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Scaling of angiosperm xylem structure with safety and efficiency

UWE G. HACKE,® JOHN S. SPERRY, JAMES K. WHEELER" and LAURA CASTRO?

! Department of Biology, University of Utah, Salt Lake City, UT 84112, USA

2 Unidad de Anatomia, Fisiologia y Genética Forestal, Escuela Técnica Superior de Ingenieros de Montes, Universidad Politécnica de Madrid,

Ciudad Universitaria s/n, 28040 Madrid, Spain
s Corresponding author (hacke@biol ogy.utah.edu)

Received June 9, 2005; accepted September 28, 2005; published online March 1, 2006

Summary We tested the hypothesis that greater cavitation
resistance correlateswith lesstotal inter-vessel pit areaper ves-
sel (the pit area hypothesis) and evaluated atrade-off between
cavitation safety and transport efficiency. Fourteen species
of diverse growth form (vine, ring- and diffuse-porous tree,
shrub) and family affinity were added to published data pre-
dominately from the Rosaceae (29 speciestotal). Two types of
vulnerability-to-cavitation curves were found. Ring-porous
trees and vines showed an abrupt drop in hydraulic conductiv-
ity with increasing negative pressure, whereas hydraulic con-
ductivity in diffuse-porous species generally decreased gradu-
ally. The ring-porous type curve was not an artifact of the
centrifuge method becauseit was obtained also with theair-in-
jection technique. A safety versusefficiency trade-off wasevi-
dent when curves were compared across species: for a given
pressure, there was a limited range of optimal vulnerability
curves. The pit area hypothesiswas supported by astrong rela-
tionship (r 2 = 0.77) between increasing cavitation resistance
and diminishing pit membrane area per vessel (Ap). Small Ap
wasassociated with small vessel surfaceareaand hence narrow
vessel diameter (D) and short vessel length (L)—consistent
with anincreasein vessel flow resistance with cavitation resis-
tance. Thistrade-off was amplified at the tissue level by anin-
crease in xylem/vessel area ratio with cavitation resistance.
Ring-porous species were more efficient than diffuse-porous
species on a vessel basis but not on a xylem basis owing
to higher xylem/vessel area ratios in ring-porous anatomy.
Across four orders of magnitude, lumen and end-wall resis-
tivities maintained a relatively tight proportionality with a
near-optimal mean of 56% of the total vessel resistivity resid-
ing in the end-wall. This was consistent with an underlying
scaling of L to D*2 across species. Pit flow resistance did not
increase with cavitation safety, suggesting that cavitation pres-
sure was not related to mean pit membrane porosity.

Keywords. hydraulic conductivity, trade-offs, vulnerability
curves, water transport, wood structure, xylem anatomy, xy-
lem cavitation.

Introduction

The xylem conduit network supplies a transpiration stream

that is under significant negative pressure. The conduits must
protect this stream against rupture by cavitation—the abrupt
transition from metastable liquid to gas phase (Zimmermann
1983). At the sametimethat the xylem must be safe from cavi-
tation, it must have a sufficiently low resistance to water flow
to minimize the transpiration-induced drop in negative pres-
sure. Most plants regulate their canopy xylem pressures
through adjustments in stomatal conductance and leaf area
(Meinzer and Grantz 1990, Hacke et a. 2000, Hubbard et al.
2001). Consequently, the lower the transport resistance, the
more water can flow to the canopy under a given pressure
gradient, and the greater the capacity for carbon uptake. The
lower the xylem resistivity is on a cross-sectional area basis,
the greater the photosynthetic profit per xylem investment.

This paper focuses on isolating the structural requirements
for safety on the one hand, and transport efficiency on the
other. Thisalowsusto identify mechanismsthat may limit the
simultaneous optimization of safety and transport efficiency.
This potential trade-off is different from the xylem safety ver-
sus xylem investment conflict analyzed previously (Hacke et
al. 2001a, 2004). In those studies, increasing safety from cavi-
tation corresponded with increased investment in conduit wall
volume per conduit volume as predicted to withstand implo-
sion by greater negative pressure. This trandlated to a mini-
mum wood density required to reinforce conduit walls—a
construction cost that increased with the capacity to withstand
negative pressure. The related conflict, which is the focus of
this paper, is whether increased cavitation safety requires de-
creased hydraulic efficiency.

A safety versus efficiency trade-off haslong been proposed
(Zimmermann and Brown 1977, Carlquist 1988), but the evi-
dence is ambiguous (Tyree et a. 1994, Choat et al. 2005). If
there is atrade-off, plants with more negative cavitation pres-
sure might show an increase in the resistivity of their func-
tional xylem and adecreasein vessel size. Thisisseenin some
datasets(Martinez-Vilataet a. 2002), but therel ationship can
be statistically weak (Tyree et al. 1994, Pockman and Sperry
2000). Other data sets show no relationship at all (Hacke and
Sperry 2001, Jacobsen et al. 2005).

Adding to the ambiguity isthat the mechanism of cavitation
by water stressis not linked in any self-evident way to vessel
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size (diameter and length), which hasastrong influence on xy-
lem flow resistance. Thereis considerable evidence that cavi-
tation is caused by air being drawn into water-filled xylem
conduits by negative pressure and that the most important sites
of this air-seeding are the inter-conduit pits (Crombie et a.
1985, Sperry and Tyree 1988, 1990, Jarbeau et al. 1995).
These pits connect adjacent conduits to allow water flow and
they also act as safety valves to block the spread of gas from
embolized conduits. In inter-vessel membranes, the pit is
sealed against air entry by capillary forces at the narrow pores
of the pit membrane. Excessively negative pressure during wa-
ter stress, however, can pull air acrossthe pit valves and cause
cavitation in adjacent water-filled conduits. It is unclear
whether the pit properties that dictate safety from cavitation
also constrain vessel length and diameter, and thus the overall
resistivity of the conduit network.

In an attempt to unravel the link between pit function and
xylem flow resistance, we have previously modeled the air-
seeding and hydraulic properties of pits (Hacke et al. 2004,
Sperry and Hacke 2004). A major assumption of the model as
applied to homogeneous pit membranes of angiosperm vessels
(to distinguish from the torus-margo organization in gymno-
sperms), was that mean porosity of the cellulosic mesh of the
pit membrane covaried with the maximum pore size of the
membrane and that al pit membranesin avessel were identi-
cal. The maximum membrane pore size in avessdl is critical
becausetherelatively weak capillary forces at this pore set the
air-seeding pressurefor the entire vessel. The bigger thismax-
imum pore, the more vulnerable is the vessel to cavitation by
capillary failure (assuming the membrane does not air-seed by
rupture or extensive plastic yielding). According to our as-
sumptions, avessel could achieve greater safety from air-seed-
ing only by having a denser pit membrane mesh with reduced
mean porosity. Thiswould result in astrong trade-off between
increasing safety from air-seeding (set by a decline in maxi-
mum membrane pore size) and increasing flow resistance
through apit (determined by declining mean porosity of the pit
membrane). Werefer to thisasthe pit resistance hypothesisfor
asafety versus efficiency conflict at the pit level.

