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Abstract

This review emphasizes recent developments and controversies related to the uptake, transport and loss of water by
trees. Comparisons of the stable isotope composition of soil and xylem water have provided new and sometimes
unexpected insights concerning spatial and temporal partitioning of soil water by roots. Passive, hydraulic redistribu-
tion of water from moister to drier portions of the soil profile via plant root systems may have a substantial impact
on vertical profiles of soil water distribution, partitioning of water within and among species, and on ecosystem water
balance. The recent development of a technique for direct measurement of pressure in individual xylem elements of
intact, transpiring plants elicited a number of challenges to the century-old cohesion—tension theory. The ongoing
debate over mechanisms of long-distance water transport has stimulated an intense interest in the phenomenon and
mechanisms of embolism repair. Rather than embolism being essentially irreversible, it now appears that there is a
dynamic balance between embolism formation and repair throughout the day and that daily release of water from the
xylem via cavitation may serve to stabilize leaf water balance by minimizing the temporal imbalance between water
supply and demand. Leaf physiology is closely linked to hydraulic architecture and hydraulic perturbations, but the
precise nature of the signals to which stomata respond remains to be elucidated. When water transport in trees is
studied at multiple scales from single leaves to the whole organism, considerable functional convergence in regulation
of water use among phylogenetically diverse species is revealed. © Published by Elsevier Science B.V.
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1. Introduction Tree.s are an appealing system for studying
long-distance water transport in plants. In the
largest individuals, water may traverse a tortuous

* Corresponding author. Tel.: + 1-541-7507250; fax: + 1- pathway more than 100 m long from the point

541‘7507760 ) i where it is taken up in the soil to the sites of
E-mail address: fmeinzer@fs.fed.us (F.C. Meinzer).

S0098-8472/01/$ - see front matter © Published by Elsevier Science B.V.
PILI: S0098-8472(01)00074-0



240 F.C. Meinzer et al. / Environmental and Experimental Botany 45 (2001) 239-262

evaporation in the leaves. The integrity of their
water transport system faces increasing challenges
as trees develop from small seedlings to adults.
Trees present a broad range of hydraulic architec-
ture from starkly simple to bafflingly complex,
and interactions between hydraulic architecture
and physiological regulation of water transport at
the leaf, whole-tree and intermediate scales are
not fully understood. In contrast with most herba-
ceous plants, the voluminous secondary xylem of
large trees can introduce a significant storage
component to their water budget, thereby compli-
cating the interpretation of patterns of water flow
through their stems and its relationship to evapo-
ration from leaves. Trees thus present a challenge
to plant biologists to understand the integration
of activities in such large organisms.

The following is not intended to be a compre-
hensive review of water transport in trees. Rather,
we have elected to define and cover five topics
based on one or more of the following criteria:
significant recent insights or technical develop-
ments, recent intensive research activity, and re-
cent controversy. Because water has to be
acquired by the roots before it can be moved to
the top of the tree, the first topic deals with
partitioning and redistribution of soil water by
roots.

2. Spatial and temporal partitioning of soil water
uptake

Partitioning of soil water uptake among indi-
viduals of different species, or among individuals
of different size classes of the same species, may
reduce competition between co-occurring trees for
the same limited water resources. Soil water parti-
tioning can result from temporal or spatial dis-
placement of water uptake, or from a
combination of both. Temporal partitioning of
soil water can be achieved through seasonal dis-
placement of leaf expansion and leaf fall, the
relative rates and timing of which largely deter-
mine the potential rate of transpirational water
loss. Spatial partitioning of soil water may occur
along a vertical axis, corresponding to differences
in the abundance of active roots, and along a

horizontal axis defined by the pattern of species
distribution and spacing (Hinckley et al., 1991).
For example, wide spacing between woody tropi-
cal Savanna species reduces competition for lim-
ited soil water resources during the prolonged dry
season (Goldstein and Sarmiento, 1986).

2.1. Stable isotope studies

The source regions of soil water uptake by
plants have traditionally been difficult to assess
(Ehleringer and Dawson, 1992). Excavation of
roots to determine their spatial distribution is
destructive, time consuming, and impractical in
some ecosystems such as tropical forests because
of their high species diversity and high woody
plant density. Furthermore, the mere presence of
roots at a given depth in the soil profile is not
necessarily a reliable indicator of their relative
contribution to total water uptake (Ehleringer
and Dawson, 1992). The development of stable
isotope techniques has greatly facilitated the char-
acterization of sources of water at different depths
in the soil profile. Analysis of the natural stable
hydrogen (D, H) or oxygen ('%0, 'SO) isotope
composition of soil and xylem water allows differ-
ential access to soil water pools to be inferred
without the invasive excavation of root systems
(Ehleringer and Dawson, 1992; Sternberg and
Swart, 1987). The isotopic composition of the soil
water may vary with depth because each succes-
sive precipitation event has a distinct isotopic
signature and/or because water near the soil sur-
face becomes enriched in the heavier isotopes as a
result of evaporative fractionation (Allison, 1982;
Allison and Hughes, 1983). Seasonal variation in
the isotopic composition of precipitation is typi-
cally greater in temperate than in tropical regions
(Yurtsever and Gat, 1981). Therefore, in tropical
sites experiencing a prolonged dry season, evapo-
rative fractionation is often the major determinant
of variation in the isotopic composition of soil
water with depth (Jackson et al., 1995, 1999;
Meinzer et al., 1999a). If the isotopic signatures of
surface and groundwater are distinct, their rela-
tive utilization can be estimated from the isotopic
composition of the xylem water using a simple
linear mixing model (White et al., 1985).
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Soil water-partitioning studies carried out using
stable isotope techniques often yield results that
are somewhat counterintuitive or unexpected at
first sight. For example, Valentini et al. (1992)
found that evergreen Mediterranean species
tended to rely on rainwater while deciduous spe-
cies relied almost exclusively on more dependable
groundwater, Dawson and Ehleringer (1991) con-
cluded that streamside trees actually used little
stream water, Le Roux et al. (1995) discovered
that both grass and woody species used water
from the upper layers of the soil profile during the
dry and wet seasons in a West African humid
Savanna, and we have found that deciduous
Brazilian Cerrado tree species have access to
deeper sources of soil water than evergreen species
(Jackson et al., 1999). As expected, larger trees
have been shown to preferentially tap deeper
sources of soil water than smaller trees (Dawson,
1996), but the reverse has also been reported
(Meinzer et al., 1999a). Pulse chase experiments
involving surface irrigation of plots with deuter-
ated water have recently been used to determine
patterns of root water uptake with depth
(Moreira et al., 2000). This approach may reduce
uncertainties associated with complex patterns of
stable isotope distribution in the soil water of
tropical regions.

In tropical regions with a distinct dry season
and minimal seasonal temperature changes, co-oc-
curring tree species may exhibit a wide array of
seasonal patterns of leaf production and other
growth related activities (Wright, 1996; Meinzer et
al., 1999a). These annual growth patterns are not
always synchronized with seasonal changes in soil
water availability. It is therefore likely that in
seasonally dry tropical forests, competition for
limited soil water during the dry season is reduced
by species-specific differences in leaf phenology in
addition to differences in rooting patterns and
root activity. In a Hawaiian dry forest, for exam-
ple, leaf phenology ranged from dry season decid-
uous at one extreme, to evergreen with near
constant leaf expansion rates at the other. The
species with the greatest annual variability in leaf
expansion rates, paradoxically tended to tap the
deepest soil water sources as reflected in their
more negative xylem sap 8D values (Fig. 1). Con-

versely, species with root systems restricted to
potentially less abundant water sources in the
upper portion of the soil profile, tended to exhibit
more moderate variation in leaf expansion rates
(Stratton et al., 2000a).

