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Abstract
Key message  Intervessel pit membranes in xylem tissue of Acer pseudoplatanus differ in their thickness both within 
and across plant organs and may undergo considerable shrinkage during dehydration and sample preparation.
Abstract  Intervessel pit membranes have been suggested to account for more than half of the total xylem hydraulic resistance 
in plants and play a major role in vulnerability to drought-induced hydraulic failure. While the thickness of intervessel pit 
membranes was found to be associated with xylem embolism resistance at an interspecific level, variation in pit membrane 
structure across different organs along the flow path within a single tree remains largely unknown. Based on transmission 
electron microscopy, we examined intra-tree variation of bordered pit and pit membrane characteristics in xylem of roots, 
stems, branches, petioles, and leaf veins of Acer pseudoplatanus. Moreover, potential preparation artefacts on pit membrane 
structure such as alcohol treatment and dehydration were tested. Our observations showed quantitative differences in bordered 
pits across organs, including variation in pit membrane thickness within and across organs. Vessel size was weakly related 
to intervessel wall thickness, but not significantly linked to pit membrane thickness. Gradual dehydration of wood samples 
resulted in irreversible shrinkage of pit membranes, together with increased levels of aspiration. These findings are relevant 
to explore similarity in xylem embolism resistance across plant organs.

Keywords  Bordered pit · Electron microscopy · Pit membrane · Vessel · Wood anatomy

Introduction

From the plant roots all the way to the minor veins in leaves, 
water follows the network of conduits through the xylem 
tissue typically under negative pressure. The passage from 
conduit to conduit happens through bordered pit membranes, 
which are responsible for most of the resistance along the 
hydraulic pathway (Sperry et al. 2006; Choat et al. 2008). 
It is poorly understood, however, whether these pit mem-
branes of water-conducting cells in the xylem of particular 
organs differ in structural characteristics. Especially under 
conditions of drought, the xylem sap can be prone to bub-
ble formation and the occurrence of embolism (Choat et al. 
2012; Jansen and Schenk 2015). Since leaves are known to 
experience more negative water potentials than stems and 
roots, it has been suggested that xylem embolism develops 
more frequently in leaves than in other organs (Tyree and 
Ewers 1991). While available data provide strong evidence 
for embolism formation via air-seeding at bordered pits 
(Sperry and Tyree 1988; Brodribb et al. 2016; Schenk et al. 
2017; Jansen et al. 2018), the ultrastructure of bordered pits 
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and their pit membranes has been studied at the whole plant 
level for only few woody angiosperm species (Klepsch et al. 
2018; Pfautsch et al. 2018).

Given the finite length of water conducting cells in 
xylem, cell wall openings in conduits play a crucial role 
in hydraulic efficiency, enabling transport between adjacent 
conduits (Sperry and Tyree 1988; Choat et al. 2008). While 
perforation plates interconnect a series of vessel elements 
by complete openings in the secondary and primary wall, 
bordered pits between adjacent conduit walls represent an 
opening in the secondary wall only (Schacht 1859; Schmid 
and Machado 1968). The middle lamella and primary wall 
in bordered pits become modified during cell hydrolysis 
and develop into a porous pit membrane mainly composed 
of cellulose microfibrils (Bonner and Thomas 1972; Czan-
inski 1979; Herbette et al. 2014). Based on empirical and 
modelling work, intervessel pit membranes are suggested 
to account for more than 50% of the total xylem hydrau-
lic resistance (Schulte and Gibson 1988; Sperry and Hacke 
2004; Choat et al. 2006, 2008).

