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     In the xylem tissue of hardwood species, water and nutrients 
are transferred between vessels through bordered pits. As water 
moves from the roots to the leaves it must traverse intervessel 
pit membranes hundreds or thousands of times. It has long 
been recognized that pit membranes play a pivotal role in main-
taining the integrity of the water transport system in plants 
( Zimmermann and Brown, 1971 ). While allowing the passage 
of water between xylem vessels, pit membranes must also pro-
tect the plant against the spread of gas (embolism) or pathogens 
through the vascular system ( Tyree and Sperry, 1989 ;  Choat 
et al., 2008 ). Thus, pit membrane structure must balance the 
competing functional requirements of minimizing vascular re-
sistance, which favors thin, porous membranes, and limiting the 
spread of embolism and microbes, which requires robust mem-
branes and smaller pores. 

 Much attention has been paid to pit membrane ultrastructure 
of conifer species, in which the conductive and protective func-
tions of the membranes have been spatially resolved into the 
margo and torus regions (e.g.,  Liese and Fahnenbrock, 1952 ; 
 Petty and Preston, 1969 ;  Thomas, 1969 ;  Bauch et al., 1972 ; 
 Dute et al., 2008 ). The occurrence and structure of torus-margo 
pit membranes in angiosperms has also been the focus of sev-
eral studies, although this pit membrane type is rare in angio-
sperms ( Ohtani and Ishida, 1978 ;  Dute and Rushing, 1987 ;  Dute 
et al., 2004 ;  Jansen et al., 2004a ,  2007 ). Less anatomical work 
has focused on the  “ homogeneous ”  membranes characteristic of 
hardwood species, which have a relatively uniform density of 
microfi brils across the membrane ( Schmid, 1965 ). Early studies 

emphasized differences between the ultrastructure of interves-
sel pit membranes and other types of pit membranes (e.g., ves-
sel parenchyma), but indicated little variation in intervessel 
pit membranes of species examined ( Schmid, 1965 ;  Schmid 
and Machado, 1968 ;  Yang, 1978 ,  1986 ). Because preparation 
of samples for transmission electron microscopy (TEM) is 
time consuming, most studies include only a few species. 
Published TEM observations of angiosperm pit membranes are 
indeed restricted to fewer than a dozen species of hardwoods 
( Wheeler, 1983 ). More recently, scanning electron microscope 
(SEM) studies by  Sano (2004 ,  2005 ) revealed considerable 
differences in the structure of intervessel pit membranes of 
four hardwood species. Such variation in pit membrane struc-
ture is predicted to have important consequences for vascular 
function. 

 Physiological studies have demonstrated that pit membranes 
are responsible for at least 50% of the hydraulic resistance in 
the xylem ( Wheeler et al., 2005 ;  Choat et al., 2006 ;  Hacke et al., 
2006 ). Changes in the thickness and porosity of the pit mem-
branes therefore have the potential to exert signifi cant infl uence 
over the total hydraulic resistance in the plant. The porosity of 
pit membranes is also related to the vulnerability of xylem to 
water stress induced embolism; it is generally believed that 
water-stress induced cavitation occurs as a result of gas being 
drawn through pit membrane pores, a process known as air 
seeding ( Zimmermann, 1983 ;  Tyree and Sperry, 1989 ). Larger 
pit membrane pores should allow embolism to spread through 
the xylem at lower tensions (higher xylem water potentials) 
than smaller pores. Species with more porous membranes, or 
with more pit membrane area between vessels, will therefore be 
more prone to vascular dysfunction in the face of water stress. 
The increase in hydraulic resistance resulting from xylem em-
bolism can impact leaf water status and gas exchange, ulti-
mately resulting in die back of affected organs or the whole 
plant ( Rood et al., 2000 ). Therefore, the infl uence of pit mem-
brane structure on both hydraulic resistance and vulnerability 
to embolism indicate that it is an important adaptive trait with 
the potential to drive ecological differences between species. 
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 Scanning electron microscopy  —    Wood samples were cut into 5 – 10 mm 
lengths, split in half, and dehydrated in an ethanol series of 50%, 70%, 95%, 
and 100% for 5 – 30 min in each solution. Samples were air dried for 12 h at 
room temperature and then split in the tangential or radial plane. The split 
samples were fi xed to aluminum stubs and coated with platinum using an 
EMITECH K550 sputter coater (Emitech Ltd., Ashford, UK) for 3 min. An 
electron-conductive carbon paste (Neubauer chemikali ë n, M ü nster, Ger-
many) was used to increase conductivity between the sample and the stage. 
Samples were observed with a Hitachi S-4700 fi eld-emission scanning elec-
tron microscope (Hitachi High Technologies Corp., Tokyo, Japan) at an ac-
celerating voltage of 2 kV. The number of intervessel pit fi elds examined 
varied from 5 to  > 20 per species, depending on the frequency of vessels 
groupings. Pit membrane porosity, microfi bril thickness, and pit membrane 
diameter were measured on images using ImageJ software (freeware avail-
able from website http://rsb.info.nih.gov/ij). In membranes with resolvable 
pores, average and maximum pore diameters were measured on binary im-
ages using the analyze particles function. Pore area was transformed into 
equivalent circular diameter for each pore detected. Pit characteristics of at 
least 40 pit membranes were measured. 

