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Abstract Given the fundamental importance of xylem
safety and efficiency for plant survival and fitness, it is not
surprising that these are among the most commonly studied
features of hydraulic architecture. However, much remains
to be learned about the nature and universality of conflicts
between hydraulic safety and efficiency. Although selection for suites of hydraulic traits that confer adequate plant
fitness under given conditions is likely to occur at the
organismal level, most studies of hydraulic architecture
have been confined to scales smaller than the whole plant,
such as small-diameter branches and roots. Here we discuss
the impact of the spatial and temporal contexts in which
hydraulic traits are studied on the interpretation of their
role in maintaining plant hydraulic function. We argue that
further advances in understanding the ecological implications of different suites of plant hydraulic traits will be
enhanced by adopting an integrated approach that considers variation in hydraulic traits throughout the entire plant,
dynamic behavior of water transport, xylem tension and
water transport efficiency in intact plants, alternate mechanisms that modulate hydraulic safety and efficiency, and
alternate measures of hydraulic safety and safety margins.
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Introduction
Land plants transport massive amounts of water from roots
to leaves to sustain the transpiration associated with photosynthetic carbon dioxide (CO2) uptake. Resistance to
transpiration-induced flow of water through the xylem
creates a gradient of increasing tension between the roots
and the most distal leaves. Transport of water under tension
makes the xylem susceptible to the formation of air-seeded
emboli that break the cohesion of the water column, disabling parts or eventually all of the water conducting system. Xylem structural features that increase its resistance to
embolism typically decrease its hydraulic conductivity,
leading to potentially conflicting requirements for safety
and efficiency of long-distance water transport. Although
efficiency can be defined in a number of ways in physics,
engineering, and economics, here we mean either the volume flow rate of water per pressure gradient (conductivity)
or the flow rate in relation to the overall root-to-leaf driving
force at the whole-plant level (conductance). The potential
safety/efficiency dilemma is particularly acute for tall trees
in which gravity and considerable path-length resistances
act in concert to increase the tension gradients necessary to
drive water transport to their uppermost branches (Koch
et al. 2004; Woodruff et al. 2004; Ryan et al. 2006; Domec
et al. 2008). We propose that to better understand the
nature of trade-offs of safety against efficiency and when
and where they occur, the questions being addressed need
to be precisely defined, taking into account the scale at
which measurements are made and the temporal context in
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which plants are studied. Otherwise, we risk the predicament faced by the proverbial six blind men and the elephant, who arrive at seemingly incompatible conclusions
concerning its nature after each has examined only a small
portion of it.
Studies of plant hydraulic architecture have provided
important insights into the multiple ways that evolution has
resolved competing requirements for the safety and efficiency of water transport and mechanical support of the
plant body by xylem and other tissues to achieve adequate
distribution of water throughout complex vascular networks (West et al. 1999; McCulloh et al. 2003, 2004, 2010;
Sperry et al. 2008). Hydraulic architecture has been characterized at scales ranging from the structural features of
individual xylem conduits (e.g. Sperry and Hacke 2004;
Pittermann et al. 2005, 2006; Wheeler et al. 2005; Domec
et al. 2006; Rosner et al. 2007; Hacke and Jansen 2009) to
the hydraulic properties of organs, such as stems and roots
(e.g., Martinez-Vilalta et al. 2002; Maherali et al. 2006;
Willson et al. 2008), to plant-level patterns of hydraulic
architecture, such as maps of hydraulic characteristics and
ratios of leaf area to conducting xylem area (e.g. Huber
1928; Zimmermann 1978; McDowell et al. 2002; Ackerly
2004; Wright et al. 2006; Dunham et al. 2007; Meinzer
et al. 2008a). These studies have contributed to a broadscale understanding of trends in hydraulic architecture
along environmental gradients, strategies of different
plant functional groups for coping with water stress, and
community level differences in hydraulic architecture
(Pockman and Sperry 2000; Maherali et al. 2004; Jacobsen
et al. 2007, 2008; Pratt et al. 2007). An issue in interpretation, however, is that most studies of hydraulic architecture have been confined to scales smaller than the whole
plant, such as small-diameter branches or roots, whereas
selection for suites of hydraulic traits that confer adequate
plant fitness under given conditions is likely to occur at the
organismal level. Even in environments characterized
by extreme drought, commonly measured branch-level
hydraulic traits often exhibit wide variation rather than
convergence among co-occurring species (e.g., Pockman
and Sperry 2000; Maherali et al. 2004; Jacobsen et al.
2007, 2008), implying that complex suites of higher order
hydraulic traits contribute to overall fitness and reproductive success in a given environment.
Given the fundamental importance of xylem safety and
efficiency for plant survival and fitness, it is not surprising
that these are among the most commonly studied features
of hydraulic architecture. Typically xylem safety is
expressed in terms of the xylem pressure causing 50% loss
of hydraulic conductivity (P50), and xylem efficiency is
expressed as specific conductivity (ks), the hydraulic conductivity per unit conducting xylem area. The extent to
which xylem safety and efficiency are antagonistic features
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leading to inevitable trade-offs has been debated (Maherali
et al. 2004, 2006; Willson et al. 2008). In woody plants,
these attributes are most frequently characterized in terminal branches and less often in other parts of the plant,
such as roots (Martinez-Vilalta et al. 2002; Domec et al.
2004, 2006; Maherali et al. 2006; Pratt et al. 2007; Willson
et al. 2008), main stems (Spicer and Gartner 2001; Domec
and Gartner 2003; Domec et al. 2005, 2006; Beikircher and
Mayr 2008), and leaves (Sack et al. 2003; Brodribb and
Holbrook 2004a; Woodruff et al. 2008; Johnson et al.
2009a, b). Although plant organs can be characterized in
terms of their own hydraulic architecture, recognition of
the spatial and temporal contexts in which they are being
studied is essential for interpretation of their role in plant
hydraulic function. This is the subject of the remainder of
this paper.

