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VESTURED PITS: DO THEY PROMOTE SAFER WATER TRANSPORT?
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The distribution of vestured pits in angiosperms is briefly reviewed. In some major clades, the character is
of constant occurrence and thus very conservative; in others, it is more variable and apparently subject to
both parallel origins and reversible losses. There is a striking correlation between the type of vessel perforation
plate and vestured pits. Virtually all taxa with vestured pits have simple perforation plates. This correlation,
together with contrasting ecological trends for scalariform perforation plates and vestured pits, has inspired
functional hypotheses that vestured pits contribute to hydraulic safety. Whereas scalariform perforations may
be instrumental in reducing the effects of freezing-induced embolisms in temperate to boreal and alpine regions,
vestured pits seem to be a good candidate to facilitate embolism reversal in xeric and warmer regions with
high transpiration rates. The presence of highly lignified structures within the pit chamber may influence
hydraulic resistance, decrease vulnerability to cavitation, or help to repair embolism by compartmentalizing
or affecting the contact angle of the convex air-water interface within intervessel pits.
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transport.

Introduction

Vestured pits were first described by Bailey (1933), who
discovered under the light microscope that vestures are minute
outgrowths from the secondary cell wall. With the advent of
the electron microscope, the micromorphology and distribu-
tion of vestured pits could be studied in much greater detail
during the 1960s and 1970s (Côté and Day 1962; Schmid and
Machado 1964; Scurfield et al. 1970; Meylan and Butterfield
1974; Ohtani and Ishida 1976; Van Vliet 1978). Mapping the
presence of vestured pits onto recent angiosperm phylogenies
based on molecular sequence data has shown that the feature
must be under strong genetic control and is diagnostic for all
taxa of a number of clades (Jansen et al. 1998, 2000a, 2001;
Jansen and Smets 2000; Jørgensen 2001).

Despite the strong systematic significance of vestured pits,
functional hypotheses on vestures are largely restricted to un-
tested hypotheses by Zweypfenning (1978) and Carlquist
(1982a, 1982b, 2001). Zweypfenning (1978) suggested that
vestures prevent rupturing of the deflected pit membranes
when pressure drops occur between adjacent vessel elements
after air embolism. Carlquist (1982a, 1982b) hypothesized
that cavitations might be less frequent because of the presence
of vestures or other kinds of wall relief, such as helical thick-
enings and grooves, since these structures increase the surface
area of vessel walls. This was thought to result in an increased
bonding of water molecules to the cell-wall surface and to
permit the water column to withstand higher tensions without
breaking. Another hypothesis is that vestures would trap small

1 E-mail steven.jansen@bio.kuleuven.ac.be.

Manuscript received January 2002; revised manuscript received January 2003.

air bubbles and help to dissolve the trapped gas volume so
that normal water transport is restored (Carlquist 1982b).

The major findings in the field of xylem structure in relation
to its function in long-distance water transport have been
known for a long time and are summarized by Zimmermann
(1983). Since then our functional understanding of xylem has
changed slightly. We have gained, for instance, new insight
into the phenomenon of cavitation (Hacke and Sperry 2001).
Cavitation and the subsequent formation of air bubbles in
embolized vessels substantially reduce the hydraulic conduc-
tivity of xylem (Milburn 1993). As suggested by Zimmermann
(1983), there is substantial evidence that cavitation occurs by
the “air-seeding” mechanism, which most likely operates at
the pit membranes between cavitated and functional conduits
(Crombie et al. 1985; Jarbeau et al. 1995; Sperry et al. 1996).
The xylem appears to be more active and dynamic in repairing
its water conductivity than previously expected. Embolized
conduits have been suggested to refill during nightly or sea-
sonal root pressure (Sperry et al. 1994; Ewers et al. 1997;
Fisher et al. 1997; Cochard et al. 2001). It is also possible that
embolism repair may take place while water in neighboring
conduits remains under tension (Salleo et al. 1996; McCully
et al. 1998; Zwieniecki and Holbrook 1998; Pate and Canny
1999; Tyree et al. 1999; Melcher et al. 2001). However, it is
not clear yet under which conditions embolism can be reversed.
A mechanism that allows the local compartmentalization of
positive pressures within a single vessel has been hypothesized
(Holbrook and Zwieniecki 1999) because positive pressures
are required to force the gas into the surrounding liquid phase
(Pickard 1981; Yang and Tyree 1992). A more detailed sce-
nario outlined the importance of the geometry of intervessel
pits and the nonzero contact angle between the water and the
vessel walls of the pit chamber (Zwieniecki and Holbrook
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2000). Although these hypotheses remain speculative, they
may throw new light on the functional significance of vestured
pits in relation to embolism repair.