 Transmission electron microscopy  —    Samples were cut into 2-mm 3  blocks 
and fi xed overnight in Karnovsky ’ s fi xative at room temperature ( Karnovsky, 
1965 ). After washing in 0.05 M phosphate buffer, the specimens were postfi xed 
in 1% buffered osmium tetroxide for 4 h at room temperature, washed again, 
and dehydrated through a graded ethanol series (30%, 50%, 70%, 90%, 100%). 
The ethanol was gradually replaced with LR  W hite resin (London Resin Co., 
Reading, UK) over several days, with the resin changed approximately every 
12 h. The resin was polymerized in a Weiss Gallenkamp (Loughborough, U.K.) 
vacuum oven at 60 ° C and 1000 mm Hg for 18 – 24 h. Embedded samples were 
trimmed with a razor blade or with a Leica EM specimen trimmer (Leica Mi-
crosystems, Vienna, Austria) and sectioned on an ultramicrotome ( U ltracut, 
Reichert-Jung, Vienna, Austria). Transverse sections 1 and 2  μ m thick were cut 
with a glass knife, heat-fi xed to glass slides, stained with 0.5% toluidine blue O 
in 0.1 M phosphate buffer (O ’ Brien et al., 1964), and mounted in DPX (Agar 
Scientifi c, Stansted, UK). Resin-embedded material was prepared for TEM by 
cutting transverse, ultrathin sections between 60 and 90 nm using a diamond 
knife. The sections were attached to Formvar grids or 300 mesh hexagonal cop-
per grids (Agar Scientifi c) and stained with uranyl acetate and lead citrate using 
an LKB 2168 ultrostainer (LKB-Produkter AB, Bromma, Sweden) or a Leica 
EM Stain Ultrostainer (Leica Microsystems, Vienna, Austria). Observations 
were carried out using a  JEOL  JEM-1210 TEM (JEOL, Tokyo, Japan) at 80 kV 
accelerating voltage and digital images were taken using a MegaView III cam-
era (Soft Imaging System, M ü nster, Germany). A minimum of fi ve intervessel 
pit fi elds was examined per species. Image analysis was undertaken using 
ImageJ software with at least 25 measurements for each quantitative pit feature. 
Variation in membrane thickness was analyzed with a one-way ANOVA, and 
differences between means were assessed with a Tukey honestly signifi cant 
difference (HSD) test. 

 Air-seeding experiments  —    Branches were collected during August and 
September 2007 from mature trees growing at the living collections of the 
Royal Botanic Gardens, Kew. Air-seeding experiments were applied to  Aca-
cia pataczekii ,  Acer negundo ,  Aesculus hippocastanum ,  Betula pendula ,  Lau-
rus nobilis ,  Populus fremontii , and  Salix alba  and were supplemented with 
air-seeding values for  Fraxinus americana  and  Sophora japonica  as obtained 
by  Choat et al. (2004)  using the same method. We were unable to apply this 
method to all species studied for microscopy ( Table 1 ) because the vessels 
were either too narrow ( < 40  μ m) or too long ( > 30 cm). All branch material 
was similar in size and age and from the same tree as the samples used for 
SEM and TEM. The air-seeding threshold for intervessel pit membranes was 
measured in individual vessels of the last two growth rings as outlined by 
 Melcher et al. (2003)  and  Choat et al. (2004) . Briefl y, small branch segments 
were cut under water from lateral branches, trimmed with a razor blade at 
each end, and fl ushed with a fi ltered (0.22  μ m) and degassed 10 mM KCl 
solution. Most branch segments selected were  < 1 cm in diameter. For each 
species, the maximum vessel length was estimated using the air perfusion 
technique. Because the air-seeding threshold probably depends on the num-
ber of end-walls penetrated, we selected segments that were shorter than the 
maximum vessel length to reduce the possibility that there was more than one 
end wall. The mean stem length varied from  < 8 cm in  Betula pendula  to  > 15 
cm in  Acacia pataczekii ,  Cladrastis sinensis ,  Laurus nobilis , and  Populus 
fremontii . Glass microcapillaries (1  μ m diameter) were pulled on a pipette 
puller (Pul1, World Precision Instruments, Sarasota, Florida, USA). The tip 

Despite this, few detailed examinations of pit membrane struc-
ture across a wide range of species have been undertaken. 

 One major concern in studies examining wood micromor-
phology using electron microscopy is the alteration of ultra-
structural features during sample preparation ( Choat et al., 
2003 ;  Pesacreta et al., 2005 ;  Jansen et al., 2008 ). For SEM ob-
servations, preparation can involve harsh chemical treatments, 
dehydration of tissue (either air drying or critical point drying) 
and placement under vacuum during observation. It is reason-
able to suspect that subtle features such as pit membrane poros-
ity may have been altered by these processes. Sectioning or 
splitting of wood sampling may also cause damage to pit mem-
branes.  Shane et al. (2000)  examined pit membranes of maize 
roots using cryoSEM to preserve membranes in a hydrated state 
and reported that pit membranes frequently developed large 
pores or tears as a result of even partial dehydration before ob-
servation. However, some conventional SEM studies have 
failed to reveal visible pores in the pit membranes of hardwood 
species ( Wheeler, 1981 ,  1983 ;  Choat et al., 2003 ). One possible 
explanation for not observing the pores in pit membranes with 
SEM is provided by a recent study employing atomic force mi-
croscopy (AFM), in which pit membranes were examined in 
nondried and dried states ( Pesacreta et al., 2005 ). They ob-
served that dried pit membranes had a much more compact ap-
pearance compared with that of nondried membranes in which 
the hydrated microfi brils were loosely arranged. The AFM ob-
servations indicate that pores present in hydrated membranes 
may become obscured by the contraction of microfi brils or re-
distribution of noncellulosic substances as the membrane dries. 
Thus, there is some uncertainty over the in situ porosity of pit 
membranes based on different methods of microscopy. 

