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Leaves, the distal section of the soil–plant–atmosphere continuum, exhibit the lowest water potentials in a plant. In contrast 
to angiosperm leaves, knowledge of the hydraulic architecture of conifer needles is scant. We investigated the hydraulic effi-
ciency and safety of Pinus pinaster needles, comparing different techniques. The xylem hydraulic conductivity (ks) and embo-
lism vulnerability (P50) of both needle and stem were measured using the cavitron technique. The conductance and vulnerability 
of whole needles were measured via rehydration kinetics, and Cryo-SEM and 3D X-ray microtomographic observations were 
used as reference tools to validate physical measurements. The needle xylem of P. pinaster had lower hydraulic efficiency 
(ks = 2.0 × 10−4 m2 MPa−1 s−1) and safety (P50 = −1.5 MPa) than stem xylem (ks = 7.7 × 10−4 m2 MPa−1 s−1; P50 = −3.6 to 
−3.2 MPa). P50 of whole needles (both extra-vascular and vascular pathways) was −0.5 MPa, suggesting that non-vascular 
tissues were more vulnerable than the xylem. During dehydration to −3.5 MPa, collapse and embolism in xylem tracheids, 
and gap formation in surrounding tissues were observed. However, a discrepancy in hydraulic and acoustic results appeared 
compared with visualizations, arguing for greater caution with these techniques when applied to needles. Our results indi-
cate that the most distal parts of the water transport pathway are limiting for hydraulics of P. pinaster. Needle tissues exhibit 
a low hydraulic efficiency and low hydraulic safety, but may also act to buffer short-term water deficits, thus preventing xylem 
embolism.

Keywords: cavitation, collapse, conductivity, conifer, extra-vascular pathway, microtomography, needle, vulnerability, 
xylem, 3D visualization.

Introduction

Water transport in trees follows the water potential gradient 
between the soil and the atmosphere, according to the 
 cohesion–tension theory (Tyree and Zimmermann 2002). The 
sections of the transport pathway are known to differ in their 
hydraulic safety and efficiency. Leaves, as the distal part of the 
soil–plant–atmosphere continuum, play a key role in plant 
hydraulics.

Xylem sap is transported under negative pressure, so that 
plants risk embolism (Cochard and Tyree 1990, Sperry and 

Tyree 1990, Tyree et al. 1994) or collapse of conduits (Hacke 
et al. 2001, Cochard et al. 2004a, see also Brodribb and 
Holbrook 2005). Both types of dysfunction affect hydraulic effi-
ciency, i.e., specific hydraulic conductivity (Tyree and 
Zimmermann 2002). Sufficient hydraulic conductivity is espe-
cially important in trees to maintain moderate decreases in water 
potential along the extended transport pathways. Drought-
induced embolism occurs when the water potential (P) in tra-
cheids falls below xylem-specific thresholds, at which point air 
enters from adjacent, already air-filled spaces (‘air seeding’; 
Tyree and Zimmermann 2002). These thresholds are  determined 
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by the structure of pit membranes, because air seeding occurs 
via the pits (Sperry and Tyree 1988, Cochard et al. 2009, 
Delzon et al. 2010). It has been shown for several species that 
vulnerability to drought-induced embolism varies within trees 
(Tyree and Sperry 1988, Tyree and Zimmermann 2002, Mayr 
et al. 2003). This vulnerability pattern allows trees to optimize 
their hydraulic architecture, enabling them for example to sacri-
fice branches under drought conditions (Tyree and Zimmermann 
2002). Xylem collapse, observed so far only in leaves, occurs 
when transversal mechanical wall support is not strong enough 
to withstand negative hydrostatic pressure exerted on walls 
(Hacke et al. 2001, Cochard et al. 2004a, Brodribb and 
Holbrook 2005). Mechanical reinforcement in stems probably 
also prevents conduit deformation under low water potentials 
before the rupture of water columns. Collapse and cavitation 
events both lead to a decrease in hydraulic conductivity, but up 
to now only few studies on vulnerability to drought-induced 
embolism distinguish between the two (Hukin et al. 2005, 
Woodruff et al. 2007, Brodribb and Cochard 2009, Johnson 
et al. 2012).

Numerous studies have meanwhile dealt with the hydraulic 
efficiency and safety of angiosperm leaves (i.e., Salleo et al. 
2000, Choat et al. 2005, Hao et al. 2008, Chen et al. 2009). 
According to Sack and Holbrook (2006), 30–80% of whole 
plant hydraulic resistance is located in leaves (Tyree et al. 
1981, Yang and Tyree 1994, Sack et al. 2003) and Nardini and 
Salleo (2000) reported 92% of the total resistance of Laurus 
nobilis L. shoots to be in the leaves. Under drought conditions, 
conductivity of leaves decreases, as in stems, but the vulnera-
bility of leaves is higher than that of stems (Woodruff et al. 
2007, Chen et al. 2009). Brodribb and Holbrook (2004) 
reported a mid-day depression of leaf conductance (Kleaf) 
between 40 and 50% of pre-dawn values on days of high 
evaporative demand, and Hao et al. (2008) found a higher vul-
nerability in leaves than in stems in six species. Sack et al. 
(2004, 2005) demonstrated that 11–74% of whole leaf resis-
tance was located in the leaf xylem. Other authors (e.g., Trifilo 
et al. 2003, Cochard et al. 2004b, Gasco et al. 2004, Nardini 
et al. 2005) found the leaf xylem resistance to be of minor 
importance compared with the extra-vascular pathway (see 
also Brodribb et al. 2007, Blackman and Brodribb 2011).