Recent estimates of pit membrane resistance do not support
this hypothesis. Instead of a strong increase in pit resistance
(onamembrane areabasis) with increasing safety from cavita-
tion, there was no relationship (Wheeler et al. 2005). Further-
more, measured resistances were considerably greater than
model predictions, indicating an average membrane porosity
far smaller than modeled. These results agree with some ex-
perimental results suggesting an average membrane pore size
much smaller than the size predicted to air-seed at the cavita-
tion pressure (Choat et a. 2003, but see Jarbeau et a. 1995).
The data of Wheeler et a. (2005) suggest that average pore
size, though variable, does not correlate well with the largest
membrane pore per vessel that limits safety from air-seeding.
Thisresult leaves open the question of what features of pit and
vessel structure influence the largest membrane pore per
vessel.

A possible answer to this question isthat it isthe total num-
ber, or collective membrane area, of pitsin avessel that influ-

encesthelargest pore per vessel (Hargraveet a. 1994, Choat et
al. 2005). Our previous survey showed a strong inverse rela
tionship between increasing total pit membrane areaper vessel
and decreasing safety from cavitation. The greater the pit area
in the vessel, the larger the maximum pore size for the vessel
(Wheeler et a. 2005). This conclusion suggeststhereisan ele-
ment of probability in the safety of a vessel from cavitation.
Adding morepitsto avessel compromisesits safety from cavi-
tation because the more pits there are, by chance the greater
will bethe singlelargest pore diameter in the vessel. The aver-
age porosity of the pit membranes and their resistance on an
area basis, however, would not necessarily change. This pit
area hypothesis provides a basis for a safety versus efficiency
trade-off because a limitation on vessel pit area can aso limit
vessel size and flow resistance (Wheeler et a. 2005).

The results of Wheeler et al. (2005) were from 16 species,
11 of which were members of the Rosaceae (Table 2). Theem-
phasis on the Rosaceae was intended to minimize qualitative
differences in pit membrane structure across lineages, and so
to maximize the probability of detecting safety-related varia-
tion in pit properties. However, this sampling prevented the
widest possible variation in vessel sizes and cavitation resis-
tance. Furthermore, no family bias was detected in the results,
suggesting the observed trends may cut across phylogenetic
groups.

The present paper adds 14 speciesto the data set of Wheeler
et al. (2005), the new specieswere chosen for extremes of ves-
sel size and cavitation pressure to more effectively determine
scaling relationships between the structure and function of
vessels (Table 1). Family affinities were diverse, but with the
exception of two species, they were families without vestured
pitting. Vestures could modify some structure—function rela-
tionships (Choat et a. 2004) and a systematic comparison was
outside the scope of this project. The species were chosen to
represent large vessels of ring-porous trees (six species) and
vines (one species) at one extreme, and narrower vessels of
diffuse-porous trees and shrubs (seven species) on the other.
The goas were (1) to determine if the inclusion of more di-
verse vessel sizes and safeties confirmed the pit area hypothe-
sis over the pit resistance hypothesis; (2) to evaluate the
implications of the hypothesis for a safety versus efficiency
trade-off; and (3) to explore the ramifications of the ring-po-
rous versus diffuse-porous vessel organizationswith respect to
the safety versus efficiency conflict.

Materials and methods

Our methods were nearly identical to those described by
Wheeler et a. (2005) and only a brief summary is provided
here except for descriptions unique to the 14 species added to
the existing data set.

Plant material

Studied plants (Table 1) represented different xylem types
(diffuse-porous and ring-porous), growth forms (trees, shrubs
and vines), ecosystems (from the abundant moisture in North
Carolina to the aridity of the American Southwest) and |eaf
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Table 1. Study species, their figure symbols and measurements not shown in figures. The first five species are ring-porous and are designated by
asterisked doubl e capital symbols. M easurements represent the mean vessel size. Contact fraction isthe fraction of vessel surface area contacting
another vessel. Pit-field fraction isthe fraction of inter-vessel contact occupied by pit membranes. The product of these two fractions gives the pit
fraction (Fp), thetotal pit area per vessel surface area. Length fraction isthe portion of vessel length overlapping other vessels. Theratio L'/L = F|_
isthe length between end walls (L") per vessel length (L). Grand means from a minimum of six stems per species + SE.

Species Figure symbol  Contact fraction Pit-field fraction Length fraction L'/L =F_
Carya glabra (P. Mill.) Sweet (Juglandaceae) CG* 0.07 £ 0.010 0.55+ 0.044 0.17 £ 0.020 0.91+ 0.010
Fraxinus pennsylvanica Marsh. (Oleaceae) FP* 0.11 + 0.009 0.55+ 0.019 0.26 £ 0.022 0.87 £ 0.011
Morus alba L. (Moraceae) MA* 0.08 £ 0.013 0.61+0.014 0.19 £ 0.022 0.91+0.011
Quercus gambelii Nutt. (Fagaceae) QG* 0.05+ 0.019 0.30+0.018 0.13+0.019 0.94 £+ 0.010
Quercus prinus L. (Fagaceae) QP* 0.05+ 0.014 0.39+ 0.020 0.17 £ 0.019 0.91 + 0.009
Rhus trilobata Nutt. (Anacardiaceae) RT* 0.17+ 0.015 0.52+0.031 0.53+0.026 0.74+0.013
Acer grandidentatum Nutt. (Aceraceae) Acg 0.30+ 0.015 0.69 £ 0.016 0.50 £ 0.021 0.75+0.011
Arctostaphylos patula E.L. Greene (Ericaceae) Arp 0.10 £ 0.004 0.37 £ 0.020 0.21 £ 0.023 0.90+ 0.011
Ceanothus crassifolius Torrey (Rhamnaceae) Cec 0.10 £ 0.008 0.43+0.025 0.18+0.011 0.91 £ 0.005
Ceanothus velutinus Dougl. ex Hook. (Rhamnaceae) Cev 0.19 + 0.005 0.58 £ 0.033 0.33+0.011 0.83 £ 0.005
Larrea tridentata (Sessé & Moc. ex DC.) Coville Lat 0.01 £ 0.001 0.40 £ 0.019 0.03 £ 0.003 0.99 £+ 0.002
(Zygophyllaceae)

Oxydendron arboreum (L.) D.C. (Ericaceae) Oxa 0.08 £+ 0.006 0.30£ 0.016 0.17 £ 0.013 0.91 £ 0.007
Paxistima myrsinites (Pursh) Raf. (Celastraceae) Pam 0.13+ 0.005 0.41+0.023 0.21 + 0.006 0.89+ 0.003
Pueraria montana (Lour.) Merr. (Fabaceae) Pum 0.16 £ 0.025 0.71+£0.010 0.38 £ 0.043 0.81+0.021

phenologies (evergreens included: Paxistima myrsinites, Cer-
cocarpus ledifolius, Ceanothus velutinus, Larrea tridentata
and Arctostaphylos patula). Stems of Carya glabra, Quercus
prinus, Oxydendron arboreum and the introduced vine
Pueraria montana (Kudzu), were collected near Tryon, North
Carolina in the Appalachian mountain foothills. Ceanothus
crassifolius was collected from chaparral near Pepperdine
University in Maibu, California. From these distant sites, the
material waswrapped in plastic bags and shipped by overnight
expressto our laboratory in Salt Lake City, Utah. Stems of the
remaining species were collected within a few hours drive of
the laboratory and were similarly protected from desiccation

Table 2. Species from Wheeler et al. (2005) and figure symbols. The
first 11 species are members of the Rosaceae.