Within the water-conducting network, embolism resist-
ance is a function of withstanding air entry and its propa-
gation and was found to be associated with pit membrane 
thickness (Jansen et al. 2009; Lens et al. 2011). The pit mem-
brane thickness can vary up to fivefold across angiosperms 
with species showing thin pit membranes typically having a 
higher vulnerability to embolism than species with thick pit 
membranes (Scholz et al. 2013; Li et al. 2016; Schuldt et al. 
2016). Based on perfusion experiments with colloidal gold 
particles, pore sizes in pit membranes appear to be typically 
smaller than 20 nm (Choat et al. 2003, 2004; Zhang et al. 
2017), but it is unknown if pit membrane thickness is related 
to pore size, which is one of the characteristics determining 
air-seeding pressure (Meyra et al. 2007; Jansen and Schenk 
2015). Vulnerability to xylem embolism is reported to vary 
across organs and along a vertical or radial profile in various 
angiosperms (Alder et al. 1996; Domec and Gartner 2002; 
Choat et al. 2005; Burgess et al. 2006; Losso et al. 2019), 
with roots suggested to be more vulnerable to embolism 
than aboveground organs in various species (Sperry and 
Saliendra 1994; Alder et al. 1996; Kavanagh et al. 1999; 
McElrone et al. 2004). A negative relation between conduit 
size and embolism resistance has been suggested and is fre-
quently assumed to explain temporal and spatial differences 
in intraspecific embolism resistance (Tyree and Sperry 1989; 
Hacke et al. 2000). However, no relationship between vessel 
diameter and embolism resistance was found for Acer gran-
didentatum (Alder et al. 1996), while similar vulnerability to 
embolism was also found between root, stem and leaf tissues 
of tomato (Skelton et al. 2017). Since mechanistic processes 
behind hydraulic resistance and vulnerability to embolism 
in plants are likely determined by variation in bordered pits 
and pit membrane structure (Domec et al. 2006; Scholz 

et al. 2013), it seems reasonable to expect that pit membrane 
thickness, the size of pit membrane pores, or other bordered 
pit characteristics could explain potential variation in xylem 
embolism resistance within a tree.

Furthermore, pit membrane observations are complicated 
by potential preparation artefacts (e.g. Shane et al. 2000; 
Jansen et al. 2008; Tixier et al. 2014). Structural differences 
have been reported between dehydrated and wet, never-dried 
pit membranes (Pesacreta et al. 2005; Li et al. 2016; Zhang 
et al. 2017). In particular, shrinkage or even irreversible aspi-
ration of the pit membranes to the roof of the pit chamber 
is a general concern, resulting in changes of pit membrane 
thickness and electron density under transmission electron 
microscopy (TEM), together with potential changes in pore 
size (Zhang et al. 2017). Wood samples that were air-dried, 
ethanol-stored, or frozen prior to TEM preparation showed 
intervessel pit membranes that were ca. 30% thinner and 
more electron dense than pit membranes in fresh samples (Li 
et al. 2016). Shrinkage of pit membranes also occurs under 
natural conditions in the field (Zhang et al. 2017).

Here, we explore the variation of intervessel pits and 
pit membranes at the intra-tree level for Acer pseudopla-
tanus, which has a moderate xylem embolism resistance 
(Lens et al. 2011). Although roots, stems, and leaves of this 
species are not known to differ in embolism resistance, a 
pronounced difference in pit membrane thickness between 
these organs could be indicative of the hydraulic vulner-
ability segmentation hypothesis (Zimmermann 1983; Tyree 
and Ewers 1991; Hochberg et al. 2016; Johnson et al. 2016). 
More specifically, we examined the pit structure and mem-
brane thickness across various plant organs. While clear dif-
ferences in vessel dimensions such as vessel surface area can 
be expected, we also expect quantitative differences in the 
morphology of bordered pits, with larger pits in wide con-
duits, and smaller ones in more narrow ones. Moreover, the 
effect of sample storage and dehydration on pit membrane 
shrinkage and aspiration was investigated for branch sam-
ples of A. pseudoplatanus. It is expected that dehydration 
increases the likelihood of pit membrane aspiration and pit 
membrane shrinkage.

Materials and methods

Plant material

Acer pseudoplatanus L. was selected as study species 
because it is a common species in the forest surrounding 
Ulm University. Its general wood anatomy, including vessel 
length distribution, bordered pit morphology, and chemical 
composition of pit membranes had been studied in earlier 
work (Lens et al. 2011; Nardini et al. 2012; Klepsch et al. 
2016).
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We based our intra-tree sampling on a single, mature and 
healthy tree of A. pseudoplatanus located at the Botanical 
Garden of Ulm (coordinates 48°25′17.37″N, 9°57′32.74″E) 
at an altitude of 594 m. The tree was approximately 15-m 
tall with a diameter of 13.5 cm at breast height, growing at 
the southern forest edge in a sun-exposed position, with a 
3-m distance to surrounding trees. Samples were collected 
three times between May and July 2016 to include xylem 
from the vegetative organs.