In contrast to angiosperms, knowledge of conifer needles 
is still scant. It was shown for Picea abies (L.) Karst that stem 
and needle xylem exhibited similar specific conductivities and 
for Pinus mugo that 24% of the total needle resistance was 
located in the xylem (Charra-Vaskou and Mayr 2011). There 
are also only a few studies on needle vulnerability: based on 
Cryo-SEM observations, Cochard et al. (2004a) observed, in 
needles of four different species, a progressive collapse of 
tracheids during dehydration below a specific threshold pres-
sure, which correlated with the onset of cavitation in the 
stems. Loss of conductance occurred at very high leaf water 

potential in Pinus taeda L. needles (P50 around −1 MPa; 
Domec et al. 2009), and Johnson et al. (2009) analysed 
embolism formation in Pinus ponderosa C. Lawson and Pinus 
nigra Arnold needles (P50−1.65 and −1.52 MPa, respectively). 
Up to now, information on vulnerability patterns within nee-
dles has been completely lacking.

In this study, we analysed the hydraulic safety and efficiency 
of Pinus pinaster Ait. needles with the cavitron technique, a 
method commonly used to measure vulnerability to drought-
induced embolism of stems, and with ultrasonic acoustic emis-
sion analysis. Based on a comparison with the rehydration 
method, we also estimated the hydraulic properties of the vas-
cular and extra-vascular components within the needle. Cryo-
SEM analysis and X-ray observation, which supplied 
three-dimensional pictures, allowed analysis of needle tissue 
structures under drought stress.

We hypothesized a higher vulnerability to drought in needles 
than in stem xylem with needle collapse occurring before 
embolism formation in the needle xylem (Cochard et al. 
2004a). The extra-vascular pathway within the needle was 
expected to represent a major part of total needle resistance 
and to be also affected by drought stress, e.g., by a collapse of 
parenchyma cells.

Materials and methods

Materials

Sun twigs of P. pinaster were harvested in September and 
October 2010 at the campus of the University of Bordeaux, 
Talence (France) between 8:00 and 10:00 a.m., immediately 
wrapped in plastic bags and transferred to the laboratory. 
Branches were re-cut under water and rehydrated for 24 h. 
One-year-old needles were used for measurements to avoid 
any impairment of conductivity due to needle age (Charra-
Vaskou and Mayr 2011) (P. pinaster needle life span is 3–5 
years).

Centrifuge measurements

In stems and needles, vulnerability of drought-induced embo-
lism was determined using the cavitron technique as described 
in Cochard et al. (2005) and Beikircher et al. (2010). This 
technique is based on centrifugal force, which increases water 
tension in a xylem segment, while loss of conductance is simul-
taneously measured. All measurements were made at the high-
throughput phenotyping platform of the University of Bordeaux, 
Talence, France (http://sylvain-delzon.com/caviplace).

For stem measurements, segments were fixed in a custom-
built rotor of diameter 0.30 m (Honeycomb, Precis 2000, 
University of Bordeaux, Talence, France) mounted on a high-
speed centrifuge (Sorvall RC5 plus, MSE Scientific, London, 
UK). The sample ends were positioned in upstream and down-
stream reservoirs filled with distilled degassed water  containing 

1162 Charra-Vaskou et al.

 at IN
R

A
 Institut N

ational de la R
echerche A

gronom
ique on Septem

ber 13, 2012
http://treephys.oxfordjournals.org/

D
ow

nloaded from
 

http://sylvain-delzon.com/caviplace
http://treephys.oxfordjournals.org/


Tree Physiology Online at http://www.treephys.oxfordjournals.org

CaCl2 (1 mM) and KCl (10 mM). The centrifugation speed was 
increased in 0.5 MPa steps to expose samples to increasing 
tensions. Conductance (k) was measured three times at each 
step. The procedure was repeated for at least eight pressure 
steps until loss of conductance reached at least 90%. 
Vulnerability curves (VCs) were obtained from percentage loss 
of conductance (PLC) versus xylem pressure (P) plots, with 
PLC computed as

 PLC 1 1 / max= −00( )k k  (1)

with k and kmax corresponding to the actual and maximum 
hydraulic conductance, respectively. The rotor velocity was 
monitored with a 10 rpm resolution electronic tachymeter 
(A2108-LSR232, Compact Inst, Bolton, UK), and xylem pres-
sure was adjusted to ~± 0.02 MPa. We used the Cavi_soft 
software (version 2.1, University of Bordeaux, Talence, France) 
for data acquisition and conductance computation.