Species Figure symbol
Amelanchier alnifolia M. Roemer Aa
A. utahensis Koehne Au
Cercocarpus ledifolius Torr. & Gray Cl
C. montanus Raf. Cm
Holodiscus dumosus (Hook.) Heller Hd
Physocarpus malvaceus (Greene) Kuntze Pm
Purshia tridentata (Pursh) D.C. Pt
Rosa nutkana C. Presl. Rn
Rubus leucodermis Torr. & Gray RI
R. parviflorus Nutt. Rp
Sorbus scopulina Greene Ss
Acer negundo L. (Aceraceae) An
Salix exigua Nutt. (Salicaceae) Se
Sambucus cerulea Raf. (Adoxaceae) Sc
Mitisvinifera L. (Vitaceae) Vv

during transport. Additional speciesfrom the study of Wheeler
et a. (2005) arelisted in Table 2.

Cavitation pressure

Vulnerability curves documenting the decrease in hydraulic
conductivity with negative pressure were measured on at least
six stems per species by the centrifuge method (Alder et al.
1997) as in the previous study (Wheeler et a. 2005). Stems
were flushed with measuring solution (20 mM KCI) under
100 kPa entry pressure to reverse native embolism before
curve determination. The hydraulic head used to measure
the conductivity was typically about 4 kPa in diffuse-porous
stemsand 1-2 kPain stemswith large vessels. A low pressure
head in large and long-vessel ed species was essential to avoid
instant refilling of embolized vessels cut open at both ends.
Between conductivity measurements, stems were centrifuged
to progressively more negative pressure in a custom-designed
centrifugerotor. Vulnerability curves showing thedropin con-
ductivity with negative pressure were plotted for al six stems
of a species and the collective species curve was fit with a
Weibull function:

K/ Ky = € 7700 )

where K/K . IS conductivity relative to the maximum in the
absence of any reversible embolism, P isthe absolute val ue of
the negative pressure, b isa curvefitting parameter that corre-
spondsto P at K/K = 0.63 and cisacurve-fitting parameter
influencing the slope of the vulnerability curve. Table 3 de-
fines major variables.

Some speciesfor which stems older than one year had to be
used (because of length limitations of current-year growth) ex-
hibited the cavitation fatigue phenomenon (Hacke et al.
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Table 3. Mgjor variables with definition and units. Variables represent values for mean vessel size.

Symbol Definition Units

Ap Total inter-vessel pit membrane surface area of vessel mm?

Ay Total internal surface area of vessel mm?

D Diameter corresponding to mean vessel R. pm

F R /Ry ratio -

= L'/L ratio —

Fp Pit fraction = Ap/Ay —

K, K max Xylem conductivity, maximum conductivity mm* MPa st
Kxa Xylem cross-sectional area conductivity m?>MPats™?
Kxamax Maximum Ky, for non-embolized xylem m? MPa~ts™?
L Vessel length cm

L' Length between vessel end-walls m

Rc Vessel resistivity MPasmm™*
RL Vessel lumen resistivity MPasmm™*
Rw Vessel end-wall resistivity MPasmm™*
Rca Vessel cross-sectional arearesistivity MPasm™2
Rxa Xylem cross-sectional arearesistivity = 1/Kya MPasm™2
rw Resistance of one vessel end-wall MPasmm™2
rp Pit membrane area resistance MPasm™

2001b). These species had high native embolism values and
included ring-porous trees and some diffuse-porous species
from drought-prone habitats. The fatigue phenomenon is the
reduction in cavitation pressure in older xylem as a result of
previous cavitation by drought (Hacke et a. 2001b), freezing
(J.S. Sperry and L. Castro unpublished data; S.D. Davis, Pep-
perdine University, Malibu, USA, personal communication)
and perhaps age itself (Sperry et a. 1991). The symptom of
cavitation fatigueishighly vulnerable xylem localized to ol der
growth rings. Dye perfusions show that this older xylem is
embolized in the native condition and when refilled by flush-
ing becomes re-embolized at very modest negative pressures
(e.g., —0.5 MPa) in the laboratory. To avoid biasing estimates
of the cavitation pressure of the functionally most important
current-year xylem by including the older fatigued xylem, the
Kimex Of these species was scaled to K at —0.5 MParather than
the K after flushing (A. patula, C. glabra, Fraxinus penn-
sylvanica, Paxistima myrsinites, Physocarpus malvaceaus,
Purshia tridentata and Rosa nutkana). In Larrea tridentata,
the Ko Wasscaled to K at —1.5 M Pabecause even the fatigued
xylem was relatively resistant to cavitation in this extremely
drought-adapted species.

Vulnerability curves of vines and ring-porous trees where
we could avoid the fatigue artifact by using current-year
growth (Quercus gambelii, Q. prinus, P. montana, Morus alba
and Rhustrilobata) al so tended to have asignificant amount of
native embolism and highly vulnerable vessels (e.g., Figures 1
and 2)—though less so than was the case with older stems. We
did not scale these curves as described above because they
were based solely on current-year xylem.

In a subset of large-vesseled and fatigue-prone species, we
compared the centrifuge method with the air-injection tech-
nigue as a check on the centrifuge method for large-vesseled
species. Stems about 25 cm in length were sealed in a dou-
ble-ended pressure chamber and the hydraulic conductivity

measured in between exposing the stem in the chamber to
stepwiseincreasesin air pressures (10 min per pressure). Vul-
nerability curves developed by this method show the drop in
conductivity asafunction of theair pressure and give the pres-
sure range required to push the air into the xylem (Cochard et
al. 1992, Sperry and Saliendra 1994). The air-injection curves
should be equal and opposite to the centrifuge curves if air-
seeding is the main cavitation mechanism. This test was done
for P. montana, R. trilobata, Q. gambelii and Quercus tur-
binella (the latter species was not part of the extended study).

All comparisons of cavitation pressure and xylem structure
were made between the species’ mean value for each parame-
ter. For this reason, it was necessary to represent the species
vulnerability curve with a single cavitation pressure. In the
past, we have used either the pressure required to reduce
K/Kiax t0 0.5 (Psp), or the mean cavitation pressure (e.g., Lin-
tonetal. 1998). Thelatter treatsthe vulnerability curveasacu-
mulative distribution of K with pressure and isthe mean of that
distribution. For specieswith nearly symmetrical sigmoidal or
linear vulnerability curves, Ps, and mean cavitation pressure
arevery similar. However, in this study, large-vessel ed species
typically had asymmetrical vulnerability curves characterized
by an initial abrupt drop in conductivity with pressure fol-
lowed by a tail where conductivity dropped more gradually
(Figures 1 and 2). To better represent the cavitation pressure
across curves of all shapes, we used the mean cavitation pres-
sure for all species, including those previously represented by
their Psp (Wheeler et a. 2005).

Xylemrarea hydraulic resistivity

The hydraulic resistivity (pressure gradient per flow rate) of
the sapwood of all species was measured and expressed rela-
tive to the sapwood area (Rx,). The Ry, corresponds to 1/K yax,
but is expressed on a functional xylem area basis. We switch
between conductivities and resistivities because the latter are
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additive in series and this facilitates the separation of vessel
function into its components (e.g., Equation 2). The Ry, had to
be determined for segments longer than the longest vesselsto
include the influence of end-wall resistance. In most dif-
fuse-porous stems, Ry, could bedirectly measured in stem seg-
mentsthat were longer than the longest vessels (Wheeler et al.
2005). In these cases, six stems per species were measured.
After the hydraulic measurements were completed, 0.05%
safranin dye was siphoned through the segments (in stems >
1 year old) to mark the functiona xylem. The area of func-
tional xylem at the middle of the stem segment was measured
with alight microscope and image analysis software. Resistiv-
ity was multiplied by this stained area to obtain Ry, for each
stem.

