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Summary

• Vulnerability to cavitation and conductive efficiency depend on xylem anatomy.

We tested a large range of structure–function hypotheses, some for the first time,

within a single genus to minimize phylogenetic ‘noise’ and maximize detection of

functionally relevant variation.

• This integrative study combined in-depth anatomical observations using light,

scanning and transmission electron microscopy of seven Acer taxa, and compared

these observations with empirical measures of xylem hydraulics.

• Our results reveal a 2 MPa range in species’ mean cavitation pressure (MCP).

MCP was strongly correlated with intervessel pit structure (membrane thickness

and porosity, chamber depth), weakly correlated with pit number per vessel, and

not related to pit area per vessel. At the tissue level, there was a strong correlation

between MCP and mechanical strength parameters, and some of the first evidence

is provided for the functional significance of vessel grouping and thickenings on

inner vessel walls. In addition, a strong trade-off was observed between xylem-

specific conductivity and MCP. Vessel length and intervessel wall characteristics

were implicated in this safety–efficiency trade-off.

• Cavitation resistance and hydraulic conductivity in Acer appear to be controlled

by a very complex interaction between tissue, vessel network and pit characteristics.

Introduction

Xylem cavitation represents an important constraint on
plant survival, and xylem hydraulic conductance potentially
limits plant productivity (Rood et al., 2000; McDowell
et al., 2008; Brodribb & Cochard, 2009). Numerous exper-
imental studies on xylem hydraulics in woody plants have
been published, and there is a rich literature on ecological
wood anatomy that has fostered numerous hypothetical
correlations between wood structure and its hydraulic function.

However, the few integrative studies that have combined
anatomical and experimental approaches mostly lack in-
depth anatomical observations using electron microscopy
(Wheeler et al., 2005; Sperry et al., 2006; Cochard et al.,
2008; but see Hacke & Jansen, 2009; Pittermann et al.,
2010). The present study bridges the structure–function
gap by combining transmission electron microscope
(TEM), scanning electron microscope (SEM), and light
microscope (LM) observations of seven Acer species with
empirical measures of xylem hydraulics. By studying closely
related species in a single genus, we reduced phylogenetic
noise in anatomical traits. This facilitated the testing of a
wide range of structure–function hypotheses, some of which
have not been evaluated before.
The experimental literature implicates intervessel pitting

as a key structure determining both hydraulic conductivity
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and cavitation resistance. The flow resistance through inter-
vessel pits accounts for > 50% of the total resistance of the
vessel network (Wheeler et al., 2005; Choat et al., 2008).
Vulnerability to cavitation of air-seeding is determined by
the ability of the pitted intervessel walls to resist the passage
through an air–water interface (Zimmermann, 1983). Since
air-seeding requires the failure of only one intervessel pit, all
else being equal, the more extensive the pitting, the greater
should be the probability of one pit failing (‘rare pit’
hypothesis; Wheeler et al., 2005; Christman et al., 2009).
All else is not necessarily equal, however, and the seemingly
inevitable effect of pit quantity can be compensated for by
changes in pit structure (Sperry et al., 2007).
Recently, a comparative study of three Acer species con-

cluded that the major determinant of cavitation resistance
was established by differences in pit structure rather than
pit quantity (Christman et al., 2009). However, this study
did not examine the ultrastructure of the intervessel pits,
and pit quantity was expressed as pit area per vessel (Ap)
rather than pit number (Np). One of the hypotheses we
tested in the present paper was to evaluate whether pit struc-
ture (especially pit membrane thickness and porosity, and
pit chamber depth) is more crucial than pit quantity per
vessel (whether measured as Ap or Np) for explaining differ-
ences in cavitation resistance between Acer species.
Other hypotheses are related to the mechanical strength of

the vessel walls and surrounding fibres. Cavitation-resistant
xylem is likely to carry water under more negative pressures.
These stronger tensions put a greater mechanical load on
the vessel walls, which need to be well reinforced to avoid
collapse (Hacke et al., 2001). The pressure at which implo-
sion of the vessel occurs is a function of the ‘thickness-
to-span’ ratio, that is, the double vessel wall thickness per
lumen diameter (Tw Dv

–1). Wood density (WD) is also
strongly influenced by thickness-to-span ratio of the imper-
forate tracheary elements (Hacke et al., 2001; Martı́nez-
Cabrera et al., 2009). Because both Tw Dv

–1 and WD
increase with cavitation resistance in many broad-scale studies
(Hacke et al., 2001; Jacobsen et al., 2005, 2007; Chave et al.,
2009; Onoda et al., 2009), we investigated whether these two
mechanical parameters are also significant at the genus level.
The ecological wood anatomical literature has produced

a number of correlational hypotheses between wood anat-
omy and function, but many of these have not been well
evaluated experimentally. More cavitation-resistant species
are thought to possess shorter vessel elements (Le; Carlquist,
1966, 1975; Baas et al., 1983; Lens et al., 2003, 2004,
2009), lower vulnerability indices (VI = vessel diameter
divided by vessel frequency; Carlquist, 1975), lower meso-
morphy indices (MI = VI · Le; Carlquist & DeBuhr,
1977), and more pronounced thickenings on inner vessel
walls (Carlquist, 1966). In addition, when vessels are
embedded in a background of nonconductive fibres and not
surrounded by abundant vasicentric tracheids, such as in