What are the variables that can confound
interpretation of relationships between xylem
safety and efficiency?
We often debate the presence or absence of trade-offs
between hydraulic safety and efficiency. However, the
hydraulic safety and efficiency of a particular plant part
(such as a small-diameter branch) are not necessarily species-specific traits: they may differ greatly from part to part
of the plant, and the within-plant pattern itself may vary
greatly between taxa with divergent evolutionary histories.
Moreover, the contribution of a plant segment to the plant’s
overall hydraulic architecture is influenced strongly by
factors beyond the segment itself. Important confounding
factors include the diameter of the segment and its relative
axial position along the continuum from roots to leaves as
these affect the magnitude of xylem conductivity and
tensions developed as well as the timing of maximum
water flux, which is often attained substantially later in
main stems than in terminal branches because of internal
capacitance (Phillips et al. 1997; Goldstein et al. 1998).
Also important are the relative quantities and transport
characteristics of leaf area, sapwood area, and rootabsorbing area (Whitehead et al. 1996; Pataki et al. 1998;
Sperry et al. 1998). Another set of factors relates to timedependent physiology at daily, seasonal, and annual scales,
such as the accessibility and properties of water storage
tissues, daily and seasonal changes in transpiration with
respect to climate and phenology, changes in ks with variable factors, such as the rate of water transport (Domec
et al. 2007), occurrence, and reversal of xylem embolism
(Zwieniecki and Holbrook 1998; Bucci et al. 2003),
changes in membrane permeability (McElrone et al. 2007),
and seasonal changes in leaf (Bucci et al. 2005) or fine root
area. It is not possible to infer the integrated impact of
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When measurements are restricted to segments of terminal
branches, interpretations of relationships between P50 and
ks across species and environments can be confounded by
unrecognized variables and their interactions that lead to
apparent decoupling of the safety/efficiency trade-off frequently observed at various scales within species. Xylem
conduit diameter typically increases with stem diameter,
both within and among species (Fig. 1a), especially over
the range of stem diameter most frequently used for studies
of comparative hydraulic architecture (approx. 2–15 mm).
Because hydraulic conductivity increases as a function of
the conduit radius to the fourth power, relatively small
variation in stem segment and conduit diameter can be
expected to have a disproportionate impact on the values of
hydraulic conductivity measured. In practice, hydraulic
conductivity and ks have been observed to increase by
about an order of magnitude with a doubling of stem
diameter for stem diameters ranging from about 1 to
20 mm (Fig. 1b; Tyree et al. 1991; Zotz et al. 1998;
Cochard et al. 1999; McCulloh et al. 2010). Given that the
dependence of P50 on conduit diameter is relatively weak
(Tyree et al. 1994; Hacke et al. 2001; Willson et al. 2008),
comparisons of hydraulic efficiency and safety based
on measurements of terminal branch segments can be
expected to yield large variation in ks relative to P50, which
is likely to lead to the conclusion that a trade-off of xylem
efficiency against safety is apparently absent. Even
when the conductivity-weighted mean conduit diameter
P
([ d4/n]1/4, McCulloh et al. 2010) of segments is similar
among species having the same conduit and wood type,