Even within the same species, source water
utilization (spatial partitioning) can shift season-
ally. For example, in a seasonally dry forest in
Panama, trees able to exploit progressively deeper
sources of soil water during the dry season, as
indicated by increasingly negative xylem oD val-
ues, were also able to maintain constant or even
increase rates of water use (Meinzer et al., 1999a).
Seasonal courses of water use and soil water
partitioning were also associated with leaf phenol-
ogy. Species with the smallest seasonal variability
in leaf fall tapped increasingly deep sources of soil
water as the dry season progressed (Fig. 2). Daw-
son and Pate (1996) also observed seasonal shifts
in source water utilization among Australian

phreatophytic species with dimorphic root
systems.
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Fig. 1. Seasonal variability in leaf expansion (estimated as
standard deviation of leaf production) in relation to xylem sap
3D for eight Hawaiian dry forest woody species. Symbols: A,
Pouteria sandwicensis; /\, Reynoldsia sandwicensis; B, Neste-
gis sandwicensis; [, Schinus terebinthifolius; @, Diospyros
sandwicensis; O, Metrosideros polymorpha; 4, Myoporum
sandwicense; V, Nesoluma polynesicum. Adapted from Strat-
ton et al. (2000a).
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Fig. 2. Standard error of mean monthly leaf fall in relation to
average daily change in xylem sap 6D during the dry season
for individuals of seven tree species growing on Barro Colo-
rado Island, Panama. A negative change in 6D indicates that
xylem sap 6D decreased from the beginning to the end of the
dry season. Symbols: B, Cordia alliodora; ®, Jacaranda co-
paia; , Anacardium excelsum; V., Trichilia tuberculata; A,
Luehea seemannii; A, Quararibea asterolepis; 4, Alseis blacki-
ana. Adapted from Meinzer et al. (1999a).

2.2. Hydraulic redistribution

Vertical profiles of soil water distribution with
depth may be more influenced by the activities of
plants than previously thought. The movement of
water from moister to drier portions of the soil
profile via plant root systems has been termed
hydraulic lift (Corak et al., 1987; Richards and
Caldwell, 1987; Caldwell and Richards, 1989).
The direction of water movement is typically up-
ward, towards the shallower soil layers. However,
recent measurements of sap flow in taproots and
lateral roots of trees have demonstrated that roots
can also redistribute water from the surface to
deeper soil layers (Burgess et al., 1998; Sakuratani
et al., 1999; Smith et al., 1999). The process is
thought to be largely passive, requiring only a
gradient in soil water potential (¥,), a more posi-
tive ¥ in the root xylem than in surrounding dry
soil layers, and a relatively low resistance to re-
verse flow from the roots. Because it can be
bi-directional and is apparently passive, ‘hydraulic
redistribution’ has been proposed as a more com-
prehensive term for the phenomenon (Burgess et
al., 1998). Hydraulic lift usually occurs at night

when transpiration has diminished sufficiently to
allow the water potential in the roots to exceed
that in the drier portions of the soil profile. Evi-
dence for hydraulic lift consists largely of time
courses of ¥, showing increasing ¥ in drier soil
layers during the night or other periods when
transpiration is reduced (Richards and Caldwell,
1987; Dawson, 1993; Millikin Ishikawa and Bled-
soe, 2000). Deuterated water supplied to deep
roots of shrubs has also been used as a label to
trace movement of water to shallow roots of
grasses (Caldwell and Richards, 1989). More re-
cently, the measurement of water movement
within the roots with heat pulse techniques has
been used to assess the magnitude of hydraulic
redistribution of soil water (Burgess et al., 1998).
Based on this and other evidence, it is believed
that hydraulic lift can contribute significantly to
the water balance of not only the plant responsi-
ble for it, but also neighboring plants of other
species (Dawson, 1996). In addition to its positive
influence on plant water balance during dry peri-
ods, hydraulic redistribution may enhance
availability of nutrients in shallow soil layers and
facilitate the uptake of nutrients by shallow, fine
roots (Caldwell et al., 1998) and the growth of tap
roots into dryer soil layers (Schulze et al., 1998).
Now that more than 60 cases of hydraulic lift
have been demonstrated (Jackson et al., 2000),
there is no reason to doubt that its existence is
more widespread wherever conditions are condu-
cive to its occurrence. However, the significance
of hydraulic lift for ecosystem-level water fluxes
remains to be evaluated.

3. Long-distance water transport
3.1. The cohesion—tension theory

Curiosity about how water is moved to the tops
of tall trees goes back centuries (e.g. Hales, 1727).
The Cohesion—Tension (C-T) theory, proposed
in the late 19th century by Dixon and Joly (1894),
has become the most widely accepted explanation
of the mechanism of the ascent of sap. It holds
that the driving force for water movement is
generated by transpirational water loss, which
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transmits tension through continuous water
columns running from the evaporating surfaces in
the leaves to the roots. According to the C-T
theory, the minimum vertical xylem tension gradi-
ent should be 0.01 MPa m ' when transpiration
is absent. When transpiration is occurring, fric-
tional resistances are expected to cause consider-
ably larger tensions to be generated, especially in
plants growing in dry soils. The C-T theory has
prevailed largely unmodified for > 100 years, a
somewhat unusual situation for a scientific
paradigm explaining a fundamental process. A
few early tests using indirect methods yielded
results consistent with the presence of tension in
the xylem (Renner, 1912, 1925; Ursprung and
Blum, 1916; Nordhausen, 1919), but it was not
until the 1960’s with the development of the pres-
sure chamber (Scholander et al., 1965) that the
predominance of theory seemed assured.

Until recently, the periodic introduction of al-
ternative theories explaining long-distance water
transport (Plumb and Bridgman, 1972; Amin,
1982; Braun, 1984) had elicited little response,
largely because massive amounts of data collected
with the pressure chamber seemed to be consistent
with the C-T theory. Beginning in about 1990,
however, challenges to cohesion—tension as the
sole mechanism by which water ascends have
stimulated a lively debate in a field previously
characterized by a dangerous degree of compla-
cency. The debate was triggered by the develop-
ment of the xylem pressure probe (XPP), which
allowed pressure or tension to be measured di-
rectly in individual vessels of intact plants for the
first time (Balling and Zimmermann, 1990;
Benkert et al.,, 1991). Although measurements
with the XPP confirmed the existence of tension
in the xylem of intact, transpiring plants, the
tensions often seemed too small to be compatible
with water transport being entirely tension-driven
(Benkert et al., 1991; Zimmermann et al., 1993,
1994; Benkert et al., 1995), and were often much
smaller than tensions inferred from indirect mea-
surements made with the pressure chamber. These
results evoked considerable scepticism concerning
the validity of the XPP technique (e.g. Pockman
et al., 1995; Milburn, 1996; Sperry et al., 1996),
despite the rigorous and exhaustive tests to which

it was subjected during its development (Zimmer-
mann et al., 1995). Although maximum tensions
measurable with the XPP are limited by cavitation
within the probe itself, it was shown that contrary
to initial fears, the mere insertion of the probe
into a xylem element does not automatically pro-
voke cavitation. Acceptance of the XPP technique
has increased as a result of subsequent studies
showing that xylem tensions measured with the
XPP agree with those inferred from the pressure
chamber, albeit over a relatively narrow range
and under specific conditions (Melcher et al.,
1998; Wei et al., 1999). However, serious prob-
lems in reconciling measurements made with the
XPP and pressure chamber remain mainly be-
cause the measurement range of the pressure
chamber extends beyond that of current versions
of the XPP. For example, the largest stable ten-
sions measured with the XPP to date are of the
order of 1.0 MPa, whereas tensions approaching
5-7 MPa are routinely inferred from balance
pressures obtained with the pressure chamber.
Furthermore, samples placed in the pressure
chamber may contain a large fraction of woody
tissue, whereas measurements with the XPP have
been confined to leaf veins and petioles, and fleshy
portions of stems and roots because the delicate
glass microcapillary of the XPP is not capable of
penetrating woody tissue. It is not known to what
extent the sometimes-large discrepancies between
measurements made with the XPP and the pres-
sure chamber may be attributable to differences in
regulation of xylem pressure in leaves and adja-
cent woody stems.

