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Abstract

Cohesion-tension transport of water is an energetically efficient way to carry large amounts of water from the roots up to
the leaves. However, the cohesion-tension mechanism places the xylem water under negative hydrostatic pressure (Px),
rendering it susceptible to cavitation. There are conflicts among the structural requirements for minimizing cavitation on
the one hand vs maximizing efficiency of transport and construction on the other. Cavitation by freeze-thaw events is
triggered by in situ air bubble formation and is much more likely to occur as conduit diameter increases, creating a direct
conflict between conducting efficiency and sensitivity to freezing induced xylem failure. Temperate ring-porous trees and
vines with wide diameter conduits tend to have a shorter growing season than conifers and diffuse-porous trees with
narrow conduits. Cavitation by water stress occurs by air seeding at interconduit pit membranes. Pit membrane structure
is at least partially uncoupled from conduit size, leading to a much less pronounced trade-off between conducting
efficiency and cavitation by drought than by freezing. Although wider conduits are generally more susceptible to drought-
induced cavitation within an organ, across organs or species this trend is very weak. Different trade-offs become apparent
at the level of the pit membranes that interconnect neighbouring conduits. Increasing porosity of pit membranes should
enhance conductance but also make conduits more susceptible to air seeding. Increasing the size or number of pit
membranes would also enhance conductance, but may weaken the strength of the conduit wall against implosion. The
need to avoid conduit collapse under negative pressure creates a significant trade-off between cavitation resistance and
xylem construction cost, as revealed by relationships between conduit wall strength, wood density and cavitation
pressure. Trade-offs involving cavitation resistance may explain the correlations between wood anatomy, cavitation
resistance, and the physiological range of negative pressure experienced by species in their native habitats.
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Introduction

This article describes xylem structure primarily in relation to
its function in long distance water transport. Our goal is to
provide a brief update of the major findings in the field of
xylem structure and function since M. Zimmermann
published his excellent book in 1983 (Zimmermann 1983). In
the last 20 years, we have gained new insight into the
phenomenon of cavitation in relation to xylem structure, the
effect of water uptake and transport processes on stomatal
conductance and transpiration, into the hydraulic
architecture of plants, and into the correlation between xylem
pressure (Px) and conduit reinforcement. This progress
enables us to interpret trends in ecological wood anatomy in
a more meaningful manner.

General aspects of conduit structure

Most gross features of xylem structure bear an obvious link
to their function in transporting water by bulk flow under
negative pressure. Mature tracheids and vessel elements
are dead cell wall skeletons of pipe-like structure (Fig. 1). A
protoplast is not necessary to energize or maintain the

passive mode of transport, and would only impede bulk flow
within and between conduits. The conduit walls are generally
lignified and include a thick secondary layer. Their rigidity
and strength is necessary to withstand the compression
caused by negative pressure. In some situations conduit
walls also function in supporting the plant body—particularly
in the case of conifer stem wood. Conduit diameters span
two orders of magnitude from below 5 ym in conifer needles
to over 500 um in tropical lianas. They cover an even greater
range in length from a few millimeters in tracheids to over 10
meters in vines and ring porous trees. Individual conduits are
interconnected to form a complex continuum from the
smallest roots to the ultimate veinlets of the leaves. Water
flows between conduits through pit connections that consist
of a porous pit membrane (derived from the primary cell
walls and middle lamellae of adjacent conduits) held in a pit
chamber formed by the over-arching secondary wall layer
(Fig. 2). These pits function as check valves—allowing water
to pass between functional conduits, yet also preventing air
from leaking inside the conduit system in the event of
damage. Conduits are also connected by pits to adjacent
non-conduit cells.



The structure of xylem conduits bears striking
contrasts to the phloem conducting cells that conduct sap
under positive pressure by an active mechanism (Miinch
1930, van Bel 1999). Phloem cells must remain alive to
maintain the osmotic gradient and to protect the system from
leakage, but the protoplast is otherwise as empty as possible
to maximize hydraulic conductance through the cell. The cell
walls are thin and non-lignified as befits their need to resist
tensions caused by positive pressure. The connections
between conduits also function as check valves: facilitating
flow between conduits, yet protecting against outward
leakage upon damage (van Bel 1999).

Conifers:
Tracheids

Angiosperms:
Vessels (V) and Fibers (F)

Fig. 1. Transverse sections of conifer vs angiosperm xylem. Conifer
tracheids (here Pinus nigra) provide both transport and structural
support. Angiosperm xylem (here Acer negundo) is more
specialized. Water transport occurs in vessels (stained darker),
whereas structural support is often provided by fibers. Scale bars
are 50 um.

Cohesion-tension mechanism of xylem water transport
The cohesion-tension mechanism is a passive process
requiring no direct metabolic input from the plant. The
necessity of a passive mechanism follows from the fact that
>>90% of all the water taken up by a plant is not used
directly for growth or photosynthesis, but is simply lost by
transpiration as plants take up CO; through their stomata
(Kramer & Boyer 1995). If metabolic energy was directly
coupled to the movement of the transpiration stream, it is
probable that plants would starve to death given the typically
poor ratio (e.g., 1:200-400) of the moles of carbon dioxide
fixed per water transpired. According to the generally
accepted cohesion theory (Bohm 1893; Dixon & Joly 1895;
Zimmermann 1983; Tyree et al. 1994; Sperry et al. 1996;
Tyree 1997; Cochard et al. 2000; Hacke 2000; Lésch 2001;
Steudle 2001) water evaporates from cell walls of leaf
mesophyll cells, which draws the air-water interface into the
wall pores. However, capillary forces prevent the retreat of
the meniscus from the pore surface, and place the water
column behind the meniscus under negative hydrostatic
pressure. This pulling force is transmitted to the soil water
via the relatively narrow water filled channels of cell walls
and the much wider channels of the xylem conduit network.