(a)
Vessel diameter (μm)

Use of small-diameter branch samples

their ks can differ dramatically (Fig. 2) further complicating interpretations of relationships between hydraulic efficiency and safety. In the example shown in Fig. 2, the
mean number of vessels per cross-sectional area of the
temperate diffuse-porous species was several fold higher
than that of the tropical diffuse-porous species, resulting in
substantially greater ks in the temperate species at a given
mean vessel hydraulic diameter (McCulloh et al. 2010).
The trajectories of relationships between ks and P50 may be
distinct for these two groups of species as has been
observed in comparisons of ks and P50 in stem segments
from other groups of species (Piñol and Sala 2000). Thus,
the apparent presence or absence of an inverse relationship
between ks and P50 based on measurements made on stem
segments may be somewhat fortuitous depending on the
species sampled and the relative positions of the segments
along the root-to-terminal branch hydraulic continuum in
each species.
Another example is the statistical work of Dunham et al.
(2007, 2008) in which relationships among anatomical,
hydraulic, and density traits were sought for seven positions within 32 Pseudotsuga menziesii trees. The ks of
branch samples with a cambial age of 7 years was not
120
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these contextual variables from measurements of ks and P50
on xylem segments or from retrospective estimates of ks
and P50 based on anatomy and density of preserved xylem
samples. Leaves, the terminal portion of the liquid water
transport pathway, undergo rapidly reversible changes in
their hydraulic conductance and therefore appear to play a
particularly important role in the dynamic regulation of
plant hydraulic architecture (e.g., Zwieniecki et al. 2000;
Bucci et al. 2003; Brodribb and Holbrook 2004b; Woodruff
et al. 2007; Johnson et al. 2009b).
Here we present a series of examples illustrating some
of the consequences of scale and context for interpretations
of hydraulic architecture and how intact plants resolve
potentially conflicting requirements for safety and efficiency of water transport. We argue that integrating
information obtained at different scales into an organismal
assessment of hydraulic architecture is likely to be the
most effective and informative approach for understanding
the ecological implications of different suites of plant
hydraulic traits.
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Fig. 1 Relationships between hydraulic traits and stem diameter for
saplings of four temperate and four tropical diffuse-porous tree
species: a vessel diameter, b hydraulic conductivity. Each data point
represents an individual branch or trunk segment. Data taken from
McCulloh et al. (2010)
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Fig. 2 Relationships between xylem-specific conductivity and mean
vessel hydraulic diameter in branch and trunk segments of saplings of
four temperate and four tropical diffuse-porous tree species. Data
from McCulloh et al. (2010)