Although the pressure chamber remains a valu-
able tool for characterizing tree water relations,
there are important constraints on interpretation
of the balance pressures obtained. These were
recognized soon after the technique was intro-
duced (Begg and Turner, 1970; Ritchie and
Hinckley, 1971; Janes and Gee, 1973; Turner and
Long, 1980) but need to be re-emphasized. Per-
haps the most serious constraint is the inability of
the pressure chamber to measure xylem pressure
under nonequilibrium conditions (i.e. in transpir-
ing leaves). Substantial hydraulic resistances in
leaves can cause steep water potential gradients to
develop in response to transpirational water
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movement (Yang and Tyree, 1994; Melcher et al.,
1998). Under these conditions, excision of a
rapidly transpiring leaf will cause the tension in
the xylem to re-equilibrate to a value between that
of the water potential of the bulk leaf tissue and
the original in situ value of tension. The post-exci-
sion value of xylem tension deduced with the
pressure chamber will approximate the water po-
tential of the bulk leaf tissue rather than the
pre-excision xylem tension because < 10% of the
leaf water is usually contained in the xylem. In-
deed, it has long been noted that large differences
in balance pressure can be observed between adja-
cent transpiring leaves and covered, non-transpir-
ing leaves (Ritchie and Hinckley, 1971; Turner
and Long, 1980; Saliendra and Meinzer, 1989).
The non-transpiring leaf should function as a
tensiometer, permitting the xylem pressure of the
stem and remaining nearby leaves to be estimated
from its balance pressure if water columns are
continuous throughout the plant and if local vari-
ations in xylem tension are negligible (Passioura
1982; McCutchan and Shackel, 1992). The inabil-
ity of the pressure chamber to reliably measure
xylem pressure in transpiring leaves can lead to
errors in characterizing the driving forces and
therefore the mechanisms involved in long-dis-
tance water transport. Nevertheless, the pressure
chamber can still be considered as the technique
of choice for obtaining valid estimates of volume-
averaged leaf water potential in intact plants.
The large body of evidence consistent with ten-
sion-driven water transport includes numerous
demonstrations that water in xylem tissue can
sustain substantial tensions before cavitating
(Pockman et al., 1995; Sperry et al., 1996), direct
measurements of tension with the XPP, and indi-
rect measurements with the pressure chamber of
tension in non-transpiring leaves. Nevertheless, as
indicated above, some observations appear to be
in conflict with the idea that long-distance water
transport is exclusively tension-driven. In tall
trees, for example, the assumptions of the C-T
theory require that xylem tension increase accord-
ing to a minimum gravitational gradient of 0.01
MPa for every 1 m increase in height. Regardless
of a tree’s hydraulic architecture and whether or
not transpiration is occurring, if the xylem tension

at, for example, 30 m height is smaller than the
value of 0.3 MPa predicted from the C-T theory
and root pressure is absent, tension exerted
through continuous water columns cannot be the
only force involved in moving water to 30 m
height. Although some data obtained with the
pressure chamber in tall trees appear to be consis-
tent with the predicted gravitational tension gradi-
ent (Hellkvist et al., 1974; Connor et al., 1977),
other results obtained with both the pressure
chamber (Connor et al., 1977; Koch et al., 1994)
and the XPP (Zimmermann et al., 1993) point to
tensions smaller than those predicted from the
C-T theory. Unfortunately, interpretation of
both types of observations is often ambiguous if
they are made when transpiration, soil water
deficits, or osmotically-induced root pressure are
present.

3.2. Alternative theories

The results obtained with the XPP and earlier
observations in apparent conflict with the C-T
theory prompted Canny to propose a new theory
of long-distance water transport, the so-called
‘compensating pressure’ theory (Canny, 1995,
1998). Briefly, the theory holds that xylem tension
is maintained within a stable range by a compen-
sating pressure exerted by turgid living tissue sur-
rounding the xylem. Furthermore, the
compensating pressure is predicted to be instru-
mental in refilling embolized vessels by causing
water to be extruded into them. In keeping with
the lively exchange that had already been taking
place prior to its introduction, the compensating
pressure theory has been challenged in a series of
strenuous critiques (Comstock, 1999; Tyree, 1999;
Stiller and Sperry, 1999). Tyree (1999) has pointed
out that tissue pressure can cause only a transi-
tory increase in xylem pressure and therefore can-
not be responsible for elevating xylem pressure
during quasi steady-state water transport.

3.3. Conclusions and recommendations
Direct measurements with the xylem pressure

probe have demonstrated that substantial tensions
can develop in the xylem elements of transpiring
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plants, implying that cohesion—tension is an im-
portant mechanism driving long-distance trans-
port. However, reports of tensions apparently
smaller than those expected from the C-T theory
suggests that additional mechanisms may be in-
volved and should be investigated. Less recent
observations seemingly at odds with the C-T
theory need to be explained, as they are numerous
(Scholander et al., 1955, 1957, 1962) and there is
no compelling reason to doubt their validity. As a
beginning, vertical gradients in water potential
should be reassessed in tall trees using indepen-
dent techniques in parallel under unambiguous
conditions consisting of high soil water content
and the absence of transpiration and root pres-
sure. Improved access to tall trees via canopy
cranes and towers should make these types of
measurements more feasible than they have been
in the past.

Widely held ideas about operating ranges of
xylem tension based on measurements with the
pressure chamber on previously transpiring leafy
shoots also need to be reassessed. Pressure cham-
ber measurements should routinely be made on
both covered and exposed leaves but even the
covered leaf balance pressures can be ambiguous
if substantial cavitation has occurred or if
anatomy of the stem to which the leaf is attached
allows water to be forced into nonconducting
tissue during pressurization.

4. Xylem vulnerability and embolism repair

Water is transported in the xylem under tension
(Dixon and Joly, 1894) and is therefore vulnerable
to cavitation, the rapid expansion of a vacuum-
filled space within a xylem conduit. Cavitation
may be initiated during water stress by the entry
of air through conduit pit membranes (the air-
seeding hypothesis; Zimmermann, 1983), or by
bubbles formed during freezing and thawing of
xylem sap. The conduit quickly becomes filled
with water vapor and air, resulting in an ‘em-
bolism’ or blockage within the conduit. Embolism
is of importance to trees because it results in
reduced hydraulic conductivity, which could lead
to increased tension and the possibility of further

‘runaway’ cavitation if transpiration continues at
the same rate (Tyree and Ewers, 1991). Until
recently, embolism was considered largely irre-
versible, slowly reversible over a time-scale of
weeks or months (Sperry, 1995), or reversible
under special conditions of high root (Tyree et al.,
1986; Sperry et al., 1994) or stem pressure (Sperry
et al., 1988b). Thus, because of its apparently
irreversible nature in many woody plants, cavita-
tion has traditionally been viewed as a serious
dysfunction that must normally be avoided.

