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Various structure—function relationships regarding drought-induced cavitation resistance of secondary xylem have been postu-
lated. These hypotheses were tested on wood of 10 Prunus species showing a range in P, (i.e., the pressure corresponding to
50% loss of hydraulic conductivity) from —3.54 to —6.27 MPa. Hydraulically relevant wood characters were quantified using light
and electron microscopy. A phylogenetic tree was constructed to investigate evolutionary correlations using a phylogenetically
independent contrast (PIC) analysis. Vessel-grouping characters were found to be most informative in explaining interspecific
variation in Ps,, with cavitation-resistant species showing more solitary vessels than less resistant species. Co-evolution between
vessel-grouping indices and Pg, was reported. Ps, was weakly correlated with the shape of the intervessel pit aperture, but not
with the total intervessel pit membrane area per vessel. A negative correlation was found between Psy and intervessel pit mem-
brane thickness, but this relationship was not supported by the PIC analysis. Cavitation resistance has co-evolved with vessel

grouping within Prunus and was mainly influenced by the spatial distribution of the vessel network.

Keywords: bordered pit structure, cavitation resistance, pit membrane, Prunus, vessel grouping, wood anatomy.

Introduction

Plants have developed a hydraulic transport system that relies
on water sustaining a tensile force. Since xylem sap is under ten-
sion, it is prone to cavitation, i.e., the spontaneous change from
liquid to vapor phase (Tyree and Zimmermann 2002). However,
drought-induced cavitation is unlikely to happen via homoge-
neous nucleation and is typically explained based on the air-
seeding hypothesis, i.e., aspiration of air into a functional conduit
through porous pit membranes between neighboring cell walls
(Lens et al. 2013). Since water supply to the leaves is essential
for stomatal conductance and photosynthesis, vulnerability to
xylem cavitation has been shown to have an important constraint
on plant growth and survival (Rood et al. 2000, Davis et al.

1AS and DR contributed equally to this study and are both considered as first authors.

2002, McDowell et al. 2008, Brodribb and Cochard 2009,
Brodribb et al. 2010). Cavitation resistance is generally quanti-
fied by determining Psq, values, i.e., the pressure corresponding
to 50% loss of hydraulic conductivity. The availability of Ps, val-
ues for an increasing number of species (Delzon et al. 2010,
Pittermann et al. 2010) in combination with fast acquisition tech-
niques (Cochard et al. 2005) provides new opportunities for (i)
understanding the evolutionary forces behind cavitation resis-
tance in a broad range of plant groups (Maherali et al. 2004,
Bhaskar et al. 2007, Pittermann et al. 2010, Choat et al. 2012),
(ii) unravelling the genetic background of cavitation resistance at
an intraspecific level (Lamy et al. 2011, Wortemann et al. 2011)
and (i) increasing our knowledge of structure—function trade-
offs across environmental gradients (Choat et al. 2007).
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Over the last few decades, various studies contributed to our
understanding of how anatomical features scale to hydraulic effi-
ciency and safety in angiosperms (Carlquist 1980, 2001, Sperry
2003, Sperry et al. 2005, Hacke et al. 2006). Most previous
studies included quantitative features such as vessel diameter,
vessel element length and vessel density, while total vessel
length and spatial vessel distribution have been quantified in rela-
tively few studies (Loepfe et al. 2007, Schenk et al. 2008,
Martinez-Cabrera et al. 2009, Mencuccini et al. 2010, Brodersen
etal. 2011, Jansen et al. 2011). Nevertheless, a clear evidence for
a vessel-grouping hypothesis has been postulated by Carlquist
(1984, 2009), who states that high vessel grouping (i.e., average
number of vessels contacting a vessel) is more pronounced in
xeric-adapted species with a non-conductive ground tissue as
compared with their relatives in more mesic environments. The
functional explanation for this finding is that large vessel groups
contribute to bypassing the more frequent embolisms in dry envi-
ronments (Carlquist 2009). In contrast, theoretical insights into
the three-dimensional vessel network suggest that high vessel
connectivity decreases resistance to cavitation by increasing the
probability for the spread of embolism via air-seeding (Loepfe
et al. 2007, Martinez-Vilalta et al. 2012). The latter authors
applied novel parameters to quantify vessel connectivity (i.e., the
spatial distribution of vessels) instead of Carlquist's vessel-
grouping index (Mencuccini et al. 2010).