If vestured pits are of selective value, as they seem to be,
they clearly need more attention with respect to the complex
mechanisms of xylem conductivity. On the basis of ecological
trends and a strong correlation between vestured pits and type
of vessel perforation plate, this article focuses on new func-
tionally adaptive interpretations of vestured pits.

Material and Methods

For the distribution of vestured pits, we follow our recent
review (Jansen et al. 2001) in addition to some new obser-
vations (Jørgensen 2001; S. Jansen, unpublished results). Data
on vessel perforation types have been collected from the lit-
erature, chiefly from Metcalfe and Chalk (1983) and Carlquist
(2001).

Ecological trends for vestured pits are analyzed by calcu-
lating percentages of species possessing vestured and nonves-
tured pits in different regions of the world. Difficulties in an-
alyzing floristic accounts of specific vegetation types or
regional floras are caused by inaccurate literature data, mis-
identified taxa, changed names, and anatomically unknown
species. Also, the percentages of species with vestured or non-
vestured pits in a particular geographic or ecological area may
conceivably be entirely explained by the fact that certain fam-
ilies have had much higher rates of speciation than other fam-
ilies in specific regions. Therefore, the analyses of regional
wood anatomical surveys are based on as many woody species
as possible but underrecord shrubs and lianas. The ecological
categories distinguished in the flora from Europe (Baas and
Schweingruber 1987), Southern California (Carlquist and
Hoekman 1985), and the Middle East (Baas et al. 1983) are
followed. Statistics for vestured pits in the world flora are
based on data on more than 5500 species in the OPCN (Ox-
ford, Princes Risborough, Centre Technique Forestier Tropical,
North Carolina State University) database maintained at
North Carolina State University (Wheeler et al. 1986; Baas
and Wheeler 2000). The distribution of wood anatomical char-
acters is plotted on the tree of Soltis et al. (2000) using
MacClade 4.0 (Maddison and Maddison 2000).

Results and Discussion

The Homoplasious Nature of Vestured Pits

The systematic distribution of vestured pits plays a central
role in considering functional aspects. Even without knowledge
of the genetic basis of the character in question, we can infer
transformations of nonvestured and vestured vessel pits by
comparing their distribution with independent phylogenetic
hypotheses. For a preliminary list of angiosperm families with
vestured pits, we refer to Jansen et al. (2001). The distribution
is plotted on the molecular tree of Soltis et al. (2000) (fig. 1).

Vestured pits show a remarkable constancy in most clades
in which they occur. According to recent phylogenetic insights
in flowering plants (APG 1998; Savolainen et al. 2000a,
2000b; Soltis et al. 2000), vestured pits should be considered
as one of the most valuable wood anatomical characters with

strong phylogenetic signals (Baas et al. 2000; Jansen et al.
2001). Not only are vestured pits constantly present in the
large natural orders Myrtales and Gentianales, but the feature
also appears to characterize several clades within the Brassi-
cales, Caryophyllales, and Malvales as well as many family
pairs and families in other orders. The largest family with
vestured pits is Leguminosae, although the feature is lacking
in the most basal taxa (Herendeen 2000). In a few instances,
such as Bridelieae (Phyllanthaceae) and Polygaleae (Polyga-
laceae), vestured pits are characteristic only at the tribal level
as far as we know.

However, there are reports suggesting that the character is
much more variable in its distribution. For example, in the
genus Spiraea (Rosaceae), vestured pits are observed in five
out of 10 species studied, whereas they are lacking in the rest
of the family (Zhang and Baas 1992). A similar variation at
low taxonomic levels is suggested in Oleaceae (Baas et al.
1988) and Boraginaceae (Miller 1977). However, it should be
emphasized that detailed SEM observations are required since
the feature may easily be overlooked under the light micro-
scope. Moreover, numerous families have seen some recent
changes in their phylogenetic position, intrafamily classifica-
tion, and generic composition, which play a central role in
analyzing the evolution of character states within a clade.