In long-vesseled species (P. montana, F. pennsylvanica,
C. glabra, M. alba, R. trilobata and the two Quercus species),
vesselsweretoo long for direct measurements of Ry.. Instead,
we used the shortening technique to determine Ry, (Sperry et
al. 2005). Ten segments per species were selected, and the re-
sistivity measured at segment lengths of 15, 5.1, 1.8 and
0.6 cm. In all species, Ry, decreased significantly with de-
creasing segment length and as the percentage of open vessels
without end walls increased (Sperry et a. 2005). The portion
of open vessels was known from vessel length measurements
(see below). The intercept of the resistivity versus percentage
of open vesselsrelationship (at 0 cm segment length and 100%
open vessels) gave an estimate of the resistivity of the vessel
lumens. Sperry et a. (2005) observed that thisintercept did not
differ statistically from lumen resistivity (R_) calculated from
measurements of vessel diameter and the Hagen-Poiseuille
equation, and thiswasalso found in our study species. For con-
sistency across species, we used the Hagen-Poiseuille R esti-
mate for all species (see next section). The other end of the
regression line, the resistivity at 0% open vessels, gave our es-
timate of Ry, for the xylem with fully intact vessels.

Vessel diameter, Hagen-Poiseuille lumen resistivity and
vessel density

After completion of the Ry, measurements, a subset of the
same stems was used to measure vessel diameters, Hagen-
Poiseuille lumen resistivity (R_) and vessel densities. These
parameters were measured on transverse sections as described
by Wheeler et al. (2005). For the diffuse-porous species, al six
Rxa stems were measured and for species requiring the stem-
shortening method, four of the 10 stems were randomly cho-
sen. Hagen-Poiseuille lumen resistivity was calculated for
each vessel at the same temperature (and sap viscosity) at
which Ry, was measured experimental ly. Because our purpose
was to relate vessel structure to resistivity, we represented the
mean diameter (D) asthe diameter corresponding to the mean
R, for each stem.

Vessel length

Vessel lengths (L) were measured on a separate set of amini-
mum of five stems per species, but from the same batch and
age asthat used for the hydraulic measurements. The methods

have been described in detail (Sperry et a. 2005, Wheeler et al.
2005). Vessal length distributions are strongly short-skewed
and the mean L used to represent a segment corresponded to
the mean of the log-transformed vessel length distribution.

Partitioning xylem resistivity into lumen and end-wall
components

Our purpose wasto isolate the contribution of end-wall and lu-
men structure to the resistivity of intact vessels. To estimate
these contributions, we assumed asin previouswork (Wheeler
et a. 2005) that, on average, lumen and end-wall components
were arranged in seriesin the xylem network. If all the vessels
of astem are represented by an equal number of average-sized
and average-resistance vessels, mean intact vessel resistivity
(R¢) is the sum of the mean lumen (R.) and end-wall (Ry)
resistivities:

R. =R +Ry @)

We estimated Rc by multiplying Ry, by mean vessel density,
and R_ was estimated from vessel diameters and the Hagen-
Poiseuille equation. The Ry was determined by subtraction.

Partitioning Ry into end-wall resistance and pit area
resistance

Based on the same analysis presented in Wheeler et al. (2005),
we broke down the mean end-wall resistivity Ry, into the mean
resistance of a single end-wall (r,,) based on the assumption
that Ry (aresistivity) isthe average end-wall resistance per av-
erage length between successive end-wallsin series (L' ):

Ry =ry/L’ ©)

where L' was calculated as mean vessel length (L) minus the
mean length of oneof itstwo end-walls (Figure 1in Wheeler et
al. 2005). We estimated L' according to Wheeler et al. (2005),
using the same stems measured for Ry,.

End-wall resistanceisafunction of the number of pitsinthe
end-wall and their individual resistances to flow. To estimate
the resistance of a pit on its membrane area basis (rr), we as-
sumed that al pits of an end-wall were in parallel, so that:

fw =l (Apl2) @)

where A, istotal areaof inter-vessel pits, whichisdivided by 2
to obtain the pit areain one of the two vessel end-walls. This
continues the assumption that all inter-vessel pits are between
end walls. To the extent that there may be true lateral pitting
between vessels (that is, two vessels meeting only at mid-
length and separating), the end-wall pit areais overestimated,
and hence our r p values will be overestimates.

The Ap was estimated as the surface area of the average ves-
sel (Ay = D L) multiplied by the mean fraction of the vessel
surface area occupied by inter-vessel pits (the pit fraction, Fp).
The Fp was the product of the average vessel contact fraction
and pit-field fraction, where the contact fraction isthefraction
of the vessel surface areain contact with adjacent vessels and
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the pit-field fraction is the fraction of the inter-vessel contact
area occupied by pits. These fractions were measured accord-
ing to Wheeler et a. (2005) on the same stems measured
for Rya

Summary equation for Re, and L versus D scaling

To summarize how vessel structure influences vessel resistiv-
ity, we combined theessential parameters described aboveinto
asingle summary equation for a species’ mean vessel-areare-
sistivity (Rca = Rc X mean lumen cross-sectional area). This
equation is derived in the appendix of Wheeler et al. (2005,
Equation A8) and modified slightly here:

Rea = 6.06(T1/ Ap)® P S(For o/ FL2/S(F 25+ F %) (5)

whereF =R /Ry, andisused for smplicity instead of the F, =
Rw/Rc fraction used in Wheeler et a. (2005, Equation A8).
TheF term=L"/L. A summary equation for L and D scaling
was similarly obtained:

Frp 02

ﬁa (D)¥? (6)

L=0 lZSﬁ

Equation 6 wasderived from Equations A7 and A9 in Wheeler
et al. (2005; note error in the Fyy term of their Equation A9: it
should be Fw/(1 — Fy)).

Error propagation

We used standard procedures (Bernard and Epp 1995) to prop-
agate standard errors from parameters whose variation was di-
rectly determined from individual stem measurements (e.g.,
Rxa Vessel density, Re, R, Rw, L, D, F, length fraction, pit-
field fraction and contact fraction) to parameters calculated
from species means where errors had to be combined (Ae, Ay,
Fp, FL, reandry). For the seven species where the stem short-
ening method was used, the standard error of Ry, was esti-
mated from the regression of Ry, versus percentage of open
vessels for pooled data of all stems per species.