It is important to realize that the suction pressure is
determined by the pore size of the cell wall channels, not the
size of the xylem conduits themselves. The maximum
suction pressure (AP) sustained by a circular air-water
interface held in a pore is inversely proportional to the radius
of the pore (rp) (Tyree & Sperry 1989; Sperry 1995):

AP = (2T cos a)lrp eq. 1
where T is the surface tension of water, and o is the contact
angle between meniscus and pore wall. Even a 5 pym
diameter conduit is too large to generate any significant

suction (a mere 58 kPa for o = 0) and under most conditions
will be drained of its water if opened to the atmosphere. In
contrast, a wetted cell wall pore of 20 nm diameter is
theoretically capable of generating 14 MPa of suction. By
coupling narrow cell wall pores to wide diameter xylem
conduits, the plant combines the superior pressure
generation of narrow pores with the superior hydraulic
conductance of wide pores. According to the Hagen-
Poiseuille equation, the hydraulic conductivity of cylindrical
channels increases with the radius to the fourth power, and if
the entire conducting system consisted of cell wall pores,
their hydraulic conductance would be too low to support a
plant much greater in size than a small liverwort (Nobel
1999).

In the event of damage to a conduit by herbivory,
abscission of parts, storm damage, or other means, air is
pulled inside the damaged conduit as water is drained from it
by the transpiration stream. The passage of air into adjacent
intact conduits is minimized by the check-valve function of
the interconduit pits, which restores a capillary barrier to the
retreating air-water interface. These valves function either by
capillary action at relatively small pores in the pit membrane
(e.g., less than 0.1 - 0.2 ym diameter) as in angiosperm
conduits, or in earlywood tracheids of most conifers by the
aspiration of a torus against the pit aperture which provides
a relatively non-porous barrier (pores << 10 nm in diameter)
to the passage of air. The pores in the margo of earlywood
tracheids are often too large (c. 0.3 um diameter) to provide
an effective seal by themselves.
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Fig. 2. SEM photograph showing the thick secondary cell wall in
vessels of Betula nigra, and the porous pit membranes through
which air-seeding nucleates drought-induced cavitation (photograph
by J. Pittermann).

Cavitation

One of the pioneers in the field of transport physiology
characterized the mechanism of sap ascent like this:
“Anatomically, the system is complex and the physico-
chemical mechanisms at work are generally unfamiliar,
because they cannot be utilized very readily in our
macroscopic world; nevertheless the mechanism, in all its
complexity, functions remarkable well for most of the time
with an impressive, silent, efficiency” (Milburn 1996). While
the mechanism does indeed work well for most of the time,
Milburn (1973) was one of the first to show that it is not
immune to failure. Although we calculated the theoretical
suction pressure of a 20 nm diameter capillary to be 14 MPa
(see above), 13.9 MPa of this pressure is in the sub-vapor
pressure range and unavailable unless the plant can avoid
the nucleation of the phase change to vapor (cavitation). The



immediate result of cavitation is probably a vapor-filled
conduit that rather quickly becomes air-filled (embolized) as
gases diffuse into the void (Zimmermann 1983). As Dixon &
Joly (1895) put it, “...each rupture is confined to the minute
dimensions of the tracheal element in which it is formed by
the fact that the woody walls, though freely pervious to
water, are impervious to undissolved gas” by the check valve
function described above. The direct physiological
consequence of cavitation is a reduced hydraulic
conductivity (Sperry et al. 1988a), which ultimately sets the
upper limit for transpiration rate as a function of soil moisture
(Sperry et al. 1998; Hacke et al. 2000a).

Cavitation is induced by freeze-thaw cycles of
xylem sap and drought stress (Tyree & Sperry 1989; Sperry
1995). In the following sections, we will analyze the different
mechanisms of freezing-induced versus drought-induced
cavitation. We will identify structure-function trade-offs on the
pit, conduit, and tissue level, and we will evaluate some
ecological implications of variations in wood structure and
cavitation resistance.

Freezing-induced cavitation:
the trade-off with conduit diameter and
some ecological implications

Freezing-induced cavitation
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Fig. 3. Mechanism of freezing-induced (upper panel) vs drought-
induced (lower panel) cavitation in angiosperms. Freezing-induced
bubbles may expand when the ice melts and the xylem water is
under tension from transpiration. Drought-induced cavitation (air-
seeding) occurs when air is sucked through the largest pore of the
pit membrane into a functional, water- filled vessel.

When xylem sap freezes, dissolved gases come out of
solution and form bubbles (Fig. 3). These bubbles can
nucleate cavitation when the ice melts and the xylem water
is under negative pressure (Zimmermann 1983; Sauter
1984). Whether embolism occurs as a result of freezing is in
part a function of the conduit diameter and Px (Ewers 1985;
Sperry et al. 1994; Davis et al. 1999a; Lemoine et al. 1999;
Feild & Brodribb 2001; Sperry & Robson 2001). The wider a
conduit is, the bigger is the radius of the gas bubbles (ry) that
can form in it. From eq. 1 (o = 0), when Py is more negative

than =27/, (= -144 kPa/r, (um) at 25°C, Ewers et al. 1997a),
the bubble will expand and the conduit will become fully
embolized (Fig. 3). Otherwise, the air in the bubble is above
atmospheric pressure and can dissolve.

The trade-off between conduit diameter and the
susceptibility to freezing-induced cavitation is shown in Fig.
4. Stem segments of 12 species were held at Py =-0.5 MPa
in the centrifuge while undergoing a controlled freeze-thaw
cycle (Davis et al. 1999a). Whereas species with mean
conduit diameters > 40 pym showed almost 100% embolism
after a controlled freeze-thaw cycle, species with mean
diameters of <30 uym had little or no embolism. Notably, the
relationship in Fig. 4 appears to hold regardless of whether
the conduits are tracheids or vessels (J. Pittermann, unpubl.;
Sperry & Robson, 2001). The inter-specific differences
shown in Fig. 4 have implications for leaf phenology (Wang
et al. 1992) and plant distribution (Langan et al. 1997,
Pockman & Sperry 1997) as summarized in the following
sections.

