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Abstract. Drought-tolerance selection is a current challenge for breeding programs to
ensure agrosystem resilience, particularly with intensity and frequency of drought
increasing worldwide. In tree species, xylem vulnerability to cavitation is among themost
important traits on which drought-induced mortality depends. It can be rapidly
evaluated, enabling large-scale screening for drought resistance. Genetic variability
and phenotypic plasticity for this trait have been studied in natural populations, but not
yet for cultivated tree species. In this work, the genetic variability in xylem vulnerability
to cavitation of six Persian walnuts (Juglans regia L.), six hybrid walnuts (J. regia 3
Juglans nigra), and seven walnut species was investigated. In the first step, the method for
measuring xylem vulnerability to cavitation using the ‘‘Cavitron’’ centrifuge technique
was improved on walnut samples to obtain more accurate results. The Cavitron
technique was found well suited to assessing xylem vulnerability to cavitation on this
species using a 0.38 m rotor, which is large enough to analyze samples with intact vessels.
Despite differences in wood anatomical traits, xylem vulnerability to cavitation among
the Persian walnuts studied was similar. Very narrow variations in xylem vulnerability to
cavitation were also found among hybrid walnuts. Only slight differences were observed
on comparing species among which some have shown differences in various traits. These
results suggest uniform selection, leading to canalization in cavitation resistance for
cultivated Juglans.

Water resource management in agricul-
ture, the largest user of this resource, is of
growing importance, especially as it is pre-
dicted that droughts will be more frequent
and severer. In this context, selection for
drought-tolerant crops, particularly peren-
nials, is a major challenge to ensure crop
productivity. According to the cohesion-
tension theory, sap flows from root to shoot
in vascular plants through xylem conduits
under negative pressure (Dixon and Joly,
1894). This negative pressure makes the
liquid sap metastable, with a risk of vapor-
ization by cavitation inside conduits, which
increase considerably in plants during
drought. Cavitation causes a conduit to be-
come air-filled or embolized and unable to

transport water (Tyree and Sperry, 1989;
Zimmermann, 1983). Several studies have
shown that xerophilous species have higher
resistance to xylem cavitation than hygroph-
ilous ones (Choat et al., 2012; Larter et al.,
2017; Maherali et al., 2004). Vulnerability to
cavitation is thus considered as a critical trait
for drought tolerance of woody species
(Choat et al., 2012).

Vulnerability to cavitation is an intrinsic
property of the conductive elements of the
xylem (Cochard, 2006) and can be tested
without subjecting the plant material to a long
period of drought. This trait varies at the
intraspecific level in many forest tree species
(Corcuera et al., 2011; Guet et al., 2015;
Herbette et al., 2010) according to genetic
differences (Cochard et al., 2007; Guet et al.,
2015; Wortemann et al., 2011), phenotypic
plasticity, or both (Awad et al., 2010; Cor-
cuera et al., 2011; Herbette et al., 2010;
Sancho-Knapik et al., 2014). The trait may
thus offer a useful criterion for screening
genotypes for drought tolerance. For forest
trees, the genetic diversity has mainly been

found within populations (Hajek et al., 2016;
Lamy et al., 2011; Wortemann et al., 2011)
with few differences between populations,
indicating that this trait is genetically cana-
lized in natural populations (Lamy et al.,
2011, 2014). The genetic variability for
vulnerability to cavitation needs also to be
tested on cultivated fruit trees. Such fruit
trees have been subjected to different selec-
tion pressures from natural populations, and
they are not subject to natural selection
pressures that could reduce the variability.
In addition, the effect of the selection on
vulnerability to cavitation is unclear as there
are contrasting data on the relationship
between yield traits and vulnerability to
cavitation (Cochard et al., 2007; Guet
et al., 2015; Lamy et al., 2011).