In addition, several studies highlighted the importance of the
bordered pit structure with respect to hydraulic resistance and
cavitation resistance (Tyree and Sperry 1989, Choat et al.
2008, Hacke and Jansen 2009). Wheeler et al. (2005) found
solid evidence in Rosaceae for the ‘rare pit’ hypothesis, sug-
gesting a positive correlation between the average intervessel
pit area per vessel (Ap) and Ps,. This means that vulnerability
to cavitation depends on the number of pits between vessel
elements, assuming that a high number of intervessel pits
increases the likelihood of a single large pit membrane pore
that triggers air-seeding (Choat et al. 2003). Further evidence
for this hypothesis was found for a broader sampling across
angiosperms (Hacke et al. 2006, 2007, 2009, Sperry et al.
2007, Christman et al. 2012).

Lens et al. (2011) provided empirical evidence for the vessel-
grouping hypothesis of Carlquist (1984), suggesting that
cavitation-resistant species of Acer show higher vessel group-
ing as compared with species that are less cavitation resistant.
Although at first sight Carlquist’s vessel-grouping hypothesis
seems to contradict the rare pit hypothesis, Lens et al. (2011)
illustrated that quantitative differences in vessel grouping were
compensated by vessel diameter and vessel length, resulting in
smaller vessel wall areas in cavitation-resistant species, but
constant values for Ap (the total intervessel pit membrane area
per vessel) across seven Acer species.

To clarify the uncertainties about wood anatomical features
associated with cavitation resistance, especially vessel
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grouping and pit quality and quantity, this paper focuses on
10 species of the genus Prunus. The species selected show
Pso values ranging from —3.54 MPa in Prunus padus L. to
—6.27 MPa in Prunus cerasifera Ehrh. as reported by Cochard
et al. (2008). Although some anatomical data for these spe-
cies had already been measured by the latter authors, our
intention was to explore functional trends based on more
measurements and a larger set of vessel and pit characteris-
tics, using various microscope techniques. Given that Prunus
belongs to the Rosaceae family, from which 11 species out of
eight genera were included in the study by Wheeler et al.
(2005), we expected that the total intervessel pit membrane
area per vessel (Ap) would be associated with Pg, according
to the rare pit hypothesis. By performing a phylogenetically
independent contrast (PIC) analysis, we also aim to test the
hypothesis that xylem anatomical characters that determine
cavitation resistance in Prunus have co-evolved together with
Pso due to adaptive association (Bhaskar et al. 2007, Hacke
et al. 2009, Pittermann et al. 2010). We therefore hypothesize
that closely related species share similar adaptations to cavita-
tion resistance.

Materials and methods

Plant materials

Plant materials included four wild and six cultivated species of
Prunus that were previously investigated by Cochard et al.
(2008). Prunus padus was collected on a humid site in the
Auvergne Volcano Park, while Prunus avium (L.) L. and Prunus
spinosa L. were from a mesophilic site in this park. Prunus maha-
leb L. was the only species growing on a xerophilic site in the
Limagne valley. All other species (Prunus cerasifera, P. cerasus L.,
P. persica (L) Batsch, P. domestica L., P. armeniaca L. and P.
dulcis (Mill.) Rchb.) were from mesophilic sites in the same
area. To guarantee a direct link between pit morphology and
cavitation resistance, most pit characters were based on ana-
tomical measurements of the same branches studied by
Cochard et al. (2008). Other anatomical measurements, how-
ever, were based on five new branches per species, which
were collected from the same specimens in January 2010.
Because intra-tree variation in P, values of Prunus was found
to be low (Cochard et al. 2008), combining measurements of
two different groups of branches should not bias the link
between Ps, and anatomy.

Special attention was paid to collecting straight branches
fully exposed to the sun, with a similar length (c. 1 m) and
diameter (5—10 mm) as sampled by Cochard et al. (2008).
Fresh material was immediately wrapped in wet tissue,
enclosed in plastic bags and sent to Um University for ana-
tomical analysis.

Pso values were taken from Cochard et al. (2008). Anatomical
data from this study, however, were not re-used because of the
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higher number of samples measured in the present study and
a frequently different definition of anatomical characters.

Light microscopy

Thin sections (15-20 um) were prepared using a sliding
microtome (Reichert, Vienna, Austria). After bleaching with
Danklorix bleach and rinsing with water, sections were stained
with a mixture of safranin and alcian blue (35 : 65, v/v). They
were then dehydrated with an ethanol series (50, 70, 96%)
and treated with the clearing agent Parasolve (Prosan,
Merelbeke, Belgium). The sections were embedded in Euparal
(Agar Scientific Ltd, Essex, UK). Macerated cells were obtained
following Franklin (1945) to measure vessel element length
(Lyg) and fiber length (L) based on 50 cells from the last two
growth rings.

Light microscopy (LM) observations were carried out with a
Dialux 20 (Leitz, Wetzlar, Germany) fitted with an oil immer-
sion objective, and digital pictures were taken with a PixeLINK
PL-B622CF camera.