Cavitation avoidance. Conifers and angiosperms
that rely on small conduits are more resistant to freezing-
induced cavitation (Hammel 1967; Sperry et al. 1992; 1994;
Davis et al. 1999a; Sperry & Robson 2001). Some degree of
avoidance would seem to be a prerequisite for the evergreen
habit of conifers in cooler regions, and for their success in
high elevations and in northern regions. Although freeze-
thaw events do not cause significant cavitation in the branch
xylem of conifers (where tracheids are relatively narrow),
conifer branch xylem does cavitate during winter (Sperry &
Robson 2001). This could be caused by drought stress.
When water supply is impeded by low temperature, the
xylem pressure in conifers may decrease substantially
(Sperry & Robson 2001). A limited water supply and low
water potentials in the winter may be one reason why many
conifer species show branch xylem that is more drought-
resistant than what appears to be necessary from
considering the water potentials in the summer (e.g., Hacke
et al. 2000a).
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Fig. 4. Percentage loss of conductivity for frozen (e) and control (o)
stems vs mean conduit diameter. Stems were spun in a centrifuge
at a moderately negative pressure of -0.5 MPa (Al, Abies lasiocarpa;
Ek, Euonymus kiautschovicus; Ag, Acer grandidentatum; Pv, Prunus
virginiana; Ai, Alnus incana; Bo, Betula occidentalis; An, Acer
negundo; Cs, Cornus sericea; Hh, Hedera helix; Ra, Rhus
aromatica; Ea, Eleagnus angustifolia; Qg, Quercus gambelii; from
Davis et al. 1999a).



“Throw away strategy.” In contrast, ring-porous
trees (largest vessels in branches >100 pm, Braun 1970)
and lianas lose all of their efficient earlywood vessels when
the first night frosts occur (Cochard & Tyree 1990; Sperry et
al. 1994; Hacke & Sauter 1996a; Utsumi et al. 1999; Tibbetts
& Ewers 2000). They also must produce new earlywood
vessels and leaves relatively late in spring to avoid severe
cavitation from late freezes (Sperry & Sullivan 1992). As a
result, ring-porous trees have a shorter growing season than
diffuse-porous trees (Wang et al. 1992). Since ring-porous
trees do not seem to refill embolized earlywood vessels
(Hacke & Sauter 1996a), these vessels function for only one
growing season. Consequently >95% of the flow in ring-
porous Ulmus americana occurs in the earlywood vessels of
the outermost growth ring (Ellmore & Ewers 1986).
Embolized vessels in older growth rings of ring-porous trees
are often sealed by tyloses (e.g. in Quercus, Ulmus or
Robinia). Due to the short period over which wide vessels
carry water in regions where freezing occurs, ring-porous
trees do not rely on wide vessels exclusively. Their xylem
also contains many smaller latewood vessels (and often
tracheids) that still provide minimum flow when the network
of wide conduits has failed (Cochard & Tyree 1990).

Refilling. The third strategy of coping with cavitation
from freezing temperatures is to refill embolized conduits in
early spring. Some trees and lianas utilize root pressure to
restore hydraulic capacity in early spring before the leaf buds
open (Dixon & Joly 1895; Sperry et al. 1987; Sperry et al.
1994; Hacke & Sauter 1996a; Utsumi et al. 1998; Zhu et al.
2000; Cochard et al. 2001). Acer and Juglans species are
also known for their ability to develop positive stem pressure
(Marvin & Greene 1951; Ameglio et al. 2001), which
facilitates refilling (Sperry et al. 1988b; Hacke & Sauter
1996a). Apparently, some conifers are capable of refilling
even when their xylem pressure is presumably substantially
negative (Sperry & Robson 2001). It remains to be tested
whether narrow conduits facilitate refilling.

Ecological trends. The great susceptibility of wide
vessels to freezing-induced dysfunction is one reason why
there is an upper limit for a useful vessel diameter in
evergreen plants of cooler regions. In the evergreen flora of
the California chaparral, the relatively wide-vesseled Rhus
laurina is restricted to coastal regions whereas narrow
vesseled Ceanothus species extend farther inland where
freezing is common. Rare freezes near the coast have been
shown to completely embolize and kill back R. laurina shoots
whereas Ceanothus shoots are unaffected (Langan et al.
1997; Boorse et al. 1998). The northern limit to Larrea
tridentata in the Sonoran and Mojave deserts of North
America corresponds with the minimum temperature
isotherm found to cause 100% loss of xylem conductivity by
freezing (Pockman & Sperry 1997). On a global scale,
vessel diameters tend to increase with decreasing latitude,
that is, in warmer regions (Baas 1986). Woodcock et al.
(2000) found very large vessel diameters (>200 pum) and
only a few narrow vessels in trees from the Amazon forest
where temperatures do not fall below 0°C. However, even in
tropical regions there is an upper limit for a useful vessel
diameter. The reason for this is probably that if a conduit
becomes dysfunctional (for whatever reason), then the
associated loss of hydraulic conductance will increase with
increasing conduit size. A conduit of 30 pm diameter will
confine an embolus to a relatively small compartment, and
the loss of conductance will be minor. In contrast, the loss of
a few 100 um vessels is likely to reduce conductance
significantly.

Unresolved issues: The freezing process is
complex, and several issues are not fully understood. Eq. 1
predicts that freezing-induced bubbles should be big enough

to cause cavitation in even the smallest conifer tracheids
(Hammel 1967). It could be that the ca. 9 % increase in
water volume during freezing provides a mechanism for
increasing Px during thawing (Hammel 1967). The elevated
P could allow gas bubbles to shrink below the critical radius
before Py returns to pre-freezing values (Sperry & Robson
2001). The rate of thawing appears to be critical, because
during rapid thawing, bubbles have less time to shrink and
would be more likely to cause cavitation (Langan et al. 1997;
Feild & Brodribb 2001). Another complicating factor is the
potential role of xylem parenchyma cells. Pockman & Sperry
(1997) found that embolism in Larrea tridentata increased
linearly with declining temperature in the range from —11 to —
20°C. This interaction with minimum temperature is
unexpected if embolism is caused just by freeze-thaw
cycles. The authors hypothesized that the lower
temperatures during the freeze damaged the xylem
parenchyma cells, which then resulted in a greater
susceptibility to water stress induced cavitation following the
thaw.