Acer, xeric-adapted species are hypothesized to have more
and larger vessel multiples than more vulnerable species
(Carlquist, 1984, 2009; Rosell et al., 2007).
A major hypothesis emerging from previous work is that

small conduits are more resistant to cavitation than large
ones (Ellmore & Ewers, 1985; Hargrave et al., 1994; Cai &
Tyree, 2010), resulting in a trade-off between safe xylem
(small conduits) and efficient xylem (large conduits).
However, experimental support for such a safety vs effi-
ciency correlation is often equivocal and statistically noisy
for drought-induced cavitation (Wheeler et al., 2005;
Hacke et al., 2006). If drought-induced cavitation resist-
ance is influenced by the extent of intervessel pitting per
vessel, larger vessels would, on average, be more vulnerable
than smaller ones in the same vessel group. However, if
cavitation is mostly influenced by intervessel pit structure,
large vessels could be as safe from air-seeding as smaller ones
regardless of how much pitting is present.
Acer species have been regularly included in experimental

studies; for example, some of the first experimental evidence
for air-seeding comes from Acer saccharum (Sperry & Tyree,
1988). Also the wood anatomy of Acer has been extensively
described (e.g. Yamauchi, 1962; Ogata, 1967), but integra-
tive anatomical–physiological work is lacking. We com-
bined detailed anatomical observations at the tissue level
(i.e. the three-dimensional hydraulic network) and inter-
vessel pit level with empirical measures on xylem hydraulics
for seven Acer species. Our major focus was to evaluate
previously published anatomical hypotheses with respect to
cavitation resistance and conducting efficiency, and to
reveal traits implicated in any trade-off we might observe
between safety and efficiency within the genus.

Materials and Methods

Plant material

Branches c. 1 m in length and 8–11 mm in diameter
belonging to different parts of an individual’s crown were
sampled around midday for a total of seven Acer taxa during
the months of May–June 2009. Stems were wrapped tightly
in plastic and stored in a cold room in the laboratory until
use (up to 1 wk). Acer pseudoplatanus L. and Acer
platanoides L. were irrigated street trees growing in Salt Lake
City (UT, USA, c. 40�45¢N 111�51¢W), A. saccharinum L.
was collected along the Jordan River near Salt Lake City (UT,
USA, c. 40�41¢27¢¢N 111�55 24¢¢W), and Acer glabrum
Torr. var. diffusum (Greene) Smiley was collected in a nar-
row, shaded canyon in the arid House Range mountains
(Sawtooth Canyon, UT, USA, c. 39�07¢N 113�23¢W).
Stems of the three remaining taxa were recollected from the
same populations used by Christman et al. (2009). Voucher
specimens are housed in the University of Utah (Salt Lake
City).
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Vulnerability curves, mean cavitation pressure (MCP),
and xylem-specific conductivity (KXa)

The standard centrifuge method (Li et al., 2008) was used
to obtain vulnerability curves for A. glabrum var. diffusum,
A. platanoides, A. pseudoplatanus and A. saccharinum. Six
stems (not flushed) per species were trimmed under water to
14.1 cm length. The native conductivity measurements were
made using 20 mmol KCl and a pressure head of c. 4–6 kPa
(Alder et al., 1997), and conductivity was expressed per stem
area (KSa) and per xylem area (KXa; Table 1). Stems were
then spun in a Sorvall RC-5C centrifuge (Thermo Fisher
Scientific, Waltham, MA, USA) at increasing speed until
> 95% loss of conductivity was detected. The mean of the
distribution of incremental conductivity loss with xylem
pressure is the MCP. It was calculated for each stem from a
Weibull curve fitted to the cumulative loss of conductivity
measured by the vulnerability curve. The species MCP was
calculated as the mean of the stem means. MCP is arguably
better than the 50% loss of conductivity pressure (P50) for
representing a species’ cavitation resistance, especially if the
curve is not symmetrical. We also report P50 values for com-
parison with their wide use in the literature (Table 4).
Conductivities and MCPs for A. glabrum var. glabrum,

A. grandidentatum, and Acer negundo were taken from
Christman et al. (2009) using the ‘spin’ method.
Standard and spin methods have been shown to be statis-
tically identical for the rotors used in our study (Li et al.,
2008). For short-vesseled species such as Acer (mean vessel
lengths are > four times shorter than the spinning stem
segment, Table 3), numerous studies have validated cen-
trifuge methods via comparisons with bench-top dehydra-
tion, native embolism, and air-injection experiments
(Pockman et al., 1995; Alder et al., 1997; Cochard et al.,
2005; Li et al., 2008). Although stems were flushed in
the Christman et al. (2009) study, their vulnerability
curves indicated minimal native embolism would be
expected (as has been confirmed for two of the three spe-
cies; Taneda & Sperry, 2008; U. Hacke & J. S. Sperry,
unpublished).

Light microscopy (LM)

Transverse, tangential and radial sections of 20 lm thickness
were cut using a sledge microtome (Reichert, Vienna,
Austria). After bleaching and rinsing with water, the sections
were stained for 15 s with a 1 : 2 mixture of safranin (0.5%
in 50% ethanol) and alcian blue (1% in water), dehydrated
in an ethanol series (50%, 75%, 96%), treated with a
Parasolve clearing agent (Prosan, Merelbeke, Belgium), and
mounted in Euparal (Agar Scientific, Stansted, UK) (Lens
et al., 2005). Sections were observed using a Dialux 20 light
microscope (Leitz, Wetzlar, Germany) and photographed
with a PixeLINK digital camera (Ottawa, ON, Canada).