Another difficulty in analyzing the distribution of the char-
acter is that there may be a thin line between presence and
absence of the structure. This problem is mainly encountered
when vestures are poorly developed structures as, for instance,
in Elaeagnaceae (Jansen et al. 2000b) or when vestigial vestures
are restricted to particular tracheary elements, especially small
vessel elements and tracheids or even fibers. Although vestures
are generally consistent in their presence throughout intervessel
pits of a certain specimen (Bailey 1933), they may be almost
or entirely absent in intervessel pits of at least some taxa but
common in bordered pits of tracheids or fiber tracheids. Hence,
one should be careful not to interpret the combined occurrence
of vestured and nonvestured pits in a wood sample as being
completely nonvestured (Jansen et al. 2001). Other problems
might be misinterpretation of artifacts or pseudovestures (Gale
1982) and even misidentification of the material studied. Pseu-
dovestures do not form an integral part of the cell wall and
are generally more randomly distributed than genuine vestures.

Until we have more data on occurrence and developmental
constraints as well as on the exact phylogenetic position of
several taxa, we tentatively suggest that there are at least five
origins of vestured pits among the angiosperms, namely in
Proteales, Caryophyllales, eurosids I, eurosids II, and euaster-
ids I (see fig. 1). The feature is likely to reveal few or no losses
in clades such as Myrtales and Gentianales and the nonbasal
Leguminosae, but reversible losses are expected in clades where
both vestured and nonvestured pits are found (e.g., Cary-
ophyllales, Malvales, Solanales, Oleaceae, Rosaceae).

A Strong Correlation between Vestured Pits and
Type of Vessel Perforation Plate

Although Butterfield and Meylan (1974) have already men-
tioned that it is uncommon to find the combination of vestures
and scalariform perforation plates within a single wood sam-
ple, it should be emphasized that vestures occur virtually ex-
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Fig. 1 Distribution of vestured pits plotted on the tree of Soltis et al. (2000); character type unordered

clusively in clades that are characterized by predominantly or
exclusively simple perforation plates. The distribution of ves-
tured pits and type of vessel perforation plates is plotted in
figure 2. The main orders with simple vessel perforation plates
and vestured pits include Caryophyllales, Gentianales, Lami-
ales, Solanales, Brassicales, Malvales, Myrtales, Zygophyllales,
Fabales, and Rosales. Scalariform perforation plates are rarely
or partly present in the Proteales, Brassicales, Malpighiales,
and Celastrales, but the combination of this type of vessel
perforation plate and vestured pits occurs in hardly any of
these taxa. Scalariform vessel perforations are, for instance,
frequently present in Phyllanthaceae or the subfamily Phyllan-
thoideae of Euphorbiaceae, but vessel perforation plates are
entirely simple in the single tribe with vestured pits, namely
Bridelieae (Mennega 1987). However, by no means do all taxa
with simple vessel perforations have vestured pits since, as far
as we know, vestures do not occur within the Cucurbitales,
Geraniales, and Sapindales.

Few counterexamples can be found. Although Heimsch
(1942) describes simple vessel perforation plates for all species
of Dichapetalaceae studied, two species of Tapura possess, in
addition, scalariform perforation plates as well as vestured
pits. Other representatives that show vestures and scalariform
perforation plates occur, for instance, in Myrtales. While the
majority of this order shows wood with exclusively simple

vessel perforation plates, the combination of simple and oc-
casional scalariform vessel perforations is reported in some
genera. Within the Myrtaceae, exclusively scalariform perfo-
ration plates are reported in Luma, Myrteola, Neomyrtus, and
Ugni; they are possibly retained because a selective pressure
to eliminate them in cool mesic habitats is lacking (Schmid
and Baas 1984). These four genera all have vestured pits, and
Neomyrtus pedunculata even has vestured scalariform perfo-
ration plates (Butterfield and Meylan 1974, 1980; Meylan and
Butterfield 1978). It is clear, however, that sporadic counter-
examples do not contradict the strong correlation between
vestures and simple perforation plates.