Drought-induced cavitation:
the trade-off with wood density and some
ecological implications

The Cavitation Mechanism

As shown in Fig. 3, cavitation is also caused by drought
stress in the absence of freezing and thawing. According to
the air-seeding hypothesis (Zimmermann 1983) cavitation
will occur when the AP between xylem water and
surrounding air exceeds the capillary forces at the air-water
interface—as estimated by eq. 1. Under these conditions, air
will be pulled into the conduit and the air bubble will nucleate
the phase change to vapor (Fig. 3). The water pressure will
rise to atmospheric, allowing the conduit to be drained by the
surrounding transpiration stream. According to this
hypothesis, there would be no other nucleating agent or
process within the xylem that would serve to trigger
cavitation independently of air seeding.

The evidence for the air seeding mechanism is
substantial (summarized by Tyree et al. 1994 and Sperry et
al. 1996). The largest pores in conduit walls appear to be in
interconduit pit membranes, and these are the supposed
sites of air seeding (Sperry et al. 1996). Using micro-beads
of defined diameters, Jarbeau et al. (1995) found a good
correspondence between cavitation resistance and pit
membrane porosity in selected chaparral species (see also
Shane et al. 2000).

It is important to realize that the size of pit
membrane pores that cause air seeding is probably related
to the mechanical properties of the membrane. The pores in
a “relaxed” pit membrane may be considerably smaller than
the ones in a stretched membrane where air seeding is
actually occurring. This may explain why SEM studies or
micro-bead perfusions that concern pit membranes in the
relaxed state can find pore sizes that are too small to explain
air seeding according to eq. 1 (Choat et al. 2000). As a
result, in order to relate cavitation resistance to pit
properties, we should also account for the strength and
elasticity of pit membranes as well as the geometry of the
entire pit complex. Information about the pore size in a
stretched membrane is more meaningful than data on pore
sizes of a relaxed membrane.

Consistent with structural differences in their pitting,
conifers show a different form of air seeding than
angiosperms. In conifer tracheids, pores in the margo are
usually too large to contain an embolus. Spreading of an



embolus in conifers is prevented by the torus (a thickened
region of the membrane), which blocks the pit opening
(Zimmermann 1983). Air seeding probably occurs when the
torus is ripped out of its sealing position at the overarching
pit border (Sperry & Tyree 1990). Drought-induced cavitation
in conifers is thus a function of the pressure difference
across the pit membrane, the elasticity and mechanical
strength of the membrane and of pit geometry.

The trade-off with wood density

Cavitation resistance is generally well adjusted to the range
of Py that plants experience in their natural habitat (Sperry
1995; Brodribb & Hill 1999; Davis et al. 1999b; Hacke et al.
2000b; Pockman & Sperry 2000; but see Pinol & Sala 2000).
In Fig. 5, cavitation resistance of roots and stems of seven
desert shrubs is plotted versus the average annual minimum
(most negative) Py from 3 growing seasons. The variation in
minimum Px was a function of different rooting depths
between these co-occurring species rather than different
habitats (Sperry & Hacke, in review). Cavitation resistance is
expressed as the Px inducing 75 % loss of hydraulic
conductivity (P7s); this value was chosen over the previously
used Psp (e.g., Hacke et al. 2000b) because it better
indicated the variation in cavitation resistance in desert
plants where the beginning of the vulnerability curve can be
altered by exposure to cavitating pressures in situ (Pockman
& Sperry 2000; Hacke et al. 2001a). Generally, the lower the
minimum Py was, the lower was the P;5. Roots were more
susceptible than stems (less negative P7s’'s). Moreover, the
graph reveals that most root data points were near or above
the 1:1 line, whereas stems were well under the 1:1 line.
Thispredicts that roots experienced more cavitation than
stems. We have found this pattern in many woody plants.
Roots, particularly small roots, can be the Achilles heel for
water transport under drought conditions. We will return to
this subject in a later section.
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Fig. 5. The resistance to drought-induced cavitation (expressed as
the xylem pressure inducing 75% loss of hydraulic conductivity, Pzs)
as a function of the average minimum xylem pressure (predawn
xylem pressure for roots, midday xylem pressure for stems) from
three growing seasons in Great Basin shrubs. Roots were more
susceptible to cavitation than stems and were predicted to suffer
more cavitation in situ (AGA, Atriplex canescens; AGO, Atriplex
confertifolia; GN, Ghrysothamnus nauseosus; GV, Ghrysothamnus
viscidiflorus; GS, Grayia spinosa; SV, Sarcobatus vermiculatus; TG,
Tetradymia glabrata; J. S. Sperry & U. G. Hacke, unpubl. data).

The relationship between minimum Py and
cavitation resistance shown in Fig. 5 (see also Pockman &
Sperry 2000) indicates that there has been selective
pressure for developing xylem that is resistant enough for
the operable pressure range of a species, but not overly
resistant. This indicates that there is a cost involved in
developing drought-resistant xylem. We saw that there is a
clear trade-off between conduit diameter and the
susceptibility to freezing-induced cavitation (Fig. 4).
However, this relationship is ambiguous with regards to
drought-induced cavitation. Fig. 6 shows that there was a
rather weak relationship between the Px inducing 50% loss
of hydraulic conductivity (Psy) and conduit diameter in
conifers, and no relationship at all in angiosperms. This is
not surprising, given the fact that drought-induced cavitation
depends on pit membrane properties, which are at least
partially uncoupled from conduit diameter.