Table 1 List with major variables with definition and units
employed

Symbol Definition
Units
employed

Ap Average intervessel pit area per
vessel = FpAv

mm2

Av Average vessel wall area = pDvLv* mm2

APf Aperture shape = ratio of longest axis of
outer pit aperture over shortest axis

–

Dm Horizontal pit membrane diameter lm
Dp Diameter of pit membrane pore nm
Dv Vessel diameter corresponding to

average lumen conductivity determined
from the Hagen–Poiseuille equation

lm

Fap Aperture fraction = pit aperture area per
pit membrane area

–

Fc Contact fraction = fraction of the total
vessel wall perimeter in contact with
another vessel

–

Fp Pit fraction = fraction of vessel wall area
occupied by intervessel
pits = ApAv

)1 = FcFpf

–

Fpf Pit-field fraction = fraction of intervessel
wall surface occupied by pits

–

GI Vessel grouping index = total number of
vessels divided by total number of vessel
groups; a solitary vessel counts as one
vessel group

–

KSa Hydraulic conductivity per stem
cross-sectional area

mg s)1

kPa)1 mm)1

KXa Hydraulic conductivity per xylem
cross-sectional area

mg s)1

kPa)1 mm)1

Le Vessel element length lm
Lf Fiber length lm
Lt Thickness (width) of sculpturing on inner

vessel wall
lm

Lp Depth of pit chamber from membrane
surface to inner edge of pit aperture

nm

Lv Vessel length m
Lv* Log-transformed vessel length m
MCP Mean cavitation pressure fromWeibull

function fits to vulnerability curves
MPa

MI Mesomorphy index = VI · Le –
Np Average pit number per

vessel = 4Ap(pDm
2))1

–

Pa Air-seeding pressure MPa
Tm Thickness of intervessel pit membrane nm
Tw Double thickness of vessel wall making

contact with an adjacent vessel
lm

T L)1 Number of thickenings on inner vessel
wall per axial vessel length

100 lm)1

Tw Dv
–1 Thickness-to-span ratio of

vessels = intervessel wall thickness
divided by vessel lumen diameter

–

V Ax
–1 Vessel frequency = number of vessels

per wood area
mm)2

VI Vulnerability index = Dv(V Ax
)1))1 –

WD Wood density, calculated as oven-dry
mass divided by air-dry volume at
12–15%moisture content

g cm)3

Some auto-correlated variables and generally nonsignificant ones do
not appear in Figs 2, 6 and 7.
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Transverse sections were used to measure vessel density
(V Ax

–1), vessel grouping index (GI, ratio of total number of
vessels to total number of vessel groupings (incl. solitary and
grouped vessels); Carlquist, 2001), and VI (vessel diameter
divided by vessel frequency, Table 1) (Carlquist, 1975).
Vessel diametersweremeasured as thediameter of a circlewith
the same area as the vessel lumen. Because lumen conductivity
increases with diameter to the fourth power, we report the ves-
sel diameter that corresponds to the average lumen conductiv-
ity (Dv = (R(D4

⁄n))1 ⁄ 4; lumen conductivity determined
from the Hagen–Poiseuille equation). Thickness-to-span
ratio (Tw Dv

–1) was measured on vessels within 5% of Dv

(Hacke et al., 2001). Double thickness of the vessel wall was
also reported separately (Tw). The fraction of vessel surface
area in contact with other vessels (contact fraction, Fc) was
estimated as the fraction of the total vessel wall perimeter that
was in contact with another vessel. All parameters were aver-
aged for complete radial sectors of current-year growth rings,
basedon two radial sectors per stem andfive stems per species.
Longitudinal sections were used to measure intervessel

pit-field fraction (Fpf = pit area per intervessel wall area).
Vessel element length (Le) and fibre lengths (Lf) were deter-
mined from counts of 50 macerated cells (Franklin, 1945),
taken from the outer part of the stem.

Vessel length distributions

The silicon injection method was used to obtain vessel
length distributions (Hacke et al., 2007; Christman et al.,
2009). The silicone was injected basipetally down the main
stem from the base of the current year’s extension growth.
Five stems per species were flushed with 20 mm KCl at c.
70 kPa to remove reversible embolism and injected under
50–75 kPa pressure overnight with a 10 : 1 silicone : hard-
ener mix (RTV-141; Rhodia, Cranbury, NJ, USA). A fluo-
rescent optical brightener (Ciba Uvitex OB; Ciba Specialty
Chemicals, Tarrytown, NY, USA) was mixed with chloro-
form (1% w ⁄w) and added to the silicone (one drop g)1)
to enable detection of silicone-filled vessels in stem sections
under fluorescent microscopy. After allowing the silicone to
harden for 2–3 d, stems were sectioned at five positions
beginning 6 mm from the injection end and ending 8–
12 cm back from the cut end. The fraction of silicone-filled
vessels at each length was counted and the data analyzed for
vessel length distribution as explained in Christman et al.
(2009). Vessel length distributions are short-skewed, and
therefore we report both the untransformed mean (Lv) and
log-transformed mean (Lv*).

Calculation of intervessel pit area per vessel (Ap) and
pit number (Np) per vessel

Average intervessel pit area per vessel (Ap) was obtained by
methods detailed in Sperry et al. (2007). Briefly, the

pit-field fraction (Fpf) was multiplied by the contact fraction
(Fc) to give the fraction of vessel wall area occupied by inter-
vessel pits (Fp, pit fraction). The pit fraction in turn was
multiplied by the average vessel wall area (Av = pDvLv*) to
give Ap. An estimate of the average Np was obtained by
dividing Ap by the average pit membrane area (pDm

2
⁄4).

Wood density

All values are reported as basic specific gravity (oven drymass ⁄
air dry volume at 12–15% moisture content ⁄density of
water), called wood density in the main text for simplicity.
Measurements were performed on five dried wood samples
(without pith and bark) per species using the water displace-
ment method (Chave et al., 2006). A container filled with
water was placed on a digital balance (precision 0.01 g;
Acculab Vicon, Sartorius, Göttingen, Germany). The air-
dried wood specimens were carefully forced under water with
a needle, such that it does not contact the sides or bottom of
the container. The measured mass of displaced water equals
the dried volume of the wood specimen. Oven-dry mass was
measured on the same sample by drying it in an oven at 60�C
until it achieved constantmass (after 4 d).