Walnut species (Juglans spp.) are eco-
nomically important. The most important are
the Persian walnut (J. regia L.) and the
eastern black walnut (J. nigra L.), which
are cultivated for nut and wood production
in the United States, Europe, and Asia. The
important cultivation areas are located in
Mediterranean, semiarid, and arid regions
(Alet�a et al., 2009; Vahdati et al., 2009).
They are considered as marginal production
areas for this species because of low water
availability. To date, few studies have been
carried out to investigate genetic and pheno-
typic variability in physiological responses of
this genus to environmental factors, specifi-
cally to the responses of drought stress in the
context of climate change (Crystal and
Jacobs, 2014; Gauthier and Jacobs, 2011).

Walnut is a drought-avoidant species
(Lucier and Hinckley, 1982). It displays
several desiccation-avoidance mechanisms,
such as deep root system (Pallardy and
Rhoads, 1993), stomatal sensitivity to rela-
tive humidity (Cochard et al., 2002), and
drought-induced leaf abscission (Tyree
et al., 1993). These traits help prevent exten-
sive cavitation developing during water
stress. Previous studies have pointed out the
differences in water use efficiency or drought
response for germination and growth be-
tween Persian walnut genotypes. These stud-
ies suggested a difference in drought
responses among the genotypes (Alet�a
et al., 2009; Vahdati et al., 2009). However,
little is known about genetic variability for
drought tolerance traits, particularly for vul-
nerability to cavitation.

In this study, we assessed the genetic
diversity of vulnerability to cavitation in
Juglans spp. First, we tested several methods
for measuring vulnerability to cavitation for
improving the accuracy of vulnerability
curves (VCs) in this tree species. We then
investigated this trait in six cultivars of J.
regia, six hybrids of J. regia · J. nigra, and
seven species in relation with xylem struc-
tural traits. We hypothesized that the varia-
tion in vulnerability to cavitation would be
much higher in the species and the hybrids
than in the commercial cultivars, as the
genetic variability is higher among species,
and could be enhanced by interspecific cross-
ing (Cochard et al., 2008).
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Materials and Methods

Plant materials. The measurements were
conducted on walnut trees 18–23 years old,
grown outdoors at the INRA (Institut Na-
tional de Recherche Agronomique) Crou€el
site, Clermont-Ferrand in south-central France
(lat. 45�46#27$N, long. 3�8#36$E; altitude
338 m). Forty-eight individual trees were
selected from six cultivars: Chandler (Ch, 4
individuals), Fernette (Ft, 3), Fernor (Fo, 4),
Franquette (Fq, 17), Lara (La, 15), and Serr
(Se, 4). The selected trees were in the same
area, had the same south orientation, and
had similar height aboveground level. The
trees were neither irrigated, nor fertilized,
nor treated. Seventeen branch samples were
randomly harvested from the 48 trees to test
the analytical technique using Cavitron on
4 Oct. 2011. Three to six branches were later
collected from each tree studied to investigate
the level of vulnerability to cavitation among
these cultivars on 8 Nov. 2011. Selected
branches were current year, mature, from
the sun-exposed part of the canopy, and at
least 0.45 m in length. Branches were imme-
diately defoliated, wrapped in moist paper,
and placed in plastic bags to avoid dehydra-
tion. The branches were cold-stored (4 �C) for
not more than 30 d before analysis of their
xylem vulnerability to cavitation. We pre-
viously demonstrated that autumn sampling
was well suited tomeasuring this trait and that
samples could be stored for several weeks
before measurements (Herbette et al., 2010).

In addition, 20 branches were randomly
harvested from these trees following the
same protocols, for the measurement of
native embolism. These harvested branches
were placed in moist black plastic bags and
brought immediately to the laboratory for
analysis. Comparison for vulnerability to
cavitation between walnut hybrids was con-
ducted on six wood-oriented hybrid walnuts
(J. regia · J. nigra): F1, F2, H3, J3, N1, and
N3, grown on the same site. Branches 0.60–
1.00 m long were collected on 12 Nov.
2013. For each hybrid, current year
branches (n = 8–10) were collected from
sunlight-exposed parts of two individual
trees. The sampling was carried out as
described previously.