It is not a simple matter to establish a valid correlation
between vestured pits and other anatomical characters. There
is a positive correlation between vestured pits and alternate
vessel pitting, but this seems to be in line with the lack of
vestured pits in woods with scalariform perforation plates.
Apparently, there is no correlation between the size of vessel
pits and vestures, but there might be a mutually exclusive re-
lationship between vestures and tyloses. From the 61 families
listed to show tyloses in vessel elements (Metcalfe and Chalk
1983), only seven families have vestured vessel pits in the ma-
jority of their representatives. This may be a slight indication
that formation of tyloses is prevented in taxa with vestured
pits. Tyloses are usually not observed in association with ves-
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Fig. 2 Types of vessel perforation plate plotted on the tree of Soltis et al. (2000); vestured pits are present in orders indicated by an asterisk;
character type irreversible with scalariform perforations fixed at basal node indicated by paintbrush.

tured pits (Foster 1967; Scurfield and Silva 1970; Meylan and
Butterfield 1974), but there are certainly exceptions (e.g., Ro-
binia, Fabaceae). In several taxa, pits between a vessel and a
ray parenchyma cell can be vestured, partially vestured, or
nonvestured on the vessel side, depending on the size and shape
of the vessel-ray pits. Tyloses are, for instance, a common
feature in Fuchsia excorticata (Onagraceae), in which inter-
vessel pits are always vestured, but the vessel-ray pitting is
more rounded and frequently devoid of vestures (Butterfield
and Meylan 1973). Moreover, Foster (1967) suggested that the
vestures and pit membranes are broken down by enzymes se-
creted from the ray cell protoplast before tylosis extension
takes place.

Ecological Trends in the Distribution of Vestured Pits

In table 1, a comparison of percentages of woody species
with vestured pits from different regions, we find that of the
550 woody species within the European flora studied by Baas
and Schweingruber (1987), 115 species (�3; i.e., 23%) are
known to have vestured pits. The ecological spectrum of these
species is as follows: 8% occur in relatively mesic sites, 65%
in dry areas, and 27% in intermediate (normal) localities. For
the 390 species with nonvestured pits, these percentages are
22%, 45%, and 33%, respectively. Also, if one considers the
latitudinal European zonation of boreal, temperate, and Med-
iterranean, there is a clear trend: of the 33 boreal species, none
have vestures, and 20% of the 138 temperate species show

vestures, while the character is present in 27% of the 301
Mediterranean woody shrubs and trees. Hence, species with
vestured pits appear to show a more xeric preference than
species that lack vestures (table 1).

Similar results are found for the distribution of species with
vestured pits in Southern California (Carlquist and Hoekman
1985), although the total species numbers in the ecological
categories distinguished are low. For the 35 species with ves-
tured pits, the percentages are as follows: chapparal, 12.2%
( ); coastal sage, 12.1% ( ); desert scrubs, 12%n p 41 n p 33
( ); desert wash, 23.5% ( ); and halophytes, 25%n p 50 n p 17
( ). Furthermore, vestured pits do not occur in the speciesn p 4
that belong to the ecological categories riparian, moist, alpine,
succulent, parasite, and woodland. Six species of Onagraceae,
which all show vestured pits, were not classified in any eco-
logical category (Carlquist and Hoekman 1985).

In the woody flora of the Middle East studied by Baas et
al. (1983), 29.6% of the species have vestured pits, but the
ecological picture in this region is less clear. The percentages
of species with vestures are as follows: arid (desert) species,
31.5% ( ); Mediterranean elements, 29% ( ); hy-n p 76 n p 41
drophyllic species, 27% ( ); and synanthropic species,n p 11
14% ( ). These percentages are, however, based on veryn p 7
low total species numbers and are thus fairly unreliable.

There is a discrepancy between the 23% found for Europe
according to Baas and Schweingruber (1987) and the 12.6%
for European and East Asian woods following the OPCN data-
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Table 1

Percentages of Woody Species with Vestured Pits from Different Regions

Region
Species

percentages
Total number

of species Reference

Europe and East Asia 12.6 563 OPCN database
Europe 23 550 Baas and Schweingruber 1987
Middle East 29.6 135 Baas et al. 1983
North America 11.8 314 OPCN database
Southern California 17 207 Carlquist and Hoekman 1985
Tropical America 31.9 1965 OPCN database
Brazil 37.6 199 Mainieri and Chimelo 1989
Amazonia 38.9 1302 Détienne and Jacquet 1983
Atlantic Rain Forest in Rio

de Janeiro state (Brazil) 38.6 31 Barros and Callado 1997
South America 45.7 848 Dechamps 1979, 1980, 1985
Temperate South America 29 269 OPCN database
Africa 34.2 1004 OPCN database
Sahara and Sahel 56.5 168 Neumann et al. 2001
East Sahara 59 27 Neumann 1989
Saudi Arabia 50 78 Jagiella and Kürschner 1987
South Africa 24.5 102 OPCN database
Swaziland 36.5 93 Prior and Gasson 1990
Southeast Asia 29.5 869 OPCN database
India 29.9 605 OPCN database
Java 26 987 Janssonius 1906–1936
Polynesia 41 85 Détienne and Jacquet 1999
Australia and New Zealand 33.9 481 OPCN database
New Zealand 28.5 99 Meylan and Butterfield 1978