Scanning electron microscopy

Two types of SEM were used in this study. For measure-
ments of pit membrane pores, freeze-dried specimens were
split in a tangential plane, coated with platinum for 4 min
at 10 mA in a sputter coater (Emitech, Ashford, UK), and
observed with a field emission SEM at a voltage of 2 kV
(Zeiss UltraPlus FESEM; Thornwood, NY, USA).
The longest axis of 100 visible pit membrane pores (Dp)

from several vessels was measured using ImageJ software
(Rasband, 1997–2004). The relationship between the air-
seeding pressure (Pa) at a given pit membrane pore diameter
(Dp) was calculated as follows: Pa = 4ccosh Dp

)1, where c

is the surface tension of water (0.073 N m)1 at 20�C), and
h is the contact angle of the air–water–membrane interface
(assumed to be zero because of hydrophilic membrane
components).
A conventional SEM (JEOL JSM-6360, Tokyo, Japan)

at a voltage of 10 kV was used to measure additional inter-
vessel pit and vessel parameters. Dried, untreated wood
specimens were split in a tangential plane, fixed to alumi-
num stubs with an electron-conductive carbon sticker, and
coated with gold using a sputter coater (SPI Supplies, West
Chester, PA, USA) for 2 min. Horizontal pit membrane
diameter (Dm), pit aperture shape (APf, short ⁄ long axis of
pit aperture), and aperture fraction (Fap = aperture area per
pit membrane area) were measured on 50 pits per species
from several vessels. The thickness of vessel wall thickenings
(Lt), and their number per axial vessel length (T L–1) was
also measured.
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Transmission electron microscopy

Frozen samples were cut into 2 mm3 blocks and fixed
overnight in Karnovsky’s fixative at room temperature
(Karnovsky, 1965). After washing in 0.2 M phosphate
buffer at pH 7.3, the specimens were postfixed in 2%
buffered osmium tetroxide for 1–2 h at room temperature,
washed again, and dehydrated through a graded propanol
series (30, 50, 70, 90%). Afterwards, specimens were
stained with 118 mM uranyl acetate dissolved in ethanol
for at least 30 min at 37�C, and rinsed three times with
propanol 100%. The propanol was replaced by propylenox-
ide, which was gradually replaced with epon resin (Sigma-
Aldrich) using a 2 : 1 solution for 15 min, 1 : 1 for
30 min, 1 : 2 for 1 h, and overnight in 100% epon at room
temperature. The epon resin was then replaced once again
and polymerized at 60�C for 48 h. Embedded samples were
trimmed with a razor blade and sectioned with an ultrami-
crotome (Ultracut, Reichert-Jung, Vienna, Austria).
Transverse sections 1–2 lm thick were cut with a glass
knife, heat-fixed to glass slides, stained with 0.5% toluidine
blue O in 0.1 M phosphate buffer, and mounted in DPX
(Agar Scientific). Resin-embedded material was prepared
for TEM by cutting transverse, ultrathin sections between
60 and 90 nm using a diamond knife. The sections were
attached to 300 mesh hexagonal copper grids (Agar
Scientific) and stained manually with lead citrate for 1 min.
Observations were carried out using a Philips 400 TEM
(Philips, Eindhoven, the Netherlands) at 80 kV accelerating
voltage and digital images were taken using a TVIPS camera
(Tietz Video and Image Processing Systems GmbH,
Gauting, Germany). Image analysis was undertaken using
ImageJ software on at least 25 measurements to define the
thickness of the intervessel pit membranes (Tm). The pit
chamber depth (Lp) was measured as the distance from the
inner side of the aperture to the surface of a nonaspirated,
flat pit membrane on at least 15 pits (Fig. 3).

Evaluating relationships

Correlation statistics between variables were conducted
using SPSS (SPSS Inc., http://www.spss.com), using linear
ordinary least-squares regression. Although not all trait
correlations need be linear, our ability to meaningfully
distinguish nonlinear correlations from linear ones was
weak given our limited sample size of n = 7 taxa.

Results

Vulnerability curves

The species studied showed a wide range of cavitation
resistance (Fig. 1). The two most vulnerable species (MCP
(mean ± SE): A. saccharinum, )1.26 ± 0.08 Mpa; A. negundo,

)1.68 ± 0.08 MPa) had the highest initial KSa and showed
the steepest decline to nearly zero at a xylem pressure of
)2.5 to )3.0 MPa. The three species with an intermediate
resistance to cavitation (MCP: A. glabrum var. glabrum,
)2.25 ± 0.14 Mpa; A. platanoides, )2.29 ± 0.21 MPa;
A. pseudoplatanus, )2.29 ± 0.14 MPa) also had intermediate
initial KSa, and reached zero conductivity between
)4 and )5.5 MPa. The two most resistant species, A.
grandidentatum (MCP = )3.33 ± 0.55 MPa) and A.
glabrum var. diffusum (MCP = )3.06 ± 0.19 MPa), had
intermediate to low values of KSa and reached near-zero
conductivity at )6.5 and )5 MPa, respectively. MCP aver-
aged c. 8% more negative than P50, and the two measures
were highly correlated (r2 = 0.96; Tables 2, 4).