 We undertook an examination of pit membrane structure in 
26 hardwood species. We used SEM and TEM because the com-
plementary information offered by these techniques allows for a 
greater chance of detecting artifacts that may result from prepa-
ration, particularly in SEM ( Shane et al., 2000 ;  Thorsch 2000 ). 
While preparation for the more commonly used SEM technique 
may cause damage to pit membranes by drying ( Jansen et al., 
2008 ), TEM provides an alternative method in which the pit 
membrane structure is stabilized and supported by resin during 
sectioning and observation. Observations with SEM and TEM 
were compared with air-seeding experiments, which provide an 
estimate of pit membrane pore size in intact and hydrated stem 
tissue. The species examined included plants from a range of 
environments including temperate deciduous hardwoods, ripar-
ian trees, and Mediterranean evergreens. The principal aims 
were to determine the level of variation in intervessel pit struc-
ture present in these species and to assess the reliability of elec-
tron microscopy in assessing pit membrane porosity. 

 MATERIALS AND METHODS 

 Plant material —   The species studied are listed in  Table 1   with reference to 
their family classifi cation, origin, and collection period. All samples included 
fresh material from two- to four-year-old branches. All SEM and TEM obser-
vations and measurements were based on vessel elements from the current 
and last year ’ s growth ring to avoid possible degradation or changes in pit 
porosity and pit membrane structure caused by age or heartwood formation 
( Wheeler, 1981 ,  1983 ;  Sano et al., 1999 ). Between one and three branch sam-
ples were studied per species. The few differentiating vessel elements that 
could be seen in the TEM material collected during spring and summer were 
easy to distinguish from the fully developed vessel elements with mature 
pit membranes by the presence of cytoplasm and more electron-dense pit 
membranes. 
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 Pit membrane porosity  —     In TEM micrographs, there were 
no obvious channels spanning pit membranes, although in spe-
cies with very thin membranes it was diffi cult to determine if 
pores were present because of the low electron density of mate-
rial in the membranes. Images obtained using SEM, however, 
varied greatly in the apparent porosity of pit membranes. Intact 
pit membranes of  Laurus nobilis  ( Fig. 1A ),   Acacia pataczekii , 
 Citrus reticulata ,  Olea europaea , and  Quercus robur  ( Fig. 1B ) 
had no visible pores. For  Fraxinus americana  and  Arbutus uva-
ursii , the majority of membranes had no resolvable pores, but 
pores in a few membranes were up to 30 and 70 nm in diameter, 
respectively. In several species, pores were of intermediate ap-
pearance, with a maximum pore diameter between 50 and 100 
nm visible in many, but not all pit membranes, e.g.,  Sophora 
japonica  ( Fig. 1C ) and  Acer negundo  ( Fig. 1D ).  Acer pseudo-
platanus ,  Adenocarpus decorticans ,  Aesculus hippocastanum , 
 Betula pendula ,  Cordia macrostachya ,  Corylus avellana ,  Pop-
ulus fremontii  ( Fig. 1E ),  Salix alba  ( Fig. 1F ), and  Ulmus pro-
cera  had membranes with a fragile appearance, numerous pores, 
and a max pore size between 166 nm and 234 nm. 

 Pores observed in SEM samples need to be interpreted care-
fully. In general, porous pit membranes appeared to be more 
easily damaged or ruptured than nonporous pit membranes, re-
sulting in artifi cially large pores. There was a propensity for one 
or more layers of the pit membrane to be removed, leaving the 
remaining pit membrane appearing more porous than an intact 
membrane. This preparation artifact was evident in samples 
where pit membranes of two distinct appearances were ob-
served in close proximity ( Fig. 2A, B ),  and by images of indi-
vidual pit membranes with one or more layers of the pit 
membrane removed from one part of the pit membrane, illus-
trating more porous layers underneath ( Fig. 2C ). This effect 
was produced by the splitting of samples in which the second-
ary and primary walls fracture unevenly between two adjacent 
bordered pits. Removal of part of the pit membrane layers could 

of a capillary was broken off, such that the opening of the tip was slightly 
narrower than the vessel diameter (40 – 150  μ m), and inserted into the lumen 
of an individual vessel from the last two growth rings using a Leica Wild M8 
stereozoom microscope. The tip was then glued in place using cyanoacrylic 
glue (Loctite 409 gel in combination with Loctite 7455 activator; Henkel 
Loctite Adhesives Ltd., Welwyn Gardens City, UK). Air was pushed through 
the vessel at low pressure (ca. 0.1 MPa). We assumed that the vessel was end-
ing in the branch segment and that an intact pit fi eld existed in the sample if 
no bubbles appeared at the distal end. Samples in which air bubbles streamed 
out at this pressure were discarded. The pressure threshold required to force 
gas across intervessel pits fi eld was determined by attaching the glass micro-
capillary to a pressure source (Model 1000, PMS Instrument, Albany, New 
York, USA). Nitrogen gas was then applied, and the pressure was increased 
in 0.1 MPa steps at 1-min intervals until air bubbles appeared at the distal end 
of the branch as could be seen with a 10 ×  hand lens. A constant fl ow of small 
air bubbles was interpreted as the threshold pressure for gas penetration of the 
intervessel pit membranes between the two vessels. 

 Theoretical pore diameters ( D  T ) were calculated from air-seeding thresholds 
as  D  T  = 4 γ cos θ / P  a , where  γ  is the surface tension of water and  θ  is the contact 
angle at the air – water – membrane interface. The contact angle was treated as 0 
because of the hydrophilic nature of pectins coating the cellulose microfi brils. 
Relationships between variables were plotted as linear regressions or as power 
laws by log-transforming data when relationships appeared nonlinear ( Sokal 
and Rohlf, 1995 ). 

 RESULTS 

  A survey of quantitative pit characteristics is given in Table 2.  