Recently, Hacke et al. (2001b) presented evidence
for a trade-off between the resistance to drought-induced
cavitation and construction cost, specifically wood density
(Dy). In a survey with 48 angiosperm and conifer species
from 16 families (Table 1), the authors found that greater D;
was associated with more negative Psg within the
angiosperm and conifer groupings (Fig. 7). The densest
wood did not occur in the tallest trees or plants from the
timberline that are struggling with wind and ice loads. The
densest conifer xylem was from low elevation arid-adapted
species like Juniperus osteosperma and Pinus edulis rather
than the high elevation mesic-adapted ones like Abies
lasiocarpa or Pinus flexilis. Maximum densities in
angiosperms were not in tall trees, but in diminutive desert
shrubs. As examined in the following section, stronger wood
may be required to contain the much more negative xylem
pressures in the conduits of cavition-resistant species.
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Fig. 6. The xylem pressure inducing 50% loss of hydraulic
conductivity (Pso) vs mean conduit diameter in conifers (triangles)
and angiosperms (circles). Species are given in Table 1. Same
species as in Figs. 7, 8, & 10 (Hacke et al. 2001b). There was no
correlation in the angiosperm data set.

From an ecological perspective, the D; versus Psg
relationship shown in Fig. 7 suggests an important cost to
the plant of transporting water under negative pressure. High
D: represents higher construction costs, reduced growth
rate, and lower storage capacity. Conifers have the
advantage over angiosperms in that they can achieve a
given Psg at less cost. This must compensate to some extent



for the lower maximum conducting efficiency of tracheid-
based xylem, and correspondingly lower gas exchange and
photosynthetic capacities in conifers. When low resource
availability prevents high gas exchange and photosynthetic
rates across all life forms, the cheaper conifer xylem may
confer a competitive advantage. This may contribute to the
rapid expansion of drought-resistant Juniperus species into
arid shrub and rangelands across the western USA once fire
frequency is reduced (West 1989). It may also contribute to
the success of conifers in achieving massive height and
great longevity. It is probably not accidental that the tallest,
and also the oldest trees on earth (Pinus aristata trees can
get >4000 years old) are conifers. Apparently their relatively
simple xylem structure is well adjusted to a long-term growth
strategy as well as resistance to freezing-induced cavitation
and success in cold environments.
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Fig. 7. Pso vs wood density for angiosperm (circles) and conifer
stems (triangles). Same species as Figs. 6. 8. 10. Drought-resistant
xylem showed greater density in both conifers and angiosperms.
Conifers achieve a given Ps, with less biomass (lower density) than
angiosperms. Solid curves represent expected trend based on
conduit reinforcement against implosion by negative pressure; the r?
of the curve fit was 0.62 in angiosperms and 0.73 in conifers.
Dashed curves suggest a lower boundary line set by a conduit im-
plosion limit (from Hacke et al. 2001 b).

The relationship between Psg and D; was not a consequence
of a more fundamental relationship between Psy and conduit
diameter. Plotting diameter versus D; gave a significant but
weak relationship for conifer stems, and no relationship for
angiosperm stems at all (Fig. 8). The lack of a correlation
between D: and diameter in angiosperms is in part because
Dy is influenced by the presence of fibers in angiosperm
wood (Fig. 1).

Conduit reinforcement and the risk of implosion

Hacke et al. (2001b) examined the variation of D; shown in
Fig. 7 from the perspective of supporting the xylem pipeline
against implosion by negative pressure. It has been
recognized for a long time that conduits carrying water under
negative Py need reinforced and lignified cell walls to prevent
implosion. However, to our knowledge this has never been

tested in a quantitative manner, nor has conduit
reinforcement ever been related with the actual pressure
range that conduits experience.

Large bending stresses can arise in the double wall
between water- and gas-filled (embolized) conduits (Fig. 9).
The conduit walls must be strong enough to withstand such
stress. The thicker the double wall (t in Fig. 9) relative to its
maximum span (b), the greater the reinforcement against
bending. Hacke et al. (2001b) used the Psg as a proxy for the
minimum water pressure in a species (P; in Fig. 9). The
lower the Pso, the thicker must the wall be relative to its span
to maintain structural integrity. Standard engineering
equations predict the following relationship:

Pso = -Clk (t | b} + P, eq. 2
where C is a constant that includes the failure stress of the
wall material, k is the safety factor from failure, and P, is the
gas pressure in an embolized conduit. The (t/ b)h2 equals (t/
b)2 for conduits of the hydraulic mean diameter for the
sample.
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Fig. 8. Wood density vs mean conduit diameter in conifers
(triangles) and angiosperms (circles). Same species as in Figs 6, 7,
10. The relationship was significant in conifers. There was no
correlation within angiosperms partly due to the presence of fibers.

The (1‘/b)h2 within angiosperm and conifer species was
directly proportional to cavitation resistance as predicted
from eq. 2 for a constant k within each group (Fig. 10). The
dotted “implosion” line in Fig. 10 represents k=1; the less
steep slopes of the data indicate a k>1 for angiosperm and
conifer species. Although our estimates of the relative safety
factors between conifers and angiosperms will probably
change as we learn more about the effect of pit structure on
wall strength (not accounted for in eq. 2 or Fig. 10), it
appears that conifers have a higher safety factor from
implosion than angiosperms. This is in agreement with the
double role of conifer tracheids in providing both transport
and structural support for the plant. Vessels are specialized
in transport, and mechanical support of the plant in
angiosperms is mainly provided by the fiber matrix.
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Fig. 9. Stresses in the conduit wall from negative pressure (P) in a
water-filled conduit (shaded). Bending stresses occur in the
common wall between an embolized and water-filled conduit. Ben-
ding stresses are related to the thickness of the double wall (), its
span (b), and the pressure difference P-P,, where P, is the gas
pressure in the embolized conduit (from Hacke et al. 2001 b).

The fact that conduit dimensions t and b scale with the risk
of implosion helps explain the D; vs. Pso relationship in Fig.
7. The Dy is a function of (#/b). Substituting this function into
eq. 2 provides an estimate of the D; vs. Psy relationship.
These estimates are represented by the curved lines in Fig.
7 which explain 62% of the variation in angiosperms and
73% in conifers. The dashed curves in Fig. 7 suggest a
lower limit on the relationship set by conduit implosion: there
can be no wood that is both light and also resistant to
cavitation.
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Fig. 10. P5, versus wall strength (expressed as (t/b)z) for vessels in
angiosperm stems (circles, = 0.81) and tracheids in conifer stems
(triangles, r* = 0.78). Same species as in Figs. 6-8. The dashed line
shows the estimated implosion limit for angiosperms and conifers (r2
= 0.98, data extend off scale). Vessels showed a lower estimated
safety margin from implosion than tracheids. From Hacke et al.
(2001b).