correlated with the ks of branch samples of other ages,
stem samples of three ages, or root samples of two ages
(Dunham et al. 2007). Moreover, the relationship between
tracheid diameter and ks of branches was extremely different from that relationship for any of the other plant parts
studied (Dunham et al. 2008). Seven-year-old branch
samples, similar to the samples used in many studies, were
a very poor predictor of characteristics elsewhere in the
tree. The generalizations one can make with the population
of 7-year-old samples is valid, but they should not be
extrapolated beyond the dataset without further knowledge.
This constraint can be particularly acute in conifers, which
often undergo pronounced ontogenetic changes in the
hydraulic characteristics of their wood (Mencuccini et al.
1997; Spicer and Gartner 2001; Domec and Gartner 2002a;
Rosner et al. 2006).
Because the transport of water from roots to transpiring
leaves involves a complex xylem network, the hydraulic
properties of a given plant segment represent a snapshot of
a unique solution to competing demands for efficiency and
safety of water transport that are integrated with the
properties of the pathway both upstream and downstream
from the segment as well as overall plant architecture and
physiology. Based on these considerations, we suggest that
comparative studies of the role of safety and efficiency in
hydraulic architecture should routinely take into account a
greater fraction of the root-to-leaf hydraulic continuum in
order to capture patterns of efficiency and safety along the
plant axis (see below).
Water storage and the dynamics of water transport
Recent work suggests that other dimensions of safety
and efficiency beyond xylem vulnerability and hydraulic
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conductivity need to be considered, especially under the
dynamic conditions that prevail when plants are transpiring
(Meinzer et al. 2008b, 2009; Hölttä et al. 2009). Hydraulic
capacitance (C) results in the transient release of stored
water into the transpiration stream when the onset of
transpiration generates a water potential disequilibrium
within the xylem and between the xylem and surrounding
tissues. The dual consequences of this phenomenon are
that the rate of fluctuation in xylem tension is slowed,
damping the amplitude of diel fluctuations in xylem tension
(Cowan 1972; Phillips et al. 1997; Perämäki et al. 2005;
Scholz et al. 2007, 2008; Hölttä et al. 2009), and the total
soil-to-leaf hydraulic conductance transiently appears to
be greater than it would under steady-state conditions
(Andrade et al. 1998; Meinzer et al. 1999). Capacitive
discharge of water can result from emptying of xylem
elements, which can still buffer fluctuations in xylem tension despite the marginal loss of conductivity (Hölttä et al.
2009). However, in the sapwood of species such as tropical
angiosperms where the volume of water in vessel lumens is
small relative to that in other cells and tissues, embolism is
a minor source of capacitance over the normal physiological operating range of sapwood water potential (Meinzer
et al. 2008b). Contributions of capacitance to hydraulic
safety and apparent hydraulic efficiency are most readily
observed in intact plants subjected to dynamic conditions
and cannot easily be inferred from steady state measurements of hydraulic properties of segments of plant organs
under laboratory conditions.
These points can be illustrated by hydraulic functional
traits of several Panamanian tree species (Fig. 3). A plot of
ks versus P50 of terminal branch segments suggests the
absence of a safety versus efficiency trade-off (Fig. 3a), yet
there are highly significant positive relationships between
P50 and sapwood capacitance (Fig. 3b) and daily minimum
terminal branch water potential (Fig. 3c). Thus, under the
transient conditions that prevail throughout most of the
day, the buffering effect of C on minimum xylem W confers a measure of hydraulic safety in species with the
highest C and least negative values of P50. Conversely,
species with low C appear to rely on xylem structural
features that lower P50 rather than buffer fluctuations in
stem water potential (Meinzer et al. 2009). The contribution of C to hydraulic safety and the inverse relationship
between C and wood density (Pratt et al. 2007; Scholz et al.
2007; Meinzer et al. 2008a) could confound the expected
positive correlation between wood density and hydraulic
safety (Hacke et al. 2001). Wood density of the species
included in Fig. 3 ranged from 0.33 to 0.74 g cm-3, but it
was not significantly correlated with P50 (Meinzer et al.
2008b). The lack of a consistent relationship between P50
and wood density has been reported in other studies (e.g.,
Jacobsen et al. 2008).
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Fig. 3 Relationships between the xylem pressure causing a 50% loss
of hydraulic conductivity (P50) and maximum specific conductivity
(ks) (a), sapwood capacitance (C) (b), and daily minimum water
potential (Wstem-min) (c) for upper canopy branches of several
Panamanian tree species. Each point represents a different species.
Data from Meinzer et al. (2008a, b)

potential in both sites (Maherali and DeLucia 2001). In
Brazilian savanna trees, mean whole-plant leaf-specific
conductance was higher during the dry season than during
the wet season as a result of seasonal reductions in AL:AS,
which allowed midday shoot water potentials to remain
nearly constant seasonally (Bucci et al. 2005). Speciesspecific differences in the plasticity of tree architecture
(AL:AS) and, therefore, the stability of leaf-specific conductance and maximum xylem tensions could complicate
interpretation of the relationships between ks and P50
among species and across environmental gradients.
The preceding observations suggest that xylem safety
and efficiency relationships may differ in isohydric and
anisohydric species. Isohydric species, which appear to rely
on architectural adjustments and capacitance as well as
stomatal control to constrain fluctuations in xylem tension,
may have less negative values of P50 for a given value of ks
than anisohydric species. The limited available evidence is
consistent with isohydric species being both more vulnerable to embolism and having a greater capacity for
embolism reversal than anisohydric species (e.g., Vogt
2001; Taneda and Sperry 2008). Anisohydric species, in
turn, may be more likely to rely on conduit structural
attributes (P50) to ensure an adequate degree of hydraulic
safety if the embolism experienced in their woody tissues
is essentially irreversible. Thus, for a given value of ks,
anisohydric species may have substantially more negative
values of P50 than isohydric species (Vogt 2001; Oliveras
et al. 2003; Maherali et al. 2006; Willson et al. 2008),
potentially confounding interpretations of safety versus
efficiency trade-offs among species. More information is
needed on species-specific patterns of embolism reversal in
secondary xylem of iso- and anisohydric species.