Comparison for vulnerability to cavitation
among walnut species was conducted on
trees 28–30 years old grown outdoors at the
INRA Toulenne site in southwestern France
(lat. 44�43#36$N, long. 0�16#43$E). Fifty-
nine branches 0.60–1.00 m long were col-
lected from seven walnut species: Juglans
cinerea, Juglans hindsii, Juglans mandshur-
ica, J. nigra, J. regia, Juglans microcarpa,
and Juglans ailantifolia. For each species,
current year branches (n = 4–16) were col-
lected from sunlight-exposed parts of three to
seven individual trees. The sampling was
carried out as described previously.

Native embolism. Native embolism was
measured on branches of both Persian (n = 15),
the hybrid (n = 12) and the species (n = 26) of
walnut, using Xyl’EM and following the pro-
cedure described by Cruiziat et al. (2002). This

prerequisite was proposed and explained by
Awad et al. (2010). Briefly, a high level of
native embolism can underestimate the vul-
nerability to cavitation measured using the
Cavitron. It is, thus, necessary to control the
native embolism of samples before analyzing
vulnerability to cavitation. A segment 0.1 m
long was cut under water from the center of
the collected branch, and its proximal end
was then attached to the hydraulic apparatus.
Initial hydraulic conductance (Ki) was mea-
sured under low pressure (6–9 kPa) using
a perfused solution of 10 mM KCl and 1 mM

CaCl2. The segments were perfused with the
same solution at 0.15 MPa to remove embo-
lism, and the maximum hydraulic conduc-
tance (Kmax) was determined under low
pressure. The percent loss of xylem conduc-
tivity (PLC) was calculated as follows:

PLC = 100 · 1 – Ki=Kmaxð Þ: [1]

Estimation of the maximal vessel length.
Cut-open vessels on samples are more sensi-
tive to cavitation than intact ones. They yield
abnormal r-shape VC when measuring xylem
vulnerability to cavitation using the Cavitron
(Cochard et al., 2010). Before the branch
segments underwent measurement of xylem
vulnerability to cavitation in this technique,
they were checked for the presence of open
vessels using the air infiltration technique
(Ewers and Fisher, 1989; Zimmermann and
Jeje, 1981). After branches were cut in the air
to obtain the desired length (0.28 and 0.38 m
long), they were successively infiltrated with
compressed air (0.10 MPa) at one end,
whereas the other end was submerged in
water. Air bubbles were observed when
vessels were cut open.

Xylem vulnerability to cavitation. Xylem
vulnerability to cavitation was measured
by the Cavitron method (Cochard, 2002;
Cochard et al., 2005). The principle of this
technique is to use centrifugal force to in-
crease the tension in the water columns while
measuring the decrease in hydraulic conduc-
tance. The branches were prepared by peeling
off bark at both the ends and cutting in the air
to obtain a fixed length. We first used
branches 0.28 and 0.38 m long from Persian
walnuts to test the effect of the sample length
on the measurements. These lengths are
imposed by the diameters of the rotors used.
The following measurements were then all
performed on segments 0.38 m long. We also
tested the effect of the water flow direction on
the measurements (sense and antisense
flows). In the spinning Cavitron, water ran
from an upstream reservoir to the down-
stream part (Cochard, 2002). The flow di-
rection was controlled by the relative position
of the reservoirs at the sample ends. The flow
from the proximal to the distal end of the
sample is the sense flow and the flow from the
distal to the proximal end is the antisense
flow. Xylem pressure (P) was first set to
a reference pressure (–0.75 MPa) and Kmax

was determined. The xylem pressure was
then set to more negative pressure and the
new sample conductance (Ki) was determined.