Results

Vulnerability curves and the safety versus efficiency
relationship

Two types of vulnerability curves were observed (Figure 1).
The six ring-porous species and the vine, P. montana, tended
to have relatively high maximum Ky, for non-embolized xy-
lem (Kxamax), but an abrupt declinein Ky, with pressure (Fig-
urel, Q. prinusand M. alba curves). The seven diffuse-porous
species (and diffuse-porous species from Wheeler et al. 2005)
tended to have alower Ky, max but generaly retained Ky, more
effectively with pressure (Figure 1, Acer grandidentatum,
Acer negundo and C. crassifolius curves; A. negundo data
from Sperry et a. 2005). The abrupt drop in Ky, observed in
the ring-porous type of curve was not an artifact of the centri-
fuge method, because the same pattern was seen in the curves

0.006

Morus alba

Quercus prinus
Acer negundo

Acer grandidentatum

0.005

" ® » O O

0.004

Ceanothus crassifolius

0.003

0.002

Xylem area conductivity
(K m*MPa™' s7")

0.001

0.000" . . ] . . . .
-0 -9 -8 -7 -6 -5 -4 -3 -2 —1 0
Xylem pressure (MPa)

Figure 1. Vulnerability curves for selected species showing the de-
clinein xylem conductivity per sapwood area (Kx,) with negative xy-
lem pressure. Open symbols ((J and O) are ring-porous species and
solid symbols (A, @ and M) are diffuse-porous species. Values are
means + SE, n = 6 stems per species.

obtained by theair-injection method (Figure 2). Thetwo meth-
ods were statistically identical at all pressures in the two
Quercus species and at three of five pressuresin R. trilobata.
In the latter species, the centrifuge method tended to produce
greater loss of conductivity for the same pressure than the
air-injection method, but the shape of the curve was similar,
with an abrupt conductivity loss at modest pressure. Although
the stems for the centrifuge method were shorter (14.2 cm)
than for the air-injection method (22 cm minimum) and had a
greater portion of open vessels running through the stem (e.g.,
15 versus 5.4% in Q. gambelii and 3 versus 0.4% in R. trilo-
bata based on vessel length distributions), this did not appear
to influence the curves. The data for speciesin Figure 2 were
obtained from different populations, stem ages and season
than for the main survey.

Inthevine P. montana, the curves obtained by the centrifuge
method were quite variable and generally showed greater vul-
nerability than those obtained by the air-injection method, al-
though the basic curve shape was similar (data not shown).
The variability was attributed to the extremely long and wide
vessels in this vine, 35% of which were estimated to run
through the 14.2 cm segments required for the centrifuge
method. Open vessels may not have been the problem, but
rather the problem may have been that the vessels were so
wide (mean D = 150 pym) that they emptied by gravity if the
stem segment wasttilted to the vertical. To avoid the difficulty
of handling thismaterial (the centrifuge method requires mov-
ing and manipulating the stem multiple times), we used the
air-injection curve for this species. For al other species the
centrifuge method was used.

For the speciesin Figure 1, the higher the Ky, max (they inter-
cept), the steeper the loss of conductivity at modest pressure
(the slope) and, in general, the lower the pressure required to
eliminate conductivity (the x intercept). Thisisconsistent with
a trade-off between safety and conducting efficiency: for a
given pressure, thereisalimited range of vulnerability curves
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Figure 2. Vulnerability curves of three ring-porous species showing
percentage loss of conductivity versus pressure. The curves compare
the centrifuge (@) and air-injection (O) methodsfor each species. As-
terisks indicate significantly different means. Values are means + SE
for n=3 (air-injection) and n = 10 (centrifuge) methods. The methods
comparison for Q. gambelii was from a different population and time
of year than the data for the anatomy—vulnerability survey.

that provide optimal (maximum) Ky, Notably, this optimal
curve can be associated with avery high native embolism. For
example, at a pressure of —0.8 MPa, the “best” vulnerability
curvewiththe highest Ky, at —0.8 MPaisfor M. alba, although
at thispressure, this specieswoul d be about 50% embolized. In
contrast, the three diffuse-porous species at —0.8 MPa would
belessthan 10% embolized, yet still have alower Ky, because
their Kxamax (intercept) values were so much lower. This pat-
ternismaintained at lower pressures. For example, at —3 MPa,

the best curveisfor A. grandidentatum despite its being about
35% embolized at this pressure. Ceanothus crassifolius at
—3 MPais hardly embolized at all, yet has the lower Ky,.

Scaling of safety versus efficiency parameters across species

Representing the slope of the vulnerability curve by the mean
cavitation pressure, asafety versus efficiency relationship was
evident acrossall 29 species (including the 15 from Wheel er et
al. 2005, Table 2) with more negative mean cavitation pressure
corresponding to higher xylem arearesistivity (Rxa= 1/Kxamax;
Figure 3A). Thus, thetrend seen in Figure 1 extends across al
speciesin the data set. The two vine species with some of the
widest and longest vessels (Pum, Vv; Figure 4) had the lowest
Rxa @nd among the least negative cavitation pressure (Fig-
ure 3A). The ring-porous species had similar or even higher
Rya for the same cavitation pressure as the diffuse-porous spe-
cies(Figure 3A, asterisked symbols, dashed line), despitetheir
tendency to have wider and longer vessels (Figure 4, dashed
lines). The ring-porous species also tended to cluster towards
the vulnerable end of the cavitation pressure range (Fig-
ure 3A).

The Ry isafunction of the R, and the total cross-sectional
area of the xylem occupied by vessels: Ry, = R, X Xylem/ves-
sel arearatio. The Re, also increased with cavitation pressure
(Figure3B, r>=0.60for all species), but moreweakly than the
Rxascaling (Figure 3A, r 2 for all species= 0.86). Thiswas be-
cause ring-porous species had lower R, for the same pressure
than the other species (Figure 3B, dashed line), consistent with
their tendency to havelarger vessels at the same pressure (Fig-
ure 4, dashed lines). Despite their lower Re,, the ring-porous
speciesdid not have areduced Ry, because their xylem/vessel
area ratio was much higher for the same pressure than other
species (Figure 3C, dashed line). The low vessel areain ring-
porous speci es cancelled out the effect of their lower Rc, at the
tissue level, yielding comparable or higher Ry, as diffuse-po-
rous species.

All species considered, the efficiency versus safety trade-off
at the sapwood Ry, level was much more severe than at the
conduit Re, level. The Ry, increased 13-fold from acavitation
pressure of —0.58 to —8.1 MPa, versus a 4.5-fold increase in
Rea. The steeper increase in Ry, was owed to a strong increase
in the xylem/vessel area ratio with cavitation pressure (Fig-
ure 3C). Thisin turn resulted from adecrease in vessel diame-
ter with more negative cavitation pressure (Figure 4, r? =
0.71), which was more important than a weak tendency for
vessel density to increase (r 2 = 0.25; data not shown).

The increase in R, with safety was nearly equally divided
between the R. and Ry, components (Figure 5). On average,
56% of the vessel resistivity was in the end-walls and 44% in
the lumen. Mean F = R_./Ry, was 0.85 + 0.078. Thisratio did
not differ between ring-porous and diffuse-porous species
measured for this paper, or between the Wheeler et al. (2005)
data and the species added in this study.