Vulnerability curves were obtained by plotting fractional (%) 
loss of conductance versus xylem pressure. Curves were fitted 
using an exponential sigmoidal equation given in Pammenter 
and Vander Willigen (1998):

 y
S P P

=
+ × −( )( ) 

100

1 25 50exp
 (2)

where y is the PLC, P is the corresponding xylem pressure 
(MPa) and S is related to the slope of the curve. P50 is the  
P value corresponding to 50% loss of conductance. 
Vulnerability curves were calculated using the software Fig. P. 
2.98 (Biosoft Corp., Cambridge, UK).

For needle measurements, stem samples 16–18 cm long 
were left for at least 1 h in cold water (5 °C) to avoid inter-
ference of resin with the sap conductivity measurement, and 
re-cut two or three times at 15 min intervals. Twenty needles 
of 14.5 cm (after cutting) were inserted in reservoirs, and 
the cavitron was cooled to 5 °C and maintained at this tem-
perature during measurements (Cochard et al. 2000b). 
Although Cochard et al. (2007) reported that temperature 
effects on xylem vulnerability were negligible on Taxus bac-
cata L. (e.g., regarding surface tension, changes in pit mem-
brane porosity or in microfibril rigidity in pit margo), some 
impact of the temperature on needle measurements could be 
totally ruled out. Unfortunately, it was not possible to over-
come the resin problems with another methodical setup. 
Cavitron measurements proceeded with a 0.15 m diameter 
custom-built rotor (Precis 2000, University of Bordeaux) as 
described above.

Xylem hydraulic conductivities (ks, m2 s−1 MPa−1) for both 
stems and needles were computed from cavitron flow mea-
surements (corresponding to kmax) related to sample length 
and xylem cross-sectional area. Temperature correction for 

water density was made according to Cochard et al. (2000b). 
The xylem area in needles was determined from microscopic 
pictures of cross sections (ImageJ 1.37, public domain, National 
Institutes of Health, Bethesda, MD, USA).

Analysis of ultrasonic emission

Saturated branches were dehydrated on the bench, while ultra-
sonic emissions (UEs) (Johnson et al. 2009, Mayr and Rosner 
2011) from the main stem and needles were recorded and, at 
intervals, P value of needles was determined.

Ultrasonic sensors (150 kHz resonance sensors, R15/C, 
80–400 kHz) were attached on the main stem and on needles 
of saturated branches. On the upper side (opposite wood) of 
the main stem, 3 cm2 of the bark was removed (~10 cm from 
the base) and the xylem was covered with silicone grease (to 
improve acoustic coupling and prevent transpiration). R15C 
sensors were then attached with clamps (plastic-coated metal 
springs). For measurements on needles, three neighbouring 
needles of an end twig were positioned in parallel on a glass 
plate and covered with silicone grease. A R15C sensor was 
placed on the needles and loaded with an 88 g weight to block 
it. Sensors were connected to a 20/40/60 dB preamplifier set 
to 40 dB and to an 8-channel PCl-2 system (PAC 125 18-bit 
A/D, 3 kHz to 3 MHz PCl2; all components of the UE system 
from Physical Acoustics Corporation, Wolfegg, Germany). 
Detection threshold was set at 45 dB for needles and stems, 
and the peak definition time, hit definition and hit lockout time 
were 200, 400 and 2 µs, respectively. Recording and analysis 
of UEs used AEwin software (Physical Acoustics Corporation, 
Wolfegg, Germany). We note that the effective contact area 
between the sensor and sample could not be controlled, so 
that the coupling pressure, which influences the intensity of 
registered signals, could be neither adjusted nor determined 
(see also Mayr and Sperry 2010).

Four ultrasonic sensors were placed on the needles and one 
on the stem of each dehydrating twig, respectively. P was mea-
sured at intervals with a pressure chamber (Model 1000 
Pressure Chamber; PMS Instrument Company, Corvallis, OR, 
USA) on needles carefully cut from dehydrating branches so 
that no artificial UEs were caused. Measured values were 
assumed to be similar to P in the whole branch, as transpira-
tion was low.

For vulnerability analysis, the cumulative number of UEs cor-
responding to the measured P value was related to the total 
number of UEs until all acoustic activity ceased. Vulnerability 
curves were obtained by plotting the cumulative number of 
UEs (%) versus the xylem pressure (P) and were fitted using 
the exponential sigmoidal equation (2), where y is the cumula-
tive UE number, P is the corresponding xylem pressure and 
parameter S is related to the curve slope. P50 corresponds to P 
at 50% of the maximum cumulative UE value. The VCs were 
calculated using Fig. P 2.98 (Biosoft Corp.).