The procedure was repeated for more negative
pressures (with –0.25 or –0.50 MPa incre-
ments) until the PLC reached at least 90%.
The PLC of the stemwas computed according
to Eq. [1]. After measurement, the samples
were stored at –30 �C for further analysis on
wood anatomy. The VC was later constructed
by plotting PLC vs. xylem water tension. For
each curve, the raw data were fitted using the
sigmoid function (Pammenter and Van der
Willigen, 1998):

PLC = 100
.

1 + e s= 25 P – P50ð Þð Þð Þ
� �

[2]

where P50 (MPa) is the pressure causing 50%
loss of xylem conductivity and s is the slope
of VC. The xylem water potential causing
12% and 88% loss of xylem conductivity (P12

and P88, respectively) were calculated from
Eqs. [3] and [4]:

P12 = P50 + 50=s [3]

P88 = P50 – 50=s [4]

where P12 is considered as the ‘‘air entry
point’’ where the embolism begins (Sparks
and Black, 1999) and P88 is the ‘‘full embo-
lism point’’; the tension before the xylem
becomes totally nonconductive (Domec and
Gartner, 2001).

Wood anatomical traits.Wood infradensity
(WD, g·cm–3) was measured in two segments
from the proximal part of each sample used for
xylem vulnerability analysis. WD was deter-
mined by the following equation:

WD = M0=Vs [5]

where Vs is the fresh volume (cm3) andM0 is
the dry mass (g).

Fresh volumes of segments 3-cm long
were measured by water displacement on an
analytical balance. To measure the fresh vol-
ume as accurately as possible, the sample
segments were previously fully hydrated by
placing them in deionizedwater under vacuum.
Samples were then dried in a kiln at 70 �C for
two days, and their dry weights weremeasured.

For wood anatomy analyses, cross sec-
tions of the midpart of the samples were
prepared and dyed with Safranin. They were
examined under an optical microscope (·20),
and images were recorded using a digital
camera (AxioCam HR, Zeiss, J�ena, Germany).
The wood anatomy was determined by image
analysis using ImageJ software (Rabsand,
1997–2009). The vessels were isolated by
automatic segmentation, and their diameters
(mm), density (number/mm2), and lumen ves-
sel areas (Av, %) were then measured.

Statistics.Analysis of variance (ANOVA)
was applied to test the effects of the following
parameters on vulnerability to cavitation:
length of branch segments, direction of water
flows, and walnut cultivars, hybrids, and
species. When significant differences were
found, Duncan’s multiple range test with P <
0.05 was applied. These statistical analyses,
together with the calculation of the coeffi-
cient of determination (R2), were carried out
using XLSTAT software.
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Results

Methodological analysis on themeasurement
of vulnerability to cavitation. The VCs with
segments 0.28 and 0.38 m long displayed slight
differences in shape, and their mean P50 values
were significantly different (P < 0.05) with
values of –1.65 MPa (SE ± 0.03) and –1.99
MPa (SE ± 0.04), respectively (Fig. 1A). Air
bubbles were observed on some branch seg-
ments 0.28 m long, but none was observed on
those 0.38 m long, on infiltrating them with air.
These results indicated that the maximum vessel
length of the walnut cultivars studied lay be-
tween 0.28 and 0.38 m. The tested water flow
directions through the spinning sample on the
Cavitron (Fig. 1B) gave sigmoidal VCs for both
sense and antisense flows and showed no signif-
icant difference in P50 (–1.99 and –2.02 MPa,
respectively). However, the data set on the
antisense flow fitted the logistic line better than
the data set on the sense flow. The coefficients of
determination (R2) for sense and antisense flows
were 0.979 and 0.994, respectively. We, thus,
continued the analyses with samples 0.38m long
and antisense flow.