Root segment samples were taken at a soil depth of 
5–20 cm after tracing back the root to the main stem. We 
sampled both small-diameter roots (i.e. < 5 mm in diam-
eter) and large-diameter roots (i.e. > 7 mm in diameter). An 
increment borer (Haglöf, Långsele, Sweden) was used for 
taking recent wood from the stem. Since the current grow 
ring was poorly developed, especially in May, we studied 
young stem xylem from the previous growth ring (i.e. devel-
oped in 2015). Older stem wood samples were collected at 
a depth of 5, 7 and 7.5 cm from the cambium. Since A. 
pseudoplatanus typically develops heartwood discoloura-
tion after trees reach a diameter at breast height of 45 cm 
(Kadunc 2007), the older samples collected do not represent 
true heartwood and are referred to as inner sapwood instead. 
All stem wood samples were collected at breast height, i.e. 
60–100 cm above the ground. Sun-exposed branches (ca. 
10 mm in diameter) were cut off at a height of 4.5–6 m using 
a pole pruner. The leaves investigated were taken from these 
branches, distinguishing xylem from the leaf petiole, leaf 
midrib, and secondary veins. All samples were placed into 
a bucket filled with water and brought back to the lab within 
ca. 30 min to prevent dehydration.

The potential preparation artefacts associated with pit 
membrane observations were studied on three branches 
taken from three individuals of A. pseudoplatanus, growing 
at the Botanical Garden of Ulm University. These branches 
were between 3 and 6 years old, with a diameter of 8–9 mm. 
From each branch, a straight internode was chosen, which 
was cut into three 2-cm-long stem segments.

The term “intervessel pit membrane” or “pit membrane” 
is used here in a broad sense to include vessel–tracheid and 
tracheid–tracheid pit membranes, which are structurally and 
functionally similar to vessel–vessel pit membranes (Schmid 
and Machado 1968).

Light microscopy

For light microscopy (LM), transverse sections of 20–30-
µm thickness were made with a microtome (Schenkung 
Dapples MikroL) and stained with safranin and Astra Blue 
(Merck KGaA, Darmstadt, Germany). Sections were stained 
in safranin for 5 min, washed twice with distilled water for 
30 s, and then immersed in Astra Blue for 45 min. After 
washing the sections once again in distilled water, they 

were dehydrated through an ethanol series, using 50%, 
70% and 96% EtOH and Neo-Clear® (Merck Millipore) for 
2 min each. The stained sections were then transferred to a 
microscope slide and embedded with Neo-Mount® (Merck 
Millipore). The slides were dried in an oven at 60 °C for 
15 h. Photographs of transverse sections were taken with 
a microscope equipped with a digital camera (AXIOZoom 
V16, Carl Zeiss MicroImaging GmbH, Ulm, Germany) at 
80 × magnification. The images were processed using Adobe 
Photoshop CS2 (version 9.0. Adobe Systems Incorporated, 
USA) and analysed with ImageJ (version 1.50i) using the 
particle-analysis-function after applying a black-and-white 
threshold. ImageJ was also used to analyse SEM and TEM 
pictures. Single vessel diameters (D) were used to calculate 
the hydraulically weighted vessel diameter (DH) according 
to Sperry et al. (1994) as DH = ΣD5/ΣD4. A list of the param-
eters and abbreviations measured can be found in Table 1.

Scanning electron microscopy

For scanning electron microscopy (SEM), fresh samples 
were oven-dried at 60 °C for 15 h and split in a tangential 
plane. They were gold-coated with a Balzers Union sput-
tering device (Balzers Union, Balzers, Fürstentum Liech-
tenstein) for 2 min (Jansen et al. 2008). SEM studies were 
carried out with a Phenom XL microscope (Phenom-World, 
Eindhoven, The Netherlands) at an accelerating voltage of 
5 kV. Special care was taken during SEM observations to 
distinguish intervessel pits from vessel–parenchyma pits.