Needle hydraulics of Pinus pinaster 1163
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Rehydration kinetics analysis

The experimental procedure followed Brodribb and Holbrook 
(2003). First, the capacitance (C; mol m−2 MPa−1) of needles 
was quantified by dehydration of single needles and repeated 
measurements of weight (Sartorius ME2355, precision 
0.01 mg, Sartorius AG, Germany) and corresponding P, which 
was determined with a pressure chamber (Model 1000 
Pressure Chamber, PMS Instrument Company). Needle weight 
at saturation and needle dry weight were used for the calcula-
tion of relative water content (RWC, dimensionless, 1 at satura-
tion). Second, for conductivity measurements at different 
dehydration steps, shoots were enclosed in plastic bags for at 
least 1 h to equilibrate P within needles before P was deter-
mined on cut needles with the Scholander technique (P0). One 
needle was then cut under water from each shoot for the rehy-
dration procedure: The needle bases (ca. 2 mm) were placed 
in a tray with distilled water, the needles were left to recharge 
for 5–500 s and P was measured (Pt). The needle conduc-
tance Kleaf (mol m−2 s−1 MPa−1) was calculated from Eq. (3):

 K P P ttleaf
1C ln( / )= × × −

0  (3)

where C is the capacitance (mol m−2 MPa−1), P0 and Pt are the P 
values (Pa) before and after rehydration for the time span t (s). 
The capacitance is species-specific and was 1.312 mol m2 MPa−1 
for P. pinaster between 0 and −1.5 MPa.

Test measurements were made to exclude negative effects 
due to resin, as lower conductivity by xylem obstruction or 
higher conductivity by water passing through resin channels 
might occur (data not shown): No effect on flow measurements 
was observed, either when needles were repeatedly trimmed 
during rehydration to remove possible resin blockage, or when 
rehydration kinetics were followed at a temperature of 5 °C (to 
avoid emptying of channels). The procedure used for rehydra-
tion measurements was thus expected to enable accurate 
determination of Kleaf.

Vulnerability curves were obtained by plotting fractional (%) 
loss of conductance versus xylem pressure. Curves were fitted 
using an exponential sigmoidal equation (Eq. (2)), where y is 
the PLC, P is the corresponding xylem pressure (Pa) and S is 
related to the slope of the curve. P50 is the P value correspond-
ing to 50% loss of conductivity. Percentage loss of conduc-
tance was calculated from the ratio of actual (at a given P) to 
maximum (i.e., first measurement at −0.41 MPa) Kleaf. 
Vulnerability curves were calculated using Fig. P 2.98 (Biosoft 
Corp.).

Cryo-SEM

Xylem structures were analysed on fully hydrated needles and 
needles dehydrated to −2 or −4 MPa. Needles were detached 
from dehydrated shoots and immediately soaked in a bath of 

liquid N2. Segments ~2 cm long were taken from the central 
part of each needle and stored at −80 °C until observation. 
The samples were thus frozen while the xylem pressure in the 
needles was close to that before excision.

Observations were made with an SEM (model SEM 505, 
Philips, Eindhoven, The Netherlands) equipped with a cryo-
genic stage (model CT 1000, Hexland, Oxford Instruments Ltd, 
Oxford, UK) at the Electron Microscopy Laboratory of the 
Institut National de la Recherche Agronomique, Theix 
(Clermont-Ferrand, France). This equipment enables observa-
tions of xylem content on intact frozen samples (Cochard et al. 
2000a, Mayr and Cochard 2003, Johnson et al. 2009). 
Samples stored at −80 °C were first immersed in liquid N2 and 
placed in holes 1 cm deep in a sample holder. The samples 
were then rapidly transferred to a cryo chamber for a step at 
−180 °C. Once vacuum was reached in the chamber, the sam-
ples were cryofractured inside the chamber to expose the vas-
cular bundles on the cross sections. This procedure 
considerably reduced the deposition of frost on the cross sec-
tions. The samples were then transferred to the SEM chamber 
and installed for a cooling step at −160 °C. Samples were first 
observed at a low voltage (<5 kV), and the presence of ice or 
air in the tracheids was noted. To delineate cell walls more 
precisely, the samples were then etched by raising the SEM 
step temperature to −80 °C. Finally, the samples were coated 
with a gold deposit in the cryo chamber (−180 °C). Coating 
was necessary to obtain high-resolution and contrasted pic-
tures, but it often had the effect of subliming away most of the 
ice in the tracheids. However, we checked that ice sublimation 
had no effect on wall shape, the samples always remaining 
below −80 °C.

3D X-ray microtomography

Three-dimensional pictures of needles were acquired with an 
X-ray nanotomograph (Nanotom 180 XS, GE, Wunstorf, 
Germany) at the PIAF laboratory of the Institut National de la 
Recherche Agronomique, Theix (Clermont-Ferrand, France). 
This non-destructive method is based on the local X-ray 
absorption behaviour of the sample mainly according to its 
density, and allows the observation of the internal structure 
without surface or thin slice preparation.