   Arrangement and size of intervessel pits    —     Intervessel pit-
ting was alternate in most samples, with opposite to scalariform 
pitting in  Ilex aquifolium  and scalariform pitting in  Vitis vin-
ifera . The average diameter of alternate intervessel pits varied 
from 2.1  μ m in  Betula ermanii  to 7.6 in  Populus fremontii . Sca-
lariform pits in  Vitis vinifera  were similar in size to the vessel 
diameter, with average values of 53.6. There was no structural 
relation between the size and arrangement of the intervessel pits 
and their pit membrane structure. 

  Table  1. List of species studied with reference to their family classifi cation, origin, and collection timing. 

Species Family Origin (accession number) Time of collection 

 Acacia pataczekii  D.I.Morris Fabaceae RBG, Kew (1978 – 6515) May 2007 (TEM), June 2007 (SEM)
 Acer negundo  L. Sapindaceae RBG, Kew (1972 – 930) November 2005
 Acer pseudoplatanus  L. Sapindaceae RBG, Kew (1963 – 27203) November 2006 (TEM), June 2007 (SEM)
 Adenocarpus decorticans  Boiss. Fabaceae RBG, Kew (1995 – 2238) May 2007 (TEM), September 2007 (SEM)
 Aesculus hippocastanum  L. Sapindaceae RBG, Kew (1973 – 18953) May 2006
 Ailanthus altissima  Swingle Simaroubaceae RBG, Kew (2000 – 2068) May 2007 (TEM), June 2007 (SEM)
 Arbutus uva-ursii  L. Ericaceae RBG, Kew (1985 – 2627) December 2006 (TEM), March 2007 (SEM)
 Betula ermanii  Cham. Betulaceae RBG, Kew (1996 – 10) May 2006
 Betula nigra  L. Betulaceae RBG, Kew (1995 – 82) November 2005
 Betula pendula  Roth. Betulaceae RBG, Kew (1995 – 83) November 2006 (TEM), March 2007 (SEM)
 Citrus reticulata  Blanco Rutaceae RBG, Kew (1997 – 5954) May 2007 (TEM), June 2007 (SEM)
 Cordia macrostachya  Roem.  &  Schult. Boraginaceae RBG, Kew (1936 – 31901) May 2007 (TEM), June 2007 (SEM)
 Corylus avellana  L. Betulaceae RBG, Kew (1969 – 12913) November 2006 (TEM), March 2007 (SEM)
 Fraxinus americana  L. Oleaceae RBG, Kew (1967 – 26809) November 2005
 Ilex aquifolium  L. Aquifoliaceae RBG, Kew (1973 – 21154) May 2007 (TEM), March 2007 (SEM)
 Laurus nobilis  L. Lauraceae RBG, Kew (1973 – 19372) November 2005
 Olea europaea  L. Oleaceae RBG, Kew (2005 – 1588) May 2007 (TEM), June 2007 (SEM)
 Paulownia tomentosa  Steud. Scrophulariaceae RBG, Kew (2000 – 4940) December 2006 (TEM), June 2007 (SEM)
 Populus fremontii  S.Watts. Salicaceae RBG, Kew (1923 – 62411) November 2005
 Quercus robur  L. Fagaceae RBG, Kew (1969 – 16034) December 2006 (TEM), June 2007 (SEM)
 Salix alba  L. Salicaceae RBG, Kew (1988 – 2941) November 2005
 Sambucus nigra  L. Caprifoliaceae RBG, Kew (1985 – 4643) November 2006 (TEM), June 2007 (SEM)
 Sophora japonica  L. Fabaceae RBG, Kew (1973 – 11945) November 2005
 Ulmus americana  L. Ulmaceae Cambridge University, USA November 2005
 Ulmus procera  Salisb. Ulmaceae RBG, Kew (without accession no.) May 2007 (TEM), June 2007 (SEM)
 Vitis vinifera  L. cv. Chardonnay Vitaceae UC Davis November 2005



412 American Journal of Botany [Vol. 96

erage thickness above 500 nm was recorded in  Acacia patacze-
kii ,  Ailanthus altissima ,  Arbutus uva-ursii  ( Fig. 3A ),  Citrus 
reticulata  ( Fig. 3E ),  Laurus nobilis  ( Fig. 3B ), and  Olea euro-
paea . Thinner pit membranes (e.g.,  Aesculus hippocastanum , 
 Salix alba ,  Populus fremontii ) were often almost transparent 
under TEM, indicating less densely packed material than in pit 
membranes with higher electron density (e.g.,  Laurus nobilis , 
 Citrus reticulata , and  Fraxinus americana ;  Fig. 3B, 3E, 3F ), or 
differences in the chemical nature of pit membranes. 

 Species with membranes that appeared porous using SEM 
(including  Aesculus hippocastanum ,  Betula ermanii ,  B. nigra , 
 B. pendula ,  Corylus avellana ,  Populus fremontii ,  Salix alba , 
 Ulmus americana , and  U. procera ) were relatively thin under 
TEM, with a pit membrane thickness of less than 150 nm. The 
average thickness of membranes was signifi cantly related to the 
average pore diameter ( r  2  = 0.69,  P   <  0.0001) and to the maxi-
mum pore size ( r  2  = 0.70,  P  = 0.002;  Fig. 4A )  as observed with 
SEM. The pit membrane diameter was not signifi cantly related 
to either thickness ( r  2  = 0.01,  P  = 0.49) or maximum pore diam-
eter ( r  2  = 0.004,  P  = 0.25). The torus-margo pit membranes of 
 Ulmus procera , which were found in latewood vessels and tra-
cheids, were not measured. 

