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ABSTRACT

Xylem vessels are responsible for conducting water, in a metastable state, to the transpiring leaves. As tension increases, 
hydraulic failure may occur. At any given tension, the resistance of the xylem vessels to cavitation depends on their 
morphology, of which vessels diameter has been pointed out as relevant. Grapevines (Vitis vinifera L.) are often 
cultivated in Mediterranean climates and mostly under controlled water deficit conditions. Besides, a high variability in 
the stomatal sensitivity exists in different varieties. ‘Cabernet Sauvignon’ (CS) is recognized as isohydric, ‘Syrah’ (S) 
as anisohydric, and no clear information exist for ‘Carménère’ (C), an important grapevine variety for the Chilean wine 
industry. In the present study, xylem morpho-anatomical traits from stems in CS, S, and C, growing in a single vineyard, 
were analyzed, inferring their specific theoretical hydraulic conductivity. Also, the maximal hydraulic conductivity 
and vulnerability to cavitation, the latter expressed as the xylem water potential reducing a 50% loss in hydraulic 
conductivity (PLC50) were assessed in stems collected from the field. Higher vessels diameter was found in S and C, 
followed by CS, in general ranging from 21 to 120 μm, resulting in an expected proportional theoretical hydraulic 
conductivity of nearly 40 to 43 kg s-1 m-1 MPa-1 in C and S, and merely 23 kg s-1 m-1 MPa-1 in C. This values were similar 
-but not proportionally- to maximal actual hydraulic conductivity measured in stems with median values, in average, of 
28, 17, and 13 kg s-1 m-1 MPa-1 in S, C, and CS, respectively. Even though wider xylem vessels have been correlated with 
higher xylem vulnerability to cavitation, PLC50 was significantly higher in S (-2.3 MPa) compared to C (-1.1 MPa), and 
even though xylem vessels diameter were similar between S and C, C was as vulnerable as CS. We found no such tradeoff 
between hydraulic efficiency and vulnerability.
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INTRODUCTION

In plants, the water lost from evaporative tissues, mainly green leaves, is replaced by that taken up from the soil, and 
conducted through the xylem conduits, under negative tension in a metastable state. The extent of the tension force in 
the xylem vessels results, apart from the xylem architecture, from the water potential gradient between the soil and the 
water demanding air and is strongly modulated by the resistances along the water stream, of which stomata is of major 
importance. As the tension increases, heterogeneous cavitation is likely to occur in trees due to the expansion of dissolved 
air within water (Cochard et al., 2013), which, in turn, might fill the whole vessel, forming embolism. An embolized 
vessel is non-transporting (Tyree and Sperry, 1988). 
 One controversial aspect on water stress resistance to cavitation events in plants is the xylem morphology. The 
xylem security on one hand, as well as the efficiency for water transport, has been both largely correlated with the 



420CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 78(3) JULY-SEPTEMBER 2018

morphoanatomy of the xylem vessels (Wheeler et al., 2005). The xylem vessels size has been long thought to be of 
importance on the occurrence of embolism at a given tension and also with the hydraulic conductivity properties in plants 
(Lovisolo and Schubert, 1998) and both are, physically, opposite (Tombesi et al., 2014). Even though in the agricultural 
context grapevines are considered as water stress resistant species, compared to wild species in natural environments are 
highly susceptible and characterized by long as well as wide xylem vessels (Choat et al., 2010). In a study involving 120 
woody species (Jacobsen and Pratt, 2012), it was found that xylem vessels in stems of Vitaceae are wider and longer than 
the 94.4% of those studied but, still, a high variability has been observed on the xylem architecture between grapevine 
varieties (Schultz, 2003; Hochberg et al., 2015). Furthermore, in grapevines as well as other species it has been observed 
that wider xylem vessels have higher water conductivity levels but, also, are prone to cavitation events (Hargrave et al., 
1994; Hochberg et al., 2015) suggesting a tradeoff between xylem hydraulic efficiency and vulnerability to cavitation, i.e. 
smaller vessels size prevents excessive water loss by reducing xylem conductivity, but preventing embolism (Lovisolo 
and Tramontini, 2010). These evidence however, which has led to the so called safety-efficiency hypothesis, has been 
challenged by a study involving 335 angiosperms in which the correlation between xylem safety and efficiency appears 
to be rather weak (Gleason et al., 2015).
 Even though the xylem morphoanatomic properties have been controversial in terms of its incidence on hydraulic 
failure, reductions in both, the xylem vessel cross section area and vessels diameter, have been observed in grapevines 
upon water stress conditions (Lovisolo et al., 1998). Therefore, there is still the question whether xylem properties, 
such as xylem cross section area and prevailing vessels diameter is of importance in grapevines in the context of their 
vulnerability to cavitation. 
 In grapevines, water stress is a usual field practice for high quality wine making and the identification of convenient traits 
for early selection programs is of paramount importance in many Mediterranean climate-producing areas. Furthermore, 
in the context of a global climate change in which water is becoming scarce, as it is in major vineyard plantation areas in 
Chile, a better understanding on the basis for water stress resistance is of great interest. In the present study, we assessed the 
xylem morphoanatomic properties from three grapevine varieties important for the Chilean red wine industry: Cabernet 
Sauvignon, Syrah, and Carménère, comparing their theoretical and actual hydraulic efficiency properties, in relation to 
their vulnerability to cavitation. ‘Cabernet Sauvignon’ has been reported as a near isohydric variety and, on the contrary, 
‘Syrah’ is recognized as near anisohydric (Schultz, 2003; Hochberg et al., 2013; Tramontini et al., 2014; Jara et al., 2017). 
According to observations relating stomatal conductance upon water supply in ‘Carménère’, this variety seems to behave 
rather as near-isohydric (Pastenes et al., 2014).