Transmission electron microscopy

Longitudinal slivers of fresh xylem were cut into 
1 mm × 1 mm × 2 mm segments, fixed in a glutaraldehyde 
solution (including 2.5% glutaraldehyde, 0.1 mol phos-
phate, 1% sucrose, pH 7.3). The samples were then washed 
three to four times in a phosphate buffer for 5–10 min 
each and post-fixed with a buffered 2% OsO4 solution. 
Then, dehydration was performed with a propanol series 
(30%, 50%, 70%, 90%) for 2–3 min each, and finally by 
three treatments with 100% propanol (30 min each). Sam-
ples were immersed in two solutions of 1.2-propylene 
oxide (CAS-Nr.75-56-9, Fontenay-sous-Bois Cedex) for 
5–10 min each, and gradually embedded in epon resin 
(Sigma-Aldrich, Steinheim, Germany), which was polym-
erized at 60 °C for 48 h. Transverse, semi-thin sections 
of 500 nm thickness were cut with a Leica Ultracut UTC 
microtome (Leica Microsystems GmbH, Wetzlar, Ger-
many). The sections were stained with 0.5% toluidine blue 
in 0.1-M phosphate buffer and mounted on microscope 
slides using Eukitt. For the TEM observations, ultra-thin 
sections of 60–80-nm thickness were prepared with the 
microtome and placed on copper grids (Grids 300 mesh, 
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Plano GmbH, Wetzlar, Germany). TEM work was done 
with a JEOL JEM-1400 TEM (Jeol Germany GmbH, Fre-
ising, Germany).

For each sample, 10–25 pits were imaged. Pit membranes 
and intervessel wall thickness were measured using ImageJ 
(version 1.50i, National Institutes of Health, Bethesda, MD, 
USA). Intervessel pit membrane thickness (TPM, nm) was 
calculated as the mean value of three measurements at oppo-
site sides near the pit membrane annulus and at the centre 
of the pit membrane. Measurements of the intervessel wall 
were based on semi-thin sections and excluded cell wall cor-
ners and bordered pits.

Effects of sample storage treatment

Samples for the treatment experiment were collected in May 
2016 from three branches, which were between 3 and 6 years 
old, and 8 and 9 mm in diameter. Wood segments from 
the branch were split and the weight was measured using 
an analytical balance (Kern ABT 220-5DM, KERN and 
SOHN GmbH, Balingen, Germany). A total of 12 samples 
were treated given one of the drying or fixation treatments 
(Table 2). We applied the following five treatments: (1) no 
treatment (i.e. fresh, never-dried wood), (2) partial to com-
plete dehydration, (3) short- to long-term ethanol storage, (4) 
immediate fixation in glutaraldehyde fixative, and (5) for-
maldehyde storage. After one of these pre-treatments, sam-
ples were prepared for TEM following the same approach as 
described above. Wood moisture content and tissue density 
were calculated as proportion of initial weight and volume 
to oven-dry weight after drying at 103 °C.

Statistical analyses

Correlations between morphological bordered pit character-
istics were calculated by determining Pearson’s correlation 
coefficient using the ‘ltm’ package in R version 3.3.2 (R 
Development Core Team, 2016). When linear relationships 
between characters were assumed, a Q–Q plot was used 
to test the residuals for normal distribution and homosce-
dasticity. Mixed effect models were used in case repeated 
measures were taken from the same sample or section from 
TEM measurements. Here, the lme function from the pack-
age ‘nlme’ was used, with sample or section as random 
factor. To calculate differences between organs, either the 
Kruskal–Wallis test (package: ‘pgirmess’ Giraudoux 2017), 
or the Tukey HSD test (glht package: ‘multcomp’) were 
used, depending on whether the residuals were normally 

Table 1   List of the xylem 
anatomical features measured, 
with reference to the 
microscope method and units

LM light microscope, SEM scanning electron microscopy, TEM transmission electron microscopy

Acronym Definition Method Units

Aap Pit aperture surface area SEM µm2

APf Aperture shape = longest pit aperture diameter (Dlong)/shortest pit 
aperture diameter (Dshort)

SEM –

Apit Pit membrane surface area SEM µm2

D Conduit (vessel or tracheid) diameter LM µm
DH Hydraulically weighted conduit diameter LM µm
Dlong Longest diameter of the pit aperture SEM µm
Dshort Shortest diameter of the pit aperture SEM µm
Fap Aperture fraction = pit aperture surface area (Aap)/pit membrane 

surface area (Apit)
SEM –

FLumen Proportion of the conduit lumen area over the xylem area LM %
TPM Pit membrane thickness TEM µm
TVW Double conduit wall thickness between neighbouring conduits LM and TEM µm
u Wood moisture Water displace-

ment method
%

VD Conduit density, number of conduits per mm2 LM n/mm2

VI Vulnerability index = average conduit diameter/conduit density LM –

Table 2   List of the various storage and preparation treatments applied 
to branch xylem samples of Acer pseudoplanatus before samples 
were fixed and embedded for transmission electron microscopy