Xylem vulnerability to cavitation on
Persian, hybrids and species walnuts. The
native embolism measured on Persian wal-
nuts ranged from 22.71% to 38.41%
(�x = 30:70%± 5:82%), whereas on the hy-
brids, it ranged from 13.80% to 27.14% (�x =
19:09%± 7:08%). Between species, it ranged
from 12.40 to 25.01 (�x = 16:22%±8:0%); it
showed no significant differences between
mean values in native embolism (P < 0.05).
This test was a prerequisite to avoid the effect
of the native embolism on the vulnerability to
cavitation measured with Cavitron.

The VCs are shown in Fig. 2A for six
Persian walnut cultivars, Fig. 2B for six
hybrid walnuts, and Fig. 2C for seven walnut
species. Vulnerability to cavitation parame-
ters (P12, P50, P88, and s) obtained for the
cultivars, hybrids, and species are presented in
Table 1. Both the VCs andP50 values were not
significantly different among the Persian wal-
nut cultivars, mean P50 ranging from –1.93 to
–1.98 MPa. According to the ANOVA anal-
ysis, most of the variability was observed
within the cultivar (97.52%), whereas only
2.48% was the effect of the cultivars. Weak
but significant differences were found for P12

and P88 between the cultivars. No significant
differences were found for the xylem vulner-
ability to cavitation parameters (P > 0.05)
among the hybrid walnuts and among the
species. For hybrids, P50 values ranged from
–2.05 to –2.23 MPa; the variation was mostly
observed within the hybrids (78.35%). For
species, P50 values ranged from –1.89 to
–2.16 MPa, and most of the variation was
found within the species (83.15%).

Wood anatomical traits.Means ofWD for
the six Persian walnut cultivars studied var-
ied from 0.39 to 0.45 g·cm–3 with significant
differences (P < 0.05) between Se and the
following cultivars: Fo, Fq, Ft, and La,
whereas it was similar to Ch (Table 2). The
statistical analysis indicated no significant
difference (P > 0.05) between the six culti-
vars for the mean values of D and vessel
density (VD). However, a significant differ-
ence (P < 0.05) was found for Av (Table 2)
between the cultivars Ch and Se showing the
highest Av and the cultivar Ft showing the
lowest Av. Significant differences (P < 0.05)
were observed between some species for VD
and Av but not for D.

Discussion

The investigation of genetic variability in
xylem vulnerability to cavitation is of interest
in breeding for drought tolerance. For the
Persian walnut, the importance of exploring
this trait is highlighted by the location of the
primary production of the crop in drought-
prone areas. Operational traits are needed to
help breeders select for more suitable geno-
types/cultivars that will survive in unfavorably
dry conditions with reduced irrigation inputs
in the future. Here, we first improved the
measurement of this trait in walnut and went
on to find that there were no differences
between the commercial walnut cultivars ex-
amined or between the walnut species.

Methodological analysis on the
measurement of vulnerability to cavitation.
The ‘‘Cavitron’’ centrifugal technique
(Cochard, 2002; Cochard et al., 2005) is an
effective, rapid method for large-scale in-
vestigation of xylem vulnerability to cavita-
tion (Cochard et al., 2016; Corcuera et al.,
2011; Lamy et al., 2011; Wortemann et al.,
2011) and could thus be used for competent
screening of candidate genotypes for breed-
ing. However, during the recent development
of this technique, several methodological
flaws have reportedly been introduced
(Cochard et al., 2010; Delzon and Cochard,
2014; Torres-Ruiz et al., 2015, 2017;
Wheeler et al., 2013). Although it is not the
main aim of this study, we have addressed
these methodological issues to ensure accu-
rate measurement of the trait and reduce
technical variability. The Cavitron technique
can be applied only to samples with conduits
shorter than the sample length. Conduits
longer than the sample length generate amea-
surement artifact and an abnormal shape of
the VC (Cochard et al., 2010; Martin-St Paul
et al., 2014). From the results of methodo-
logical analyses, we recommend using seg-
ments 0.38 m long and working with the
antisense flow direction to build the VC of the
walnut tree. Both a longer segment and an
antisense flow reduce the proportion of cut-
open vessels, which are more sensitive to
cavitation than the intact vessels and yield an
abnormal VC. In the sensed flow, there are
lateral flows due to the cut of leaves and
branches along the samples. These lateral
flows depend more on the cut-open vessels,
which are rapidly filled with air during the
measurement. This would explain the greater
variation in the measurement of vulnerability
to cavitation, resulting in a poorer fit to
logistic line data compared with data ob-
tained with the antisense flow (Fig. 1).