4.1. Brief history

Cavitation in water-stressed plants was first
demonstrated by Milburn and Johnson (1966)
using an acoustic recording technique that was
later modified by Tyree and co-workers (Tyree
and Dixon, 1983; Tyree and Sperry, 1989) to
record at ultrasonic frequencies. The widely used
method of assessing cavitation as the decline in
hydraulic conductivity relative to conductivity af-
ter stems were flushed at high pressure to remove
emboli was introduced in the 1980’s (Sperry et al.,
1988a). In some woody species, the acoustic emis-
sion and conductivity methods agree well, but in
others cumulative acoustic emissions are a poor
predictor of loss of conductivity because acoustic
emissions are also generated during cavitation in
non-conducting xylem cells (Sperry et al., 1988c).
In addition to dehydration, positive pressure
(Sperry and Tyree, 1990; Cochard et al., 1992;
Salleo et al., 1992) and centrifugal force (Alder et
al., 1997) were developed as methods to generate
known pressure gradients for the study of xylem
vulnerability to cavitation in excised organs and
intact plants. Since the development of these
methods, it has been shown that xylem cavitation
in stems and roots is a common occurrence. The
vulnerability of xylem to cavitation varies widely
across taxa, and there is a close relationship be-
tween the degree of vulnerability and the mini-
mum xylem water potential attained by each
species (Milburn, 1991; Sperry, 1995). In addition
to drought, environmental variables such as soil
nutrient availability (Ewers et al., 2000) and soil
texture (Hacke et al., 2000) have been shown to
influence xylem vulnerability.
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Xylem vulnerability has been reported to in-
crease with conduit diameter both within species
(Salleo and Logullo, 1989; Logullo and Salleo,
1993; Hargrave et al., 1994) and within individu-
als, where root xylem is usually more vulnerable
than shoot xylem (Alder et al., 1996; Mencuccini
and Comstock, 1997; Sperry and Ikeda, 1997).
However, it has been proposed that vulnerability
is not intrinsically related to conduit diameter
(Tyree and Dixon, 1986; Sperry and Sullivan,
1992), but is instead determined by the permeabil-
ity of the pit membrane to passage of the air/wa-
ter interface during air seeding (Sperry and Tyree,
1990), which may be correlated with conduit size.
‘Native’ embolism representing up to a 20% loss
of conductivity is usually present in tree stems
(Tyree and Ewers, 1991). In general, species with
a gradual cavitation response to decreasing pres-
sure tolerate more native embolism than those
with a rapid response (shallow versus steep sloped
vulnerability curves) (Tyree and Ewers, 1991;
Sperry, 1995). Jones and Sutherland (1991) pre-
dicted that cavitation was required in species with
shallow sloped vulnerability curves before stom-
atal conductance could be maximized for a given
soil water potential. Using a more advanced
model, Sperry et al. (1996) predicted that at max-
imum rates of transpiration cavitation actually
causes hydraulic conductance to approach zero at
the limiting point in the pathway from soil to
leaves.

The fine balance between normal xylem operat-
ing pressures and loss of hydraulic conductivity
suggests a functional role for cavitation as part of
a feedback mechanism linking stomatal regulation
of transpiration to hydraulic conductance and
plant water status (Jones and Sutherland, 1991;
Sperry, 1995; Salleo et al., 2000). Stomatal con-
ductance is typically coordinated with the leaf
area-specific hydraulic conductance of the soil-to-
leaf pathway (Kiippers, 1984; Meinzer and
Grantz, 1990; Meinzer et al., 1992, 1995). Salien-
dra et al. (1995) proposed that cavitation in Be-
tula  occidentalis Hook. was an adaptive
mechanism that quickly reduced hydraulic con-
ductance and transpiration as drought developed,
thereby conserving soil water and optimizing
stomatal conductance. Other experiments have

demonstrated that water released from the lumens
of xylem conduits by cavitation could act to
buffer leaf water status over short time periods
(Tyree and Dixon, 1983; Dixon et al., 1984; Tyree
and Yang, 1990; Logullo and Salleo, 1992). How-
ever, a role for cavitation as a functional, dynamic
form of capacitance was usually discounted be-
cause embolized conduits were considered re-
pairable only over long time periods (Brough et
al., 1986; Holbrook, 1995). Interaction between
stomatal and hydraulic conductance was therefore
seen as allowing a given level of embolism and
loss of conductance to develop, and that this level
would remain constant or change only gradually
throughout the season (Magnani and Borghetti,
1995).

4.2. Recent advances and controversies

Recent studies have revealed that the rapid
refilling of embolized conduits is common in both
woody and herbaceous plants, even while tension
is present in the xylem (Sobrado et al., 1992;
Edwards et al., 1994). Salleo et al. (1996) demon-
strated xylem refilling in Laurus nobilis L. stems
within 20 min of induction of emboli using posi-
tive pressure. Refilling occurred while xylem pres-
sure was below — 1.0 MPa. Canny (1997a,b) snap
froze Helianthus petioles to liquid nitrogen tem-
peratures and observed vessel contents directly
using a cryo-scanning electron microscope
(CSEM). Up to 40% of vessels were embolized by
09:00 h, and the proportion of embolized vessels
decreased throughout the day to reach low levels
in the afternoon when xylem pressures were low-
est and transpiration was highest. Similar patterns
of daily embolism and refilling of root and stem
xylem vessels have now been observed in a variety
of crop and woody species using the same tech-
nique (McCully et al.,, 1998; McCully, 1999;
Buchard et al., 1999; Melcher et al., 2001). Never-
theless, there is some controversy over the possi-
bility that emboli are generated during freezing as
an artifact of the cryo-freezing technique
(Cochard et al., 2000), despite previous evidence
to the contrary (Pate and Canny, 1999; McCully
et al., 2000). Consistent with CSEM observations,
xylem hydraulic conductivity also varied diurnally
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in the petioles and woody twigs of coniferous and
hardwood trees (Zwieniecki and Holbrook, 1998;
Zwieniecki et al., 2000).

Fast refilling under tension would be difficult to
reconcile with the existing paradigms of xylem
water transport and embolism repair. For a gas
bubble to dissolve into xylem sap that is already
saturated with air, pressure inside the bubble must
exceed atmospheric pressure. Dissolution occurs
at a threshold xylem pressure determined by the
surface tension, and hence radius, of the bubble.
Xylem pressure in even relatively narrow conduits
(<20 pm in diameter) must rise to within — 15
kPa before dissolution will begin (Tyree et al.,
1999). Embolism repair was therefore thought to
be limited to periods of high water availability
and zero evaporative demand (Waring et al.,
1979; Magnani and Borghetti, 1995), or to species
that developed root pressure (Sperry et al., 1994;
Fisher et al., 1997). Several previous examples of
embolism repair in stem segments did conform to
the physical laws governing the dissolution and
diffusion of gas in the bubbles (Tyree and Yang,
1992; Yang and Tyree, 1992; Lewis et al., 1994),
but in another example, afternoon repair was
detected at much lower xylem pressures (Salleo
and Logullo, 1989).