Scanning electron microscopy

Small blocks (c. 3 mm?) were trimmed with a razor blade,
cleaned with Danklorix bleach and attached to stubs using
electron-conductive carbon paste. The samples were sputter
coated for 3 min with gold (Spi-Supplies, West Chester, PA,
USA). Observations were carried out using a Jeol JSM 6360
SEM (leol Ltd, Tokyo, Japan) at 15 kV.

Transmission electron microscopy

Two sets of plant material were prepared for transmission elec-
tron microscopy (TEM). Since all pit morphological features
were based on the material that was used to construct vulner-
ability curves by Cochard et al. (2008), we prepared these
dried samples for TEM using the method provided below. These
samples were not re-hydrated before starting the TEM prepara-
tion, although at least a partial rehydration by using fixatives
and washing with phosphate buffer was expected. In addition,
we prepared material from fresh branches that were kept frozen
at =20 °C for several months, defrosted and rehydrated under
vacuum overnight. The combination of both ‘dry’ and ‘wet’ sam-
ples allowed us to compare the pit membrane thickness with a
differing dehydration status (Tpy g, and Tpy yer)- All pit mem-
brane thickness measurements were conducted on different
vessels of a specimen. We were unable to obtain 15 measure-
ments of Tpy wet fOr P. mahaleb because intervessel walls were
extremely difficult to find in the ultrathin sections. However, suf-
ficient measurements were obtained for this species for Tpy 4.

Small segments of 2 mm3 were fixed in Karnovsky'’s fixative
at room temperature (Karnovsky 1965). After washing in 0.2 M
phosphate buffer, the samples were postfixed in 2% buffered
osmium tetroxide for 2 h at room temperature, washed and
dehydrated through a graded propanol series. The specimens

were stained with uranyl acetate in ethanol for 30 min at 37 °C,
and rinsed three times with propanol 100%. Propanol was
replaced by propylenoxide, which was gradually replaced with
Epon resin (Sigma-Aldrich, Steinheim, Germany) at room tem-
perature. The resin was polymerized at 60 °C for 48 h.
Embedded samples were trimmed and sectioned with an ultra-
microtome (Ultracut E, Reichert-Jung, Austria). Semi-thin sec-
tions cut with a glass knife were heat-fixed to glass slides,
stained with 0.5% toluidine blue in 0.1 M phosphate buffer and
mounted in DPX (Agar Scientific, Stansted, UK). Ultra-thin sec-
tions (c. 90 nm) were cut using a diamond knife, attached to
300 mesh copper grids (Agar Scientific, Stansted, UK) and
stained manually with lead citrate for 1 min. Observations were
carried out using a Zeiss EM 900 microscope (Carl Zeiss AG,
Germany) at 80 kV accelerating voltage.

Anatomical measurements

A list of the anatomical features measured is provided in
Table 1, including definitions, and acronyms. Detailed informa-
tion about the number of measurements and how features
were quantified is provided in Table S1 available as
Supplementary Data at Tree Physiology Online. In general, most
characters follow Wheeler et al. (2005), Jansen et al. (2011),
Lens et al. (2011) and Scholz et al. (2013). All measurements
were carried out on images using ImageJ (Rasband 1997).

Because wood of some Prunus species shows a tendency
toward ring-porosity, the measurements were conducted on
~100 vessels per transverse section, distinguishing earlywood
(Ey) from latewood (Ly). A mean value was determined sepa-
rately for earlywood and latewood vessels, except for diffuse-
porous wood.

Vessel length distributions were measured by applying the
silicon injection technique (Wheeler et al. 2005, Hacke et al.
2007). Five fresh branches per species with a length of
10—-20 cm were first flushed with ultrapure, degassed water at
0.2 MPa for at least 30 min to remove embolism and then
injected basipetally with a fluorescent silicon mixture
(UVITEX + Rhodorsil ESA7250 A + B, bluesil GmbH) for at
least 4 h under 0.2 MPa using a pressure chamber (PMS
Instruments, Albany, OR, USA). After 5 h of hardening at 20 °C,
the maximum vessel length was determined and stems were
sectioned at five different heights calculated after Sperry et al.
(2005). Silicon-filled vessels were counted for each section
and vessel length distributions were calculated using the expo-
nential decay function of Sperry et al. (2005).

The three dimensional distribution of xylem vessels has
been studied at various scales, using different terms for related
concepts, such as vessel grouping, aggregation, connectivity,
redundancy, sectoriality, integration and segmentation
(Martinez-Vilalta et al. 2012). We define the vessel-grouping
index following Carlquist (1984) as the total number of vessels
divided by the total number of vessel groups (including both
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Table 1. List of characters measured with their acronyms, definitions and units.