Native embolism can lead to an underes-
timation of the xylem vulnerability to cavi-
tation when only a few conduits are still
functional during the measurements (usually
the conduits most resistant to cavitation). The
rather low native embolism we measured
here ensured that xylems of the samples were
not greatly embolized by previous drought or
frozen stresses. This indicates that, avoiding
any bias, xylem vulnerability to cavitation
was measured on a large proportion of the
functional conduits.

The P50 values obtained in this study
(mean P50 = –1.97, –2.16, and –1.99 MPa
for Persian, hybrid, and species walnut, re-
spectively) were in line with the previous
results obtained from walnut trees (Cochard
et al., 2002; Knipfer et al., 2015; Tyree et al.,
1993) with different analytical techniques.

Comparison for vulnerability to cavitation
between walnut tree accessions. Finding sim-
ilar xylem vulnerability to cavitation for the
six cultivars of Persian walnuts is rather
surprising. Differences in the drought resis-
tance traits were observed from previous
studies between the cultivars; for example,
differences in d13C were found between 22
Persian walnuts from the different regions of

Fig. 1. Effect of the sample size (A) and the water
flow direction (B) on the xylem vulnerability to
cavitation of walnut branches. Vulnerability
curves (VCs) show the mean percentage loss
of xylem conductivity (PLC, %) plotted vs. the
xylemwater potential. Lines are logistic fitted to
the data and error bars are SE (n = 3–6). (A)
Xylem vulnerability to cavitation was measured
on segments 28-cm long (n) and on segments
38-cm long (h). (B) Xylem VCs obtained when
water flows from the proximal to the distal part
of the sample (d, sense flow) or from the distal
to the proximal part of the sample (s, antisense
flow). Normal sigmoidal curves were obtained
from both senses of water flow; however, the
antisense flow gave data that fitted better to the
logistic line (R2 = 0.979 and 0.994 for sense and
antisense flows, respectively).
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provenance, indicating a variation inwater use
efficiency (Alt�a et al., 2009). The cultivars
from the drought-prone provenance regions
were found to be more efficient in water use.
Difference in drought tolerance was also
found between the cultivar we studied here,

and this drought tolerance was associated with
soluble sugars, proline contents, and antioxi-
dant enzyme activities (Lofti et al., 2010a,
2010b, 2010c). Despite the significant differ-
ences found for some of the wood anatomy
traits between the cultivars of Persian walnut,

the values were remarkably close. These re-
sults may contribute to the similar vulnerability
to cavitation found among the Persian walnuts
and the hybrids found in this study, previous
studies having demonstrated a correlation be-
tween vulnerability to cavitation and wood
anatomy traits (Guet et al., 2015; Hacke
et al., 2001; Lens et al., 2011).