Correlations between xylem anatomy and MCP

Many pit features were strongy correlated with MCP. More
cavitation-resistant Acer species had shallower pit chambers
(Lp, P < 0.001) including thicker pit membranes (Tm,
P = 0.001) with, on average, smaller pores (Dp, P = 0.005)
than more vulnerable species (Figs 2, 3; Table 2). The
mean Dp value was, on average, 5.9 ± 1.00 times smaller
than the pore size predicted to air-seed at the species’ MCP,
reflecting the fact that it is the largest pore rather than the
average that is responsible for air-seeding. Less strong corre-
lations (but still significant at P = 0.05) were found
between MCP and pit aperture shape (APf, P = 0.024) and
aperture fraction (Fap, P = 0.033): more cavitation-resistant
species had narrower elliptical apertures, which were also
smaller in area compared with the entire pit membrane sur-
face than their more vulnerable relatives (Fig. 2).

Fig. 1 Vulnerability curves of seven Acer species, showing the
cumulative drop in stem-specific conductivity using the standard
centrifuge method (A. glabrum var. diffusum, A. platanoides, A.
pseudoplatanus and A. saccharinum) or the comparable spinning
method (three remaining species taken from Christman et al., 2009;
mean ± SE, n = 6 stems). MCP, mean cavitation pressure; KSa,
hydraulic conductivity per stem cross-sectional area.
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There was a marginally significant tendency for MCP to
become less negative as pit number increased (Np,
P = 0.064), but there was no relationship for pit area per
vessel (Ap). More negative MCP was also associated with an
increase in the fraction of vessel wall area occupied by pits
(Fp, P = 0.054). The diameter of the pit membrane was not
important (Fig. 2, Dm).
Mean cavitation pressure was positively correlated with

wood strength parameters, such as thickness-to-span ratio
of vessels (Tw Dv

–1, P = 0.001) and WD (P = 0.002
Fig. 2). Intervessel wall thickness (Tw) and fibre length (Lf),
however, showed no correlation.
Vessel size variables showed a complex relationship to

MCP. Vessel diameter Dv was not well related to MCP
(Fig. 2; P = 0.075), but the untransformed mean vessel
length Lv was: longer vessels tended to be more vulnerable
than shorter ones by this measure (P = 0.006; Fig. 2).
Longer vessel elements were also associated with greater
vulnerability, though less strongly (Le, P = 0.045; Fig. 2).
Log-transformed mean vessel length Lv*, however, was only
marginally correlated with MCP (P = 0.062; Fig. 2). The
unimportance of Dv resulted in no correlation between VI
and MCP (Fig. 2; VI), but the MI (VI · Le) was weakly
correlated (P = 0.048; Fig. 2), probably because of the
significant Le relationship.
Surprisingly, there was a strong positive relationship

between MCP and vessel GI (P = 0.006; Figs 2, 4), such
that a higher GI was associated with greater cavitation resist-
ance. Similarly, greater vessel contact fraction was also
linked to more negative MCP (Fc, P = 0.025; Fig. 2).
Another unexpectedly strong correlation was found between
MCP and the thickness of the sculpturing on the inner
vessel walls Lt (P = 0.004; Figs 2, 5), and there was an addi-
tional relationship with the density of these thickenings per
axial vessel length, T L–1 (P = 0.022; Figs 2, 5; Table 3).T
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Fig. 2 R2 values of selected wood anatomical traits (abbreviated
according to Table 1) with mean cavitation pressure (MCP).
Negative signs indicate a negative relationship, meaning that an
increase in a particular trait makes stems more vulnerable to
cavitation (less negative MCP). Black bars, pit-level traits;
gray bars, tissue-level traits; white bar, xylem-specific conductivity
(KXa).
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We found a strong relationship between greater cavita-
tion resistance and lower xylem-specific conductivity (KXa,
P = 0.009; Fig. 2). This trade-off is also reflected in the
stem-specific conductivities shown in Fig. 1: more cavita-
tion-resistant species tended to have a lower initial KSa than
the more vulnerable species.

Correlations between xylem anatomical characters
and xylem-specific conductivity (KXa)

There was evidence for the intuitive positive link between
vessel size and KXa (Fig. 6) with both measures of vessel
length (Lv, P = 0.001; Lv*, P = 0.009) and Dv (P = 0.019;
Fig. 6) showing strong positive relationships with KXa. Le
was also positively related to KXa (P = 0.012). Vessel density
V Ax

–1 was not correlated with KXa, but VI showed a correla-
tion (P = 0.015) as a result of the positive Dv relationship.
The Le correlation resulted in a strong relationship betweenKXa

and MI (P = 0.002). Interestingly, higher GI and Fc were
strongly coupled to lowerKXa (GI, P = 0.005; Fc, P = 0.004).
Several pit characters were strongly correlated with

increasing KXa (Fig. 6), such as higher aperture fractions
(Fap, P = 0.003), deeper pit chambers (Lp, P = 0.011), and
thinner intervessel pit membranes (Tm, P = 0.011). A

decrease in the fraction of vessel walls occupied by pits was
associated with higher KXa (Fp, P = 0.015), probably
because lower pit fractions were associated with longer and
wider vessels (Table 4). There was a marginally significant
trend for KXa to increase with greater Np (P = 0.06). No
other measured pit parameter was found to be important
(Dm, Dp, Ap, APf, Fig. 6).
Wood density and thickness-to-span ratio (Tw Dv

–1)
were both negatively associated with KXa (WD, P = 0.009;
Tw Dv

–1, P = 0.034; Fig. 6). Vessel wall sculpturing para-
meters (Lt, T L–1) and fiber length (Lf) were unimportant
(Fig. 6).