Branches were dehydrated on the bench and a pair of needles 
was cut from the branches at intervals. Xylem pressure was 
determined on one needle with a pressure chamber (PMS 
Instrument Company) and pictures were obtained with the sec-
ond needle. The needle was first wrapped in a paraffin film to 
prevent drying during image acquisition. The field of view was 
~2.5 × 2.5 × 2.5 mm3 in the centre of the 20 cm needle and cov-
ered its full cross section. X-ray parameters were 60 kV and 
240 µA. We used a molybdenum target to increase the contrast 
for low-density tissues. For each needle, 1700 images (2 s each) 
were recorded during the 360° rotation of the  sample. Total scan 
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time was <1 h and final spatial resolution was 2.5 × 2.5 × 2.5 µm3 
per voxel. Full 3D volumes were reconstructed by datos|x 2.0 
(Phoenix, Nanotom 180 XS, GE, Wunstorf, Germany) software 
and volumic image analysis and display, including 2D slice extrac-
tion, were performed using VGStudio Max© 2.1 software (Volume 
Graphics, Heidelberg, Germany).

After imaging, the needle was removed and its P value 
determined. The difference between P measured on needles 
before and after microtomography observations was always 
<0.2 MPa at maximum.

Statistics

All values are given as mean ± SE (the number of samples is 
included in tables or given in the text). Differences were tested 
with Student’s t-test after testing for Gaussian distribution 
(Kolmogorov–Smirnov test) and variance homogeneity (Levene 
test) of data. In the case of inhomogeneous variances, Welch’s 
test (difference in ks between stems and needles) was used. All 
tests (two-tailed) were performed pairwise at a probability level 
of 5% using SPSS (Ver. 15.0, SPSS Inc., Chicago, IL, USA).

Results

Hydraulic conductivity and vulnerability to drought-
induced embolism of needle xylem

Pressure at 50% loss of conductivity (P50) in stem xylem was 
−3.6 MPa with the cavitron and slightly higher with the acous-
tic method (−3.2 MPa). P50 of needle xylem was less negative 
with only ~− 1.5 MPa measured with both methods (Table 1 
and Figure 1). Vulnerability curves obtained from acoustic 
measurements were steeper than those from cavitron mea-
surements, particularly for needles.

The hydraulic conductivity measured with the cavitron tech-
nique was 2.0 × 10−4 m2 s−1 MPa−1 in needle xylem and 
7.7 × 10−4 m2 s−1 MPa−1 in stem xylem. We assume that cavit-
ron measurements on needles, cut open at both ends, pre-
dominantly reflected flow capacities of the central xylem 
cylinder. We do not expect (Cochard et al. 2007) but cannot 
completely rule out effects of the low temperature on measure-

ments (also see Materials and methods). Interestingly, flow 
rates in the cavitron took several minutes (10 to 20 min, 
Figure 1) to stabilize after each step down in water potential. 
This was probably related to emptying of mesophyll paren-
chyma, which buffered changes in water potential.

Hydraulic conductance and vulnerability to drought-
induced embolism of whole needles

The hydraulic conductance (Kleaf) of hydrated P. pinaster nee-
dles measured with the rehydration kinetics method was 
6.7 mmol m−2 s−1 MPa−1. Plotting Kleaf versus the water poten-
tial revealed a P50 for the whole needle of ca. −0.5 MPa. This 
method did not enable us to distinguish between effects of cell 
collapse and embolism formation in the xylem.

Visualization of wall deformation and cavitation in needle 
tissues at different P

The 3D pictures obtained by both the X-ray microtomography 
(Figure 3) system and cryo-SEM (Figure 2) revealed xylem 
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Table 1.  Pressure at 50% loss of conductivity (P50; MPa) in stems and 
needles of P. pinaster estimated with the centrifuge (water potential at 
50% PLC) and ultrasonic (water potential at 50% cumulative number 
of UEs) method and conductivity (ks; m2 s−1 MPa−1 10−4) of axe and 
needle xylem estimated with the centrifuge method. P50 values in each 
row not followed by the same letter differ significantly. Significant dif-
ferences between stems and needles (within rows) are marked by 
asterisks. Mean ± SE. P ≤ 0.05. n = number of samples.