The strong relationship in Fig. 10 indicates that conduit (t/b)2

can be an excellent structural correlate with Psp—much
better than conduit diameter alone (plotted for the same

species in Fig. 8) or wall thickness alone. With the (t/b)2
ratio, or more refined structural indicators of wall strength,
we may even be able to predict cavitation resistance from
anatomy with fair precision.

Implications for gas exchange

The resistance to drought-induced cavitation has important
implications for the stomatal control of transpiration and
water use. Gas exchange will lead to desiccation and death
if the water supply line is interrupted by cavitation. The xylem
pressure causing 100% cavitation in the xylem (P100) places
an absolute lower limit on the plant water status that permits
sustainable gas exchange. This is also the limit to the lowest
soil water potential from which the plant can extract water
(analogous to the “permanent wilting point”). In the cases
where Pigg is less negative in root than shoot xylem, it is the
root Pigo that proves to be limiting under soil drought
conditions (Kolb & Sperry 1999, Hacke et al. 2000b). Where
there is an insufficient amount of absorbing root area relative
to transpiring shoot area, there can also be a critical loss of
hydraulic conductivity in the soil before P1g is reached in the
plant, leading to an even greater restriction on gas
exchange. A variety of theoretical and empirical studies have
shown that one of the major adaptive “reasons” for stomatal
regulation in response to water stress is the avoidance of
these hydraulic limitations. Stomata function in regulating
plant water status, and therefore are necessarily responsive
to changes in hydraulic conductance. As a result of this
feedback, changes in hydraulic conductance have a
significant (albeit indirect) influence over plant water use.
Readers interested in this field are referred to Sperry et al.
(1998), Hacke et al. (2000a), Nardini & Salleo (2000), and
Sperry et al. (in press).

The role of matrix cells in water transport

Across different plant families, there is a great variety of the
cell types bordering on a vessel and forming a matrix around
the conducting network (Braun 1970). What is the functional
significance of these matrix cells in terms of water transport?
A vessel can be in a group with other vessels. This is often
observed in riparian Betula, Alnus, Acer, Liquidambar, or
Carpinus species. This trait is suggestive of great conducting
efficiency, because it indicates that vessels overlap for long
distances. For the same reason, this trait may also offer less
effective cavitation containment.

Vessels are often adjacent to tracheids, for instance
in Quercus and xeric Ceanothus species. Water-filled
tracheids may act as a shield around vessels, protecting
them from air entry. Vessels can be embedded in a matrix of
dead and/or living fibers or can be adjacent to ray
parenchyma or “contact cells”. Contact cells are specialized
in the exchange of solutes with vessels. In sugar maple they
are anatomically distinguished by having numerous large
pits, which face the vessels like windows (Sauter et al.
1973). Contact cells show a high enzyme activity, which is
related to the release of solutes into the xylem sap in early
spring. The release of sugar into the xylem sap before
budbreak facilitates “water shifting” (Braun 1984) and
positive xylem pressure in some trees. It remains to be
tested whether contact cells play an active role in embolism
reversal although there is some indirect evidence for this
(Salleo et al. 1996; Zwieniecki & Holbrook 1998; Tyree et al.
1999).

From the perspective of xylem biomechanics and
long-distance water transport, it is noteworthy that the
reinforcement of the fiber matrix is linked to the magnitude of
negative pressure in the conduit system (Hacke et al.



2001b). Xeric plants with low Psg’'s do not only show thick
conduit walls, but usually also thick fiber walls. This is very
obvious in Larrea tridentata, xeric Chenopodoaceae or xeric
Ceanothus species. A dense fiber matrix may play a
supporting role for vessels carrying water under substantially
low pressure. Fiber density may be directly related to
protecting the vessels from collapse, if, for example, fibers
must bear some of the stresses propagating from the vessel
walls. A dense fiber network could also compensate for the
areas of considerable weakness in the wood, which are
caused by large vessel lumina or large clusters of vessels
(F.W. Ewers, personal communication).

Hydraulic architecture and vessel length

Trees show a consistent decline in their leaf specific xylem
conductivity as water moves from trunk to minor branches
and leaves (Zimmermann 1978). This results in ever steeper
pressure gradients and lower Px towards the distal ends of
the flow path. According to the “segmentation hypothesis”
(Zimmermann 1983) this could be adaptive by insuring that
cavitation would be confined to “cheap” distal organs that
could be sacrificed during a drought. The designed loss of
leaves and small branches would relieve xylem tension in
more basal parts of the plant, and would therefore contribute
to their survival under water stress.

The segmentation hypothesis has been supported
in a few well-documented cases. It was first demonstrated in
the palm Rhapis excelsa, where drought-induced embolism
was preferentially confined to petioles (Sperry 1986).
Evidence for designed failure in petioles and small branches
has been found in walnut (Tyree et al. 1993) and Populus
species growing along river valley floodplains (Rood et al.
2000). Rood et al. (2000) proposed that the great
vulnerability to cavitation of riparian cottonwoods is a
component of an unusual drought adaptation. They argued
that under water stress cavitation proceeds in a non-uniform
manner throughout the shoot. This would be due to
variations in Py and cavitation resistance of individual
branches, and it would explain the patchwork appearance in
which some branches senesce and die while others remain
green and survive.