To determine how refilling under tension could
occur, two problems must be addressed. First,
how could water move into a refilling conduit
against a gradient in pressure (from full vessels) or
osmotic potential (from living xylem and phloem
cells)? Secondly, how could a pressure that is high
enough to dissolve emboli be maintained in a
refilling conduit that is adjacent to full conduits at
much lower pressures? In answer to the first prob-
lem, it has been proposed that refilling can occur
through secretion of osmotica into embolized con-
duits by surrounding xylem parenchyma, with
water moving into the conduits by osmosis
(Grace, 1993). Solute concentrations are low in
refilling xylem, and are not high enough to over-
come pre-existing gradients in water potential
(Tyree et al., 1999; McCully, 1999). The theory of
compensating tissue pressure Canny (1995,
1998)stated that the entire vascular tissue was
pressurized, with the dual effects of forcing water
into embolized conduits (problem 1) and negating

tension in conducting vessels (problem 2). How-
ever, it is difficult or even impossible to account
for the existence of such pressures operating at the
scale of the entire vascular tissue, or to envisage
counter flows of water into the swelling living
tissue and the embolized conduits at same time
(Comstock, 1999; Tyree et al., 1999). Holbrook
and Zwieniecki (1999), in the most parsimonious
explanation of embolism repair so far, proposed
that water may be actively extruded into em-
bolized conduits through membrane water chan-
nels (aquaporins), and that compartmentalization
of repair is the result of xylem cell wall chemistry
and bordered pit geometry. According to their
theory, the non-zero contact angle of extruded,
coalescing water droplets on the hydrophobic in-
ner walls of the refilling conduit allows positive
pressures to develop that are high enough to
dissolve gas within the lumen, but not high
enough to force the air/water interface across the
bordered pit channel. The angle of the bordered
pit chamber ensures that contact with neighboring
conduits is not re-established until most of the gas
in the embolized vessel is forced into solution
(Holbrook and Zwieniecki, 1999). In support of
their hypothesis, refilling was inhibited by phloem
girdling and metabolic poisons (Zwieniecki et al.,
2000). However, in an earlier study by Borghetti
et al. (1991), metabolic poisons did not prevent
refilling.

4.3. Conclusions and recommendations

The ability to repair cavitated xylem has impor-
tant implications for understanding the regulation
of tree water use. Hydraulic conductance can now
be viewed as a dynamic balance between em-
bolism formation and repair, and may vary con-
tinuously throughout the day in response to
changes in plant water status and the vigor of the
refilling mechanism (Holbrook and Zwieniecki,
1999). More effort and new techniques are now
required to determine the actual mechanism of
embolism removal, the role that living cells play
in the process, and the significance of xylem cell
wall chemistry and structure. Recent advances in
the study of plant aquaporins may yield insights
and techniques that can be applied to the study of
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embolism repair (Tyerman et al., 1999). Surveys
that document the prevalence of embolism repair
are required, including comparisons between
herbaceous plants and trees, hardwoods and
conifers, and tree taxa of differing xylem anatomy
and ecology. What is the relationship between
embolism repair and more traditional measures of
xylem vulnerability to cavitation? To what extent
do vulnerability curves represent a balance be-
tween the physical process of air seeding and a
vital process of embolism repair (Stiller and
Sperry, 1999)? The first studies to clearly docu-
ment diurnal embolism formation and repair
highlight temporal variation in the rate of
refilling. Why does embolism appear to be at its
maximum in the morning when tensions are low,
and refilling appear to be fastest in the afternoon
when tensions are high? The answer to this ques-
tion may lie in the role of cavitation as a potential
source of stored water (discussed below).

5. Hydraulic architecture

Hydraulic architecture, the structure and prop-
erties of the transport system that govern the
balance between efficiency of water supply and
total transpiring leaf area (Zimmermann, 1978), is
a major determinant of leaf water status and
stomatal behavior. If hydraulic capacity is limit-
ing, leaf and stem water potentials may be re-
duced to the point of xylem cavitation and
embolism, resulting in stomatal closure and limi-
tation of transpiration and photosynthesis. The
temporal dynamics of the leaf water balance can
also be affected by the exchange of water between
internal storage compartments along the hy-
draulic pathway and the transpiration stream
(Goldstein et al., 1984; Holbrook, 1995; Goldstein
et al., 1998).

5.1. General patterns

Recent reviews by Tyree and Ewers (1991,
1996) provide a thorough description of the his-
tory, concepts and components of tree hydraulic
architecture. In most trees, leaf-specific conductiv-
ity (k;) decreases from the base of the stem to the

apex and from larger to smaller diameter stems
(Zimmermann, 1978; Tyree et al., 1991; Joyce and
Steiner, 1995). Exceptions occur in trees with
strong apical control, where k; may remain rela-
tively constant or increase towards the dominant
apex (Ewers and Zimmermann, 1984; Tyree and
Ewers, 1996). In general, conduit diameter and &,
are highest in the roots, intermediate in the main
stem and lowest in the most peripheral stems
(Zimmermann, 1983; Gartner, 1995). The diame-
ter of new conduits tends to increase as the main
stem grows radially (Zimmermann, 1983; Men-
cuccini et al., 1997), such that the axial resistance
of the main stem may be at least partially inde-
pendent of the increasing path length as trees
grow larger (West et al., 1999). Branches usually
have narrower conduits, lower k, and lower k
when compared to the main stem at a similar size
(Gartner, 1995). In some trees, the junction be-
tween higher and lower order branches is a site of
reduced k, and k,, due cither to decreased conduit
diameter or the increased frequency of conduit
ends (Zimmermann, 1978; Tyree and Alexander,
1993; Logullo et al., 1995).

The pattern of decreased k; at branch junctions
and gradually decreasing k; towards peripheral
organs led Zimmermann (1978, 1983) to propose
the segmentation hypothesis: decreased conductiv-
ity causes steeper pressure gradients and an in-
creased possibility of cavitation in peripheral
organs for a given rate of transpiration. Cavita-
tion and embolism blockage during drought
should occur first in expendable twigs and leaves,
thus reducing transpiration and protecting larger
stems and roots. The segmentation hypothesis was
later modified to include both hydraulic and vul-
nerability segmentation (Tyree et al., 1991, 1993a;
Tsuda and Tyree, 1997). Hydraulic segmentation
refers to lower k; in higher order branches and
branch junctions. However, if stomatal conduc-
tance and transpiration are reduced in response to
water stress, gradients in water potential are also
reduced and hydraulic segmentation may not be
effective. Vulnerability segmentation occurs when
the xylem of more distal organs is more vulnera-
ble to cavitation, thus causing preferential loss of
these parts during drought stress even if transpira-
tion is reduced. Tsuda and Tyree (1997) demon-
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strated that vulnerability segmentation occurs in
Acer saccharinum L., a species with high overall
hydraulic conductivity and vulnerability, and pro-
posed a trade-off between hydraulic conductivity
and vulnerability segmentation. Vulnerability seg-
mentation may be more common in trees with
high total plant conductance and only moderate
gradients in water potential during transpiration.
Hydraulic segmentation and low overall vulnera-
bility may be more common in trees with low
plant conductance, low rates of water use and
steep gradients in water potential (Tsuda and
Tyree, 1997). Another pattern, highest vulnerabil-
ity and k, in the roots, observed in B. occidentalis,
was thought to be an adaptation to more mesic
environments and high rates of water use (Tsuda
and Tyree, 1997). However, continued research
has now shown that maximum vulnerability in the
roots is the norm rather than the exception, even
in conifers and drought adapted angiosperms with
low total conductance (Alder et al., 1996; Men-
cuccini and Comstock, 1997, Kavanagh et al.,
1999).

5.2. Whole-plant hydraulic conductance

Measurements of hydraulic conductance on
whole plants are more pertinent than branch or
excised segment measurements for determining
whole-tree transport sufficiency (Becker et al.,
1999). To account for size effects and reveal func-
tional differences in tree architecture, the hy-
draulic conductance of whole trees (K,) and whole
root (K,) and shoot (K) systems can be expressed
on a unit leaf area (e.g. K,;,) or sapwood area
(e.g. K,,,) basis. Division of K, by root surface
area can reveal differences in radial conductance
and is therefore a measure of root efficiency, but
is less useful for comparisons between trees with
different functional characteristics (Tyree et al.,
1998). Division of K, by root dry mass or leaf
surface area better reflects the efficiency of total
investment in roots and adaptive differences in
shade or drought tolerance (Tyree et al., 1998). In
the past K, has been estimated from measure-
ments of water potential differences between the
soil and leaves and whole-tree evaporative flux
(the evaporative flux method; Hellkvist et al.,

1974; Meinzer et al., 1995). Such measurements
are relevant to whole tree functioning and are
mathematically simple (Yang and Tyree, 1993),
but are prone to errors in measurement of transpi-
ration and variation in leaf water potential within
the crown. In addition it may be difficult to
separate the contribution of roots and shoots to
total resistance (where R, = 1/K,), and the release
of stored water or increases in axial resistance
caused by cavitation often cause diurnal variation
in estimates of K, (Granier et al., 1989; Irvine et
al., 1998).