How prevalent is the xylem safety versus efficiency
trade-off?

Plant architectural adjustments
The ability to regulate whole-plant leaf-specific conductance in response to changing water availability and
evaporative demand can influence both hydraulic efficiency and safety in the absence of changes in ks and P50.
Pinus palustris trees growing in a xeric site had lower leaf
area to sapwood area ratios (AL:AS) and were shorter in
stature than trees growing in a mesic site, resulting in
similar leaf-specific conductance and soil-to-leaf water
potential differences among sites (Addington et al. 2006).
Similarly, AL:AS of ponderosa pine trees growing in a
desert environment was about half that of trees growing in
a humid montane environment contributing to substantially
greater whole-tree leaf-specific conductance in the desertgrown trees and similar values of midday shoot water

The degree to which xylem safety versus efficiency tradeoffs are universal is difficult to ascertain because of the
ambiguities associated with the interpretation of values of
ks and P50 and the observation that P50 of stem xylem
appears to be avoided under all but the most extreme
conditions (Sperry et al. 1993; Sparks and Black 1999;
Nardini and Salleo 2000). In many species, stomatal control of transpiration limits maximum xylem tension in
stems to a value near the air entry or embolism threshold
corresponding to about a 12% loss of conductivity (P12) on
the xylem vulnerability curve under typical non-extreme
conditions (Sparks and Black 1999; Brodribb et al. 2003;
Meinzer et al. 2009). Within the relatively few species for
which adequate data are available, the presence of the
safety versus efficiency trade-off is remarkably consistent
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Fig. 4 Relationships between the xylem pressure causing 50% loss of
hydraulic conductivity (P50) and maximum bordered pit conductivity
on a tissue basis (ks-pit) (a) and on whole-wood maximum specific
conductivity (ks) (b) for roots (circle), trunks (square) and branches
(triangle) of Pseudotsuga menziesii trees. Data taken from Domec
et al. (2006)

over a broad range of scales from conduits to whole wood
and along an axial gradient from roots to branch tips and
leaves (Fig. 4; Sperry and Saliendra 1994; Domec and
Gartner 2003; Domec et al. 2006; Rosner et al. 2007).
Nevertheless, in some species, xylem safety and efficiency
appear to be loosely coupled or even positively correlated
rather than showing a trade-off under certain conditions.
Within growth rings of Pseudotsuga menziesii, the ks of
latewood was about an order of magnitude lower than that
of earlywood, yet latewood was initially more vulnerable to
embolism at xylem pressures down to about -2 MPa
(Domec and Gartner 2002b). In Sequoia sempervirens, P50
decreased substantially with increasing height, yet ks
remained essentially constant or increased slightly (Burgess et al. 2006; Ambrose et al. 2009). Branch sapwood of
five Brazilian savanna tree species subjected to 5 years of
nitrogen fertilization was significantly more resistant to
embolism, yet it was more conductive than sapwood of
unfertilized control trees (Bucci et al. 2006). In some cases,
variation in wood density has been used as a proxy for
trends in P50 and ks, with P50 becoming more negative and
ks decreasing with increasing wood density (e.g., Hacke
et al. 2001; Bucci et al. 2004; Meinzer et al. 2008a).
However, in some of the preceding examples and others
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(e.g., Dunham et al. 2007; Jacobsen et al. 2008), no consistent relationships between wood density and hydraulic
traits were found, and even inverse relationships between
embolism resistance and wood density have been observed
(Domec and Gartner 2002a; Bucci et al. 2006).
Understanding the mechanisms responsible for the variation in relationships between xylem safety and efficiency
requires comprehensive analyses over a broad range of
scales from conduit structure to whole-plant hydraulic
architecture. There have been multiple evolutionary solutions to the physiological problem of sustaining water
transport to leaves while ensuring an adequate degree of
hydraulic safety, and natural selection has resulted in these
issues being resolved at the organismal level. Therefore,
multi-species comparisons of relationships between
hydraulic safety and efficiency must be carefully designed
and the questions being addressed precisely defined.
Although the prevailing pattern is likely to consist of a
trade-off of ks against P50 along the hydraulic continuum
from roots to terminal branches in most species, comparisons based on properties of branch segments alone may not
be the most reliable indicators of the prevalence of this
pattern. Multi-species comparisons incorporating branch
segment data sometimes show a weak or no relationship
between ks and P50, yet mean community level P50 typically changes in the expected direction along gradients of
increasing aridity (Kavanagh et al. 1999; Pockman and
Sperry 2000; Maherali et al. 2004). Substantial intracommunity variation in P50 among different plant functional types and growth forms (Pockman and Sperry 2000;
Maherali et al. 2004; Jacobsen et al. 2007) is consistent
with each species having found a somewhat independent
evolutionary solution to competing demands for safety and
efficiency of water transport, making it difficult to detect
the degree of coupling between xylem safety and efficiency
across species based on properties of a small fraction of the
plant hydraulic pathway.