Given the lack of difference between
these Persian walnut cultivars, we investi-
gated the vulnerability to cavitation of J.
regia · J. nigra hybrids to enhance the range
of genetic diversity, and then between the
different Juglans species. We expected to
find a genetic variability at the higher taxo-
nomic ranks. High vulnerability to cavitation
was found when comparing Prunus species
(Cochard et al., 2008). A review of the
hydraulic traits in conifers also reveals dif-
ferences between species from the same
genus, although it is weaker in some genera
such as Pinus (Bouche et al., 2014; Larter
et al., 2017; Martínez-Vilalta et al., 2004).
However, we found a similar vulnerability to
cavitation among the hybrid walnuts studied,
as well as between the seven species studied
among the whole thirteen. This study is the
first comparison of vulnerability to cavitation
for several walnut species, showing that there
is no difference between species in the
Juglans genus. Yet, the seven species in our
experimental orchard represent a large part of
the Juglans diversity, encompassing the four
Juglans sections (Stanford et al., 2000):
Cardiocaryon (J. mandshurica, J. ailantifo-
lia), Dioscaryon (J. regia), Rhysocaryon (J.
nigra, J. microcarpa, J. hindsii), and Trachy-
caryon (J. cinerea). These similar cavitation
resistances, despite the large variations re-
ported for other traits, suggest a ‘‘uniform
selection’’ on this trait within Juglans. Such
uniform selection for this trait has been

Table 1. Parameters of xylem vulnerability to cavitation in walnut cultivars, hybrids, and species.

Level of comparison Cultivars/hybrids/species P12 (MPa) P50 (MPa) P88 (MPa) s (%/MPa)

Juglans regia Chandler –1.29 (0.04) a –1.95 (0.03) –2.61 (0.04) ab 78.04 (3.77)
Fernor –1.25 (0.04) a –1.94 (0.03) –2.62 (0.03) ab 73.98 (2.57)
Franquette –1.40 (0.02) b –1.98 (0.01) –2.56 (0.02) a 89.46 (2.20)
Fernette –1.33 (0.04) ab –1.96 (0.02) –2.58 (0.03) ab 81.68 (3.81)
Lara –1.29 (0.02) a –1.97 (0.02) –2.65 (0.03) b 76.14 (2.29)
Serr –1.34 (0.03) ab –1.93 (0.02) –2.52 (0.04) a 88.84 (4.65)
Mean L1.34 (0.01) L1.97 (0.01) L2.59 (0.01) 83.41 (1.37)

J. regia · Juglans nigra F1 –1.34 (0.07) –2.07 (0.04) –2.80 (0.03) 68.77 (3.51)
F2 –1.84 (0.08) –2.23 (0.06) –2.62 (0.10) 143.38 (32.41)
H3 –1.35 (0.19) –2.05 (0.08) –2.75 (0.23) 88.46 (22.99)
J3 –1.58 (0.11) –2.20 (0.08) –2.82 (0.07) 82.02 (6.28)
N1 –1.81 (0.27) –2.20 (0.13) –2.59 (0.02) 230.24 (114.54)
N3 –1.84 (0.16) –2.23 (0.08) –2.62 (0.06) 149.31 (2.95)
Mean L1.63 (0.07) L2.16 (0.03) L2.70 (0.04) 127.03 (21.81)

Juglans sp. Juglans cinerea –1.36 (0.07) –1.89 (0.07) –2.43 (0.12) 121.59 (19.85)
Juglans hindsii –1.78 (0.11) –2.16 (0.02) –2.54 (0.09) 398.81 (263.78)
Juglans Mandshurica –1.58 (0.24) –1.99 (0.02) –2.40 (0.21) 177.36 (98.30)
J. nigra –1.56 (0.08) –2.04 (0.05) –2.52 (0.09) 214.95 (63.12)
J. regia –1.45 (0.12) –2.00 (0.03) –2.55 (0.13) 106.70 (24.57)
Juglans microcarpa –1.62 (0.18) –1.99 (0.14) –2.35 (0.17) 177.18 (41.11)
Juglans ailantifolia –1.55 (0.08) –1.91 (0.06) –2.26 (0.08) 181.07 (25.56)
Mean L1.54 (0.04) L1.99 (0.03) L2.44 (0.05) 195.54 (36.77)

Xylem pressure causing 12%, 50%, and 88% loss of xylem hydraulic conductivity (P12, P50, and P88) and the slope of the VC(s) were calculated from the curves of
vulnerability to cavitation in six cultivars of J. regia, in six hybrids of J. regia · J. nigra and in seven Juglans species. Values represent means with SE in the brackets,
n = 4 for each hybrid while n$ 10 for each J. regia cultivars and n$ 4 for each walnut species. Means were compared between J. regia cultivars, between hybrids,
and between species. Values with different letters are significantly different at P < 0.05 (Duncan’s multiple range test). Bold values were means for cultivars,
hybrids and species, respectively.