The introduction of the high-pressure flow me-
ter (HPFM) has permitted the conductance of
decapitated roots to be measured in situ, as well
as the conductance of whole, excised shoots
(Tyree et al., 1993b, 1994, 1995). Measurement of
root conductance (K,) is achieved by pushing
water from the cut surface towards the root apex
in the opposite direction to normal flow. This
technique has the advantage that it is not neces-
sary to remove the roots from the soil, but a
hysteresis in the relationship between applied
pressure and flow is usually observed, and is
attributed to an increase in solute concentration
within the roots caused by the reversal of normal
flow (Tyree et al., 1994). Solute accumulation can
be avoided and K, measured accurately if the flow
path is free of air bubbles and fast, ‘transient’,
measurements of flow are made every few seconds
while the pressure is quickly increased (see Mag-
nani et al., (1996) for an alternative method).
Using the HPFM, 1/K,, is found as the sum of
1/K, and 1/K,, and the contribution of the sepa-
rate components of the pathway, such as leaves
and small twigs, can be found by repeated mea-
surement of conductance after successive removal
of the parts of interest (Zotz et al., 1998). Except
for leaf and petiole resistances, good agreement
was found between the HPFM and evaporative
flux methods in the only direct comparison so far
(Tsuda and Tyree, 1997). During measurement of
shoot hydraulic resistance with the HPFM, water
is forced into the leaf air spaces and drips from
the stomata. Perfusion occurs slowly and stable
flow rates are sometimes difficult to achieve, par-
ticularly with large shoots. Even when stable flow
rates are achieved, water is flowing through spaces
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that it would not normally occupy, probably lead-
ing to underestimates of leaf resistance because
water under pressure will take the path of least
resistance into the air spaces. Normal transpira-
tion may be predominantly peristomatal and
therefore involve a longer path in the liquid phase
and higher resistance from the minor veins to the
site of evaporation (Yang and Tyree, 1994). Cau-
tion is therefore warranted in the interpretation of
measurements of K, and leaf resistance obtained
using the HPFM until further comparisons are
made (Mencuccini and Magnani, 2000). It also
should be recognized that because prolonged ap-
plication of high pressure with the HPFM re-
verses embolism, the resulting maximum
conductances may be greater than in situ conduc-
tances of water-stressed plants with substantial
native embolism.

Measurements at the whole tree level have be-
gun to reveal the adaptive significance of tree
hydraulic architecture across taxa of sometimes-
divergent growth forms. Forest gap-colonizing pi-
oneer species from Panama had higher K,, and
higher root conductance on a root dry weight
basis than more shade tolerant species (Tyree et
al., 1998). Similarly, Becker et al. (1999) reported
that fast-growing pioneer species of both tropical
angiosperms and gymnosperms had consistently
higher K, and K, than late successional spe-
cies. In contrast with earlier studies, similar trans-
port sufficiency at the whole plant level was found
among gymnosperms and angiosperms, even
though measurements at the branch level confi-
rmed previous reports of lower k, and k; in gym-
nosperms (Becker et al., 1999). It is possible that
the lower k, of gymnosperm wood was balanced
by compensating differences in hydraulic and
plant architecture, most likely in the roots and
leaves (Becker et al., 1999).

Adaptive, differences in whole-plant hydraulic
architecture have also been found for a range of
Mediterranean  Quercus species differing in
drought tolerance. K, was highest in species
adapted to more mesic environments, and there
was usually good correlation between K, K, and
conductance of the leaf blade (Nardini and Tyree,
1999). Within arid environments, drought-avoid-
ing species maintained higher K, and leaf water

content throughout the dry periods, whereas
drought tolerant species showed a decline in root
conductance and leaf water content (Nardini et
al., 1998; Nardini and Pitt, 1999; Nardini et al.,
1999). In all of these examples it was concluded
that high whole-plant conductance allows pioneer,
mesic and drought avoiding species to maintain
higher minimum leaf water potentials when water
is abundant or only moderately limiting (Tyree et
al., 1998). Based on similar results from Hawaiian
dry forest species, Stratton et al. (2000b) con-
cluded that simple classification into drought
avoiding and drought tolerant groupings belies
the underlying physiological convergence in
plant—water relationships. The disparate behavior
of each ecological grouping at the leaf level was
instead related to a common functional relation-
ship between physiological responses and aspects
of plant hydraulic architecture.

Measurements at the whole tree level have also
provided important information on the partition-
ing of resistance along the hydraulic pathway
from soil to leaf. Within the roots and shoots, the
contribution of the component parts to total resis-
tance varies widely between taxa and environ-
ments, but usually the majority of resistance is
located in the roots and narrow branches and
leaves (Yang and Tyree, 1994). Larger diameter
roots and stems occupy a smaller proportion of
total resistance. Such observations are of direct
relevance to the current debate surrounding the
causes of decline in forest stand productivity with
age. After reviewing a number of potential causes,
Ryan and Yoder (1997) hypothesized that in-
creases in axial resistance as trees grow larger and
taller leads to hydraulic limitation of transpiration
and photosynthesis and hence stand productivity
and maximum tree height. Some evidence is avail-
able to support their contention that stomatal
limitation of photosynthesis increases with tree
height (Ryan et al., 1997; Hubbard et al., 1999;
Bond and Ryan, 2000). However, Becker et al.
(2000) argued that increases in length of the axial
transport pathway would have less effect on total
resistance if larger diameter stems and roots con-
tribute only a minor proportion to total resis-
tance. Sapwood porosity is also usually higher
and leaf area/sapwood area lower in large trees
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(Zimmermann, 1983), thus potentially mitigating
against increases in resistance due to path-length.
Nevertheless, Mencuccini and Magnani (2000)
concluded that these compensatory changes in
hydraulic architecture are not enough to prevent
above ground hydraulic resistance from increasing
with tree height. They instead propose that in-
creases in allocation to fine roots may compensate
for the increased contribution of stems to total
hydraulic resistance with size, but that such
changes must involve a carbon cost that con-
tributes to a decline in productivity with size
(Magnani et al.,, 2000). Tests of the hydraulic
limitation hypothesis need to unambiguously
quantify any changes that occur in the partition-
ing of total resistance between the various parts of
the soil-to-leaf pathway during tree growth, and
in particular should address the contribution of
roots and leaves to hydraulic resistance (Mencuc-
cini and Magnani, 2000). Regardless of the prop-
erties of the hydraulic pathway, gravity is
expected to diminish the driving force for water
movement by 0.1 MPa for every 10-m increase in
height.

5.3. Storage, cavitation and hydraulic signaling

In addition to acting as the pathway for water
transport, tree roots and stems act as storage
compartments for water. If transpiration increases
and water potential drops, water moves from
storage into the transpiration stream, helping to
minimize temporal imbalances between water sup-
ply and demand and temporarily slowing the de-
cline in leaf water potential (Holbrook, 1995). The
larger the tree, the greater the storage capacity
and the longer the time lag between the onset of
transpiration from the crown and sap flow at the
base of the tree (Goldstein et al., 1998). Increasing
storage capacity as trees grow larger may partially
compensate for increases in axial resistance with
tree height (Goldstein et al., 1998). K, ;, measured
using the evaporative flux method can vary con-
tinuously throughout the day as storage compart-
ments are drained and recharged, hence the use of
the term ‘apparent’ hydraulic conductance (An-
drade et al., 1998; Meinzer et al., 1999b).