Note. Data from the OPCN (Oxford, Princes Risborough, Centre Technique Forestier Tropical, North Carolina
State University) database are from E. A. Wheeler (personal communication).

base. This may be explained by the high proportion of Med-
iterranean shrubs and subshrubs such as Cistus and numerous
Leguminosae in the former analysis. Moreover, subshrubs are
probably underrepresented in the OPCN database, and some
taxa in which vestured pits have only recently been described
may still be reported as nonvestured pits in the OPCN
database.

The best statistic for vestured pits in the world flora is 29%
from the OPCN database. Inferences for tropical percentages
are very close to world statistics because there are ca. 4000
tropical species and only ca. 1000 temperate species in the
OPCN database.

The suggestion that vestured pits are more widespread in
warmer and xeric regions is further corroborated by percent-
ages for different regions in America and Africa. While the
character occurs in 11.8% of North American species, frac-
tions above 30% are found for tropical South America. Very
high percentages (45.7%) are obtained for the woody species
from South America studied by Dechamps (1979, 1980, 1985).
The highest frequency of vestured pits is in species from the
Sahara and the Sahel (Neumann 1989; Neumann et al. 2001).
Within the species from Swaziland studied by Prior and Gasson
(1990), the percentages of vestured pitting in the cooler Afro-
montane species and warmer Bushveld species are 25.5%
( ) and 46% ( ), respectively.n p 43 n p 50

Percentages of taxa with vestured pits in Southeast Asia,
India, Java, Australia, and New Zealand are in agreement with
these for the world. One may expect that the proportion in
tropical lowland forests will be higher because of the high

species diversity of Dipterocarpaceae, Leguminosae, Rubi-
aceae, and Melastomataceae, which are all characterized by
vestured pits.

In general, the overall habitat preferences of plants with
vestures are the tropics and subtropics rather than the cool
temperate to arctic or alpine floras, as has been suggested pre-
viously (Schmid and Machado 1964; Zweypfenning 1978). We
therefore suggest that vestured pits have a positive adaptive
significance for water transport in woody plants that develop
high negative pressures in their xylem. This may especially
occur in xeric environments (e.g., deserts) or warm climates
with high transpiration rates but mesic conditions (e.g., trop-
ical rainforests).

However, plants in the same area may develop various wood
anatomical patterns and exploit the environment in different
ways to deal with hydraulic demands (Carlquist 2001). There-
fore, ecological trends for vestured pits are not always signif-
icant, and correlations may become complex. It is also possible
that vestured pits may have little or no negative selective sig-
nificance when a shift occurs from environments with high to
low transpiration rates or from high to low negative xylem
pressures.

New Functionally Adaptive Interpretations
of Vestured Pits

The correlation between vestured pits and simple perfora-
tion plates seems to indicate that the evolutionary shift from
scalariform to simple perforations is a prerequisite for the de-
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Fig. 3 Diagram of a vestured vessel pit isolating a refilling, em-
bolized vessel lumen (left) and a functional vessel under tension (right).
The pressure drop deflects the pit membrane to the right. Water has
entered the bordered pit canal at left; the presence of vestures near
the outer pit aperture may affect the air-water interface by increasing
the surface force (arrow SF), which prevents further expansion into
the pit border and opposes the positive pressure needed to refill the
embolized vessel. Based on Zwieniecki and Holbrook (2000).

velopment of vestured pits, and this may have a functional
explanation. Moreover, there are significant ecological ten-
dencies for types of vessel perforation plate and vestured pits.
Scalariform vessel perforation plates occur most frequently in
temperate to boreal and alpine regions, where this type of
vessel perforation could have a function in reducing freezing-
induced embolism, but more experimental evidence is needed
(Carlquist 1975, 2001; Baas 1976, 1986; Zimmermann 1983).
Vestured pits are rarely found in these regions but tend to be
much more common in xeric and warmer floras with high
transpiration rates. These remarkable correlations have in-
spired us to suggest that vestures represent a mechanism pro-
moting safety of water transport and enabling plants to com-
pensate for decreases in safety by reducing the effects of
drought-induced embolism.

