté (Preco_4) (e), for the five species studied. Estimated slopes for linear regression forced through the origin are shown

in Table 2.

Table 2. Slopes of the linear regression between cavitation traits (Ps
and Pgg) and the minimum recoverable potential associated with pre-
dawn leaf water potential (Wiec, w, ), total plant water loss rate (Weco_w),
leaf transpiration (\PyeCO_E‘, MPa), stomatal conductance (‘Preco_gs) and
CO, assimilation rate (W, 4), and minimum recoverable potential
averaged for the five ecophysiological variables studied (¥,..,, MPa)
and the P-values (P) for the slope estimates. The values given are for
regression lines forced through the origin.

Slope (Pso) P Slope (Pgg) P

0.0002 1.07 0.0003
‘Freco_‘l‘p 0.84
Woecow 0.87 0.0003 1.1 0.0003
. 0.95 .
\Precoj 075 <0.0001 <0.0001
0.0001 1.03 0.0002
Vew g, 082
Woecon 0.82 <0.0001 1.04 <0.0001
Y. 0.82 <0.0001 1.04 <0.0001

resistance. Furthermore, this threshold clearly differs from that
reported for conifer species (Pg).

Estimation of the minimum recoverable potential with
various post-drought recovery variables

Previous studies determined the potential associated with recov-
ery failure in trees from total plant water loss (Blackman et al.
2009, Brodribb and Cochard 2009, Brodribb et al. 2010) or leaf
photosynthesis (Resco et al. 2009), but no previous study has
ever used more than one variable to characterize a global limit for
desiccation resistance. We used several ecophysiological vari-
ables (predawn leaf water potential, plant water loss, leaf transpi-
ration, stomatal conductance and CO, assimilation rate) to
estimate the threshold of water stress leading to recovery failure.
The minimum recoverable potential obtained differed only slightly
between the five ecophysiological variables studied, indicating a
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failure of water potential, transpiration and photosynthesis to
recover at similar water stress thresholds. However, the overall
minimum recoverable water potential, corresponding to a global
dysfunction at the plant level, differed considerably between spe-
cies and values were ranked in the same order as for cavitation
resistance (P. tremula and Q. robur being the least resistant spe-
cies and Q. ilex the most resistant species; see Table 1).

Such global dysfunction always leads to plant death in coni-
fer species (Brodribb and Cochard 2009) but does not always
result in death in angiosperm species (Blackman et al. 2009).
Indeed, in our experiment, two out of the three remaining indi-
viduals of P. tremula and Q. robur that experienced water
potentials close to their species minimum recoverable potential
and displayed total leaf mortality (100% of leaf death at the
most severe level of water stress) did not die and resprouted
the following year. Some angiosperm species can resprout or
refill an embolism after partial or complete leaf desiccation.
This is typically the case in the genus Populus, for instance, in
which leaves are shed to avoid water stress, with resprouting
occurring after drought (Lu et al. 2010).

Relationship between drought resistance and cavitation
resistance

The overall minimum potential associated with the failure of
ecophysiological processes to recover was highly correlated
with stem cavitation resistance. Moreover, we found that the
minimum recoverable potential was always much lower (more
negative) than Ps,, providing evidence that hydraulic failure
occurred at a threshold well beyond 50% stem embolism (Ps).
Indeed, the minimum potential leading to hydraulic failure was
much closer to the pressure inducing 88% embolism in the
stem (Pgg), for all the ecophysiological variables (‘¥,, W, £, g,
and A). The values of measured and estimated native embolism
(PLC,) related to recovery failure were well beyond 50% and
close to 88% in four of the five species studied. The high stem
embolism values found here for angiosperm species are consis-
tent with results from previous studies showing a progressive
loss of leaves (fallen, necrotic or wilted leaves) for very high
values of stem embolism (50-90% for Quercus coccifera L. and
90— 100% for Pistacia lentiscus L. (Vilagrosa et al. 2003)). In
tropical seedlings native to Panama, severely wilted stages
were reached when ~80% of stem conductivity was lost (Tyree
et al. 2002, 2003, Kursar et al. 2009). Complete leaf mortality
occurred at ~90% stem embolism for Populus tremuloides
Michx. (Lu et al. 2010) and 85% PLC for Tamarix ramosissima
Ledeb. (Ayup et al. 2012). Thus, our results indicate that the
water potential leading to irrevocable drought damage is asso-
ciated with massive xylem dysfunction in the stem, whereas
near-complete leaf embolism does not lead to death (Blackman
et al. 2009). Therefore, as in conifers (Brodribb et al. 2010),
stem vulnerability seems to be more informative about the sur-
vival limits of angiosperms than leaf hydraulics.
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Although the VCs have been obtained on mature trees, the
Pso and Pgg values estimated here seem very representative
for a given species. Indeed, we did not find any differences of
cavitation resistance between developmental stages in
Q. petraea and previous studies reported similar results
between seedlings and mature trees for three oak species (see
Cochard et al. 1992, Higgs and Wood 1995) and for F. sylvat-
ica (Cochard et al. 1999). Rice et al. (2004) also found similar
vulnerability to cavitation between seedlings and adult trees for
Corymbia erythrophloia (Blakely) K.D. Hill and L.A.S. Johnson
but slight differences for a Eucalyptus species. This apparent
lack of variation as trees get older might likely be due to strong
genetic constraints (canalization) as evidenced for cavitation
resistance (Lamy et al. 2011).