Acronym  Definition Units
Ap Intervessel pit area per vessel = A, X F; mm?
Apir Intervessel pit surface area = area occupied by the pit border or the intervessel pit membrane um?
Api ap Pit aperture surface area um?
Ay Vessel surface area =1 X Dy X Ly, mm?
D Arithmetic vessel diameter = vessel diameter based on the equivalent circle area of a vessel um
Dy, Vessel diameter corresponding to average lumen conductivity; (3 DA'/N)‘/4 um
Dyax Feret's diameter = maximum vessel diameter um
Den ratio Ratio of the diameter of the outer pit aperture as measured following the widest (Dpy jong) @nd the shortest (Dpa por) axis -

Fec Intervessel contact fraction = portion of vessel wall in contact with other vessels based on transverse sections -
Fic Vessel contact length fraction=Lc/L, = 1= Vg -

Fe Pit fraction = fraction of total vessel wall area occupied by intervessel pits = F¢ X Fpr -
Fee Pit-field fraction = fraction of intervessel wall area occupied by intervessel pits -

L¢ Vessel contact length = average contact length between adjacent vessels =L, x (1 — V) cm
Ly Vessel length cm
Lye Vessel element length um
Pso Cavitation pressure at 50% loss of conductivity MPa
Tom Intervessel pit membrane thickness measured at its thickest point um
Tuw Intervessel wall thickness measured as the double intervessel wall in the center of adjacent vessels um
Tyw Duax" Theoretical vessel implosion resistance -

Vo Vessel density = number of vessels per mm? mm=
Vs Vessel-grouping index = total of vessels divided by total number of vessel groups; a solitary vessel counts as one vessel group —

Vs Solitary vessel index = ratio of solitary vessels to total vessel groupings (incl. solitary and grouped vessels) -

solitary vessels and vessel multiples) as seen in a transverse
section. A solitary vessel counts as one vessel group.
Intervessel connectivity is interpreted as a broader term that
includes vessel and pit characteristics of the overlapping ves-
sel wall area between neighboring (connected) vessels.

Correlation analyses

Depending on the normality of the data, Pearson or Spearman
correlation analyses were performed using R (R Core Team
2013) to determine the relationship between wood anatomical
features and Pso. Correlations were considered significant at
P <0.05. A post hoc Bonferroni test was applied after generat-
ing a correlation matrix. To test for intra-tree variation between
branches and interspecific variation, an ANOVA (analysis of
variance) was applied to the characters.

Principal component analysis (PCA)

A varimax rotated principal component analysis (PCA) was
conducted using SPSS 19 (SPSS Inc., Chicago, IL, USA) for a
selection of 12 characters that were found to correlate signifi-
cantly with Ps, based on the Spearman or Pearson correlation
analysis, or based on previous studies (Wheeler et al. 2005,
Christman et al. 2009, Lens et al. 2011). Correlations between
the principal component scores and Ps, were again analyzed
using Spearman’s rank correlation.

Comparative phylogenetic analysis

Sequences for two markers (ITS and trnL—trnF) from Bortiri
et al. (2001) were downloaded from GenBank and aligned

using Geneious (Drummond et al. 2011). Maximum likelihood
analyses were carried out using the RaxML search algorithm
under the GTRGAMMA approximation of rate heterogeneity for
each gene (Stamatakis et al. 2005, Stamatakis 2006). Two
hundred bootstrap trees were inferred using the RaxML Rapid
bootstrap algorithm (ML-BS) to provide support values for the
best scoring tree, which was used for comparative phyloge-
netic analysis.

Phylogenetically independent contrasts

A PIC analysis was conducted to elucidate the impact of phy-
logeny on our analyses (Felsenstein 1985, Schenk et al. 2008,
Pittermann et al. 2010, Zanne et al. 2010). Phylogenetically
independent contrast uses phylogenetic information to trans-
form interspecific data into taxa-independent data for further
statistical analyses. Phylogenetically independent contrast cor-
relation coefficients and significant levels were determined
using the R package Picante (Kembel et al. 2010). The pack-
age includes correction algorithms for calculated branch
lengths. All branches were unified to one length to minimize
type 1 error rate (Ackerly 2000). The phylogenetic contrast for
each species node was then calculated.

Results

There was considerable wood anatomical variation among the
10 Prunus species, especially in spatial vessel distribution
(i.e., vessel-grouping index) and pit membrane thickness
(Figure 1). An overview of the anatomical data is provided in
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Py, = - 3.54 MPa

Figure 1. Transverse wood anatomical sections illustrating variation at the pit level and vessel connectivity across three Prunus species: (a and b)
P. padus; (c) P. cerasifera; (d) P. dulcis. The Ps value of each species is indicated in the upper right corner. The TEM images (a and c) demonstrate
an increase in pit membrane thickness with increasing cavitation resistance. Light microscopy images (b and d) show variation in vessel diameter,
vessel grouping and porosity, with diffuse porous wood in P. padus (b) and semi-ring porous wood in P. dulcis (d).