MATERIAL AND METHODS

Xylem morphology and calculations
The plant material was taken from a single vineyard, from ‘Syrah’ (S), ‘Carménère’ (C), and ‘Cabernet Sauvignon’ (CS) 
plants, all of them located close to each other, in similar soil conditions and irrigation regimes. All the three varieties were 
7 to 11 yr old, own rooted and yielding 9 to 11 t ha-1. During pruning time, three different plants were selected in five 
different areas on each block, corresponding to a variety. Plants were similar in vigor. From each plant, two stems were 
cut from the base and taken to laboratory. All the varieties were trained to a vertical trellising system, with shoots oriented 
upwards.
 In the laboratory, the primary shoots grown in the season were cut under water, leaving a 30 cm segment, nearly 35 
to 40 cm from the base of the shoot. These were perfused with a solution of 10 mM KCl and 1 mM CaCl2 in filtered and 
degassed distilled water, for approximately 6 h, to eliminate any type of embolism existing in the segment. Subsequently, 
they were injected with silicone RTV-141 A and B (Rhodia, Cranbury, New Jersey, USA) in a ratio of 10:1, and mixed 
with 1% (w/w) uvitex (Ciba Uvitex OB, Ciba Specialty Chemicals, Tarrytown, New York, USA), under pressure of 
0.12 MPa for 24 h. Samples were sectioned for analysis into 20 to 30 μm sections with a vertical microtome (Reichert, 
Wien, Austria). Cross-sections were observed using a compound microscope (BA310, Motic, Hong Kong, China) at 
40X magnifications, a charge-coupled device camera (Moticam 1080, Motic) and image software (Motic Images Plus 
2.0). With the ImageJ software (Image Java, New York, USA), a representative portion of the xylem of each image was 
selected and analyzed. The area of the selected xylem portion, and the number and area of vessels were determined (80-
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180 vessels). The cross-sectional area of each vessel was used to calculate an equivalent circle diameter, assuming the 
diameter of a circle with the same area as the measured vessel (Scholz et al., 2013).
 The theoretical hydraulic conductivity (Kh, kg s-1 m-1 MPa-1) was calculated by a modification of the Hagen-Poiseuille 
law (Tyree and Ewers, 1991) as follows:
   [1]

 The specific theoretical hydraulic conductivity of xylem (Ktx, kg s-1 m-1 MPa-1), was calculated by normalizing Kh by 
the xylem area.
 For the analysis of the distribution of the xylem vessels, frequency classes of 20 μm vessel diameter were performed. 
The number of vessels per xylem area (mm2), relative frequency, specific theoretical hydraulic conductivity of xylem 
(Ktx), accumulated Ktx and percentage of the total Ktx, for each kind of vessel diameter frequency, were calculated. 
Curves of the accumulated specific theoretical hydraulic conductivity were generated, totalizing the Ktx of each successive 
diameter class, from the smallest size to the largest diameter classes.
 Three cross-sections per shoot were photographed with a 40X magnifying glass (Motic), and then analyzed using the 
ImageJ software. The area of the stem occupied by the xylem was calculated by subtracting, from the cross-sectional area, 
the area occupied by the pith (parenchyma) and the outer portion of the xylem (phloem), considering the set as a circular 
section.