Traits important for the safety vs efficiency trade-off

A few key traits showed strong relationships with both
MCP and KXa (Fig. 7), and hence are potentially involved
in a cause-and-effect explanation for the observed safety–
efficiency trade-off. Traits that were associated with
enhanced cavitation resistance and lower conductivity
(Fig. 7, lower right box, P £ 0.05) were Tw Dv

–1, WD, GI,
Fc, Tm and Fp. Traits associated with high conductivity but
low cavitation resistance (Fig. 7, upper left box, P £ 0.05)
were Lv, Le, Lp, Fap, and MI.

(a) (b)

(c) (d)

(e) (f)

Fig. 3 Tangential longitudinal scanning
electron microscopy surfaces (a, c, e) and
transverse transmission electron microscopy
sections (b, d, f) illustrating differences in pit
structure in the most cavitation-susceptible
Acer saccharinum (a, b), the intermediate
Acer platanoides (c, d), and in the most
cavitation-resistant Acer grandidentatum (e,
f). The more cavitation-resistant Acer species
had, on average, thicker pit membranes (Tm;
b vs f) with fewer and smaller pores (Dp; a vs
e) and a shallower pit chamber (Lp; b vs f).
The elliptical shape visible in the central part
of the pit membrane (a, e) corresponds to
the underlying elliptical pit aperture.
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Discussion

Superficially, the wood anatomy of the seven Acer taxa studied
lacked obvious variation using standard light microscope
observations (Fig. 4), despite a 2 MPa range in MCP and a
clear difference in stem-specific hydraulic conductivity
(Fig. 1). However, a more detailed examination using LM,

SEM and TEM revealed a wide range of less obvious ana-
tomical characteristics that showed a strong relationship
with MCP (Figs 2–5) and xylem-specific conductivity
(Fig. 6). Some of these correlations are empirically demon-

(a)

(b)

(c)

Fig. 4 Pictures of transverse light microscope sections showing
variation in vessel grouping patterns in the most cavitation-
susceptible species, Acer saccharinum (a), the intermediate Acer
pseudoplatanus (b), and in the most cavitation-resistant Acer
grandidentatum (c). The more cavitation-resistant Acer species had,
on average, more and larger vessel multiples, resulting in a higher
vessel grouping index and contact fraction.

(a)

(b)

(c)

10 µm

10 µm

10 µm

Fig. 5 Scanning electron microscope pictures of tangential
longitudinal surfaces showing variation in vessel wall thickenings on
the inner walls in the most cavitation susceptible Acer saccharinum
(a), the intermediate A. glabrum var. glabrum (b), and in the most
cavitation resistant A. grandidentatum (c). Within Acer, the more
cavitation resistant species had thicker and denser sculpturing
patterns on their inner vessel walls.
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strated for the first time in this study, and all are discussed
below in relation to hypothetical mechanisms of cavitation
and hydraulic conductance. The trends we found in Acer
are not always similar to patterns reported from other
clades, suggesting multiple evolutionary pathways for
achieving cavitation resistance and hydraulic conductivity.

Pit structure was more strongly linked to MCP than pit
quantity

Our results suggest that Acer species have evolved different
MCPs primarily by altering pit structure, and secondarily
by altering Np, although additional factors such as the role
of calcium may also influence cavitation resistance
(Herbette & Cochard, 2010). The pit membrane structures
that corresponded with more negative MCP make sense in
light of the air-seeding mechanism (greater Tm, lower Dp;
Fig. 2). Developmental mistakes causing a weak spot or a
large pore in pit membranes are hypothetically less severe in
species with higher Tm and lower Dp, which would decrease
the likelihood of cavitation by air-seeding (Choat et al.,
2008; Christman et al., 2009; Jansen et al., 2009). The
extreme pore diameter predicted from the MCP averaged
six times wider than the average Dp across all species,
suggesting that shifts in the extreme pore size (and hence
MCP) were achieved by proportional shifts in the average
pore size.
Greater cavitation resistance was also associated with fea-

tures that would minimize mechanical stresses on the aspi-
rated pit membrane (Fig. 2; smaller Lp, larger APf, and
smaller Fap). Shallower pit chambers (smaller Lp) reduce
membrane stretching before aspiration against the pit bor-
der. Once aspirated, further stress would be minimized by
narrower slit-like apertures (greater APf) that occupy a pro-
portionally smaller area of the pit border (smaller Fap). AllT
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Fig. 6 R2 of selected wood anatomical traits (abbreviated according
to Table 1) with xylem conductivity per xylem area (KXa). Negative
signs indicate a negative relationship, meaning that an increase in a
particular feature decreases KXa in stems. Black bars, pit-level traits;
gray bars, tissue-level traits; white bar, mean cavitation pressure
(MCP).
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these features, together with greater membrane thickness,
would minimize expansion of pores beyond the critical
radius for air-seeding (Choat et al., 2004) and inhibit mem-
brane rupture. The hydraulic importance of proportionally
smaller apertures (Domec et al., 2006; Pittermann et al.,
2010) and reduced chamber depth (Hacke & Jansen, 2009)
has also been identified in conifer species with torus-margo
membranes.
The marginally significant tendency for smaller Np to

associate with greater cavitation resistance suggests that the
probability of developing a rare leaky pit is more a function
of pit number per vessel than total pit area (Ap). Although
the vessel surface area Av tended to decline with lower MCP
(primarily because of shorter vessels; Fig. 2), Ap did not
decline because of a concurrent increase in Fp (Fig. 2). Our
data suggests that reanalyzing previous Ap data sets
(Wheeler et al., 2005; Hacke et al., 2006) in terms of Np

would result in even stronger relationships with MCP.