In contradiction to the pit resistance hypothesis modeled
previously (Figure 6, circles;, Sperry and Hacke 2004), the
pooled data set showed no increase in r p with more negative
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Figure 3. Safety versus efficiency trade-off across the 29-species data
set. Species symbols are given in Tables 1 and 2. Dashed line and
asterisked double-capital symbols identify ring-porous species. For
clarity, error bars on species means are not shown. (A) Xylem areare-
sistivity (Rxa) versusmean cavitation pressure. Solid lineisregression
through complete data set. Standard error averaged 7% of Ry, (B)
Vessel area resistivity (Rc,) versus mean cavitation pressure. Solid
lineisregression for complete data set. Standard error averaged 13%
of Rea (C) Xylem/vessel cross-sectional arearatio. Dashed lineisre-
gression for ring-porous species, solid line is separate regression for
diffuse-porous species and vines. Standard error averaged 9% of
means.

cavitation pressure (Figure 6, species symbols). Instead, there
was aweakly significant (r 2 = 0.17) opposite trend. Measured
r » was also substantially greater than modeled (Figure 6). The
29-species data set showed large variation in rp, but it was
unrelated to safety from cavitation or to functional group
(ring-porous versus diffuse-porous). The estimated standard

100

Vessel diameter (um) or length (cm)

Mean cavitation pressure (MPa)

Figure4. Scaling of vessel diameter (D) and length (L) with mean cav-
itation pressure (shown as absolute value for log scaling). Dashed
lines and asterisked double-capital symbolsidentify ring-porous spe-
cies. Standard error averaged 12% of mean L and 6% of mean D. Spe-
cies symbols are given in Tables 1 and 2.

error averaged 33% of r p. This high percentage was aresult of
the propagation of error through multiple calculations.

In confirmation of the pit area hypothesis, the addition of
datafor 14 species of diverse vessel size and safety reinforced
the strong inverse rel ationship between total Ar and mean cavi-
tation pressure across all species with no clear distinction be-
tween ring- and diffuse-porous types (Figure 7A, r 2 = 0.77).
Total vessel surfacearea(Ay) aso scaled with increasing mean
cavitation pressure, though much more weakly (Figure 7A,
r 2 = 0.47) because of variationin thefraction of vessel surface
that was pitted (the pit fraction, Fp = Ap/Ay, Figure 7B). For ex-
ample, thering-porous speciestended to have higher Ay, for the
same cavitation pressure than diffuse-porous species (Fig-
ure 7A, asterisked symbols, dashed line) because the ring-po-
rous Fp tended to be low for the same pressure compared with
Fp of many diffuse-porous species (Figure 7B, dashed line).

1 e : :
Mean R, /R, =0.85 (0.078)

0.1¢F

0.001 ¢

Vessel end-wall resistivity
(Ry, MPa s mm™)

0.0001

0.0001 0.001 0.01 0.1 1
Vessel lumen resistivity (R, MPa s mm™)

Figure5. Scaling of vessel end-wall resistivity (Ry) with vessel lumen
resisitivity (R_). Dashed lineis1:1. Mean R /Ry = F ratiowas 0.85 £
0.078. Standard error averaged 13% of mean R, and 19% of mean
Rw. Species symbols are given in Tables 1 and 2.

TREE PHYSIOLOGY VOLUME 26, 2006



SCALING OF XYLEM WITH SAFETY AND EFFICIENCY 697

1000 ¢

-
(=3
(&3

Pit area resistance (r,, MPas m™)
3

0.1 . , ‘ . .
—12 -10 -8 -6 -4 -2 o
Cavitation pressure (MPa)

Figure 6. Pit arearesistance (r p) versus cavitation pressure. Modeled
valuesfrom Sperry and Hacke (2004) shown as open circles. Standard
error averaged 33% of the mean for measured values. Species sym-
bols are givenin Tables 1 and 2.

The Fp averaged 6.3 + 0.9 % (range: 0.4—21%) across the
full data set. Whereas the Rosaceae-dominated data set of
Wheeler et al. (2005) showed a significant drop in Fp with
mean cavitation pressure, addition of another 14 specieselimi-
nated this trend. In the full data set, Fp did not vary signifi-
cantly with safety from cavitation (Figure 7B). The variation
in Fp was primarily in the contact fraction rather than the
pit-field fraction (Table 1).

The Ap, besides being hypothetically responsible for setting
cavitation pressure, was also the dominant influence on the
variation in Rec, compared with the other parameters in the
summary Equation 5 (Figure 8). The Re, changed 165-fold for
the observed 593-fold range in Ap (Figure 8, As curve). The
next most important determinants of Re, werer p and Fp, caus-
ing only a5-fold changein Re, for their 53-fold variation (Fig-
ure 8, rp and Fp curves).

The F = R./Ry fraction had alimited range (0.85 + 0.078,
range 0.26-1.98; Figure 5) and a comparatively minor
1.4-fold effect on Rc, acrossitsrange (Figure 8, solid F curve).
As Equation 5 indicates, thereis an optimal F that minimizes
Reca which is emphasized graphically by the short-dashed ex-
tension of the F curve in Figure 8. The observed F range kept
Rca near this optimum. The F = L'/L fraction varied little in
thedataset (Table 1) and had atrivia 1.1-fold influenceon R,
(data not shown).

Overall, thevariationin Ap explained 72% of thevariationin
Rca (data not shown). Because Ap is aso linked to cavitation
pressure (Figure 7A), it provides a basis for the safety versus
efficiency trade-off (Figures 1 and 3): low As may be required
for more negative cavitation pressure, and it aso results in
greater xylem resistivity. The effect of Ap on resistivity was
through its link to vessel surface area, Ay (Figure 7A), which
resulted from the limited range of Fp (Figure 7B). The A, in
turn wasrelated to vessel D and L and their respective declines
with increasingly negative cavitation pressure (Figure 4).

As Equation 6 indicates, L versus D scaling is a complex
function of several variables. However, because the terms be-
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Figure 7. (A) Pit membrane (Ap) and vessel (Ay) surface areas versus
mean cavitation pressure (shown as absolute value for log-scaling).
Dashed line highlights ring-porous speciesin Ay plot. Standard error
averaged 19% of Ap and 14% of Ay. (B) Pit fraction (Fp = Ap/Ay) ver-
Sus mean cavitation pressure. Mean Fp was 6.3 + 0.9%. Dashed line
highlightsring-porous species. Standard error averaged 13% of mean.
Species symbols are given in Tables 1 and 2.

sidesD in Equation 6 (F, rp, F. and Fp) did not vary systemati-
cally with D, L scaled with D to the 3/2 power acrossthe wide
range of lengths and diameters in the data set (Figure 9, r2 =
0.63).

Discussion

We obtained evidence for asignificant safety versus efficiency
trade-off in xylem hydraulic function (Figures 1 and 3). This
trade-off, together with arequirement for greater construction
cost in cavitation-resistant xylem (Hacke et al. 2001a), may
explain why angiosperm xylem is usually not more resistant
than required by the normal negative pressure range a species
experiences. The datareinforced the pit area hypothesiswhile
contradicting the pit resistance hypothesis as an explana
tion for this trade-off. Increasing safety from cavitation was
strongly associated with decreasing pit area per vessel (Fig-
ure 7A, r2 = 0.77), but not with increasing pit area resis-
tance (Figure 6). Mean pit membrane porosity apparently does
not correlate with cavitation pressure as previously modeled
(Sperry and Hacke 2004). If air-seeding occurs at the largest
membrane pore per vessel, this limiting pore may be quite
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Figure 8. Sensitivity of vessel area resistivity (Rca) to changes in
Equation 5 variables (Ap, F, rp and Fp) relative to their mean values.
Variable F|_ in Equation 5 is not shown because it has minimal impor-
tance. Each parameter curve shows the R, calculated from Equa-
tion 5 for the full range of that parameter with the other variables
constant at their mean values. The dotted curve for F extends beyond
the actual F rangein the data set (solid portion of curve) to emphasize
that thereisan optimal F that minimizes Rc,. Abbreviations: Ap = to-
tal inter-vessel pit membrane surface area of vessel; F = lumen to
end-wall resistivity ratio; rp = pit membrane area resistance; Fp = pit
fraction; and F_ = length between vessel end-wall to vessel length ra-
tio.

rare. Some support for this comes from observations of pit
membranes where most of the membrane pores are too small
to observe, and pores of air-seeding size arerelatively few and
far-between (Sperry and Tyree 1988, Sano 2004).