The threshold (Pgg) for recovery failure in angiosperms is
more negative than that reported for conifers: Brodribb and
Cochard (2009) and Brodribb et al. (2010) showed a signifi-
cant 1: 1 relationship between lethal water potential, defined
as the potential associated with recovery failure, and Psg, in
seven conifer species native to Australia. The observed differ-
ences of threshold between angiosperm and conifer trees may
reflect the greater ability of vessel-bearing species to repair
embolism, as reported in F. sylvatica (Holbrook and Zwieniecki
1999, Cochard et al. 2001, Bucci et al. 2003, Salleo et al.
2004), and, therefore, to cope with higher levels of embolism.
In conifers, refilling of stem embolism has also been observed
(Edwards et al. 1994, Sobrado et al. 1992, McCulloh et al.
2011) but embolism repair mostly occurred in distal organs
(leaves and roots) for this taxa (Johnson et al. 2012). Moreover,
the dynamics of gas exchange recovery in these species
matches the rate of hydraulic repair due to xylem regrowth
(Brodribb et al. 2010). The replacement of xylem tissues in
conifer trees can lead to the recovery of 15-20% of lost
hydraulic function per month, whereas, in angiosperm trees
such as ring-porous oak species, the building of a new tree
ring, which becomes the sole functioning tree ring, allows the
recovery of 100% hydraulic conductance. For these species,
the cost of the loss of a functional tree ring, due to drought, at
the end of the summer is small, because that ring would have
become non-functional in the following winter anyway.

Choat et al. (2012) recently showed that 42% of angiosperms
traversed the Pg, safety margin (difference between the mini-
mum xylem pressure a stem experiences during a season and
the pressure inducing 50% loss of hydraulic conductance,
[W,, — Psol), confirming that Ps, was not the point of hydraulic
failure in angiosperms. Where a measure of the threshold of
mortality is the desired metric, we here demonstrated that a
more conservative safety margin calculated as [\, — Pgg] would
seem much more meaningful. The Pgg safety margin of angio-
sperms showed a similar convergence of vulnerability across for-
est biomes, but angiosperms have a lower safety margin than
conifer species (Choat et al. 2012). The fact that conifers
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maintain much higher safety margins than angiosperms might
be simply due to the lower stem embolism threshold associated
with recovery failure. However, Johnson et al. (2012) suggested
that the lower safety margin of angiosperms compared with that
of conifers could be related to higher levels of xylem paren-
chyma and non-structural carbohydrate concentrations in their
stems, both of which may be required for embolism repair
(Zwieniecki and Holbrook 2009, Nardini et al. 2011).

Conclusion

Knowing the thresholds at which tree mortality occurs is of
critical importance to making predictions of mortality across
biomes. In contrast to what has been reported for conifers, a
50% loss of stem conductivity does not lead to plant death in
angiosperm trees. Indeed, the stem embolism threshold asso-
ciated with irrevocable drought damage in angiosperms is well
beyond this limit and close to an 88% loss of stem conductiv-
ity. These findings are essential to understand how community
structure will change in response to increased aridity and
should be integrated in dynamic global vegetation models to
predict with more accuracy shifts in species distribution.
Nevertheless, nanotomography observations in planta are
required to check this threshold of global hydraulic dysfunction
and the potential occurrence of refilling under tension
(Brodersen et al. 2010, Pittermann et al. 2012).
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