Vulnerability curves (VC)
We generated vulnerability curves using the bench top drying technique. Briefly, whole shoots were sampled between 
12:00 and 16:00 h at the end of the season; these shoots were cut at their bases, covered with two black plastic bags, and 
stored in a wet expanded polystyrene (Styrofoam) and transported to the lab. These shoots were later air dried for between 
0 h and 6 h at room temperature under lab lights (< 10 μmol m-2 s-1 PAR) before Ψstem values were measured. Shoot 
percent loss in hydraulic conductivity (PLC) in each case was then recorded.
 We measured PLC using a XYL’EM high-resolution liquid mass flow meter (xylem embolism meter, Instrutec, 
Montigny les Cormeilles, France) as described in previous work (Cochard et al., 2013). The shoots were cut under tap 
water at least the ninth internode from the basal end. The cut end was then covered with parafilm, transferred to clean 
distilled water, and cut again using a fresh razor blade. A solution of 10 mM KCl and 1 mM CaCl2 in distilled, filtered, and 
degassed water (Milli-Q, Merck, Darmstadt, Germany) was then used to perfuse stem segments. Shoots were carefully 
attached to the tubes of the XYL’EM device under a column of water flowing at a pressure less than 7 kPa. Subsequently, 
shoots were then cut successively from their distal ends to leave two successive internodes, or a segment, larger than 8 cm 
before leaf blades and petioles were cut from the stem. Values for Ks were then measured in stem segments following the 
method of Tyree and Zimmermann (2002). In this study K was defined as follows:
	 																																																																															K	=	F/∆P	∆l [2]
 In this expression, F (kg water s-1) refers to the mass flux of the perfusion solution, while ∆P is the water pressure 
difference along the length of the stem segment (MPa), and ∆l is stem segment length (m). Finally, K was normalized to 
stem cross-sectional area in order to obtain Ks (kg s-1 m-1 MPa-1), with corresponding PLC calculated, as follows:
																																																																								PLC	=	100	(1	–	Ks/Ksmax) [3]
 In this expression, Ksmax denotes maximum Ks obtained by flushing segments for 5 min at a minimum of 0.12 MPa to 
remove any pre-existing air embolisms.
 By means of the silicon infiltration technique, we concluded that no more than 10% of the xylem vessels were larger 
than 8 cm in all the varieties and besides the fact that after 6 hours the whole length shoots being kept in darkness reached 
leaf water potential values of nearly 0.5 MPa, suggests that probability for the open vessels artifact was minimum.

Data analysis
The data obtained from the different morphoanatomical variables of the xylem were analyzed by an ANOVA. In the 
case of significant differences between cultivars, the data were subjected to a multiple comparison test using the Fisher 
LSD test, considering a level of significance of 5%. The data obtained from the distribution of the xylem vessels were 
transformed into a log-quotient transformation (McElrone et al., 2004). Then, an analysis of the multivariate variance was 

kh = 1πp

128η
(di )( ) ∑

i = 1

n
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performed. When the test was significant, a Hotelling test corrected for the Bonferroni inequality was performed, in order 
to compare mean vectors between groups, considering a level of significance of p ≤ 0.05.
 We fitted our vulnerability curve data to an exponential sigmoidal equation (Pammenter and Vander Willigen, 1998), 
as follows:
                                                        PLC	=	100/(1/exp	(slope50	(Ψstem	-	P50))) [4]
 In this expression, slope50 and P50 refer to the slope and Ψstem after 50% conductivity loss, respectively. Nonlinear 
least squares estimates of parameters from this model were determined using the Gauss-Newton algorithm (Bates and 
Chambers, 1992), and vulnerability curve parameters were tested for significant differences using bootstrapped confidence 
intervals (CIs) (n = 999 bootstrap replicates).