Fig. 2. Xylem vulnerability to cavitation of Persian walnut cultivars (A), hybrids (B), and species (C).
Vulnerability curves (VCs) show the percentage loss of xylem conductivity (PLC, %) plotted vs. the
xylem water potential. Measurements were conducted on (A) six cultivars of Juglans regia: Chandler
(Ch, n = 15), Fernette (Ft, n = 13), Fernor (Fo, n = 10), Franquette (Fq, n = 67), Lara (La, n = 42), and
Serr (Se, n = 18), (B) six hybrids of J. regia · Juglans nigra: F1, F2, H3, J3, N1, and N3 (n = 4), and (C)
seven Juglans species: Juglans cinerea (n = 12), Juglans Hindsii (n = 6), Juglans mandshurica (n = 4),
J. nigra (n = 16), J. regia (n = 4), Juglans microcarpa (n = 5), and Juglans ailantifolia (n = 12). Dots are
mean values with fitted logistic lines and bars are SE.
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demonstrated in natural populations of Pinus
pinaster (Lamy et al., 2011, 2014). To vali-
date this finding for the walnut trees, further
molecular analyses will be needed to quantify
the neutral genetic diversity. In summary,
these results suggest that vulnerability to
cavitation does not vary in a branch of wal-
nut and that differences in the drought resis-
tance derive instead from drought-avoidance
traits. Segmentation in xylem vulnerability
to cavitation between the branch and peti-
ole was reported in the walnut tree (Tyree
et al., 1993), and a variation in the cavita-
tion resistance of petiole could, thus, be
expected for petiole in the walnut cultivars.
Supporting this, differences in vulnerability
to cavitation in the petiole were observed
between Hevea brasiliensis clones, whereas
there was no difference between their stems
(Jinagool et al., 2015); this can be inter-
preted as a difference in drought avoidance
between clones.

What use can be made of vulnerability to
cavitation in screening for drought resistance
in walnut? The lack of variation in vulnera-
bility to cavitation in the Persian walnut
accessions hampers its use in breeding pro-
grams. Similarly, the unexpected low varia-
tion for this trait between the species, and to
a lesser extent between the hybrids, decreases
the chance of improving this trait using scion/
rootstock combination. Some Juglans spe-
cies play an important role as rootstocks
for commercial Persian walnut orchards
(McGranahan and Leslie, 1991). Conversely,
it would be possible to carry out a selection
program for other traits of interest, including
other drought-related traits, without unfavor-
able effects on the xylem vulnerability to
cavitation. Differences between the cultivars
and the hybrids are known for various traits,
such as date of budbreak, chilling, and heat
requirement, and growth rate (Charrier et al.,
2011; Poirier et al., 2004). In addition, a rather
low cavitation resistance for these commer-
cial cultivars indicates a high potential for the
breeding program to improve on this trait.
The challenge will be finding the genotypes
most resistant to cavitation, perhaps by ex-
amining the natural populations from ex-
tremely dry locations. A further challenge

will be identifying the genetic components of
this trait.

In drought, hydraulic failure is not only
related to intrinsic xylem vulnerability to
cavitation; a model highlighting the impor-
tance of the coordination between the sto-
mata and the hydraulic traits indicates that
they are not uniformly coordinated (Martin-
St Paul et al., 2017). The other traits (in-
cluding stomatal closure and residual water
loss) have to be measured to discriminate
among walnut genotypes for their resistance
to hydraulic failure.
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