What do axial trends in xylem safety and efficiency
within individuals reveal?
Trajectories of relationships between ks and P50 or P12
along the plant hydraulic continuum from roots to branch
tips can provide important insights into how species with
different wood types and growth forms reconcile competing requirements for efficiency and safety of water transport. Although a number of studies contain data on ks and
P50 in roots and terminal branches (e.g., Martinez-Vilalta
et al. 2002; Oliveras et al. 2003; Maherali et al. 2006; Pratt
et al. 2007), few studies contain detailed data on axial
trends in ks and P50 or P12 for intermediate points along the
hydraulic pathway. When sufficient data are available,

Oecologia (2010) 164:287–296

(a)
Pinus ponderosa
Pseudotsuga menziesii

8

6

4

2

(b)

0
diffuse-porous
Cupressaceae
ring-porous
Pinaceae

8

6

-1

-1

-1

ks (kg m s MPa )

regressions fitted to axial trends in ks and P50 can be
extrapolated to the value of P50 at which ks would fall to
zero (e.g., Fig. 5a). This point can represent an absolute
upper limit of hydraulic safety for a species at which water
transport approaches zero regardless of the driving force. In
the tall conifer Pseudotsuga menziesii, the predicted tree
height at which tracheid pit aperture conductance approached zero was consistent with historic maximum height
records for the species (Domec et al. 2008). The extrapolated value of P50 at which ks would approach zero in Pinus
ponderosa (Fig. 5a) is consistent with its shorter maximum
height (approx. 60 m) than P. menziesii (approx. 120 m). It
is not known whether similar relationships exist in other
tall coniferous or angiosperm species, but it is likely that
their trajectories vary among growth forms having different
degrees of branching and apical dominance. The slopes of
relationships between ks and P50 or P12 can provide
insights on differences among species in the steepness of
axial tension gradients as well as the loss of hydraulic
efficiency associated with a given increment in hydraulic
safety.
Measurements only on roots and stems can also be used
to generate trajectories of relationships between ks and P50
(Fig. 5b). However, the interpretation of these trajectories
is somewhat uncertain because of variable path lengths
between sampling locations among individuals of different
species and differences in axial trends in hydraulic efficiency among species with different wood types (McCulloh
et al. 2010). Nevertheless, data from several studies suggest
consistently lower values of ks and more negative values of
P50 in stems than in roots and substantial differences
among species groups in values of P50 for a given range of
ks (Fig. 5b). The pattern seen in several ring-porous
(Quercus) species is particularly intriguing in that although
ks was sharply reduced in branches compared to roots, P50
was only slightly more negative in branches than in roots.
This seemingly maladaptive pattern may be associated with
hydraulic architectural traits specific to Quercus and other
ring-porous genera. These include the substantial loss of
branch xylem conductivity on a daily basis and vigorous
refilling of vessels overnight (Zwieniecki and Holbrook
1998; Taneda and Sperry 2008) and a reduction in sap
velocity with decreasing stem diameter in contrast to the
more commonly observed increase in velocity in diffuseporous species and conifers (Huber and Schmidt 1936;
Andrade et al. 1998). Declining sap velocity from trunks to
terminal branches would partially offset the effect of
reduced ks on xylem tension gradients. Inspection of individual data points for root and stem ks and P50 for 14
diffuse-porous species reveals appreciable overlap between
root and stem data, but the overall pattern is consistent with
a trade-off (Fig. 5c). Evidence for a trade-off is less convincing based on stem data alone. Principal drivers of the
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Fig. 5 Relationships between maximum xylem-specific conductivity
(ks) and the xylem pressure causing a 50% loss of hydraulic
conductivity (P50) for: a different points along the root-to-branch
pathway in Pinus ponderosa and Pseudotsuga menziesii trees (data
from Domec and Gartner 2003; Domec et al. 2006), b roots (open
symbols) and branches (filled symbols) of 14 temperate diffuse-porous
species (data from Sperry and Saliendra 1994; Martinez-Vilalta et al.
2002; Maherali et al. 2006), 14 species of Cupressaceae (data from
Maherali et al. 2006; Willson et al. 2008), six Quercus (ring-porous)
species (data from Martinez-Vilalta et al. 2002; Maherali et al. 2006)
and nine species of Pinaceae (data from Oliveras et al. 2003; Maherali
et al. 2006; Hacke and Jansen 2009), c 14 temperate diffuse-porous
species (data from Sperry and Saliendra 1994; Martinez-Vilalta et al.
2002; Maherali et al. 2006). Vertical and horizontal bars in
b represent standard errors, and each point in c represents a root or
stem of a different species