Centrifuge Ultrasonic ks N

Stems −3.55 ± 0.13a −3.15 ± 0.09b 7.74 ± 0.56 4/8/225
Needles −1.43 ± 0.11a* −1.54 ± 0.06a* 2.03 ± 0.08* 5/24/9

Figure 1.  Vulnerability curves of needles (solid symbols) and stems 
(open symbols) of P. pinaster. Curves were fitted by the equation 
described in Pammenter and Vander Willigen (1998). Full and open 
arrows indicate needle and stems P50. (a) Percentage loss of conduc-
tivity measured with centrifuge technique plotted against xylem pres-
sure. (b) Percentage of cumulative number of UEs plotted against 
xylem pressure. (c) Percentage loss of conductivity of needles 
 analysed with rehydration kinetics method plotted against xylem 
pressure.
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cavitation events at −1.35 and −2.00 MPa, respectively. At 
more negative P (−3.5 and −4.0 MPa), cavitation occurred in a 
large part of the xylem, but some tracheids seemed still func-
tional. With the microtomograph, the contrast between free 
water in lumens and cell wall was very low. Thus, using only 
transversal views, it was difficult to visualize xylem structures 
when they were fully saturated, and the extent of xylem embo-
lism. However, using the full 3D information, cross and longitu-
dinal slices were observed and it was possible to localize the 
xylem on sharp pictures, and even to discern tracheid walls. 
Collapse and cavitation events were first observed more often 
in ‘old’ tracheids on the external side of the xylem, as already 
observed by Cochard et al. (2004a), while small, flat ‘young’ 
tracheids alongside the phloem were either very resistant to 
dehydration or unaffected (Figure 2). Surprisingly, a part of the 

parenchyma cells between the two xylem cylinders seemed 
already air-filled at −0.2 MPa (Figure 3). Cryo-SEM pictures of 
needles dehydrated at −2 and −4 MPa revealed cell collapse 
and cavitation in tracheids, in the xylem parenchyma cells and 
in the transfusion tissue. Collapsed cells were also detected 
with microtomography: we observed that the endodermis 
became compressed and air-filled space appeared in the 
mesophyll tissue (gaps).

Discussion

Conifer needle hydraulics have, up to now, been much more 
difficult to analyse methodically than angiosperm leaves. 
Needles are much smaller, often contain resin ducts and exhibit 
low hydraulic conductivities. In the present study, the use of 
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Figure 2.  Cryo-SEM pictures of vascular bundles in P. pinaster needle cross sections at different xylem pressures. Arrows indicate the xylem. Scale 
bar represents 100 µm (0 and −2 MPa) and 10 µm (−4 MPa).

Figure 3.  X-ray microtomography cross sections of vascular bundles (a) and whole needles (b) of P. pinaster at different xylem pressures. (c) 
Longitudinal sections. Scale bar represents 100 µm (a) and 200 µm (b and c).
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several new methods such as the cavitron technique and X-ray 
microtomography provided new insights into hydraulic effi-
ciency and safety of pine needles. However, hydraulic and 
acoustic measurements on conifer needles need some caution, 
since they are still not as reliable as on broad leaves, and they 
do not fit exactly with visualization.

Hydraulic efficiency and safety of needle xylem

The xylem of P. pinaster needles showed a ks value of 
2.03 × 10−4 m2 s−1 MPa−1, consistent with Charra-Vaskou and 
Mayr (2011), who determined a ks of 3.5 × 10−4 m2 s−1 MPa−1 
and 0.9 × 10−4 m2 s−1 MPa−1 in P. abies and P. mugo. 
Furthermore, stem xylem conductivity (7.7 × 10−4 m2 s−1 MPa−1) 
was slightly higher than needle xylem conductivity, as in 
Charra-Vaskou and Mayr (2011).

It is known that a major portion of the resistance is located at 
the pits. Pittermann et al. (2006) reported that 64 ± 4% of total 
hydraulic resistance was related to end wall pitting across 19 
conifer species. We calculated the theoretical conductivity of the 
xylem in P. pinaster needles by analysis of tracheid diameters in 
needle cross sections and estimating the tracheid conductance 
according to the Hagen–Poiseuilles equation. We found ks values 
measured using the cavitron to be only 9.5% of this theoretical 
conductivity (21.4 × 10−4 m2 s−1 MPa−1). As a pit resistance of 
>90% is unlikely, this may indicate that some tracheids were 
dysfunctional even in non-drought-stressed needles.

The transfusion tissue, located between vascular cylinder 
and endodermis, and the mesophyll tissue, made up of layers 
of palisade cells containing chloroplasts and located between 
endodermis and hypodermis, are thought to be responsible for 
radial water transport (Zwieniecki et al. 2004, Sack and 
Holbrook 2006, Zwieniecki et al. 2006). The role of the apo-
plastic or symplastic/transcellular radial pathway is not yet 
known (Sack and Holbrook 2006). A relevant contribution to 
axial transport is unlikely, as indicated by Charra-Vaskou and 
Mayr (2011) and by staining experiments (K. Charra-Vaskou 
and S. Mayr, unpublished data).