Despite the importance of stem water storage in
regulating the water economy of plants, limited
information exists on the contribution of internal
water storage to their total daily water consump-
tion. Some studies of internal water storage ca-
pacity have focused on the total amount of
available water in a particular tissue compartment
in relation to total transpiring leaf area (Goldstein
et al., 1984; Meinzer and Goldstein, 1986). More
recently, and as a consequence of development of
simple, robust technology for monitoring sap flow
in intact stems, the mass of water that can be
withdrawn from the main stem and branches dur-
ing the day and replaced over a 24 h cycle, has
been used to assess the diurnal water storage
capacity (e.g. Goldstein et al., 1998). If the total
amount of water that is withdrawn from the
storage compartment and used in replenishing the
water lost by transpiration is not known, then the
intrinsic water storage capacity can be estimated
as the amount of water that can be withdrawn for
a given change in water potential of the storage
compartment. This change in water content per
unit change in water potential is generally referred
to as the tissue’s capacitance (Jarvis, 1975; Tyree
and Jarvis, 1982).

Nearly all woody plants contain tissues within
or associated with the water transport pathway,
particularly the sapwood that could function in
water storage. Living cells of the sapwood with
elastic walls, which can undergo substantial
changes in volume with relatively small changes in
turgor, are well suited as intracellular water stor-
age elements. Extracellular water stores include
water retained within intercellular spaces and the
lumens of cavitated xylem elements (Tyree and
Yang, 1990). Although sapwood has diffuse
boundaries with adjacent tissues and may func-
tion both in storage and conduction, parenchyma-
tous tissues such as the pith and/or associated
bark tissues in stems of some woody plants, have
clearly defined boundaries, and only serve, with
few exceptions, as internal water reservoirs
(Goldstein et al., 1984; Franco-Vizcaino et al.,
1990; Nilsen et al., 1990; Holbrook and Sinclair,
1992a,b). These elastic parenchymatous tissues
whose function appears to be mainly water stor-
age have the disadvantage of being at some dis-
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tance from the main vascular conduits. In order
to serve effectively as a water reservoir in trees,
these tissues have to be in relatively close contact
and have good hydraulic connections with the
sapwood. These functional constraints may have
prevented elastic stem tissues from developing
into more conspicuous water storage compart-
ments in large trees.

Water stored in stem tissues can contribute
from 6 to 50% of the total water loss by transpira-
tion during a 24-h cycle (Tyree and Yang, 1990;
Schulze et al., 1985; Waring and Running, 1978;
Waring et al., 1979; Goldstein et al. 1998). The
contribution of internal water storage to daily
transpirational losses is not a fixed parameter in
the water budget of trees. For example, the
amount of water stored in the trunk of Pinus
pinaster Aiton. accounted for 12% of the daily
transpiration when soil water was abundant, but
increased to 25% at the end of summer following
a period of drought (Loustau et al., 1996). Even if
the absolute amount of water obtained from in-
ternal storage during a day is relatively small, its
role in the maintenance of a favorable leaf water
and carbon balance may be significant (Logullo
and Salleo, 1992; Goldstein et al., 1998).

Most discussions of water storage in trees have
discounted the contribution of water from cavita-
tion of functional conduits because this would
provide only a temporary improvement in leaf
water status at the expense of a presumably per-
manent loss of hydraulic function (Holbrook,
1995). If emboli can be quickly removed in many
taxa as recent reports suggest (Zwieniecki and
Holbrook, 1998; Tyree et al., 1999; Melcher et al.,
2001), cavitation is likely to be more important as
a source of stored water than previously thought.
Xylem conduits may have dual purpose as both
conducting and storage compartments (Phillips et
al., 1997; Fruh and Kurth, 1999). Diurnal varia-
tion in K, ;, can be at least partly attributed to the
dynamic cavitation and repair process (Zwieniecki
et al., 2000), rather than the release and recharge
of water from permanently embolized conduits,
and fibers and xylem parenchyma (Holbrook,
1995). Differences between conifers and hard-
woods in their reliance on stored water might be
related to differences in their capacity for em-
bolism repair (Holbrook, 1995).

Hydraulic function and leaf physiology are
linked through the effect of ‘hydraulic signals’ on
stomatal regulation of transpiration. Partial re-
moval or covering of tree foliage usually induces a
rapid increase in stomatal conductance in the
remaining foliage (Meinzer and Grantz, 1990;
Whitehead et al., 1996; Pataki et al., 1998). The
stomata are thought to respond to some form of
hydraulic signal, generated by the perturbation of
the hydraulic pathway, even though bulk leaf
water potential may remain relatively constant
during the change (Whitehead et al., 1996; White-
head 1998). Salleo et al. (2000) recently proposed
that stomatal closure in response to cavitation is
also the result of a hydraulic signal generated by
the onset of cavitation itself. What is the nature of
the hydraulic signal and how is it sensed? Defolia-
tion and covering transiently increase leaf-specific
hydraulic capacity, whereas cavitation and treat-
ments such as stem wounding decrease hydraulic
capacity. Is the same hydraulic control mecha-
nism operating in both cases? There is general
agreement that the mechanism is not a simple
negative feedback response to bulk leaf water
potential, but it may be a threshold response to a
critical level of water potential that triggers cavi-
tation in the leaf or nearby stem xylem (Saliendra
et al., 1995; Bond and Kavanagh, 1999; Salleo et
al., 2000). Cavitation causes a transient release of
water that can buffer leaf water status (Dixon et
al., 1984; Logullo and Salleo, 1992), but it also
causes a decline in hydraulic conductivity. Are
stomata responding to local changes in gradients
of water potential between the leaf xylem and
mesophyll or epidermal tissues that are not de-
tected when using the pressure chamber to mea-
sure leaf water potential (Sperry, 1995; Buckley
and Mott, 2000)? Chemical signals might also be
involved, released by xylem parenchyma at the
site of cavitation or somewhere in the leaf in
response to changes in the water potential gradi-
ents (Whitehead et al., 1996; Salleo et al., 2000).
Future studies of the effect of hydraulic perturba-
tions on stomatal function require improved tech-
niques for the measurement of water potential
within the stem and leaves.
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6. Trees as whole organisms

Because of their large size and logistical
difficulties in gaining access to their crowns, the
understandable tendency has been to study water
transport in trees at a single scale or over a
limited range of scale. However, this has con-
tributed to a strong emphasis on differences
rather than similarities among species in regula-
tion of whole-tree water transport. Certainly, sub-
stantial differences among tree species in stomatal
regulation of water use at the leaf level have been
demonstrated. Nevertheless, it is of considerable
interest to understand how whole-plant architec-
tural, structural and physiological properties up-
stream contribute to the stomata in the terminal
portion of the water transport pathway behaving
as they do. Because trees are large, integrated
organisms rather than mere collections of individ-
ual leaves conveniently displayed for enclosing in
gas exchange chambers, it is relevant to examine
the extent to which different species exhibit func-
tional convergence with regard to regulation of
their water economy at the whole-tree and inter-
mediate scales. Although tree architecture may
result in individual branches exhibiting a marked
degree of physiological autonomy (Sprugel et al.,
1991), striking similarities in behavior may be
revealed when appropriate normalizing and scal-
ing factors are identified.