The pit area hypothesis explains the observed safety versus
efficiency trade-off (Figure 3) as follows. To achieve a given
safety from cavitation, the pit area per vessel must be limited,
because thislimitsthe mean size of the largest membrane pore
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Figure 9. Scaling of vessel length (L) with diameter (D). Slope of the
log-og plot was 1.48 as indicated from Equation 6 when the other
equation parameters do not vary with D. Species symbolsaregivenin
Tables 1 and 2.

per vessel and henceits susceptibility to air-seeding. A limited
pit area also limits the vessel surface area (Figure 7A) which
trangatesinto alimit on vessel diameter and length (Figure 4)
and hence itsresistivity (Figure 3B).

In theory, it is not necessary for pit areato limit vessel sur-
face areaif the fraction of the vessel wall that is pitted (the pit
fraction, Fp) can becomeinfinitely small. If that were possible,
asmall pit areafor safety could residein alarge and wide ves-
sel for efficiency. Accordingly, a corollary of the pit area hy-
pothesis is that Fp should be small. This was generaly the
case, withamean Fr of 6.3 + 0.9% (Figure 7B), with four spe-
cies below 2% (Figure 7B). However, none were below the
0.4% extreme for L. tridentata. In the Rosaceae-dominated
data set of Wheeler et al. (2005), there was a significant de-
crease in Fp with safety from cavitation, which would help to
minimize the loss of conducting efficiency. However, this
seemingly adaptive trend was not supported by the inclusion
of more diverse species. One important disadvantage of alow
pit fraction isamore rigidly axial flow path with less ability
for water to flow laterally to circumvent wounds or to provide
flexibility in distribution of resources from root to crown
sections (Orians et al. 2004).

Variation in the safety versus efficiency trade-off at the xy-
lemtissuelevel (Figure 3A) resulted from avariety of sources,
beginning with variation in the proposed cause-and-effect re-
lationship between pit area per vessel and the cavitation pres-
sure (Figure 7A). Although this relationship was strong (r 2 =
0.77), there was still considerable variation that may be more
than just measurement error. Among species, those with more
pit area per vessel for the same maximum pore size (e.g., CG,
QG in Figure 7A) have the potential to be more efficient with
the same safety from cavitation. There was aso variation in
other aspects of vessel structure that may not be causally
linked to cavitation safety, of which r p and Fp were most con-
sequential for resistivity at the vessel level (Figure 8). Scaling
to thetissue level, the variation in the xylem/vessel arearatio
(Figure 3C) creates further flexibility in the Ry, versus safety
relationship. With all of these intermediate steps between
safety and efficiency, it followsthat the trade-off will be statis-
tically noisy and nonexistent in more limited data sets (Hacke
and Sperry 2001, Jacobsen et al. 2005).

Our r p estimates showed tremendous variation, from 39 to
2040 MPasm™ (Figure 6). Doubtless, some of this variation
resulted from the imprecise and indirect method used to esti-
mate rp, with standard errors averaging 33% of the mean
value. Pit resistances of this magnitude should be over 99% de-
termined by the pit membrane (versus aperture resistance),
corresponding to a prevailing membrane pore diameter be-
tween 3 and 8 nm (Wheeler et a. 2005). Thisporesizeissimi-
lar to the average size range estimated experimentally in some
plants (Shane et al. 2000, Choat et a. 2003, 2004) lending
some credence to our estimates, although similar experiments
on two chaparral speciesfound larger pore sizes (Jarbeau et al.
1995).

Scaling of vessel resistivities and dimensions
Therelatively tight scaling between R and Ry, components of
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vessel resistivity (Figure 5) maintained a narrow range of
R /Ry = F (0.85 £ 0.078) across four orders of resistivity
magnitude. ThisF ratio corresponded with an average of 56%
of the vessel resistivity residing in the end-wall. According to
Equation 5, the possible significance of thisrestricted F range
was that it maintained Rg, close to its minimum for a vessel
where other variables (Ap, Fp, FL and rp) are constant (Fig-
ure 8). Based on the pit areahypothesis, Ap isconstrained for a
given cavitation pressure and Fp should be low and thus have
limited variability as observed (Figure 7B, mean Fp = 6.3 +
0.9%). Empirically, F, differed little across the data set (Ta-
ble 1). Ther p, though quite variable (Figure 6), wasindepend-
ent of pit area. Thus, the restricted F range is consistent with
optimizing vessel resistivity under the constraints of the pit
area hypothesis.

This scaling of Ry with R_ (Figure 5) is consistent with an
underlying scaling of D and L (Figure 9). Across species, wide
vesselstended to belong, whereas narrow vessel stended to be
short, as observed in many other studies. Vessels in ring-po-
rous trees and vines can be both wider and longer than their
counterparts in diffuse-porous wood (Zimmermann and Jgje
1981, Sperry et al. 1994) and vesselsin stemsare narrower and
shorter than in roots (Zimmermann and Potter 1982). In asur-
vey of lianas, narrow vessels were almost always short,
whereas wide vessels ranged from short to long (Ewers and
Fisher 1989). Fisher et a. (2002) found aweak correlation be-
tween maximum vessel length and maximum diameter in
rattans.

According to Equation 6 and as shown in Figure 9, L in-
creases with D*? when F and the other parameters in Equa-
tion 5 (rp, Fp and F.) do not vary systematically with vessel
size (Lancashire and Ennos 2002). The variation inrp and Fp
across the data set make the L versus D relationship quite
noisy, and the 3/2 scaling isevident only acrossthewiderange
of vessel sizesin our dataset. Therelationship isheavily influ-
enced by thelarge vesselsof P. montana (Figure 9, Pum) and it
remains to be seen whether the 3/2 scaling will be confirmed
when a greater variety of big-vesseled species are analyzed.
Wheeler et al. (2005) found no relationship between D and L,
probably because of the lack of more big-vesseled speciesin
that restricted data set.

Implications of ring-porous, diffuse-porous and vine wood
anatomies

A consequence of atrade-off between vessel size and vulnera-
bility isthat it can be advantageous for a species to operate at
very high native embolism levelsasdiscussed inrelation to the
vulnerability curves in Figure 1. If the vulnerability curves
shownin Figure 1 are plotted in the standard way, as a percent-
age loss in maximum conductivity versus pressure (e.g., asin
Figure 2), the curves we observed for ring-porous trees and
vines seem tremendously non-adaptive: showing big losses of
relative conductivity at normal operating pressures compared
with curvesfrom diffuse-porous species where the native con-
ductivity lossis negligible. Nevertheless, the curves appear to
be valid based on the agreement between centrifuge and air-in-

jection methods (Figure 2). Tibbetts and Ewers (2000) found
similar vulnerability curves in two lianas when using the
bench-top dehydration method. Only when such curves are
plotted in absolute conductivities, as in Figure 1, does their
adaptive val ue become apparent— even though they may have
ahigh percentageloss of conductivity at their native pressures,
the ring-porous type of curve can still be compatible with a
higher (or equal) conductivity than that of plants showing no
loss of conductivity at the same pressure. An important detail
isthat the shape of the vulnerability curve depends on whether
the curve is obtained from flushed stems where native embo-
lism hasbeen reversed (e.g., asin Figure 2) or whether it isde-
termined from non-flushed stems. In the latter case (e.g.,
Q. gambelii curve from Sperry and Sullivan 1992), there will
be little or no drop in conductivity until pressures fall below
the minimum experienced by the stemsin the field.