Like angiosperm leaf veins (Salleo et al. 2000, Choat et al. 
2005, Hao et al. 2008, Chen et al. 2009), needle xylem was 
more vulnerable to drought-induced loss of conductivity than 
stem xylem. While collapse has never been observed in conifer 
stems, some studies have reported collapse and (or) cavitation 
in conifer needles (Cochard et al. 2004a, Brodribb and 
Holbrook 2005). Needle tracheid collapse could be due to 
lower conduit wall thickness to span ratio (Hacke et al. 2001, 
2004), differences in chemical composition of the cell wall 
(Turner and Somerville 1997) and (or) differences in bordered 
pits (Hacke et al. 2004). Cochard et al. (2004a) reported a 
correlation between the onset of wall collapse in needles and 
cavitation in twigs of Pinus species: P. nigra was thus the most 
vulnerable species (needle collapse pressure −1.8 MPa) and 
Pinus cembra L. the least (needle collapse pressure −3.5 MPa). 

For P. pinaster, pressure to induce 50% loss of conductivity 
(P50) in needle xylem was only −1.43 ± 0.11 MPa, while P50 of 
stem xylem was −3.55 ± 0.13 MPa based on the cavitron mea-
surements (Table 1; Figure 1a). In this study, we could not 
precisely distinguish between collapse and cavitation effects in 
needles. According to the concept of vulnerability segmenta-
tion (Tyree and Zimmermann 2002, Mayr et al. 2003), distal 
plant parts are often more vulnerable, while proximal parts are 
protected from embolism.

Ultrasonic emission analysis revealed similar vulnerability 
thresholds (Table 1, Figure 1). Ultrasonic emission analyses 
are normally used with massive xylem samples, while mea-
surements on needles were expected to be more difficult. First, 
all water-filled cells may cause UEs on cavitation so that non-
conductive cells will influence the UE-based VC, but have no 
effect on hydraulic conductivity. Second, it is not known as to 
whether each ultrasonic event is related to exactly one cavita-
tion event. It is likely that conduits cavitate in groups, so that 
the UE numbers do not exactly reflect the number of dysfunc-
tional conduits. Third, the number of UEs does not distinguish 
between conduits of different sizes, which has large hydraulic 
effects (Tyree and Dixon 1983, Tyree et al. 1984, Mayr and 
Rosner 2011). Finally, it is unknown as to whether collapse 
events, which are of relevance in conifer needles (Cochard 
et al. 2004a), may also cause UEs. However, despite these 
uncertainties, UEs seem to sufficiently reflect vulnerability 
thresholds. Johnson et al. (2009), who also used the UE 
method, observed a P50 of −1.39 and −1.94 MPa in needles of 
P. nigra and P. ponderosa, respectively.

Hydraulic efficiency and safety patterns within needles

Pinus pinaster whole needles showed a Kleaf value of 
6.71 mmol m−2 s−1 MPa−1, in line with findings of other authors: 
Sack and Holbrook (2006) reported a conifer Kleaf around 
6.6 mmol m−2 s−1 MPa−1, Brodribb and Holbrook (2005) found 
a Kleaf of 6.7 mmol m−2 s−1 MPa−1 in Podocarpus grayae de Laub., 
Woodruff et al. (2007) 3–5.5 mmol m−2 s−1 MPa−1 in 
Pseudotsuga menziesii (Mirb.) Franco and Charra-Vaskou and 
Mayr (2011) 1.8 mmol m−2 s−1 MPa−1 in P. mugo.

Based on conductance measurements via rehydration kinet-
ics, P50 of the whole needle was −0.47 ± 0.10 MPa (Table 1). 
In P. nigra and P. ponderosa needles, P50 was −1.52 and 
−1.65 MPa, respectively (Johnson et al. 2009), and −0.91 MPa 
in P. taeda (Domec et al. 2009). P50 of the whole P. pinaster 
needles was ~1 MPa less negative than P50 of the needle 
xylem (Table 1, Figure 1), which indicates that the hydraulic 
extra-vascular pathway is more vulnerable than the vascular 
section within needles. We cannot totally rule out the possibil-
ity that a part of this difference in P50 is related to resin effects, 
although several test measurements were performed (see 
Materials and methods). Johnson et al. (2012) also reported 
that the hydraulic pathway outside the leaf xylem plays a key 
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role for vulnerability thresholds of needles. In P. ponderosa, 
Johnson et al. (2009) found 50% loss of Kleaf at ~0.3 MPa less 
negative pressure than 50% of cumulative UEs, while P50 with 
the two methods was similar in P. nigra. Brodribb and Holbrook 
(2005) reported that collapse of lignified peripheral tracheids 
in Podocarpus grayae de Laub. leaves was closely correlated to 
a decline in Kleaf, and occurred before cavitation-induced loss 
of hydraulic conductance in leaf veins. This high vulnerability to 
drought of the whole needle may be offset by the large capaci-
tance typically displayed by conifer leaves (Brodribb and 
Holbrook 2005, Brodribb et al. 2005, Johnson et al. 2009). 
Johnson et al. (2011) also suggested that it might be compara-
bly easy to refill small conifer needles.