 Very thick intervessel cell walls were recorded for  Acacia 
pataczekii  (8.0  µ m  ±  2.6),  C. reticulata  (6.4  µ m  ±  1.0), and  Olea 
europaea  (6.3  µ m  ±  1.1). Other species had a mean intervessel 
cell wall thickness between 2.2  µ m ( ±  0.2) in  Salix alba , and 4.9 
 µ m ( ± 1.4) in  Cordia macrostachya . The total intervessel wall 
thickness between two neighboring vessels was signifi cantly 
correlated with the average pit membranes thickness ( r  2  = 0.60, 
 P   <  0.0001,  Fig. 4B ). Similar correlations were found for the 
maximum values of both features.  Arbutus uva-ursii  ( Fig. 3A ) 

be recognized by carefully observing the secondary wall layers 
surrounding the pit border. Moreover, various layers of the pit 
membrane could sometimes be identifi ed by a difference in the 
orientation of the microfi brils ( Fig. 2C ). Pores were also found 
more frequently near areas where the pit membrane is ruptured 
and in pit apertures where the pit border provides little mechan-
ical support. In various species, especially those with a rela-
tively thin pit membrane, it was noticed that part of the pit 
membrane was aspirated to the pit border. 

 When all layers of the outer secondary cell wall remained 
intact, pit membranes of species with thicker membranes ap-
peared as a dense meshwork of microfi brils with no visible 
pores ( Fig. 1A, 1B ). However, in some species with relatively 
thin pit membranes (i.e.,  < 200 nm thickness), large pores were 
visible through the inner pit aperture of the vessel wall ( Fig. 
2D ). The pit membrane area near the edge of the pit border, 
which corresponds to the pit membrane annulus, was usually 
nonporous and distinctly granular in  Acer negundo  ( Fig. 1D ) 
and  Betula nigra  ( Fig. 1B ). 

 Pit membrane thickness  —     The thickness of pit membranes 
varied by more than 25-fold difference in magnitude among the 
study species, with pit membranes of  Acacia pataczekii  having 
a mean ( ± SD) thickness of 1183 ( ± 442) nm, while pit mem-
branes of  S. alba  had an average thickness of 70 ( ± 15) nm. Very 
thin pit membranes with an average thickness up to 100 nm also 
occurred in  Aesculus hippocastanum ,  Betula ermanii  ( Fig. 3C ), 
 and  Populus fremontii  ( Fig. 3D ). The pit aperture outline could 
frequently be seen through the thin pit membrane when viewed 
under SEM ( Fig. 1E, 1F ). The majority of the species studied 
had an average thickness between 100 nm and 300 nm. An av-

  Table  2. List of quantitative pit characteristics. Samples are from current and last year ’ s growth ring in 2 – 4 yr-old branches. Horizontal pit diameter 
( D  p ) and the diameter of the largest pore in pit membranes ( D  max ) were measured from SEM micrographs ( N   ≥  40 pits per species).  D  max  data could 
not be obtained for species in which pores were not resolvable under SEM. Pit membrane thickness ( T  m ) and total intervessel cell wall thickness ( T w  ) 
were measured from TEM micrographs ( N   ≥  25 pits per species). Air-seeding threshold ( P  a ) and estimated pit membrane pore diameter ( D  e ) for seven 
species perfused with a 10 mM KCl solution ( N  = 4 – 9); air-seeding values for  Fraxinus americana  and  Sophora japonica  are from  Choat et al. (2004) . 
Values are means  ±  SD. 

Species  D  p  ( μ m)  T  m  (nm)  T w   (nm)  P a   (MPa)  D  max  (nm)  D  e  (nm)

 Acacia pataczekii 5.28  ±  0.69 1183  ±  442 8018  ±  2620 2.8  ±  0.56 106  ±  21
 Acer negundo 4.8  ±  0.40 179  ±  59 2598  ±  629 2.12  ±  0.61 80 148  ±  52
 Acer pseudoplatanus 6.10  ±  0.53 176  ±  45 3054  ±  682 189
 Adenocarpus decorticans 5.57  ±  0.92 227  ±  49 2548  ±  526
 Aesculus hippocastanum 6.13  ±  0.63 93  ±  20 3067  ±  378 1.62  ±  0.36 179 186  ±  37
 Ailanthus altissima 5.76  ±  0.5 629  ±  150 4778  ±  1327
 Arbutus uva-ursii 4.45  ±  0.49 690  ±  207 2643  ±  1004
 Betula ermanii 2.14  ±  0.29 85  ±  23 2786  ±  478 78
 Betula nigra 2.4  ±  0.30 108  ±  27 2585  ±  653 100
 Betula pendula 2.8  ±  0.33 131  ±  31 2623  ±  461 0.95  ±  0.42 234 340  ±  152
 Citrus reticulata 3.17  ±  0.35 480  ±  179 6204  ±  1027
 Cordia macrostachia 4.1  ±  2.85 280  ±  61 4993  ±  1364
 Corylus avellana 5.25  ±  1.19 142  ±  29 2293  ±  520 190
 Fraxinus americana 3.8  ±  0.60 205  ±  45 4324  ±  1102 1.93  ±  0.10 43 152  ±  8
 Ilex aquifolium 7.65  ±  4.40 212  ±  65 2522  ±  417 124
 Laurus nobilis 5.5  ±  1.30 577  ±  98 6360  ±  1470 2.8  ±  0.86 113  ±  40
 Olea europaea 2.5  ±  0.26 669  ±  130 6316  ±  1136
 Paulownia tomentosa 6.37  ±  0.84 303  ±  55 3294  ±  500
 Populus fremontii 7.6  ±  0.50 100  ±  24 2356  ±  465 1.42  ±  0.72 195 254  ±  141
 Quercus robur 5.886  ±  0.75 278  ±  87 2503  ±  562
 Salix alba 6.5  ±  0.40 70  ±  15 2243  ±  278 1.45  ±  0.21 186 203  ±  29
 Sambucus nigra 6.511  ±  0.98 117  ±  29 2590  ±  558 112
 Sophora japonica 5.2  ±  1.60 251  ±  58 3552  ±  1232 2.62  ±  0.18 63.3 114  ±  8
 Ulmus americana 7.5  ±  0.40 131  ±  64 2946  ±  665 59.91
 Ulmus procera 6.927  ±  0.48 113  ±  22 3669  ±  725 225.2
 Vitis vinifera 53.6  ±  15 185  ±  69 4890  ±  1510 39.33
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lamella and primary cell wall were visible in the vessel cell wall 
as a slightly electron-dense layer ( Fig. 3A, 3C, 3E, 3F ). For 
most species, the thickness of this layer was larger than the 