Abbreviation Treatment Duration

C Fresh –
D1 Air-drying on lab bench 1 h, 15 min
D3 Air-drying on lab bench 3 h
D4 Air-drying on lab bench 4 h, 30 min
Da Air-drying on lab 3 days
Do Oven-drying (100 °C) 3 days
E1 Ethanol (70%) 5 h
E24 Ethanol (70%) 24 days
FA Formaldehyde 24 days
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distributed. We tested the effects of organ, sample as well 
as microscopic picture section or membrane location on the 
measured morphological pit variables with an analysis of 
variance (ANOVA). We calculated the proportion of the 
variance explained by organ, sample, section or location and 
residual effect as �2

effect
∕�2

total
.

Results

Variation in vessel characteristics

Vessel dimensions varied distinctly across the plant organs 
studied, especially with respect to vessel diameter (Table A1; 
Fig. A1). The widest vessels were observed in large root 
samples (vessel diameter D = 53.2 ± 13.7 µm; hydraulically 
weighted vessel diameter DH = 98.0 ± 19.5 µm), while much 
narrower vessels occurred in the xylem of the leaf midrib 
(D = 16.3 ± 1.6 µm and DH = 18.9 ± 2.4 µm). Narrow ves-
sels were densely packed with vessel density values up to 
1144.91 ± 22.88 n/mm2 in the leaf midrib. The vessel density 
was also remarkably high in small-diameter roots compared 
to other plant organs (197.62 ± 110.48 n/mm2). In the stem 
and branch samples, where vessels were neither densely 
arranged nor extremely wide, the xylem area occupied by 
vessels was rather small compared to root and leaf samples. 
The conduit lumen fraction per total xylem area (FLumen) was 
highest in the leaves, with 21.85 ± 5.41 in the leaf petiole and 
25.61 ± 4.66 in the midrib, respectively. Also, the vulnerabil-
ity index (average vessel diameter/vessel density; VI) was 
highest in outer sapwood and large root samples (1.26 ± 0.23 
and 1.26 ± 0.23, respectively).

Intratree variation in bordered pit morphology

Scanning electron microscopy observations showed con-
siderable differences in the size and shape of bordered pits 
between the plant organs observed (Fig. A2). The size of 
the pit area (Apit, µm2) was distinctly different between all 
organs (Table A1; Fig. 2b). In young roots, the pits had a 
relatively small area with an average of 28.47 µm2. Apit val-
ues increased for large roots, and the largest pits were found 
in the outer sapwood (50.16 ± 14.11 µm2). Bordered pits 
were smallest for the leaf midrib, with an average value of 
11.97 ± 6.38 µm2 (Table A2).

Pit aperture areas (Aap, µm2) were relatively small in the 
young roots as well as in leaf samples, with a mean value 
of 1.73 ± 0.98 µm2 for the leaf midrib (Fig. 2c). Highest Aap 
values were measured in the large roots (4.11 ± 1.10 µm2), 
despite the fact that their pit membrane areas were only 
intermediate in size. Pit apertures in xylem of the trunk and 
branches had roughly the same size of ca. 3.5 µm2.

Pit apertures showed different shapes, ranging from slit-
like long openings to almost circular apertures covering only 
a small area of the pit. In the roots, the longest pit aper-
ture diameters were about threefold longer than the short-
est diameters, while this ratio (APf, defined as the longest 
pit aperture diameter divided by the shortest pit aperture 
diameter) was about 2 for pit apertures in the branches. In 
the leaves, however, pit apertures became more elongated 
again. High APf values of 3.36 ± 0.11 were measured for 
the leaf midrib. However, there was considerable variation 
in pit aperture shape within a leaf, with oval to nearly cir-
cular apertures in the leaf petiole (Fig. A2). APf values of 
the outer sapwood differed significantly between the root 
samples and the leaf midrib.

The pit area (Apit) and pit aperture area (Aap) varied 
independent of each other among plant organs, which was 
shown by the pit aperture fraction (Fap, defined as Apit/Aap). 
The lowest Fap values were found in the outer sapwood 
(0.08 ± 0.04), followed by branches and small root samples 
(Fap = 0.10 ± 0.03 and 0.11 ± 0.08, respectively). The high-
est Fap values were found in the leaves, with a mean value 
of 0.43 ± 0.45 for leaf petioles, which was 5 times as high 
as the Fap measured for the outer wood (Table A1; Fig. A2).