Visualization of needle tissues during dehydration

Cochard et al. (2004a) reported a Cryo-SEM study indicating 
xylem wall collapse in the needles of four conifer species at 
water potentials above cavitation thresholds. In contrast, 
Woodruff et al. (2007) showed that tracheids in Douglas fir 
needles were liable to embolize even under non-extreme envi-
ronmental conditions without previous collapse, and Brodribb 
and Holbrook (2005) showed that tracheids in the midvein of 
P. grayae leaves were not prone to collapse. Cryo-SEM images 
also confirmed that cavitation occurred in P. ponderosa needles 
(Johnson et al. 2009). Surfactant experiments also indicated 
that embolism was responsible for Kleaf decline in four angio-
sperms and one coniferous species (P. ponderosa; Johnson 
et al. 2012). Needles of P. pinaster showed both cavitated and 
collapsed tracheids in needles dehydrated to −4.0 or −3.5 MPa 
(Figure 2).

Strikingly, collapsed or embolized xylem portions observed 
with the Cryo-SEM did not correspond closely to VCs estab-
lished with the hydraulic or the UE method. Vulnerability curves 
predicted a PLC of >90% at a water potential of −3.5 or 
−4 MPa, while only 20–70% of tracheids showed collapse or 
embolism in Cryo-SEM and X-ray microtomography pictures 
(Figures 2 and 3). Like theoretical ks calculations (see Results), 
this may also indicate that some parts of the needle xylem do 
not contribute to longitudinal water transport. These tracheids 
may have a mechanical function. However, while artefacts 
seemed to be ruled out of visualization methods, hydraulic and 
acoustic measurements need greater caution. The discrepancy 
between the two measurement methods emphasizes that 
hydraulic and acoustic methods need further study to become 
reliable for needles of different species.

Three-dimensional microtomographic observations (Figure 3) 
revealed striking changes in xylem parenchyma cells during 
dehydration. These elongated cells were located within and 
around the xylem bundle. Even at moderate dehydration, large 
gaps were visible in this parenchyma tissue. The same 
was observed by Johnson et al. (2009), who reported that 
most transfusion tissue surrounding the vascular bundles in 

P. ponderosa was empty at a P corresponding to 4% of accu-
mulated UEs and ~92% of maximum Kleaf. Living cells adjacent 
to xylem conduits may be important for refilling mechanisms 
(Johnson et al. 2012) and could be involved in radial water 
transport (Holbrook and Zwieniecki 1999). The gaps in paren-
chyma tissue may explain the early loss of conductivity 
observed in whole needles (Johnson et al. 2011). When paren-
chyma cells surrounding the xylem are hydraulically dysfunc-
tional, radial water transport may be affected, leading to a 
modification in needle vein permeability and a pressure drop in 
the xylem (Zwieniecki et al. 2006). Also, Brodribb and 
Holbrook (2005) found the radial pathway to be more vulner-
able than the xylem in conifer leaves. We also found indications 
for collapse within the transfusion tissue, which also plays an 
important role in radial transport (Figure 3).

On X-ray microtomography pictures, many high-density 
structures around the bundle were observed, represented as 
white cylinders, which could not be identified. The mesophyll, 
which contributes ~68% of the needle cross-section area, also 
showed increasing gaps in dehydrating needles. Unfortunately, 
it was not possible to distinguish intracellular openings from 
extracellular gaps. As indicated by variations in mesophyll area 
during dehydration (Figure 3), it may be hydraulically important 
as a buffer to withstand short-term fluctuations in water poten-
tial. Future studies should focus especially on the reversibility 
of observed structural changes. We suggest that these changes 
are reversible to fulfil a buffer function and thereby protect the 
xylem from embolism.

X-ray microtomography gave new insights into the local 
water status in the anatomical structure of needles tissues and 
their modifications during exposure to drought stress. This rel-
atively new method enabled us to view a whole needle in three 
dimensions many times during dehydration with no cutting or 
treatment, which should reduce preparation artefacts. However, 
up to now it has not been possible to explain all the effects, 
and especially the discrepancy between measurement and 
visualization of cavitation events. The methodological problems 
that could cause artefacts cannot all be totally excluded, 
although such an explanation seems unlikely for visualization 
methods. Further experiments will be required to link observed 
structural changes and functional aspects.

Conclusion

Pinus pinaster, like many other trees, seems to show higher 
vulnerabilities at the most distal parts of the soil–plant– 
atmosphere continuum. This vulnerability pattern is one aspect 
of this species’ hydraulic architecture with further hydraulic 
complexity at the level of needles. Our results indicate that the 
most distal, radial hydraulic pathway in the needle exhibits a 
low hydraulic efficiency and low hydraulic safety. Living tis-
sues around the xylem thus may substantially limit needle 
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transport capacities, but may also be involved in buffering 
short-term water deficits, thus averting xylem embolism. 
Further investigation on different species is now required to 
gain a fuller understanding of the discrepancy between 
hydraulic measurements and the visualizations we propose as 
references tools.
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