appeared to be unusual in having thick pit membranes (on aver-
age 690 nm  ±  207) and relatively thin intervessel walls (on av-
erage 2.64  µ m  ±  1). In half of the species studied, the middle 

 Fig. 1.   SEM images of intact intervessel pit membranes in hardwood species showing microfi bril orientation and various degrees of porosity. (A) 
 Laurus nobilis , nonporous pit membrane. (B)  Quercus robur , detail of a pit membrane with a random orientation of microfi brils and no visible pores. (C) 
 Sophora japonica , pit membrane with pores 25 – 100 nm in diameter. (D)  Acer negundo , pit membrane with pores 50 – 100 nm in diameter and a granular 
annulus (arrow). (E)  Populus fremontii , pit membrane with fragile appearance and numerous resolvable pores. The outline of the pit aperture can be seen 
as a dark, central area of the pit membrane and is a result of the thin, fragile nature of the pit membrane and not an artifact due to beam interaction. (F)  Salix 
alba , very porous pit membrane with pores up to 200 nm in diameter. Outline of pit aperture visible as in (E).   
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SEM, signifi cant differences were found for  Aesculus hip-
pocastanum ,  Betula ermanii , and  Populus fremontii , suggesting 
that the electron-dense dots as observed in TEM sections could 
either be microfi brils or granular inclusions of variable size. 

 Pit membrane ultrastructure  —     Intervessel pit membranes 
were composed of uniformly deposited fi brillar material, fre-
quently with a less electron-dense inner layer than the outer lay-
ers of the pit membrane. Pit membranes with a clearly layered 
composition were found in most but not all intervessel pits of 
 Fraxinus americana  ( Fig. 3F ),  Laurus nobilis  ( Fig. 3B ),  Olea 
europaea ,  Paulownia tomentosa , and  Ulmus procera . All species 
studied had an annulus near the outer edge of the pit membrane. 
In general, the annulus was more electron dense, but thinner than 
the central area of the membrane. While intervessel pit mem-
branes were transparent in most species, most pit membranes in 
 Laurus nobilis  ( Fig. 3B ) and  Citrus reticulata  ( Fig. 3E ) were 
more electron dense than other parts of the intervessel cell wall. 

 Air-seeding thresholds  —     Single vessel air-seeding measure-
ments ranged from 0.9 to 2.8 MPa for nine species examined. 
There were correlations between air-seeding threshold ( P  a ) and 

average pit membrane thickness. The thickness of the primary 
cell wall and middle lamella was related to the pit membrane 
thickness ( r  2  = 0.66,  P  = 0.01,  Fig. 4C ) and was related to the 
total intervessel wall thickness ( r  2  = 0.41,  P   <  0.001). 

 Microfi brils  —     The outermost cellulose microfi brils in pit 
membranes were oriented randomly ( Fig. 1B ), and layers un-
derneath usually had a more parallel arrangement ( Fig. 2A, 2C ). 
The microfi brils were frequently incrusted by amorphous mate-
rial. Sometimes microfi brils seemed to extend from its pit mem-
brane layer into its surrounding vessel wall. These microfi brils 
may have detached from the pit membrane and deposited on the 
secondary vessel wall during sample preparation. The mean mi-
crofi bril thickness for all species studied based on SEM was on 
average 20.17 nm ( ± 4.32). In samples of  Citrus reticulata  and 
 Laurus nobilis , the microfi brils were not well defi ned, probably 
because of incrustations on the pit membrane. Electron-dense 
dots were consistently observed in TEM sections of transparent 
pit membranes of  Acer pseudoplatanus, Adenocarpus decorti-
cans, Betula ermanii  ( Fig. 3C ),  B. pendula, Cordia macros-
tachya, Ilex aquifolium , and  Sambucus nigra . Although these 
dots were similar in size as the microfi brils measured using 

 Fig. 2.   SEM images of intervessel pits showing varying degrees of porosity. (A)  Betula nigra , thin, porous pit membrane layers after partial removal 
of the pit membrane and secondary cell wall. (B)  Betula nigra , alternate pitting with intact pit membranes, annulus (arrows) visible near the pit border. (C) 
 Sophora japonica , layers partially stripped from part of the membrane reveal a more porous structure with different microfi bril orientation than intact areas 
with random microfi bril arrangement. (D)  Salix alba , pores visible in intact pit membrane viewed through the inner pit aperture.   
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will always occur at the largest pore fi rst, pore diameters calcu-
lated from air-seeding values should represent the maximum 
rather than the average pore diameter. When circular pore 

maximum pore diameter ( r  2  = 0.87,  P  = 0.005,  Fig. 4D ), and 
mean pore diameter ( r  2  = 0.79,  P  = 0.006,  Fig. 4E ), and pit 
membrane thickness ( r  2  = 0.52,  P  = 0.03). Because air seeding 