Wood (WD) and vessel strength (Tw Dv
–1) parameters

strongly scale with MCP

Our study confirms many previous ones in showing strong
positive correlations between MCP and WD and thickness-
to-span ratio of vessels, Tw Dv

–1 (Hacke et al., 2001;
Jacobsen et al., 2005, 2007; Sperry et al., 2006; Chave
et al., 2009; Onoda et al., 2009). Greater thickness-to-span
ratio is interpreted as strengthening the vessel walls against

implosion, which is rarely observed in wood because it is
preceded by cavitation. WD is influenced more by the
thickness-to-span of fibers than vessels, but a denser fiber
matrix would also help support vessels. The correlation
between Tw Dv

–1 and WD (Table 4) suggests that vessel
and fiber contributions to strength were coordinated
in Acer. This may not always be the case, and varying
contributions of fiber and vessel traits to vessel implosion
resistance may explain studies where correlations of WD or
Tw Dv

–1 with cavitation resistance are weak (Cochard et al.,
2008).
There are at least two interpretations of the cause and

effect underlying a vessel strength–vulnerability relation-
ship. The original interpretation (Hacke et al., 2001) was
that cavitation-resistant plants tend to have more negative
sap pressures, and hence need stronger walls. Wall strength
and air-seeding pressure, however, could be determined by
structurally independent features and so would not neces-
sarily be causally linked. Alternatively, wall strength could
directly determine the air-seeding pressure. As the wall dis-
torts from higher negative pressures, air-seeding sites could
arise because of the increasing mechanical stress. These sites
could arise within the pit membranes via aspirated or
stretching pit membranes, or possibly in other parts of the
vessel wall through microfractures (Jacobsen et al., 2005).
Which of the two interpretations is correct depends on
the extent to which intervessel wall strength and vessel air-
seeding pressures can evolve independently.

More cavitation-resistant Acer species have more and
longer radial vessel multiples and shorter vessels

Little effort has been paid to find a functional explanation
for the variation in intervessel grouping across angiosperms
(Carlquist, 1984, 2009; Rosell et al., 2007; Jansen et al.,
2010). Recent theoretical insights into the connectivity of
the three-dimensional vessel network found that increasing
vessel connectivity (average number of vessels contacting a
vessel) decreases resistance to cavitation by increasing the
probability for the spread of embolism, while conductivity
was increased by greater connectivity (Loepfe et al., 2007).
These theoretical results contradict the vessel grouping
hypothesis of Carlquist (1984), who states that xeric-
adapted species with a ground tissue xylem similar to Acer
(nonconductive fibres, no vasicentric tracheids) have more
and larger vessel groups (higher connectivity) than their
relatives growing in more mesic environments. In theory,
the larger vessel groups would be needed to bypass the more
frequent embolisms in arid habitats (Carlquist, 2009).
Our data provide the first empirical test of the impor-

tance of vessel grouping, and support Carlquist’s hypothesis
rather than the Loepfe et al. (2007) model. Greater GI and
vessel contact fraction, Fc, were strongly correlated with
more negative MCP (Fig. 2) and lower KXa (Fig. 6). The
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(MCP). Traits within the dashed boxes are significantly correlated
with KXa and MCP (P £ 0.05), and are possible candidates for
explaining the cause-and-effect basis of the safety–efficiency trade-
off. Traits are abbreviated according to Table 1.
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same was true for the portion of wall devoted to intervessel
pitting, Fp.
The relationships between GI vs MCP and KXa could

result from the importance of vessel length for determining
these traits. Shorter vessels (Lv and Lv*) were highly corre-
lated with greater GI (Table 4), probably because there is
less axial distance to make the necessary connections with
other vessels, resulting in more and greater multiples. Vessel
length was also the only vessel size parameter that was corre-
lated with MCP: the shorter the Lv, the more negative the
MCP (Fig. 2). Finally, vessel length was the most important
size parameter for explaining variation in KXa (Lv, Lv*,
Fig. 6).

The importance of vessel length (Lv, Lv*) vs vessel
diameter (Dv) in Acer

Vessel length in Acer may be causally related to both cavi-
tation resistance and conductivity, and hence responsible
for the vessel grouping result as well as the observed safety
vs efficiency trade-off (Fig. 7). Shorter vessels had fewer
pits (Table 4), and fewer pits per vessel (lower Np) were
marginally linked to greater cavitation resistance (Fig. 2),
possibly because of the ‘rare pit’ mechanism. Even though
shorter vessels were also narrower (Table 4), vessel diame-
ter was not correlated with MCP or Np (Fig. 2). The
seeming unimportance of vessel diameter for cavitation
resistance in Acer contradicts observations from other
woody angiosperm comparisons where species with wider
vessels tend to be more vulnerable (Carlquist, 1977;
Ellmore & Ewers, 1985; Hargrave et al., 1994; Wheeler
et al., 2005; Hacke et al., 2006; Cai & Tyree, 2010).
Apparently, Dv in Acer is uncoupled from the observed pit
and connectivity features that hypothetically influence vul-
nerability to cavitation.
Shorter vessel length was also strongly related to lower

KXa (Lv, Lv*, Fig. 2), more so than narrower Dv (Fig. 2).
The importance of longer vessels, presumably, is that they
reduce how often water must flow through high resistance
end walls. Assuming that the Hagen–Poiseuille flow resist-
ance estimates vessel lumen resistance, and that measured
resistance equals lumen plus end-wall resistance, the end
walls in our species accounted for 73 ± 0.05% of the xylem
flow resistance. This high proportion is consistent with the
greater role for Lv and pit features (Fap, Lp, Tm) in explain-
ing variation in KXa than Dv (Fig. 6).
Our data generally suggest that the untransformed vessel

length, Lv, is more strongly correlated with functional para-
meters than the log-transformed mean, Lv* (Figs 2, 6;
Table 4). The untransformed mean is biased towards the
longer vessels in the short-skewed vessel length distribution.
Its greater statistical significance suggests that the few very
long vessels may play a disproportional role in determining
MCP and KXa.