Recent studies have shown that cavitation
resistance varies not only among branches, but usually even
more so between roots and branches. Roots, particularly
small roots, are often more susceptible to drought-induced
cavitation than branches (Fig. 5, Sperry & Saliendra 1994;
Alder et al. 1996; Hacke & Sauter 1996b; Mencuccini &
Comstock 1997; Kolb & Sperry 1999; Hacke et al. 2000a,b).
As mentioned above, hydraulic failure under drought
conditions can be triggered by cavitation in roots (Kolb &
Sperry, 1999; Hacke et al. 2000a). There can also be
differences in cavitation resistance within a root system, and
these differences have implications for various aspects of
plant water relations. Hacke et al. (2000b) found that
taproots of the deep-rooted Great Basin shrub
Chrysothamnus nauseosus are considerably more resistant
to cavitation than small roots. This would allow water
transport from deeper soil layers where water status is more
favourable, even when the more susceptible small roots in
shallow and dry soil layers have become heavily embolized.
Zimmermann’s segmentation concept, which originally
applied for aboveground xylem, may be even more
applicable and relevant to the root system. This view is
supported by results of North et al. (1992) who found that
designed cavitation in junctions between lateral and major
roots of desert succulents plays an important role in
hydraulically isolating the plant from the drying soil.

Differences in cavitation resistance among roots could also
affect the potential for hydraulic lift.

While most work on plant hydraulic architecture has
had a strong empirical and descriptive basis, recently it has
been addressed from a very different theoretical perspective.
The model of West et al. (1997) predicts how fluid transport
in both plants and animals constrains their metabolism. Their
analysis suggests that transport constraints underlie the
ubiquitous quarter-power scaling laws in biology. However,
their representation of the plant vascular system and
branching system is too unrealistic to inspire confidence.
The vascular system is represented as a strict pipe model
with single vessels of equal diameter running the length of
the plant such that the total number of vessels at any point is
equal, as are their diameters and areas. Later versions have
allowed for more realistic tapering to the vessels, but
otherwise still keeping to the unrealistic pipe model (Enquist
et al. 2000). The representation of branching structure is
unrealistic for several reasons, one being no provision for
apical dominance. Nevertheless, the broad theoretical
perspective of this work is refreshing and exciting, and it will
no doubt inspire more anatomically correct models in the
future.

Vessel length distribution in plants

Hydraulic segmentation will be reflected in an appropriate
vessel length distribution throughout the plant. Vessel length
is positively correlated with vessel diameter (Zimmermann &
Potter 1982; Ewers & Fisher 1989; Kolb & Sperry 1999).
Ring-porous trees with wide earlywood vessels (>100 um
diameter) and grapevine have maximum vessel lengths of
many meters. The vessels of diffuse-porous trees and
shrubs are much narrower and are usually well under one
meter in length (Zimmermann 1983; Ewers & Fisher 1989;
Sperry et al. 1994; Hacke & Sauter 1995; Kolb & Sperry
1999). The major roots do not only show wider (Sperry &
Saliendra 1994; Alder et al. 1996; Hacke et al. 2000b) but
usually also longer vessels than shoots (Zimmermann &
Potter 1982; Kolb & Sperry 1999; but see Ewers et al.
1997b).

Frequency histograms show that length profiles are
usually skewed toward shorter conduits (e.g., Zimmermann
& Jeje 1981). The safety versus efficiency dilemma also sets
upper limits on vessel length. If we assume that pit
membrane resistance represents a major component of the
total resistance to flow (which we do not know yet, Calkin et
al. 1986; Chiu & Ewers 1993), then the evolution of vessels
should move toward long conduits that offer little hydraulic
resistance. However, consider the extreme situation where a
single set of conduits traverse the entire flow path in a plant.
If 50% of the conduits become dysfunctional at one point in
the flow path (due to drought stress, a breaking branch or
dying roots for instance), then the whole-plant conductance
would be reduced by 50%. In contrast, if the flow path
consists of 10 conduit lengths, then the same point injury of
50% would cause less than 9% loss of whole-plant
conductance (Comstock & Sperry 2000). This is because
hydraulic resistances are additive in series.

The analysis of Comstock & Sperry (2000) showed
that shorter conduits and a greater containment of cavitation
allow lower leaf xylem pressure and higher flow rates than in
a plant with insufficient cavitation containment. When flow
rate is maximized and leaf xylem pressure is minimized in
this scenario, cavitation would be confined to distal branches
and petioles. This would protect the integrity of the basal
axes, and would thereby maintain a sufficient whole-plant
conductance. It follows that vessels should be particularly
short in these distal organs that are experiencing the lowest
xylem pressure. In the interest of higher conductance,



vessels can be longer in basal portions of the flow path
where cavitation is rare due to less negative xylem. Where it
has been measured, vessel length in petioles can indeed be
much shorter than in main branches (Salleo et al. 1985;
Hacke & Sauter 1996b). It should be noted that the situation
in a real plant is more complex than in the model of
Comstock & Sperry, because different plant organs often
show different resistances to cavitation. The great
susceptibility of small roots to cavitation and their high
turnover rate suggest that vessels in these peripheral organs
should be short, so that emboli cannot spread into larger
transporting roots.

Interconduit pits: potential structure-
function trade-offs and dynamic changes
in pit membrane permeability

We already saw that in both angiosperms and conifers pit
structure is crucial for determining the resistance to drought-
induced cavitation. Several structure-function trade-offs
should become apparent at the pit level. First, there should
be a clear safety versus efficiency trade-off at the pit level.
On the one hand, large pores in pit membranes will facilitate
flow. On the other hand, large pores will compromise
cavitation containment, at least in angiosperms, and will
allow the spreading of embolism even at moderately
negative Px (eq. 1). Second, there could be a trade-off
between conducting efficiency and wall strength. Larger and
more frequent pit membranes will facilitate transport, but
may require thicker secondary cell walls to compensate for a
potential weakening of wall strength. Wider pit openings, i.e.
less overarching of the secondary cell wall, would probably
increase flow rates, but may also increase the risk of conduit
implosion due to negative water pressure inside the conduit
(Hacke et al. 2001b). The importance of these trade-offs
remains to be investigated because of the great difficulty in
quantifying flow resistance of pits.
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Fig. 11. Native (m) versus stressed (open symbols) vulnerability
curves showing the “cavitation fatigue” phenomenon in Helianthus
annuus. Stressed stems were refilled in the laboratory. Water stress
was either induced by centrifuging (o) or by air-drying of intact
plants (o). The fatigue response was independent of how water
stress was induced, but proportional to the amount of cavitation
during stress. From Hacke et al. (2001a).