Intratree variation in pit membrane structure

Pit membranes in intervessel pits could be clearly observed 
under TEM after post-fixation with OsO4, which resulted in 
a granular, electron dense appearance of the pit membrane 
(Fig. 1). In most cases, the largest electron dense particles 
occurred on the outermost sides of the pit membrane. A 
clearly different OsO4 staining was observed in a few devel-
oping vessels before cell hydrolysis. These pit membranes 
showed a fairly homogeneous structure without dark par-
ticles. Moreover, there was considerable variation in the 
electron density of the pit membranes in fully developed 
vessels. In some cases, the electron dense particles showed 
an irregular, non-homogeneous distribution, while a lamel-
lar, grey appearance was observed for the middle lamella.

Pit membrane thickness (TPM, nm) as observed by TEM 
varied by 46% between leaf veins and outer sapwood 
(214 ± 19 nm and 384 ± 51 nm, respectively; Table A1). The 
thickness of membranes generally increased from the roots 
towards the sapwood and decreased towards the secondary 
veins in the leaves (Fig. 2). The highest values were found 
in the outer sapwood, while the thickest pit membranes in 
the leaf were located in the midrib (Table A1). TPM in the 
sapwood samples differed significantly from all other organs, 
with both the outer and inner sapwood being different from 
petioles and secondary veins as well as young roots (Fig. 2a).

Intervessel wall thickness (TVW, µm) followed a similar 
trend across the tree as pit membrane thickness values. TVW 
was on average 4.61 ± 1.02 µm in the young roots, and up to 
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6.85 ± 1.06 µm in the large root. The smallest TVW values were 
found in the leaves with a minimum of 3.08 ± 0.31 µm in the 
secondary leaf vein (Table A1). Considering the effect of sam-
ple identify as a random factor, there was no significant cor-
relation between TVW and TPM, although pits in vessels with 
thin walls (e.g. in the leaves) generally had thinner membranes 
than those of vessels with thick walls, as could be found in 
the large root and the outer wood (Fig. 3a, b). Also, vessel 
surface area was not significantly related to TPM (lme; sample 
as random factor, p = 0.3), indicating that pit membranes were 
not thicker when the vessel size increases. However, a hump-
shaped distribution between vessel surface area and TPM was 
found (Fig. 3).

The variance in the measured pit morphological and func-
tional characteristics differed markedly between the param-
eters (Fig. A3). Organ identity explained between 20% and 
> 90% of the variance in the dataset. While tissue density and 
TVW appeared to be determined mainly by the organ, residual 
variance in TPM and pit morphology (Apit and Aap) was domi-
nating. Sample identity and location of membrane measure-
ments explained jointly not more than 8% of the variance.

Influence of sample treatment on pit membrane 
thickness

We found a strong impact of wood moisture and sample 
storage treatment on pit membrane thickness, an effect 

that was observed to be irreversible. TPM was linearly 
decreasing with wood moisture (Fig. 4a). The average 
thickness of membranes in dehydrated samples was 
reduced by 73% in oven-dried, 27% in air-dried, and 23% 
in ethanol treated samples as compared to pit membranes 
in fully hydrated, fresh wood (Fig. 4b).

In fresh branch samples, pit membranes were usually 
straight with only some exceptions being slightly strained, 
indicating that they were well hydrated (Fig. 5). Average 
TPM in dried samples was reduced, while the number of 
strained and aspirated membranes increased (Fig. 4b). 
All dried samples differed significantly in their aspiration 
amount from the fresh ones (p < 0.05; Kruskal–Wallis 
test). In the oven-dried sample, nearly all pit membranes 
were aspirated (Figs. 4b, 5d), and their TPM values were 
significantly different from all other samples.

The results for the samples stored in ethanol for 1 day 
were similar to those of the fresh samples, whereas sam-
ples kept in ethanol for 3 weeks showed significantly thin-
ner pit membranes. The samples stored in formaldehyde 
for 3 weeks showed no significant difference to the fresh 
ones. However, pit membranes treated with formaldehyde 
appeared to be more electron dense in TEM than fresh 
ones (Fig. 5f).