Le relationships: convergence or causation?

Some authors have argued that shorter vessel elements are
mechanically better adapted to cope with increasing xylem
pressures (Carlquist, 1975), or they provide more opportu-
nity to trap local air bubbles as a result of a higher frequency
of overlapping vessel member ends (Carlquist, 1982).
Others are skeptical about a possible function of Le (Baas
et al., 1983), or consider it to be functionally meaningless
(Zimmermann, 1983). Our data demonstrate that Lv is
more strongly linked with MCP and KXa than Le, suggest-
ing that vessel length is hydraulically more meaningful than
vessel element length (Figs 2, 6). The correlations we
observed for Le may result from the link between Le and Lv
(Table 4). The link between Le and Lv could result from
how vessel length is determined developmentally (Nijsse,
2004). Accordingly, Le may be important only to the extent
it influences the more functionally relevant Lv. However,
the possibility remains that there could be a developmental
coupling between Le and important intervessel pit qualities.

The extent of vessel wall thickenings in Acer is
correlated with MCP

This new finding (Figs 2, 5) supports the idea that the pres-
ence of vessel wall thickenings can be linked with drought
adaptation (Carlquist, 1966, 1975), although vessel wall
sculpturing is also common in the less xeric Mediterranean
and the far more mesic cool temperate flora that experience
frost (Carlquist, 1966; Baas et al., 1983; Baas & Schwe-
ingruber, 1987).
There are no conclusive data, however, on the functional

role of vessel wall thickening. A simple explanation is that
the thickenings acts to strengthen the vessel wall in more
arid-adapted taxa, which experience more negative xylem
pressures. In addition, it could minimize flow resistance
by reducing shear forces at the vessel wall (Jeje &
Zimmermann, 1979). Vessel wall thickening may also
decrease the contact angle between water and conduit walls
to nearly zero, causing enhanced wettability of the walls that
may reduce embolism formation and facilitate refilling
(Kohonen & Helland, 2009). Our SEM observations con-
vincingly show that the wall thickening only occurs in zones
without intervessel pits (Fig. 5). Further research is required
to verify whether this asymmetrical sculpturing pattern in
Acer can be related to the possible functions put forward in
the literature for intact helical thickenings.

Predictive value of ecological wood anatomy indices
(VI, MI)

The structural basis of cavitation and conductivity is proba-
bly too complex to be captured by simplified indices that
lack crucial hydraulic parameters such as pith structure and
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Lv. Consequently, VI was not useful for predicting cavita-
tion resistance in Acer (Fig. 2), because neither of its
component variables (Dv and V Ax

–1) were related to MCP.
However, VI was correlated with greater KXa, primarily
because of Dv. MI fared much better than VI probably
because of the importance of Le: MI was weakly negatively
linked to more vulnerable MCP (Fig. 2), and more strongly
positively related to KXa (Fig. 6). These correlations support
the value of MI as demonstrated in ecological wood studies
across a broad range of angiosperms (Carlquist, 1977;
Carlquist & Hoekman, 1985; Patterson & Tanowitz,
1989).

Basis for the safety–efficiency trade-off

The safety–efficiency trade-off we observed (Fig. 2) is in
close agreement with the findings of an earlier study on six
Acer species occurring in the French Alps (Tissier et al.,
2004). Potential traits explaining this trade-off are identi-
fied in Fig. 7. As discussed earlier, Lv emerges as a trait that
is arguably central to the safety–efficiency trade-off in Acer,
being functionally linked to both MCP and KXa. The
involvement of GI, Fc, Fp and Le in the trade-off may
simply follow from the importance of Lv. The pit features
Tm, Lp and Fap are also plausibly responsible for the safety–
efficiency trade-off: thicker membranes, shallower
chambers, and proportionally smaller apertures should all
confer greater resistance to cavitation, and they may also
increase flow resistance through end walls.
The involvement of Tw Dv

–1 and WD in the trade-off is
more ambiguous. While these features can be linked to
MCP either causally or convergently, their link to KXa is less
obvious. It does not seem to be through vessel diameter,
because Dv is not correlated with either variable (Table 4).
Instead, the link may be through intervessel pit structure:
Tw Dv

–1 and WD were both strongly linked to Tm and Lp,
and were individually linked to APf and Fap (Table 4). All
these pit features arguably influence KXa as well as the
mechanical strength of intervessel walls. Thus, intervessel
wall structure may be the source of a trade-off between
mechanical strength and hydraulic efficiency (cf. Carlquist,
1975).

Conclusions

Xylem hydraulic properties in Acer appear to be determined
by a complex interaction between pit and tissue characters.
The indices from the ecological wood anatomy tradition are
simplified, but the MI, in particular, proves to be infor-
mative. In many cases, the web of trait correlations was
consistent with proposed mechanisms for cavitation by air-
seeding, resistance to vessel implosion, and xylem hydraulic
conductance. The safety–efficiency conflict in Acer may
have resulted from the involvement of vessel length and in-

tervessel pit structures in determining both MCP and KXa.
Vessel length may also explain the involvement of vessel
grouping traits with MCP and KXa. Some statistically
important traits, such as vessel wall thickening and vessel
element length, have a more ambiguous functional basis.
More comparative and experimental work is necessary
before xylem function can be mechanistically predicted
from structure. It seems likely that MCP and KXa can be
achieved by a variety of structural combinations, and the
trade-offs and correlations that we observed within Acer are
not necessarily the same in other woody genera of angio-
sperms or across larger groups.
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