RESULTS

As shown in Table 1, the stem cross section of CS and C were nearly a 30% significantly higher than that of S. Similarly, 
the xylem cross section was also significantly higher in CS and C, compared to S, but in nearly a 40%. In addition, a lesser 
proportion of the stem was destined to xylem tissues in S, as observed by the xylem cross section to stem cross section 
ratio, with an average value 10% lower compared to that of CS and C (Table 1). On the other hand, a similar number of 
xylem vessels per xylem area were observed in the three cultivars, but S having a significantly higher average vessel area 
per xylem area, at least compared to CS (Table 2). Furthermore, S resulted with a higher total area of vessels per xylem 
area, followed by C and, finally, with the lowest value, by CS (Table 2). Accordingly, the higher values for the xylem 
specific theoretical hydraulic conductivity were observed in S, in average nearly a 56% higher than the values for CS. As 
for C, an intermediate xylem specific theoretical hydraulic conductivity was found, with nonsignificant differences with 
S and CS (Table 3).
 Significant differences in the vessels distribution were observed between the cultivars C and S, when compared to CS, 
even though, for all of them, the vessel distribution peaked at a vessel area of 61-80 μm (Figure 1A). Still, when comparing 
the relative frequency distribution of vessels per each diameter class, no significant differences were observed between 
the three varieties (Figure 1B). Also, a lower number of vessels higher than 80 μm occurred in CS (33%) compared 
to C (41%) and S (43%) (Figure 1B). The higher number of wider vessels in C and S resulted in a concomitant higher 
theoretical specific (to xylem area) conductivity (Ktx) according to the Hagen Poiseuille equation –where the radius of the 

Table 1. Stem cross-section, xylem-cross section and their corresponding ratio in 
̔Cabernet Sauvignon̓, ̔Carménère̓ and ̔Syrah̓.

Cabernet Sauvignon 43.59 ± 1.58a 22.15 ± 0.87a 0.51 ± 0.005a
Carménère 45.26 ± 1.16a 23.27 ± 0.76a 0.51 ± 0.008a
Syrah 34.59 ± 1.59b 15.76 ± 0.89b 0.45 ± 0.007b

P value 0.014 0.003 0.004

Cultivar
Stem cross 

section (SCS)

Different letters in the same column indicate differences according LSD test (at the P value 
indicated in the bottom row) between treatments.

mm2

Xylem cross 
section (XCS) XCS/SCS

Table 2. Number of vessels, average vessels area and total area of vessels per 
xylem cross-section in ̔Cabernet Sauvignon̓, ̔Carménère̓ and ̔Syrah̓.

Cabernet Sauvignon 34.52 ± 0.95 0.0020 ± 0.00012b 0.14 ± 0.005c
Carménère 37.91 ± 1.46 0.0024 ± 0.00021ab 0.18 ± 0.012b
Syrah 41.61 ± 1.21 0.0030 ± 0.00013a 0.20 ± 0.005a

P value 0.12 0.01 0.0001

Cultivar
Nr vessels 

mm-2

Different letters in the same column indicate differences according LSD test (at the P value 
indicated in the bottom row) between treatments.

Average vessels 
area mm-2

Total area of 
vessels  mm-2
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Figure 1. Total number of vessels per xylem cross-section (A) and relative frequency (B) per 
vessels diameter classes in ̔Cabernet Sauvignon̓ (CS), ̔Carménère̓ (C) and ̔Syrah̓ (S).

Figure 2. Specific theoretical hydraulic conductivity of the xylem (Ktx) (A) and cumulated xylem 
specific theoretical hydraulic conductivity (B) per vessel diameter classes in stems of Cabernet 
Sauvignon (CS), Carménère (C) and Syrah (S).

Different letters indicate differences significant at the 0.05 probability level, according to the 
Hotelling (Bonferroni) test.

Different letters indicate differences significant at the 0.05 probability level, according to the 
Hotelling (Bonferroni) test.

  kg MPa-1 s-1 m-1

 Cabernet Sauvignon 23.8 ± 0.37b
 Carménère    33.5 ± 0.51ab
 Syrah 42.4 ± 0.39a

 P value 0.013

Different letters in the same column indicate differences according LSD 
test (at the P value indicated in the bottom row) between treatments.

Table 3. Xylem specific theoretical hydraulic conductivity (Ktx) 
in stems of ̔Cabernet Sauvignon̓, ̔Carménère̓ and ̔Syrah̓.

KtxCultivar
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Figure 4. Maximal xylem hydraulic conductivity (Kh) assessed in stems of ̔Cabernet Sauvignon̓ 
(CS), ̔Carménère̓ (C) and ̔Syrah̓ (S).