Table S2 available as Supplementary Data at Tree Physiology
Online.

While most species are diffuse-porous, there is a tendency
toward ring-porosity in P. dulcis, P. avium and P. padus. The ves-
sel-grouping index (V) varied significantly between species
(ANOVA, P < 0.001, F=5.835, df =9), with mean values rang-
ing from 2.5 for the least cavitation-resistant species (P. padus,
Pso=—3.54 MPa) to 1.2 for P. mahaleb (Ps,=-5.55 MPa).
Owing to the direct dependency of V; and the solitary vessel
index (Vs), variation in V5 was similar. The contact fraction (F¢)
was also significantly variable (ANOVA, P<0.001, F=214,
df = 9), with the lowest contact fraction in P. cerasus (F- = 0.04)
and the highest one in P. spinosa (F-=0.11). Vessel density (Vp)
ranged from 70 vessels per mm? in P. mahaleb to 22 in P. dulcis
and showed a high variability (ANOVA, P < 0.001, F=6.967,
df = 9). Because vessel density is primarily determined by vessel
diameter (P < 0.001; r=0.46), a high variability in vessel diam-
eter was found between the species (ANOVA, P <0.001,
F=4799, df=9).

Although anatomical features were considerably variable
within a single tree, with standard deviations up to 25-30%,
interspecific differences were larger than the intraspecific vari-
ation for all characters measured.

Results of the correlation analysis between Ps, and wood ana-
tomical characters are presented in Table 2. The vessel-grouping
features V; and Vs had a strong influence on cavitation resistance,

with a positive correlation for V; (Figure 2; r=0.81, P=0.004)
and a negative correlation for Vg (r=-0.78, P=0.008).
Therefore, species with low Vi (P. dulcis, P. armeniaca and
P. domestica) were generally more cavitation-resistant than spe-
cies with high V; values (P. padus, P. cerasus and P. avium) (see
Figure S1 available as Supplementary Data at Tree Physiology
Online). Vessel contact length fraction (F ) was also highly cor-
related with Psy (r=0.76, P=0.01). Intervessel pit surface area
(Ap) was not correlated with Ps, (r=-0.18, P=0.6), but a cor-
relation with pit fraction (Fp; r=0.46, P=0.017) was found.
There was a negative correlation with pit membrane thickness for
both dried and wet samples (Figure 3; Tpy g, r=—0.75, P=0.01;
Tom wet r=—0.63, P=0.06). Interestingly, pit membranes in fresh
(i.e., wet) samples were on average 1.44 (£0.25) times thicker
than the pit membranes in dried wood samples (Figures 3 and
4). An exception, however, was found for P. domestica. In general,
dried pit membranes appeared electron dense, while hydrated pit
membranes were transparent with very fine, electron-dense dots
in their matrix (Figure 4a). The variation in pit membrane thick-
ness was also larger in wet samples compared with dried sam-
ples, spanning a range of 130 and 87 nm. There was a weak
correlation with pit aperture shape (Dp ti0; F = —0.60, P = 0.068),
and a weak trend for cavitation-resistant species to have longer
vessels (L, r=-0.56, P=0.09). Other wood anatomical fea-
tures, including double intervessel wall thickness (T,y), were not
correlated with Ps,.
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Table 2. Pearson or Spearman correlations and PIC correlations for
relationships between Pg, and the wood anatomical characters mea-
sured across 10 Prunus species. Bold values indicate a significant
(P <0.05) correlation. Acronyms of characters are given in Table 1.
Prunus mahaleb was excluded for Tpy et

Pearson or Spearman PIC correlation

correlation
Character r P value r P value
Ap -0.18 0.600 0.0023 0.900
Apir 0.28 0.420 0.05 0.560
Apir ap -0.09 0.791 0.03 0.610
Ay -0.46 0171 -0.54 0.100
D -0.13 0.705 0.04 0.580
Dy, -0.12 0.727 0.002 0.910
Diax -0.03 0.919 0.11 0.350
Dep ratio -0.60 0.068 0.26 0.130
Fe 0.29 0.410 0.417 0.250
Fic 0.76 0.010 0.67 0.004
Fr 0.46 0.017 018 0.220
Fee 0.43 0.209 0.71 0.002
Le 0.07 0.836 0.16 0.250
Ly -0.56 0.090 0.09 0.400
Lye -0.15 0.668 0.12 0.320
Tom dry -075 0.012 0.29 0.110
ToM wet -0.63 0.066 0.22 0.170
Tuw 0.10 0.765 0.26 0.140
Tyw Dax”! -0.18 0.580 0.15 0.260
Vo 0.16 0.650 0.02 0.710
Vs 0.81 0.004 0.60 0.008
Vs -078 0.008 0.67 0.004
-3.54r=0.81; P=0.004 .
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Figure 2. Relationship between cavitation resistance (Ps,) and vessel-
grouping index (V) across 10 Prunus species.