 Fig. 3.   TEM images of intervessel pit membranes in hardwood species showing structural variation. All images are from transverse, ultrathin (60 – 90 
nm) sections. (A)  Arbutus uva-ursii , thick pit membrane up to 800 nm, distinct, electron-dense annulus (arrows), and thin ( < 2  μ m) intervessel wall. (B) 
 Laurus nobilis , thick pit membrane up to 680 nm with electron-dense material and a slightly more transparent inner layer. (C)  Betula ermanii , thin (80 – 90 
nm), transparent pit membrane. (D)  Populus fremontii , thin ( < 60 nm) pit membrane. The pit apertures are not visible because the pit is not cut in its center. 
(E)  Citrus reticulata , thick (up to 320 nm), electron-dense pit membranes and thick intervessel walls. (F)  Fraxinus americana , pit membranes (ca. 160 nm 
in thickness) composed of a transparent inner layer and dark outermost layers, weakly developed vestures (arrows) near edge of pit borders.   
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 Fig. 4.   Relationships between pit membrane characteristics as measured with SEM and TEM and air-seeding thresholds f  or hardwood species. For 
species in which pores were not resolvable with SEM, maximum pore diameter was set at 10 nm, and average pore diameter was set at 5 nm. (A) Average 
pit membrane thickness as measured with TEM ( N   ≥  25 pits per species) vs. maximum pore diameter measured with SEM ( N   ≥  40 pits per species) for 26 
hardwood species. (B) Relationship of average pit membrane thickness to total intervessel wall thickness measured with TEM for 26 hardwood species 
( N   ≥  25 measurements per species). (C) Relationship of average pit membrane thickness to primary cell wall and middle lamella thickness as measured 
with TEM ( N   ≥  25 measurements per species) for 13 hardwood species. (D) Relationship between air-seeding threshold ( P  a ) ( N  = 4 – 9 per species) and 
maximum pore diameter measured with SEM for nine hardwood species. (E) Relationship between air-seeding threshold ( P  a ) ( N  = 4 – 9 per species) and 
average pore diameter measured with SEM for nine hardwood species. (F) Relationship between theoretical pore diameter calculated from air-seeding 
thresholds ( N  = 4 – 9 per species) and maximum pit membrane porosity measured with SEM ( N   ≥  40 pits per species) for nine hardwood species.   
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thicker membranes are therefore easily obscured when the 
membrane is dried. Moreover, the width of the microfi brils as 
measured using SEM does not seem to be associated with pit 
membrane thickness, indicating that the pit membrane thick-
ness is mainly determined by the number of microfi bril layers. 

 Air-seeding thresholds should measure the pressure differ-
ence at which gas will penetrate pit membranes separating an 
embolized and functional vessel under natural conditions. The 
correlation of  P  a  with maximum pore diameter and mean pit 
membrane thickness shows that pit membrane characteristics 
observed with SEM and TEM bear a consistent relationship to 
the ability of pit membranes to resist air seeding. The relation-
ship between maximum and theoretical pore sizes ( Fig. 4F ) 
suggests that SEM observations of porosity bear a consistent 
relationship with in situ porosity of membranes. However, 
maximum pore diameters observed with SEM were always 2 – 4 
times smaller than theoretical maximum pore diameters, par-
ticularly in species with thicker membranes and no resolvable 
pores in SEM images. This fi nding suggests that (1) pores be-
come enlarged by stretching during air seeding due to the pres-
sure difference across the membrane and/or (2) that the large 
pores responsible for air seeding are rare and not often detected 
with SEM ( Choat et al., 2003 ,  2004 ). Therefore, SEM and TEM 
measurements of membrane structure appear to provide reliable 
information on the relative ease with which gas can penetrate 
between vessels, i.e., thinner pit membranes will be more easily 
damaged or are more likely to have naturally occurring large 
pores than thick membranes. However, the absolute values for 
pore diameter derived from SEM should be treated as suspect 
and complemented with other techniques such as air seeding 
and particle perfusion experiments ( Choat et al., 2005 ). It would 
be interesting to know the appearance of the pit membrane after 
the air-seeding experiments. Previous experiments did not re-
veal any evidence that pit membranes of  Fraxinus americana  
and  Sophora japonica  ruptured when exposed to high pressures 
(6 MPa), suggesting that at least in these species defl ection and 
stretching of the pit membranes does not result in irreversible 
changes in pit membrane porosity ( Choat et al., 2004 ). 

 Physiological and ecological implications of variation in pit 
structure  —     The large variation in pit membrane thickness and 
average pit membrane pore diameter observed in this study is 
expected to have a signifi cant effect on the area-specifi c hy-
draulic resistance of the pit membrane ( r  mem ). Given that pit 
resistance is estimated to account for half of total xylem resis-
tance, this variation could infl uence hydraulic effi ciency of the 
xylem signifi cantly. However, recent evidence from physiolog-
ical studies has suggested that the trade-off between vulnerabil-
ity to embolism and hydraulic resistance does not take place at 
the pit level ( Wheeler et al., 2005 ). Across a range of species, 
there was no correlation between  r  mem  and vulnerability to em-
bolism; species with lower  r  mem , suggesting higher average po-
rosity, were not necessarily more vulnerable to embolism 
( Hacke et al., 2006 ). An explanation for this result is based on 
the hypothesis that large pit membrane pores responsible for air 
seeding are rare, i.e., they only occur in one of the many pit 
membranes that connect two vessels ( Choat et al., 2003 ). In this 
situation, vulnerability to embolism scales with the total surface 
area of pit membrane connecting vessels, with the chance of a 
large pore occurring increasing in a stochastic fashion with in-
creasing surface area. The  “ pit area ”  hypothesis is supported by 
a strong relationship between pit membrane area between ves-
sels and vulnerability to embolism ( Wheeler et al., 2005 ). 

diameters were calculated from  P  a , there were signifi cant cor-
relations between calculated diameters and maximum ( r  2  = 0.8, 
 P   <  0.001,  Fig. 4F ) and mean pore diameter ( r  2  = 0.6,  P   <  
0.0001). Calculated pore diameters were always larger than the 
maximum pore diameters measured from SEM images. 