Figure 5. (A) Vulnerability curves showing percent loss in hydraulic conductivity (PLC) as a 
function of xylem pressure in shoots (ΨStem) of the ̔Cabernet Sauvignon̓ (CS), ̔Carménère̓ 
(C), and ̔Syrah̓ (S) grapevine varieties. Gray arrows indicate P50 estimates for each variety. 
B: Boxplot of P50 from bootstrapping analysis for each variety. C: Boxplot of slope50 from 
bootstrapping analysis for each variety. 

Each point corresponds to a single stem; data include at least 30 of each variety.

Figure 3. Xylem specific theoretical hydraulic conductivity (Ktx) as percentage from the total (A) 
and cumulated Ktx as percentage (B) per vessel diameter classes in stems of ̔ Cabernet Sauvignon̓ 
(CS), ̔Carménère̓ (C) and ̔Syrah̓ (S).

Different letters indicate differences according LSD test at the P < 0.05 between treatments.
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pipe goes to the fourth power-  (Figure 2A), reaching cumulated values of 43.4 kg s-1 m-1 MPa-1 in S and 40.2 kg s-1 m-1 
MPa-1 in C, both significantly higher than 23.4 kg s-1 m-1 MPa-1 in CS (Figure 2B). As for the relative theoretical hydraulic 
conductivity (Ktx), nonsignificant differences were observed on the vessels distribution between varieties (Figure 3A). 
Even though the xylem vessels smaller than 60 μm, corresponding to a 46% in CS, 37% in C and 39% in S, were an 
important proportion of the total amount of xylem vessels (Figure 3A), they contributed to a rather small percentage of 
the theoretical cumulated Ktx: 6%, 4% and 3% for Cs, C and S, respectively (Figure 3B).
 When assessing the actual hydraulic conductivity of stems (Kh) from the same plants than those used for morphological 
observations, this time all the varieties significantly differed one from each other with a median of nearly 29, 17, and 
13 kg s-1 m-1 MPa-1 for S, C, and CS, respectively (Figure 4). Even though the Ktx and Kh values range up to a similar 
extent, the proportions do not necessarily match. First, a much wider difference is observed between S and C, the former 
reaching an actual value 70% higher than the latter (Figure 5), compared to the merely 7% difference from the theoretical 
calculation (Figure 2B). The actual Kh value of S is nearly a 130% higher than CS (Figure 4), again much higher than the 
85% difference when considering the theoretical Kh (Figure 2B). On the opposite, the theoretical Kh difference between 
C and CS was approximately 72% higher for the former, but only 36% higher when comparing the actual Kh values.
 In order to compare the xylem anatomy as well as the theoretical and actual stem hydraulic conductivity with the 
hydraulic safety, a vulnerability curve was built for all the grapevine varieties, as shown in Figure 5. The curves in Figure 
5 show that stem vulnerability was lower in the S variety, followed by CS and C (Figure 5A). Slope and Ψstem values at 
50% PLC bootstrap analyses suggest that the stems of S variety grapevines are significantly less vulnerable to cavitation 
than their CS and C counterparts. Indeed, bootstrapping P50 mean values for the S, CS, and C varieties were -2.2, -1.27, 
and -1.04 MPa, respectively (Figure 5B). In contrast, sensitivities to changes in Ψstem at the 50% loss point (slope50) were 
nonsignificantly different between the stems of S, CS, and C varieties, with bootstrapping mean values of -1.28% MPa-1, 
-1.73% MPa-1, and -2.43% MPa-1, respectively (Figure 5C). 