Recent findings highlight the importance of pit
membranes in determining flow rates in the xylem and in
dynamically altering cavitation resistance. Van leperen
(2000) and Zwieniecki et al. (2001) found changes in
hydraulic conductivity in response to solution ion
concentration and pH. The effect was localized to pit
membranes. Zwieniecki et al. (2001) suggested that
microchannels in the pit membranes were altered by the
swelling and deswelling of pectins, which may act as
hydrogels.

Recently, Hacke et al. (2001a) tested cavitation
resistance before and after a controlled cavitation-refilling
cycle. Most species showed a “cavitation fatigue:” a
considerable reduction in cavitation resistance after a
cavitation-refilling cycle (Fig. 11). Observations from
Helianthus annuus showed that cavitation fatigue was
proportional to the level of water stress plants had
experienced: plants that had experienced severe drought
were particularly susceptible to re-cavitation. This is
apparently responsible for the large amount of highly
vulnerable xylem found in desert plants and other species
that are commonly exposed to cavitation in situ (Pockman &
Sperry 2000; Hacke et al. 2000b). Interestingly, the fatigue
in sunflower is reversed following a drought in association
with the natural refilling of the embolized conduits.
Components of the native xylem sap appeared to be
essential for the fatigue repair (V. Stiller & J.S. Sperry, in
review). The implication is that there is much to be learned
about the physical chemistry and biomechanics of
interconduit pits.

Conclusion and perspective

In the last 20 years, progress has been made in
understanding the relationship between xylem structure and
cohesion-tension water transport. The mechanism of
cavitation and its linkage to pit structure is now relatively well
understood. The development of methods for quantifying
cavitation has made ecological studies possible, and these
have revealed links between xylem anatomy and ecology. In
particular, the major structure-function trade-offs and trends
with respect to freezing- and drought-induced cavitation
have been characterized. It is now well established that
hydraulic constraints, which are at least in part related to
xylem structure, have a major impact on gas exchange and
plant water use. Roots, especially small roots, have been
identified as a weak link in the hydraulic continuum under
drought conditions. Models based on the hydraulics of the
soil-plant continuum have the potential for mechanistically
linking canopy gas exchange capability with the architecture
of the root system, and the characteristics of the soil
(Jackson et al. 2000). These should help predict how
patterns of plant water use will respond to climatic change.
Future research has the opportunity to build in two
very different, but complimentary, directions. Working up in
scale from the xylem there are promising links between plant
hydraulics and ecosystem functioning as represented by a
variety of modeling approaches (e.g., West et al. 1997,
Sperry et al. 1998). Continued refinement and extension of
such models will help us understand broader patterns in
productivity and vegetation that are related to plant water
use. Moving down in scale, there is much to be learned
about refilling phenomena in response to cavitation, and how
this is related to xylem structure. In particular, reports of
refilling under negative pressure (Salleo et al. 1996;
Zwieniecki & Holbrook 1998; Tyree et al. 1999; Holbrook et
al. 2001) deserve more attention, and if confirmed, must be
explained in terms of xylem structure and physiology. The



functional significance of many aspects of structure remains
to be quantified and demonstrated. Variation in perforation
plates, vessel element lengths, wall sculpturing, pitting types
(including vestured pits), conduit groupings, fiber and xylem
parenchyma structure and distribution all await a strong
linkage to the function of xylem in transport. New techniques
like the vessel casting method (André 1993; 2001) could be
useful in this regard. The recent quantitative linkage between
wood density and conduit structure to the resistance of
conduit collapse will hopefully inspire more attention towards
this simple, but fundamental function of the xylem network.
The speculations of Carlquist and others along these lines
(e.g., Carlquist 1988) that were dismissed by Zimmermann
(1983) deserve a closer look using the appropriate
biomechanical tests. Finally, very little is known of the
genetic vs. environmental controls on cavitation resistance
and xylem conductivity, and how this is translated via
modifications in xylem structure. Martin Zimmermann’s
approach of combining anatomical data with an experimental
approach will continue to yield new insights into the field of
xylem structure and function.
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Table 1: List of species used in Figures 6, 7, 8, and 10; alphabetic by family.

Conifers:
Cupressaceae
Juniperus monosperma
Juniperus osteosperma
Juniperus scopulorum
Pinaceae

Pinus edulis

Pinus flexilis

Pinus monophylla
Pinus nigra

Pinus ponderosa

Pinus taeda
Pseudotsuga menziesii

Angiosperms:

Aceraceae

Acer grandidentatum

Acer negundo

Acer rubrum

Anacardiaceae

Rhus laurina

Asteraceae

Artemisia tridentata ssp. tridentata
Artemisia tridentata ssp. vaseyana
Artemisia tridentata ssp. wyomingensis
Baccharis salicifolia

Baccharis sarothroides
Chrysothamnus nauseosus
Chrysothamnus viscidiflorus
Betulaceae

Alnus incana

Betula nigra

Betula occidentalis

Fabaceae

Acacia constricta

Acacia greggii

Cercidium microphyllum

Prosopis velutina

Fagaceae

Quercus gambelii

Fouquieriaceae
Fouquieria splendens
Hippocastanaceae
Aesculus hippocastanum
Oleaceae

Fraxinum velutinus
Rhamnaceae
Ceanothus crassifolius
Ceanothus cuneatus
Ceanothus leucodermis
Ceanothus megacarpus
Ceanothus oliganthus
Ceanothus oliganthus
Ceanothus spinosus
Rosaceae

Adenostoma fasiculatum
Prunus virginiana
Salicaceae

Populus angustifolia
Populus fremontii
Populus tremuloides
Salix goodingii
Tamaricaceae

Tamarix ramosissima
Tiliaceae

Tilia cordata
Zygophyllaceae

Larrea tridentata
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