 DISCUSSION 

 There was wide variation in the structure of intervessel pit 
membranes of the 26 angiosperm species examined, especially 
with respect to differences in thickness and maximum pore size. 
This variation is consistent with the fi nding of  Sano (2004 , 
 2005 ), who observed signifi cant interspecifi c variation in the pit 
membrane structure of temperate hardwood species. Here we 
present the fi rst record of variation in pit membrane structure in 
hardwood species from a range of provenances including ripar-
ian, temperate, and Mediterranean environments. This large 
variation in pit structure is of potentially great adaptive value 
given the important role of pit membranes in xylem transport 
( Zimmermann, 1983 ;  Choat et al., 2008 ). However, because of 
the concerns arising from artifacts in pit membrane structure 
caused by sample preparation for electron microscopy, it is pru-
dent to deal with methodological concerns before further dis-
cussing the ecological and physiological implications of our 
results. In particular, we emphasize the value of complimentary 
techniques such as SEM, TEM, and air-seeding thresholds in 
evaluating the fi ne structure of pit membranes. 

 Pit membrane structure and methodological concerns  —     In 
the current study, pit membranes of many species had visible 
pores when viewed with SEM. Some images revealed that lay-
ers of the pit membrane may be easily removed during prepara-
tion, substantially increasing the apparent membrane porosity. 
Previous studies have shown that there are multiple layers of 
microfi brils in intervessel pit membranes of hardwood species 
with various layers often having different orientation of micro-
fi brils ( Schmid and Machado, 1968 ;  Sano, 2005 ). It appears 
that layers of the primary wall, which make up the pit mem-
brane, may be easily removed when wood sections are split to 
expose pit fi elds. From this, it is tempting to conclude that many 
of the large pores observed with SEM are the result of layers 
being removed from the membrane. However, there were many 
instances in which pores could be seen in pit membranes that 
appeared intact, and in some cases, large pores were visible in 
pit membranes viewed through the inner aperture of the pit ca-
nal of an undamaged secondary wall ( Fig. 2D ). These observa-
tions indicate that pores of large diameter were not always 
caused by removal of cell wall material. 

 In comparing the TEM and SEM results of this study, pit 
membranes that appeared more porous in scanning electron mi-
crographs ( Aesculus hippocastanum ,  Betula ermanii ,  B. nigra , 
 B. pendula ,  Corylus avellana ,  Populus fremontii ,  Salix alba , 
 Ulmus americana , and  U. procera ) were also the thinnest mem-
branes when viewed with TEM. Pores spanning the breadth of 
pit membranes were not discernable with TEM, perhaps be-
cause most pit membrane pores are narrower than the TEM sec-
tions (60 – 90 nm) ( Schmitz et al., 2007 ). In pit membranes with 
a greater mean thickness than 250 nm, pores were generally not 
resolvable in SEM images ( Fig. 4A ). It is assumed that the path-
way of pores through thicker pit membranes is more complex 
than those through thin membranes because of the differing ori-
entation of successive layers of microfi brils and that pores of 
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the risk of permanent damage to xylem conduit. If thinner pit 
membranes are associated with increased vulnerability to cavi-
tation, a structural link is provided for the correlative relation-
ship between thickness to span ratio and vulnerability to 
cavitation. Of course, other structural features such as pit over-
lap area ( Wheeler et al., 2005 ) and fi ber wall thickness ( Jacob-
sen et al., 2005 ;  Pratt et al., 2007 ) must also play a role in what 
is likely to be a complex relationship between vulnerability to 
cavitation and wood density. 

 Vestured pits occur in the three legume species studied ( Aca-
cia patazcekii ,  Adenocarpus decorticans , and  Sophora japon-
ica ). In addition, sparsely developed vestures occur in  Fraxinus 
americana  ( Fig. 3F ), while all other species examined had non-
vestured pits ( Jansen et al., 2001 ). No apparent correlation is 
found between the presence of vestures and structural aspects 
such as pit membrane thickness. However, there is a signifi cant 
relationship ( P  = 0.0012) between the air-seeding threshold and 
the distribution of vestures: air-seeding thresholds in  Acacia 
patazcekii ,  Sophora japonica ,  Fraxinus americana , and two 
additional legume species ( Cladrastis sinensis ,  Robinia pseudo-
acacia ; S. Jansen, personal observation) have an average air-
seeding threshold of 2.39 MPa  ±  0.61 ( N  = 30), while the 
average air-seeding threshold for all nonvestured pit samples 
tested in this study is 1.71 MPa  ±  0.88 ( N  = 28). Interestingly, 
intervessel pit membranes in  Cladrastis sinensis  and  Robinia 
pseudoacacia  are relatively thin (on average 119  ±  25 nm and 
119  ±  35 nm, respectively; SJ personal observation), indicating 
that vestures may support the pit membrane and reduce the de-
gree to which the pit membrane can be defl ected, which in turn 
increases the air-seeding value ( Zweypfenning, 1978 ;  Jansen 
et al., 2003 ,  2004b ;  Choat et al., 2004 ). Species without vestured 
pits, however, seem to require a thick pit membrane to provide 
a high air-seeding value. Further study on a larger number of 
species with vestured pits is required to generalize the hydraulic 
safety that vestured pits may provide. 
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