The curves we found in vines and ring-porous trees exem-
plify asacrificia strategy of growing big and efficient vessels,
many of whichwill losefunction at normal operating pressure,
but those remaining are still more efficient than smaller and
inherently safer vessels. This strategy is illustrated in Fig-
ure 10A. Thetheoretical curveswere generated with aWeibull
function (Equation 1) by linking the Weibull b parameter
(pressure at 63% loss of conductivity) to the Ky, me parameter
as dictated by the scaling relationships between As and pres-
sure (Figure 7A) and using mean values for al other parame-
tersin Equation 5. The Weibull ¢ parameter was held constant.
These curves assume that the xylem/vessel arearatio is con-
stant at the mean of 6.5 for the data set. For asingle x-axis xy-
lem pressure, thereisasingle optimal curve: at —1.1 MPathis
isCurveb, at—1.3MPaitisCurve4, at—1.5 MPaitisCurve 3,
and at —2.0 MPaitis Curve 2. At each pressure, the native em-
bolism corresponding to the optimal curve is about 50%.

The disadvantage of the sacrificial strategy is obvious for
the more vulnerable curves: a slight drop in pressure from its
optimal value causes a severe drop in conductivity. For exam-
ple, Curve5isoptimal for —1.1 MPa, but quite sub-optimal for
—1.5 MPa. This sensitivity to pressure variation is most severe
at modest negative pressures. The sacrificia strategy may be
adaptivefor ahabitat or growth form wherewater stressisgen-
erally modest. This strategy seems less beneficial when fre-
quent periods of severe water stress require conductivity to be
sustained over a broad range of pressures.

One way to mitigate the trade-off between vessel size and
vulnerability illustrated in Figure 10A isto have small vessels
for safety, but to minimize the xylem/vessel area ratio by
packing the maximum number of small vesselsin the xylem.
This vessel packing strategy is shown in Figure 10B. Here,
each curve has the same Weibull b and ¢ parameters (from
curve 3 in Figure 10A) and thus the same individual vessel
conductivity per vessel area. However, the xylem/vessel area
ratio is changed as indicated below the Kyama intercept of
each curve. The mean ratio was 6.5 (Figure 10B, central 6.5
curve). Decreasing thisratio to 3 more than doublesthe Ky max
without making the xylem more vulnerable to cavitation (Fig-
ure 10B, top 3 curve). Increasing the area ratio to 28 has the
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Figure 10. Two mechanismsfor coping with asafety versusefficiency
trade-off as illustrated with theoretical vulnerability curves. Curves
were cal culated from the Weibull function (Equation 1) using c = 2.7
and linking b to vessel pit area (Ap) via the observed scaling in Fig-
ure 7A. The vessel cross-sectiona area resistivity (Rca) was calcu-
lated from Ap by Equation 5 with mean values for the other variables
(F, rp, Fp and FL). The maximum xylem conductivity for non-
embolized xylem (Kxamax) Was calculated from Rc, and the xylem/
vessel arearatio. (A) Thesacrificia strategy. All curves havethe same
xylem/vessel arearatio (= 6.5 data average) and differ only in their
Weibull b parameter and corresponding Ky a.max. Greater Ky amax COr-
responds with more vulnerable xylem (smaller b) according to the pit
areahypothesis. It is advantageous to have vulnerable xylem and sac-
rifice approximately 50% of the Ky 5. mex because the residual conduc-
tivity can be higher than that of xylem with more cavitation-resistant
curves which necessarily starts out at a lower Kyamax- (B) The ves-
sel-packing strategy. All curves have the same Weibull b parameter
and vessel pit area (matching Curve 3 in A) and differ only in the
xylem/vessel arearatio (number on curves). Decreasing thisratio by
packing more vessel area into the xylem increases Kyamax Without
sacrificing the vulnerability of individual vesselsto cavitation. Abbre-
viations: F = lumen to end-wall resistivity ratio; rp = pit membrane
area resistance; Fp = pit fraction; and F_ = length between vessel
end-wall to vessel length ratio.

opposite effect, reducing the Kxamax by more than 4-fold (Fig-
ure 10B, lower 28 curve). The vessel packing strategy can pro-
vide high Kya.ms and stable Ky, over a potentially broad
pressure range by minimizing the xylem/vessel arearatio.
Boththe sacrificial and vessel packing strategiescombineto
influence the real vulnerability curvesin Figure 1. The ring-
porous speciesin our study exploited the sacrificia strategy by
having relatively high xylem/vessel area ratios (Figure 3C,

mean = 11.1) and relatively large, vulnerable vesselswith high
conductivities (= low R¢,, Figure 3B). The diffuse-porous spe-
cies we sampled exploited the packing strategy with lower
xylem/vessel arearatios (Figure 3C, mean =5.1) and achieved
similarly high Kyamex (= 1/Rxa) asring-porous specieswith the
same mean cavitation pressure (Figure 3A).

There may belimitsto the packing strategy. The xylem/ves-
sel arearatio cannot drop below 1, and in practice it does not
approach this minimum (observed data set minimum = 2.9,
Figure 3C). Presumably thisisbecausethere are spacerequire-
mentsfor ray and axial parenchyma cells and also mechanical
limitations to reducing the fiber area in angiosperm xylem.
The relatively high xylem/vessel area ratios for ring-porous
trees (mean 11.1) versus diffuse-porous trees (mean 5.1) may
reflect mechanical vulnerability of larger vesselsin free-stand-
ing stems. Vines, not being self-supporting and free of this
possible mechanical constraint, can have vessels as large or
larger than those of ring-porous treeswhile having low xylem/
vessel area ratios comparable to those of diffuse-porous trees
(Figures 3C and 4). Vines can exploit both the sacrificial and
vessel packing strategy, and achieve the lowest Ry, of al the
speciesintheentiredataset (Figure 3A, Vv, Pum data points).

Additional evidence for a mechanical limit on the packing
strategy istheincreasein xylem/vessel arearatio with increas-
ing safety from cavitation (Figure 3C). Theincreasein thisra-
tio costs the plant by amplifying the safety versus efficiency
trade-off at the singlevessel level—resulting in amuch steeper
trade-off between cavitation pressure and Ry, than for Re, (cf.
Figures 3A and 3B). The mechanical stress imposed by in-
creasingly negative sap pressuresin cavitation-resistant xylem
correlates with increasing wood density in angiosperms
(Hacke et al. 2001a) and an increasing fiber fraction and den-
sity (Jacobsen et a. 2005). Perhaps adense and extensive fiber
matrix is required to compensate for these pressure-derived
stresses (Hacke and Sperry 2001). Moreinformation isneeded
on the importance of wood anatomy for bearing mechanical
stresses associated with negative xylem pressure in combina
tion with structural support of canopies.
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