It is generally believed that vessel elements with simple per-
foration plates are more efficient conductors of water (because
there is less friction) but are less safe than vessels with sca-
lariform perforations because of higher risks of cavitation and
embolism (Carlquist 1975, 2001). Indeed, many wood ana-
tomical data indicate that there is a phylogenetic reduction of
bars in scalariform perforation plates in environments where
a higher flow rate is likely. This can be illustrated, for instance,
in tropical lowland species, in xeric plants, and in climbers,
which are all recorded to show at least temporarily high sap
flow velocities (Baas 1976). The low relative conductivity of
birch wood (Betulaceae) measured using water and dry air was
found to be 34% and 38%, respectively, of that calculated
from microscopic measurements assuming the vessels to be
unobstructed capillaries (Petty 1978). This was interpreted as
a result of the resistance to viscous flow at scalariform per-
foration plates and the presence of some vessels that terminate
in the wood sample. Contrary to this, scalariform perforation
plates are thought to form only slight obstructions to water
flow in Liquidambar (Hamamelidaceae) and Liriodendron
(Magnoliaceae) (Schulte et al. 1989). These authors suggested
that their advantage from an evolutionary point of view would
be much more in trapping gas bubbles and thus preventing
the blockage of entire vessels. The extra resistance to flow
along a vessel provided by perforation plates was calculated
to account for 0.6%–18% and is much lower than the resis-
tance of the vessel walls (Ellerby and Ennos 1998). The sca-
lariform perforation plates in Liquidambar styraciflua were
calculated to account for 21%–23% of the total resistance to
flow encountered along a vessel (Schulte 1999). Simple plates
are concluded to provide less resistance than scalariform per-
foration plates, but resistance values of perforation types may
overlap because simple perforation plates are generally more
closely arranged in shorter vessel elements than scalariform
perforations (Ellerby and Ennos 1998). Further experimental
studies are required to investigate the effect of vessel perfo-
ration plates on conductive efficiency and flow resistance.

Besides vessel perforation plates, functional adaptations in
the micromorphology of pits may contribute considerably to
the hydraulic mechanism of tracheary elements. Ideally, a safe
vessel element will benefit from minute, distinctly bordered
vessel pits and nonporous pit membranes, but a balance will
generally be achieved between safety and efficiency of water
transport. The hydraulic efficiency of intervessel pits could
probably be increased by a large surface area of pit chambers

and pit membranes with large pores (Tyree et al. 1994). With
respect to a hypothetical scenario of embolism repair, Hol-
brook and Zwieniecki (1999) proposed that the bordered ves-
sel pits play an essential role in hydraulic compartmentaliza-
tion and minimalization of the gas volume in pit borders,
resulting in hydraulic reconnection to adjacent water-filled ves-
sels. Because of the flared opening of the pit border and the
chemical composition of the vessel wall surfaces, intervessel
pits allow, at the same time, the creation of a positive pressure
in the refilling vessel and a negative pressure in adjacent vessels
under tension (Zwieniecki and Holbrook 2000). Accordingly,
bordered pits are thought to function as a hydraulic valve,
since a convex air-water surface that is formed in the pit border
creates a surface tension force that opposes the pressure that
forces the air in the refilling vessel into solution (fig. 3). Support
for this view comes from measurements of the contact angle
and pit-chamber geometry, which allow the calculation of the
maximum pressure that can be contained within a refilling
conduit, and data from Zwieniecki et al. (2001). Nevertheless,
there is still much uncertainty as to the extent to which em-
bolism repair occurs as well as the underlying mechanism. A
major problem with this refilling hypothesis is that hydraulic
contact should be at all pits simultaneously or else the refilling
vessel element would recavitate when hydraulic contact is re-
established at one pit only.