Fig. 1   Transmission electron microscopy (TEM) images showing 
intra-tree variation of intervessel pit membranes in xylem tissue of A. 
pseudoplatanus: a leaf midrib; b leaf petiole; c branch; d outer sap-

wood; e young root; f large root. PA pit aperture, PM pit membrane, 
PB pit border. Scale bar = 500 nm
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Discussion

Intratree variation in pit morphology

The findings for A. pseudoplatanus show that pit membranes 
of different organs within a tree display considerable similar-
ities in their general structure, although quantitative differ-
ences in pit membrane thickness and morphology occur both 
within and across organs. The most pronounced difference 
between organs was present in hydraulically relevant char-
acteristics. Conduit diameters as well as densities show the 
highest variability along the hydraulic pathway with differ-
ences of more than tenfold in density and around fivefold for 
diameter. While small and narrow vessels are usually found 

Fig. 2   Comparison of intervessel pit membrane characteristics in 
xylem tissue from various organs of A. pseudoplatanus: a pit mem-
brane thickness (TPM), b pit membrane surface area (Apit), c pit aper-
ture surface area (Aap). Violin plot showing median and the inter-
quartile range with probability density of the data. Letters indicate 
significant differences across organs (HSD-Tukey test)

Fig. 3   The relationship between a pit membrane thickness (TPM) and 
vessel surface area; b vessel wall thickness (TVW) and vessel surface 
area for xylem tissue from various organs of A. pseudoplatanus 

Fig. 4   The influence of a wood moisture content (%) in relation to pit 
membrane thickness (TPM) in successively dried wood samples of A. 
pseudoplatanus (p < 0.001, r2 = 0.188). Three conditions of pit mem-
brane aspiration were distinguished; and b treatment prior to stand-
ard TEM preparation (see Table 2 for abbreviations) on pit membrane 
thickness (TPM), and the degree of pit membrane aspiration in sap-
wood samples of A. pseudoplatanus 
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in the leaf xylem, the conduit diameter increases towards 
the stem and the largest vessels are found in roots (Anfo-
dillo et al. 2013). Vessel tapering is a well-known phenom-
enon and has been shown for numerous temperate as well 
as tropical tree species (Martinez-Vilalta et al. 2002; Olson 
et al. 2014; Kotowska et al. 2015). Since vessel diameter is 
associated with vessel length (Hacke et al. 2006; Liu et al. 
2018), it is likely that wide vessels in the roots and stems of 
A. pseudoplatanus are longer than those in the xylem tissue 
of branches and leaves.

Unlike conduit dimensions, pit membrane area shows 
a less pronounced variation among the organs. Here, we 
observed the highest values in outer sapwood, while smaller 
pit and aperture sizes were found at the distal sides of the 
flow path, namely towards leaves and small-diameter roots. 
A similar pattern was observed for pit aperture area, but with 
Aap values highest in large root samples. It is possible that 
dimensions of pit membrane area and pit aperture area are at 
least partly affected by conduit dimensions, which may also 

indicate that the bordered pit hydraulic resistance shows a 
more or less constant proportion to the vessel lumen resist-
ance (Choat et al. 2008). However, the variability within 
each organ was very high and significant differences were 
found only between the extreme ends of the spectrum, i.e. 
between leaf midribs and sapwood or large roots.

A hump-shaped distribution was also mirrored in the 
pit membrane thickness, which was highest in outer sap-
wood. Slightly thinner pit membranes were found in inner 
wood, and about 40% thinner pit membranes occurred in 
leaves. Differences between inner and outer sapwood could 
be caused by natural shrinkage when vessels embolise, are 
no longer functional, and pit membranes becomes dry up. 
Pit membrane shrinkage might be caused by alteration of 
hydrogen bonds between glucose chains of cellulose mole-
cules after removal of water molecules (Fang and Catchmark 
2014; Martinez-Sanz et al. 2017).

It is largely unknown how long it takes for pit membranes 
to undergo shrinkage. Our observations of bench dehydrated 

Fig. 5   Transmission electron microscopy (TEM) images of interves-
sel pit membranes in sapwood of A. pseudoplatanus showing inter-
conduit pit membranes with different treatments: a pit membrane in 
non-dried, freshly embedded sample; b air-dried for 1.25  h; c air-

dried for 3 days; d oven-dried for 3 days; e stored in 70% ethanol over 
3 weeks; f stored in formaldehyde for 3 weeks. PB pit bordered, PA 
pit aperture, PM pit membrane. Scale bar = 500 nm
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samples show that 1–4 h has considerable consequences for 
pit membrane shrinkage, although there is a very large vari-
ation in pit membrane thickness, with some pit membranes 
seriously shrunken, and others only partly or weakly affected 
(Figs. 4b, 5c). Whether or not this variation can be explained 
by simultaneous embolism occurrence and/or mechanical 
stretching of the pit membrane against the pit border remains 
to be tested.