axial safety versus efficiency trade-offs depicted in Fig. 5
include the gradient of increasing tension associated with
cumulative path-length resistance from roots to branch tips
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and axial trends in conduit taper and leaf-specific conductivity that maximize overall plant transport efficiency
per growth investment within mechanical stability constraints (McCulloh and Sperry 2005; Sperry et al. 2008).

Conclusions
A growing body of work over the past two decades has
rapidly advanced our understanding of plant hydraulic
architecture from minute structural features of xylem
conduits to scaling of properties in entire xylem networks.
Further advances in understanding the ecological implications of different suites of plant hydraulic traits will be
enhanced by adopting an integrated approach that considers variation in hydraulic traits throughout the entire plant,
dynamic behavior of water transport, xylem tension and
water transport efficiency in intact plants, alternate mechanisms that modulate hydraulic safety and efficiency, and
alternate measures of hydraulic safety and safety margins.
This approach implies formidable logistical challenges but
should serve to minimize the dilemma faced by the six
blind men and the elephant whose perceptions about the
nature of the beast depended on the part of it being studied.
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Piñol J, Sala A (2000) Ecological implications of xylem cavitation for
several Pinaceae in the Pacific Northern USA. Funct Ecol
14:538–545
Pittermann J, Sperry JS, Hacke UG, Wheeler JK, Sikkema EH (2005)
Torus-margo pits help conifers compete with angiosperms.
Science 310:1924–1925
Pittermann J, Sperry JS, Hacke UG, Wheeler JK, Sikkema EH (2006)
Inter-tracheid pitting and the hydraulic efficiency of conifer
wood: the role of tracheid allometry and cavitation protection.
Am J Bot 93:1265–1273
Pockman WT, Sperry JS (2000) Vulnerability to xylem cavitation and
the distribution of Sonoran desert vegetation. Am J Bot
87:1287–1299
Pratt RB, Jacobsen AL, Ewers FW, Davis SD (2007) Relationships
among xylem transport, biomechanics and storage in stems and
roots of nine Rhamnaceae species of the California chaparral.
New Phytol 174:787–798
Rosner S, Klein A, Wimmer R, Karlsson B (2006) Extraction of
features from ultrasound acoustic emissions: a tool to assess the
hydraulic vulnerability of Norway spruce trunkwood? New
Phytol 171:105–116
Rosner S, Klein A, Müller U, Karlsson B (2007) Hydraulic and
mechanical properties of young Norway spruce clones related to
growth and wood structure. Tree Physiol 27:1165–1178
Ryan MG, Phillips N, Bond BJ (2006) The hydraulic limitation
hypothesis revisited. Plant Cell Environ 29:367–381