Possible interactions between the characters investigated
were tested using a PCA (Figure 5). Twelve of the most impor-
tant characters with high correlation coefficients were selected
(Table 3). All components with an eigenvalue above 1 were
retained. This resulted in four components explaining 90.03%
of the total variance. Only PC4 (P = 0.01), which included the
vessel-grouping indices V; and Vs, was strongly correlated

Xylem anatomy and cavitation resistance in Prunus 689

o1 Dry: r=-0.75; P < 0.01
Wet: r=-0.63; P=0.06

200 250

Pit membrane thickness T,,, (nm)
150

100

6.0 5.5 5.0 45 4.0 35
Cavitation pressure Py, (MPa)

Figure 3. Relationship between cavitation resistance (Psp) and pit mem-
brane thickness for the Prunus species. Fresh (i.e., hydrated) pit
membranes (Tpy wer N = 9 species, solid line, black dots) were on aver-
age 1.44 (x0.25) times thicker than air-dried samples (Tpy g, N =10
species, dashed line, triangles). Only a small difference between Tpy et
and Tpy 4, however, was found for P. domestica. 1 =P. armeniaca, 2 =
P. avium, 3 = P. cerasifera, 4 = P. cerasus, 5 = P. domestica, 6 = P. dulcis,
7 =P. mahaleb, 8 = P. padus, 9 = P. persica, 10 = P. spinosa.

with Py and explained 8.3% of the variance. All other principal
components were not correlated with Psp,.

Two major clades (A and B) could be distinguished in the
reconstructed phylogeny (Figure 6). While clade B included
species with Pg, values ranging from —3.54 to —5.55 MPa,
clade A contained the most cavitation-resistant species with
Pso values ranging from —5.18 to —6.26 MPa. The PIC analysis
revealed trends between Ps, and wood anatomical characters
that were in line with the correlation matrix (Table 2): V
(Figure 7b), V5 and F. showed equally significant r-values
(Table 2). However, Fpr was only correlated with Psg in the PIC
analysis (r=0.71, P=0.002), while the correlations between
Pso and Tpy g (Figure 7a, r=0.43, P=0.209), Toy yer and Fp
were not supported by PIC.

Discussion

Our results demonstrate that vessel grouping and some pit
characteristics play an important role in determining Ps, across
10 Prunus species. Species with high cavitation resistance
show mainly solitary vessels, while high vessel grouping was
more common in species with less negative Pg, values. The
vessel-grouping index (Vg r=0.81, P=0.004), the solitary
vessel index (Vs, r=-0.78, P=0.008) and the vessel contact
length fraction (F ¢, r=0.76, P=0.01) were highly correlated
with Pg,. Results from the PCA analysis confirmed that vessel
dimensions and vessel-grouping characters contribute signifi-
cantly to variation in Ps,. These findings are in agreement with
the hydraulic model of Loepfe et al. (2007), which was further
developed by Martinez-Vilalta et al. (2012) based on vessel
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Figure 4. TEM image of bordered pits between two neighboring vessels in P. cerasus showing a thicker pit membrane in a fresh (i.e., hydrated)
sample (a) as compared with an air-dried pit membrane that was only partially hydrated during TEM preparation (b).
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Figure 5. Principal component analysis of 12 wood anatomical traits on
the first 2 principal component axes. Numbers represent Ps, values,
with 1 representing the least (Ps,=-3.54MPa) and 10
(Pso =—6.26 MPa) the most negative value. Tpy was based on air-
dried material (Tpy gry)-

data of 97 species. According to these authors, intervessel
connectivity allows species to achieve a higher specific hydrau-
lic conductivity, but at the cost of increased vulnerability to
embolism. However, owing to the lack of hydraulic conductivity
data, it is unclear how cavitation resistance scales with hydrau-
lic conductivity within the Prunus species studied. Contrary to
our study, Martinez-Vilalta et al. (2012) used theoretical Pg,
values based on their hydraulic model instead of experimental
data. Moreover, these authors applied a point pattern analysis
instead of determining vessel-grouping indices (Vg, Vs) accord-
ing to Carlquist (1984). The point patterns analysis method is
based on various theoretical models explaining the presence
of point to point interactions for describing the spatial distribu-
tion (aggregation and grouping) of xylem conduits (Bivand
et al. 2009, Mencuccini et al. 2010).