Because of a lack of experimental data on plants with ves-
tured pits, it is too early to conclude that vestures have a
positive influence on isolation of the hydraulic conduit. Nev-
ertheless, the following observations support the possible role
of vestures in mechanisms of embolism repair. (1) If vestures
are present, they are nearly always associated with bordered
pits of water-conducting elements (vessels, tracheids, and fiber
tracheids), but they are never associated with simple pits of
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parenchyma cells and simple to very minutely bordered pits
of fibers (Meylan and Butterfield 1974; Ohtani and Ishida
1976; Jansen et al. 1998). (2) Vestures are formed mainly of
lignin, which is probably even more concentrated and con-
densed than the lignin elsewhere in the cell wall, but cellulose
is lacking (Côté and Day 1962; Scurfield and Silva 1970; Mori
et al. 1983). Like other parts of the vessel wall, lignin makes
the vestures “waterproof” or hydrophobic (McCann 1997),
which probably guarantees a nonzero contact angle and allows
the hydraulic isolation needed for embolism repair to occur
(Holbrook and Zwieniecki 1999). The highly hydrophobic na-
ture of vestures also pleads against one of Carlquist’s hypoth-
eses that there is better adherence of the water column to the
vessel wall in the presence of vestures or warts. (3) It is evident
that the presence of vestures near the outer (frequently also
inner) pit aperture changes the geometry of the pit chamber.
This will undoubtedly have an effect on the contact angle of
the water-air interface within the pit chamber, primarily by
affecting G (ratio of perimeter to area, which scales as 2/r).
Compared with wood with nonvestured pits, this may allow
higher differences in pressure between water in the lumen and
gas that is stabilized by the convex air-water interface in the
vestured pit chamber. Correspondingly, it will take more pres-
sure to push the water into the pit chambers to fill them. This
could be a more efficient way to refill the embolized vessel
lumen, but it could also mean that the pressure has to build
up sufficiently to eventually fill up the pit chamber (fig. 3).

Clearly, experimental work addressing functional properties

of vestures is required to investigate how the presence of ves-
tures may have an impact on embolism repair. There is still
much to be learned about the physical and biomechanical role
of intervessel pits. Another question that should be addressed
is whether vestures provide any mechanical support that pre-
vents the pit membrane from rupturing (Zweypfenning 1978).
Further work is also needed to determine the effect of vestures
on the hydraulic resistance through pits. New techniques like
the vessel-casting method and the single-vessel technique could
be useful in this regard (André 1993, 2001; Zwieniecki et al.
2001). It is clear that fruitful studies on functional hypotheses
of vestured pits require a multidisciplinary approach covering
xylem physiology, systematic wood anatomy, plant phylogeny,
and ecology.
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André J-P 1993 Micromoulage des espaces vides intra et intercellu-
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Neumann K, W Schoch, P Détienne, FH Schweingruber 2001 Woods
of the Sahara and the Sahel: an anatomical atlas. Eidg. Forschung-
sanstalt WSL, Birmensdorf & Paul Haupt, Bern. 465 pp.

Ohtani J, S Ishida 1976 Study on the pit of wood cells using scanning
electron microscopy. 5. Vestured pits in Japanese dicotyledonous
woods. Res Bull Coll Exp For Hokkaido Univ 33:407–435.

Pate JS, MJ Canny 1999 Quantification of vessel embolisms by direct
observation: a comparison of two methods. New Phytol 141:33–44.

Petty JA 1978 Fluid flow through the vessels of birch wood. J Exp
Bot 29:1463–1469.

Pickard WF 1981 The ascent of sap in plants. Prog Biophys Mol Biol
37:181–229.

Prior JAB, PE Gasson 1990 Comparative wood anatomy of Afro-
montane and Bushveld species from Swaziland, South Africa. Int
Assoc Wood Anat Bull, NS, 11:319–336.

Salleo S, MA Lo Gullo, D De Paoli, M Zippo 1996 Xylem recovery
from cavitation-induced embolism in young plants of Laurus nobilis:
a possible mechanism. New Phytol 132:47–56.

Savolainen V, MW Chase, SB Hoot, CM Morton, DE Soltis, C Bayer,
MF Fay, et al 2000a Phylogenetics of flowering plants based on
combined analysis of plastid atpB and rbcL gene sequences. Syst
Biol 49:306–362.

Savolainen V, MF Fay, DC Albach, A Backlund, M van der Bank, KM
Cameron, SA Johnson, et al 2000b Phylogeny of the eudicots: a
nearly complete familial analysis based on rbcL gene sequences. Kew
Bull 55:257–309.

Schmid R, P Baas 1984 The occurrence of scalariform perforation
plates and helical vessel wall thickenings in wood of Myrtaceae. Int
Assoc Wood Anat Bull, NS, 5:197–215.

Schmid R, RD Machado 1964 Zur Entstehung und Feinstruktur
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