123

296
Sack L, Cowan PD, Jaikumar N, Holbrook NM (2003) The
‘hydrology’of leaves: co-ordination of structure and function in
temperate woody species. Plant Cell Environ 26:1343–1356
Scholz FG, Bucci SJ, Goldstein G, Meinzer FC, Franco AC, MirallesWilhelm F (2007) Biophysical properties and functional significance of stem water storage tissues in neotropical savanna trees.
Plant Cell Environ 30:236–248
Scholz FG, Bucci SJ, Goldstein G, Meinzer FC, Franco AC, MirallesWilhelm F (2008) Temporal dynamics of stem expansion and
contraction in savanna trees: withdrawal and recharge of stored
water. Tree Physiol 28:469–480
Sparks JP, Black RA (1999) Regulation of water loss in populations
of Populus trichocarpa: the role of stomatal control in preventing xylem cavitation. Tree Physiol 19:453–459
Sperry JS, Hacke UG (2004) Analysis of circular bordered pit
function—I. Angiosperm vessels with homogenous pit membranes. Am J Bot 91:369–385
Sperry JS, Saliendra NZ (1994) Intra- and inter-plant variation in
xylem cavitation in Betula occidentalis. Plant Cell Environ
17:1233–1241
Sperry JS, Alder NN, Eastlack SE (1993) The effect of reduced
hydraulic conductance on stomatal conductance and xylem
cavitation. J Exp Bot 44:1075–1082
Sperry JS, Adler FR, Campbell GS, Comstock JP (1998) Limitation
of plant water use by rhizosphere and xylem conductance: results
from a model. Plant Cell Environ 21:347–359
Sperry JS, Meinzer FC, McCulloh KA (2008) Safety and efficiency
conflicts in hydraulic architecture: scaling from tissues to trees.
Plant Cell Environ 31:632–645
Spicer R, Gartner BL (2001) The effects of cambial age and position
within the stem on specific conductivity in Douglas-fir (Pseudotsuga menziesii) sapwood. Trees 15:222–229
Taneda H, Sperry JS (2008) A case-study of water transport in cooccurring ring- versus diffuse-porous trees: contrasts in waterstatus, conducting capacity, cavitation and vessel refilling. Tree
Physiol 28:1641–1651
Tyree MT, Snyderman DA, Wilmot TR, Machado J-L (1991) Water
relations and hydraulic architecture of a tropical tree (Schefflera
morototoni). Plant Physiol 96:1105–1113
Tyree MT, Davis SD, Cochard H (1994) Biophysical perspectives of
xylem evolution–is there a tradeoff of hydraulic efficiency for
vulnerability to dysfunction? IAWA 15:335–360
Vogt UK (2001) Hydraulic vulnerability, vessel refilling, and seasonal
courses of stem water potential of Sorbus aucuparia L. and
Sambucus nigra L. J Exp Bot 52:1527–1536

123

Oecologia (2010) 164:287–296
West GB, Brown JH, Enquist BJ (1999) A general model for the
structure and allometry of plant vascular systems. Nature
400:664–667
Wheeler JK, Sperry JS, Hacke UG, Hoang N (2005) Inter-vessel
pitting and cavitation in woody Rosaceae and other vesselled
plants: a basis for a safety versus efficiency trade-off in xylem
transport. Plant Cell Environ 28:800–812
Whitehead D, Livingston NJ, Kelliher FM, Hogan KP, Pepin S,
McSeveny TM, Byers JN (1996) Response of transpiration and
photosynthesis to a transient change in illuminated foliage area
for a Pinus radiata D. Don tree. Plant Cell Environ 19:949–957
Willson CJ, Manos PS, Jackson RB (2008) Hydraulic traits are
influenced by phylogenetic history in the drought-resistant,
invasive genus Juniperus (Cupressaceae). Am J Bot 95:299–314
Woodruff DR, Bond BJ, Meinzer FC (2004) Does turgor limit growth
in tall trees? Plant Cell Environ 27:229–236
Woodruff DR, McCulloh KA, Warren JM, Meinzer FC, Lachenbruch
B (2007) Impacts of tree height on leaf hydraulic architecture and
stomatal control in Douglas-fir. Plant Cell Environ 30:559–569
Woodruff DR, Meinzer FC, Lachenbruch B (2008) Height-related
trends in leaf xylem anatomy and shoot hydraulic characteristics
in a tall conifer: safety versus efficiency in water transport. New
Phytol 180:90–99
Wright IJ, Falster DS, Pickup M, Westoby M (2006) Cross-species
patterns in the coordination between leaf and stem traits. Physiol
Plant 127:445–456
Zimmermann MH (1978) Hydraulic architecture of some diffuseporous trees. Can J Bot 56:2286–2295
Zotz G, Tyree MT, Patiño S, Carlton MR (1998) Hydraulic
architecture and water use of selected species from a lower
montane forest in Panama. Trees 12:302–309
Zwieniecki MA, Holbrook NM (1998) Diurnal variation in xylem
hydraulic conductivity in white ash (Fraxinus americana L.), red
maple (Acer rubrum L.) and red spruce (Picea rubens Sarg.).
Plant Cell Environ 21:1173–1180
Zwieniecki MA, Hutyra L, Thompson MV, Holbrook NM (2000)
Dynamic changes in petiole specific conductivity in red maple
(Acer rubrum L.), tulip tree (Liriodendron tulipifera L.) and
northern fox grape (Vitis labrusca L.). Plant Cell Environ
23:407–414