DISCUSSION

We have assessed the stem xylem morphology in three grapevine varieties: Cabernet Sauvignon, Carménère, and Syrah, 
grown in a commercial vineyard under similar soil and irrigation conditions, confirming previous observations on the 
high variability in the stem xylem properties in grapevines (Schultz, 2003), with potential implications on the hydraulic 
conductivity. As observed before, Ktx is positively correlated with the number of vessels per xylem cross-section area and 
the vessels diameter (Tyree and Zimmermann, 2002). The three varieties had a similar number of xylem vessels per xylem 
cross section area, but the higher Ktx values in S and C (Table 2) resulted from the higher proportion of wider vessels 
(Figure 2A), implying a greater capacity for water transport on a xylem area basis as compared to CS (Figure 2B). Also, 
the higher efficiency in S seems to allow a smaller xylem cross-section area or a lower fraction of sapwood in stems in 
this variety, suggesting that the xylem is far more carbon cost effective compared to C and CS (Petit et al., 2016; Eller et 
al., 2017). It has to be underlined that the vessel diameter found in the present study is similar to previously reported in 
different grapevine varieties (Pagay et al., 2015; Petit et al., 2016).
 Even though all the varieties studied were lower in their actual Kh as compared to that theoretically calculated, in 
C the Ktx is close to that of S (Table 3), while the observed Kh value is rather closer to CS (Figure 4), but in both 
cases intermediate to CS and S. Ktx assessed by means of the Hagen-Poiseuille law is known to overestimate the actual 
conductivity since vessels are not strictly cylindrical and variations in the diameter occurs along the vessels (Tyree and 
Zimmermann, 2002). Also, the presence of non-hydraulically functional vessels (containing gels or tyloses) and the 
presence of nodes (Pagay et al., 2015), which reduces conductivity, might explain the difference between the theoretical 
and the actual hydraulic conductivity (Jacobsen et al., 2015), as it occurs in our observations and calculations (Figures 2 
and 4). The abovementioned causes for the differences between the theoretical and the actual Kh, might be of particular 
importance in C. 
 The relationship between the hydraulic conductivity and their xylem architectural properties in different plant species 
and varieties have been largely discussed in terms of their implications on the physiology of water relations and stomata 
functioning, the efficiency for water transport to the evaporative sites and, very important, the resistance of the xylem 
vessels to water deficit. Regarding stomata, the terms iso- and anisohydric describes the stomatal responses to water 
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shortages in higher plants (Tardieu and Simonneau, 1998), and various grapevine varieties have been identified in such 
continuum (Schultz, 2003; Palliotti et al., 2009), even though a great deal of controversy still exist when the iso/anishydric 
behavior has been assessed in grapevines. In general, it has been suggested that isohydric plants tend to have a more 
vulnerable xylem (Tombesi et al., 2014; Bartlett et al., 2016) and, as protection, tend to close their stomata earlier during 
drought than plants that have more embolism resistant xylem to cavitation (Meinzer et al., 2009). According to our PLC50 
curves, there is no evidence suggesting a higher xylem vulnerability to embolism in the near-anisohydric S variety. 
 Previous observations correlating xylem vessel diameter to hydraulic failure (Hargrave et al., 1994) (Cai and Tyree, 
2010) has led to the general view that a compromise must exist between hydraulic efficiency and vulnerability in xylem 
vessels. Besides, in theory, large and long xylem vessels are highly conductive but more vulnerable to embolism. From 
our results, there seems to be a lack of correlation between predominant xylem vessels diameter and xylem vulnerability 
to hydraulic failure since S, a variety with a 43% frequency of vessels higher than 80 μm, compared to a mere 33% in 
CS, is significantly more resistant according to PLC50 determinations than the latter. Recently, a meta analysis by Gleason 
et al., (2015) has shown a poor correlation between xylem hydraulic efficiency and safety across 335 angiosperm and 89 
gymnosperm species. It is likely, therefore, that other xylem traits, apart from the xylem vessels diameter, are important 
on their vulnerability. Number of pits, total pits area, pit structure as well as size of largest inter-conduit pores have been 
suggested as important in the vulnerability to cavitation (Choat et al., 2004; Wheeler et al., 2005; Christman et al., 2009; 
Brodersen et al., 2013; Knipfer et al., 2018) and might be of importance in grapevines. 

CONCLUSIONS

In general, a better knowledge on the basis for the plant resistance to either permanent or transient water shortages is of 
great importance in fruit production, as well as vineyards for wine purposes. Some anatomical traits in xylem vessels have 
thought to be relevant in both, the efficiency for water transport upon a given demand, and on the resistance to hydraulic 
failure. According to our results, involving three red grapevine cultivars important for the wine industry in Chile, and with 
contrasting stomatal sensitivity to drought, the xylem diameter on stems and their theoretical hydraulic conductivity gives 
a good indication on the stem maximal hydraulic conductivity, but both are not necessarily proportional. In addition, the 
theoretical sensitivity of stems with wider xylem vessels to cavitation does not occur in the varieties studied.
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