We tested the hypothesis that pit membrane thickness is 
linked to vessel size. However, we found that vessel size 
was not significantly related to TPM across plant organs 
(Fig. 3a). Although TPM increases with conduit size for very 
narrow conduits, the thickness decreases slightly for larger 
conduits in root and sapwood samples with a lumen surface 
area above 1000 µm2. The observation that narrow and wide 
conduits are largely similar in their pit membrane thickness 
may indicate that a potential difference in drought-induced 
embolism between wide and narrow conduits is not driven 
by pit membrane quality but by quantity, as postulated by 
the rare pit hypothesis (Wheeler et al. 2005; Hacke et al. 
2006). Yet, even pit membrane quantity as pit area per ves-
sel was not found to correlate with embolism resistance 
across seven Acer species (Lens et al. 2011). Interestingly, 
we found a stronger link between intervessel wall thickness 
and vessel surface area than with TPM (Fig. 3b), but also here 
the relationship was not significant. While larger conduits 
would need stronger walls to avoid wall implosion (Hacke 
et al. 2001), other cell wall characteristics such as chemical 
composition and cellulose fibril arrangement are likely to 
determine the mechanical properties of conduit walls (But-
terfield 1998; Pereira et al. 2018).

Preparation artefacts related to pit membrane 
thickness

As most scientific measurements cannot be conducted in the 
field, it is important to consider how samples can be stored 
and transported in an efficient and uncomplicated way. Tra-
ditionally, wood samples collected in the field are either 
dried or stored in ethanol for long-term conservation. Here, 
we have investigated how different sample storage treat-
ments influence the pit membrane thickness of intervessel 
pits. We found strong influence of the type of treatment and 
the storage duration, with pit membrane thickness consider-
ably decreasing by dehydration of the sample. This dehydra-
tion process was found to be largely irreversible, because 
rehydration for TEM preparation did not seem to restore 
the pit membrane in its original thickness. This finding is in 
agreement with earlier research, suggesting that dried-rehy-
drated pit membranes were about 40–60% thinner than fresh 
(non-dried) pit membranes (Pesacreta et al. 2005; Scholz 
et al. 2013; Li et al. 2016; Zhang et al. 2017).

Furthermore, gradual dehydration of wood samples was 
found to be associated with an increasing frequency of 
aspirated and shrunken pit membranes. Pit membranes in 
completely air-dried and oven-dried samples were found to 
show the highest amount of aspirated and the thinnest pit 
membranes. Likewise, long-term ethanol storage decreased 
TPM by more than 20%, which is similar to the effect of 
air-drying. Only formaldehyde treatment did not have a 
significant influence on pit membrane thickness, and thus 
seems an alternative option. However, formaldehyde reacts 
primarily with proteins by reaction with nitrogen or other 
atoms of proteins, while other molecules such as lipids can 
be trapped in a matrix of cross-linked proteins. It is likely 
that the protein fixation by formaldehyde also leads to artifi-
cial penetration of various substances into the pit membrane. 
Therefore, formaldehyde strongly affects the electron density 
of the pit membranes in TEM, which results in darker pit 
membranes under TEM.

These findings underline the necessity to observe simi-
larly treated samples for TEM to ensure comparable results. 
Ideally, completely fresh and hydrated samples should be 
given priority over stored samples. Nonetheless, even freshly 
embedded samples are dehydrated by any standard prepa-
ration method for TEM, because resin embedding cannot 
be avoided without alcohol treatment. Interestingly, com-
parisons of pit membrane thickness measured under TEM 
and fully hydrated pit membranes under confocal laser scan-
ning microscopy suggest that fully hydrated pit membranes 
may be much thicker than pit membranes in TEM samples 
(Schenk et al. 2018). Besides a broader sampling both at the 
intraspecific and interspecific level, more research is needed 
to investigate the degree to which pit membranes effec-
tively dehydrate in the field by desiccation, and to examine 
the spatial distribution of pit membrane shrinkage in liv-
ing plants. The finding that shrinkage of pit membranes is 
largely irreversible and possibly associated with changes in 
pore volume fraction (Zhang et al. unpublished data) raises 
also questions about embolism refilling and potential con-
sequences for water transport.
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