Convergence in functioning among phylogeneti-
cally diverse animal species has been known for a
long time. A few classic examples from animal
studies include the dependence of metabolic rate
and lifespan on body size (Calder, 1984; Schmidt-
Nielsen, 1984). These relationships often conform
with a power function of the form Y= Y,M"
where Y is the process or characteristic of interest,
M is mass, b is the power exponent, and Y, is a
normalization constant whose value depends on
the feature and kind of organism being studied.
Explicit analyses of the influence of body size on
structure—function relationships in trees and
other plants have been largely lacking. Recently,
however, quarter-power universal allometric scal-
ing models describing the dependence of variables
such as water use and population density on plant
size have been proposed (Enquist et al., 1998;

West et al., 1999). Although studies specifically
designed to test these models have yet to be
conducted, a substantial amount of empirical data
in the literature appear to be consistent with
them. For example, Enquist et al. (1998) found
that total daily water use among 37 plant species
scaled with stem diameter in a similar manner.
When stem diameter was converted to above-
ground dry mass using relationships available in
the literature, total daily water use was essentially
proportional to the 3/4 power of mass. In a recent
study of water use characteristics in more than 20
phylogenetically diverse co-occurring tropical
forest tree species, a common relationship be-
tween sapwood cross-sectional area and stem di-
ameter was observed (Meinzer et al., 2001).
Conversion of stem diameter to aboveground dry
mass (M) resulted in sapwood area scaling as
MO, Consistent with the shared allometric rela-
tionship between sapwood area and tree size, a
common relationship between sap flow and tree
size was also observed (Meinzer et al., 2001). At
first sight it may seem counterintuitive that fea-
tures such as sapwood cross-sectional area and
sap flow should scale similarly with plant size in
species as ecologically disparate as a boreal forest
conifer and a tropical rainforest angiosperm. Nev-
ertheless, existing data suggest substantial conver-
gence in allometric relationships among
ecologically and phylogenetically diverse species
(Table 1, Fig. 3). At a smaller scale, however,
known patterns of sap velocity, pressure gradients
and leaf-specific conductance within trees do not
appear to be consistent with some of the predic-
tions of the model of West et al. (1999).

Despite the relatively large number of published
studies on sapwood area and sap flow in trees
(Wullschleger et al., 1998), there is still insufficient
information to determine whether the dependence
of sapwood area and sap flow on tree size is
essentially universal for temperate and tropical
angiosperm and gymnosperm trees. The extent to
which variation in published sapwood area—tree
size relationships among and within species is
attributable to the use of different criteria to
assess sapwood area is not known. For example,
wood appearance alone has been used to assess
functional xylem depth in some studies, whereas
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Table 1
Species used to plot sapwood area-DBH relationship shown in Fig. 3
Species Family Location Symbol in Fig. Reference
3
Abies balsamea (L.) Mill. Pinaceae Maine Ab Gilmore et al., 1996
Acacia dealbata Link. Fabaceae Australia Ad Vertessy et al., 1995
Anacardium excelsum (Bert. & Balb.) Anacardiaceae Panama Ae Meinzer et al., 2001?
Carapa procera DC. Meliaceae French Guiana Cp Granier et al., 1996
Eucalyptus grandis Hill ex Maiden Myrtaceae Australia Eg Dye et al., 1992
Eucalyptus regnans F. Muell. Myrtaceae Australia Er Vertessy et al., 1995
Ficus insipida Willd. Moraceae Panama Fi Meinzer et al., 2001?
Hirtella glandulosa Spreng. Chrysobalanaceae French Guiana  Hg Granier et al., 1996
Lecythis idatimon Aubl. Lecythidaceae French Guiana Li Granier et al., 1996
Miconia ferruginata DC. Melastomataceae Brazil Mf Meinzer et al., 2001?
Picea abies (L.) Karst Pinaceae Estonia Pa Sellin, 1994
Pinus pinaster Aiton. Pinaceae Portugal Pp Loustau et al., 1996
Pinus radiata D. Don. Pinaceae Australia Pr Teskey and Sheriff, 1996
Pinus sylvestris L. Pinaceae Scotland Ps Mencuccini and Grace, 1995
Populus fremontii S. Wats. Salicaceae Arizona Pf Schaeffer and Williams,
1998
Salix goodingii Ball. Salicaceae Arizona Sg Schaeffer and Williams,
1998
Tachigalia versicolor Standl. & L.O. Fabaceae Panama Tv Meinzer et al., 2001*

Wms.

@ Unpublished observations.

more quantitative criteria such as dye travel and
measurements of sap flow at different depths in
the stem have been employed in other studies.
Confirmation of the universality of scaling of
plant vascular systems and water use (Enquist et
al., 1998; West et al., 1999) awaits the use of
comparable methods to assess these relationships
in a broader range of species.

As stated above, traditional reliance on leaf
area-based measurements to compare stomatal
regulation of transpiration among species often
reveals a wide range of behavior. Nevertheless, in
the absence of additional information, it is
difficult to determine whether the patterns ob-
served reflect intrinsic differences in the physio-
logical responsiveness of components of the
stomatal regulatory system, or whether they are
attributable to other species- or size-specific fea-
tures that cause the regulatory system to operate
over different ranges along a common physiologi-
cal response curve, or surface in the case of two
interacting variables. The so-called stomatal re-

sponse to humidity provides an example of appar-
ently divergent regulatory behavior that can
converge when appropriate reference points and
normalizing factors are taken into account. Bunce
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Fig. 3. Sapwood area in relation to DBH for 18 gymnosperm
and angiosperm tree species growing in a range of temperate
and tropical sites. Symbols are defined in Table 1. Note that
data are plotted on log scales.
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Fig. 4. (A) Stomatal conductance (g,); and (B) g, normalized
by branch leaf area/sapwood area ratio (LA/SA) in relation to
leaf-to-air vapor pressure difference referenced to the leaf
surface (V) for four Panamanian forest tree species. Symbols:
@. Cecropia longipes; O, Ficus insipida; ®, Luchea seemannii;
B, Spondias mombin. Adapted from Meinzer et al. (1997).

(1985) noted that apparent stomatal responsive-
ness to changes in bulk air humidity was influ-
enced by leaf boundary layer conductance. When
the leaf-to-air humidity difference was referenced
to the leaf surface, stomatal responsiveness to
increasing evaporative demand was similar. In
contrast, Meinzer et al. (1997) observed dissimilar
stomatal responses to increasing evaporative de-
mand among four tropical forest canopy tree
species even when the leaf-to-air humidity differ-
ence was referenced to the leaf surface (Fig. 4(A)).
However, when stomatal conductance was nor-
malized by the leaf area:sapwood area ratio for
the branches on which it was measured, the re-
sponses of conductance to increasing evaporative
demand converged (Fig. 4(B)). These results imply
that at a given combination of leaf area:sapwood
area ratio and evaporative demand scaled to com-

parable reference points, transpiration rates on a
leaf area basis would have been identical in the
four contrasting species studied. These results fur-
ther suggest that apparent intrinsic differences in
stomatal regulatory behavior may actually repre-
sent stomatal sensing of different ranges of evapo-
rative demand and liquid water transport capacity
relative to capacity for water vapor loss (leaf
area:sapwood area ratio).

The preceding considerations point to some of
the pitfalls involved in relying on measurements at
a single scale to characterize regulation of water
transport in trees. Fortunately, improved access
to entire trees via towers and cranes has made it
logistically less daunting to study water transport
over a range of scale spanning the single leaf to
the entire tree. Simultaneous measurements at
multiple scales will facilitate detection of conver-
gence in functioning and will allow differences in
stomatal behavior to be partitioned among intrin-
sic differences in physiological responsiveness to
environmental variables and the influence of ex-
ternal factors associated with tree size and
architecture.
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