Table 3. PCA eigenvalue factor loadings and P and r values of the
correlation analysis of PCs and Psg, (bold when P < 0.05); components
with an eigenvalue >1 were retained; acronyms according to Table 1.

PC1 PC2 PC3 PC4
Eigenvalue 4.312 3.34 214 1.00
% of 35.93 27.86 17.90 8.36
variance
Cumulative 35.93 63.79 81.69 90.03
%
Dy 0.886
Ly 0.792
Vo -0.776
D 0.776 0.511
Fe 0.851
Ap 0.459 0.846
Lye 0.730 —-0.447
Aprr -0.426 0.660 0.461
DPA ratio 0.925
Tom —-0.859
Vs 0.968
Ve —-0.942
r -0.325 0.128 0.431 - 0735
P 0.360 0.724 0.231 0.015

To what extent do our data support the vessel-grouping
hypothesis of Carlquist (1984)? Contrary to data on Acer (Lens
et al. 2011), the results from this study do not provide support
for Carlquist’s vessel-grouping hypothesis. Carlquist (1984,
2001, 2009) suggested that vessels show a tendency toward
an increase in vessel grouping in xeric environments, but a
mainly solitary vessel arrangement in more mesic areas. His
functional explanation was that vessel multiples may provide
alternative, redundant pathways when some vessels become
embolized. Carlquist’s hypothesis, however, is restricted to
species with non-conductive imperforate tracheary elements
(ITEs), because tracheids (especially vasicentric tracheids)
would provide an additional hydraulic pathway to the vessel
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ing the PICs calculated between Ps, and dry intervessel pit membrane thickness (Tpy 4,) (2), 2and between Ps, and vessel-grouping index (V) (b).

network, making any tendency toward increased vessel group-
ing redundant in dry environments (Carlquist 1984, Sano et al.
2011). Careful observation of macerated wood samples
showed that tracheids did not occur in the 10 Prunus species
studied, which is in line with Carlquist’s (1985) observation
that tracheids are absent in deciduous species of Prunus.
Moreover, TEM observations of bordered pits in ITEs of Prunus
frequently showed perforated pit membranes, which also indi-
cate a non-conductive nature in the species studied (Sano
et al. 2011). Even so, tracheids do not seem to have a great
impact on cavitation resistance in various Rosaceae (Hacke
et al. 2009).

Moreover, care should be taken when linking the vessel-
grouping hypothesis with P, values, because Carlquist's

grouping hypothesis refers to the correlation between vessel
grouping and soil moisture availability, without quantifying cav-
itation resistance of the xylem. It is now clear that Pg, values
and, for instance, mean annual precipitation (MAP) are decou-
pled in many cases: depending on the whole-plant hydraulic
strategy, species with a wide range of Pg, values co-occur at
the same site, and species with similar Ps, values grow in
areas with contrasting MAP (Maherali et al. 2004, Choat et al.
2012). Considering the moisture availability of the sites where
we collected our 10 Prunus species, we note that P. mahaleb
and P. padus, which were the only species collected at a xeric
and humid site, respectively, clearly showed the lowest
(P. mahaleb) and the highest (P. padus) vessel-grouping index.
This finding is thus the opposite of what would be expected
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based on Carlquist’s grouping hypothesis, although certainly
more species from dry and wet environments should be con-
sidered before any generalization can be made, ideally consid-
ering the whole-plant hydraulic performance.

Our data illustrate that the variation in Pgy in Prunus is not
influenced by the total intervessel pit membrane surface area
per vessel, as was demonstrated in the correlation analysis
(Ap; r=-0.18, P=0.6) and the PCA (Table 3). A possible
explanation on why our data do not confirm the rare-pit hypoth-
esis could be the relatively narrow range in Ps, (2.7 MPa)
across the 10 Prunus species studied. In order to evaluate the
relationship between Ap and Py, in a broader context, we used
the literature data to compare our Prunus dataset with other
Rosaceae and angiosperms, including diffuse-porous and ring-
porous species (Figure 8). While the negative scaling between
Ap and Pg, remains clearly significant, this dataset (n = 86 spe-
cies) suggests that the rare pit hypothesis is weaker (2 = 0.37)
than previously reported based on smaller datasets (Wheeler
et al. 2005, Hacke et al. 2006). Cai and Tyree (2010) noticed
that these earlier regressions of Ps, versus Ap are close to the
r? of Ps versus vessel diameter. However, if the rare pit hypoth-
esis is correct, Ps, values should correlate more strongly with
Ap than the vessel diameter. Data on the hydraulically weighted
diameter (D) for a subset of the species plotted in Figure 8
(h="59) suggest that D, shows no correlation with Ps,
(r> =0.07), which is surprising, but in support of the rare pit
hypothesis.

An alternative explanation why our Prunus dataset does not
support the rare pit hypothesis as expected is that the fre-
quency of large leaky pits may not only depend on tissue-level
characteristics (e.g., pit membrane area) but also on pit-level
properties (Choat and Pittermann 2009). The dry pit mem-
brane thickness values were significantly correlated with Ps,
(Tem gryy r=—0.79, P=0.01), and weaker correlations were
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Figure 8. Py, (absolute values were taken for the log scaling) versus
pit membrane surface area (Ap) for the 10 Prunus species studied.
Data for additional Rosaceae and angiosperms were taken from
Wheeler et al. (2005), Hacke et al. (2006, 2009), Sperry et al. (2007),
Christman et al. (2009) and Lens et al. (2011). The regression line is
shown for all species (n = 86).

found for the wet pit membrane thickness and pit aperture
shape. Our finding that wet pit membranes are 44% thicker
than dried pit membranes illustrates that pit membrane struc-
ture is strongly affected by drying, a finding that had been sug-
gested previously (Jansen et al. 2008). However, high intra-tree
variability was noticed for Ty, in all species, with average stan-
dard deviations of 25%. The overall range in Tpy . between
the 10 species was relatively low (i.e., <150 nm) compared
with the 254 nm observed for a 2 MPa P, range by Lens et al.
(2011), and could be associated with the low interspecific vari-
ability in intervessel wall thickness (Jansen et al. 2009).
Plavcova et al. (2011) showed that differing light conditions
can alter the pit membrane thickness in hybrids of poplar.
Correlations between cavitation resistance and pit membrane
thickness have also been reported by Jansen et al. (2009),
Lens et al. (2011) and within plants of Helianthus annuus L. that
were cultivated under contrasting irrigation and nutrient
regimes (Scholz et al., unpublished data). Given the consistent
thickness of microfibrils in pit membranes across species, pit
membrane thickness is likely to reflect the number of microfi-
bril layers in a pit membrane, which seems tightly linked with
the size of the pit membrane pores and air-seeding pressure
(Choat et al. 2004, Jansen et al. 2009). Our finding that more
elliptical pit apertures are associated with higher cavitation
resistance is in agreement with Lens et al. (2011). Thus, ves-
sels that show bordered pits with an elliptical aperture and a
thick membrane show higher cavitation resistance. The lack of
any correlation in our data between P, and intervessel wall
thickness, as previously suggested by Cochard et al. (2008)
for exactly the same species, is remarkable. A possible expla-
nation could be that in the present study only the wall thick-
ness in the middle was measured, excluding cell corners of
adjacent vessels. Moreover, our data were based on five sam-
ples per species and 25 measurements per sample, instead of
60 measurements from a single sample per species.
Furthermore, there is no direct and clear evidence that an
increase in the number of intervessel pits, and thus in the total
intervessel pit membrane area per vessel (Ap), automatically
increases the likelihood of a large pit pore that triggers air-
seeding (Choat et al. 2003). However, quantifying pit mem-
brane porosity remains problematic despite the application of a
wide range of techniques (Choat et al. 2003, 2004, 2008).
The comparative phylogenetic analyses support the idea that
the adaptation to cavitation resistance has co-evolved in closely
related species of Prunus, with only P. mahaleb as an exception
in clade B (Figure 6). Owing to its very small vessel diameter
(Dp. manatep = 155 Um; Dy gpecies = 20 m), its high vessel density
(Vy. s = 70.77 vessels mm=, Vp
and its pronounced diffuse-porous wood, this species has a
unique anatomical structure compared with the other species,
which probably reflects the xerophilic site where P. mahaleb was
collected. Evolutionary changes detected between Fpr and Pg,

=40.18 vessels mm)
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were not supported in the correlation analysis, suggesting that
evolutionary changes of Fpr happened in different directions.

In conclusion, cavitation resistance across the Prunus species
studied is determined by a series of interconnected characters
related to the spatial distribution of the vessel network, espe-
cially vessel-grouping index (V), solitary vessel index (V5) and
vessel contact length fraction (F ), in addition to qualitative pit
characteristics such as pit membrane thickness (Tpy) and pit
aperture shape (Dpa a0). Co-evolution was shown for vessel
connectivity features, but not for pit membrane thickness (Tp)
and pit aperture shape (Dpa ratio)- 1his suggests that vessel con-
nectivity traits have evolved together with cavitation resistance
in Prunus. Further empirical and comparative works on the plas-
ticity of quantitative and qualitative wood anatomical features
are needed in combination with phylogenetic and evolutionary
analyses to better understand the mechanisms of cavitation
resistance at an intraspecific, interspecific and intra-tree level
(Fonti and Jansen 2012, Schulte 2012, von Arx et al. 2012).

Supplementary data

Supplementary data for this article are available at Tree
Physiology Online.
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