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Abstract Quercus suber L. is an important species producing cork whose
wood characteristics have not been investigated a lot. Cork oak wood vessels
are a striking feature and the most abundant wood tissue largely influencing
density and permeability. Vessel size and distribution were studied in
approximately 40 year-old and never debarked cork oaks by continuously
measuring along the radial direction in the transverse section of wood discs
taken at 1.3 m of height using image analysis techniques. The vessel size
increases with age from 7660 + 2286 to 21136 + 6119 pm?, the conductive area
from 5.4 + 2.2 to 11.6 + 3.9%, and the vessel density remains approximately
constant between 5.2 + 1.5 and 7.3 + 3.5 vessels/mm”. In comparison with
ring-porous and some evergreen oaks, cork oaks show a similar conductive
area but smaller vessels. Vessel architecture is known to play an important
role on oaks tolerance to hydric stress, and these cork oak trees were growing
under very harsh edaphoclimatic conditions, not tolerated by other oaks. The
well-developed and deep root system allowing access to constant water supply
may contribute to the cork oak’s relatively high conductive area.

Introduction

Cork oak (Quercus suber L.) is an evergreen oak, native to the maritime
countries of Europe and North Africa that surround the western Mediterra-
nean basin (Pereira and Tomé 2004). During the Discoveries Period, in the
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sixteenth and early seventeenth centuries, cork oak wood was extensively used
and very appreciated for boat construction due to its high mechanical resis-
tance and natural durability. Nowadays cork oaks are exclusively oriented
towards the production of cork and therefore, research has been mainly
focused on issues related to cork characterisation (e.g. Ferreira et al. 2000;
Pereira 1988; Pereira and Tomé 2004; Pereira et al. 1996) and production (e.g.
Vazquez and Pereira 2005), with only a few recent studies on tree growth and
the factors influencing it (e.g. Costa et al. 2001; 2002; Leal and Pereira 2006).
Little value is given to the wood and not much has been investigated on the
characteristics of the secondary xylem of cork oak. A strong impeditive reason
for the study of cork oak wood is that tree harvesting is forbidden by law and
sampling has to be done by taking advantage of authorised fellings, which do
not always provide material with appropriate quality for research purposes.

Like other oak woods, cork oak wood has a strong aesthetical character due
to its particular anatomical features, namely frequent large rays and vessels.
These, together with the strength and durability characteristics, make this
wood potentially adequate for high value sawn wood products. When the
production of high quality products is envisaged, it is essential to study the
wood properties, especially the anatomical characteristics which may have a
large influence on the processing and product performance (Butterfield 2003).

Anatomical characteristics of wood are also involved in tree growth and its
environmental framework. Cork oak trees frequently face harsh environ-
mental conditions of drought and low soil fertility which other oak species
would be unable to tolerate (Natividade 1950). They have a well-developed
root system in extension and depth that is considered to be one of the main
survival strategies during summer drought (Abrams 1990; Costa et al. 2002), as
well as physiological mechanisms of protection against the high radiation and
temperature occurring during the dry season (Faria et al. 1996; Pereira et al.
1998). Cork oak’s architecture of the wood vessel system in terms of the
variations in vessel size and distribution, besides of its technological impli-
cations and importance, could also contribute to this species particularly high
resistance to drought since it is known that these characteristics are related to
oak’s tolerance to water stress (Abrams 1990).

Cork oak wood anatomical descriptions date from the nineteenth century
(Coutinho 1886; Mathieu 1887; Play Rave 1880) and more recently cell bio-
metric data have been reported in a few studies (Carvalho 1953; 1997; Gaio
1951; Garcia-Esteban and Guindeo-Casasus 1989; Natividade 1950; Nunes
1998; Wagenfiihr and Scheiber 1985) but the results are sometimes unclear
and inconsistent, and give only average values for the species. The same au-
thors of the present study have reported on the radial variability of wood cells
biometry in cork oak focusing on fibres, and uni- and multiseriate rays (Leal
et al. 2000). The presence of large multiseriate rays is the most conspicuous
characteristic of cork oak wood. Using the same material of young trees
growing under especially harsh conditions, we now characterise cork oak
wood in relation to the radial variation in dimensions and architecture of
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vessels, the second most striking feature in cork oak wood and usually the
most abundant tissue in hardwoods.

Materials and methods

The study area is situated in the state forest area Perimetro Florestal da
Contenda (PFC), located in Beja, southeastern Portugal, with edaphoclimatic
conditions that are considered marginal for the growth of cork oaks because of
very dry summers, and low soil fertility and water retention capacity (Nativ-
idade 1950). The climate is typically Mediterranean, with Atlantic influence,
with very dry and hot summers extending from June to September.

The forest area included planted cork oak stands with approximately
40 year-old trees that had not yet entered the cork production cycle, i.e., cork
had never been harvested. The surrounding areas were forested with holm oak
(Quercus rotundifolia) with the occasional presence of cork oak. Nine healthy
cork oak trees were harvested in 2002, taking advantage of authorised fellings.
Total tree height varied between 7 and 11 m, and tree diameter at 1.30 m of
height between 28 and 38 cm. A more detailed description of site and stands is
given in Leal et al. (2006).

One disc per tree was collected at 1.30 m of tree height, from which three
radial strips running from pith to bark and free of defects were randomly
selected. The transversal surfaces of the radial strips were sanded manually,
through three grades of grit up to P400, and rubbed with a common white wax
crayon to impregnate the vessels in order to distinguish them from the rest of
the tissues under a low power microscope.

Sequential images were taken from the wood cross-sections, using a low
power microscope (Olympus SZH10) connected to a video camera (JVC
model TK-C1380E), and stored in JPEG graphic format using the image
analysis software LEICA Qwin. With a total magnification of 30x, each image
covered 2176 pm on the radial direction and 2911 pm on the tangential
direction. Images were converted to binary format and, after applying
threshold and minimum size settings, vessels were clearly identified as sepa-
rate objects. Whenever necessary, manual corrections were applied to the
image in order to eliminate image elements that could be mistaken for vessels.
In each measuring frame (covering the whole image radial length and 1327 pm
in the tangential direction) the number of vessels, individual vessel area and
vessel location coordinates within the image were automatically recorded.

In ring-porous oaks, high peaks in vessel size correspond to ring bound-
aries, i.e., a change from small latewood vessels, formed during one growth
season, to large early wood vessels, formed at the beginning of the next growth
season. However, in cork oak these peaks do not always correspond to ring
boundaries and it is in general not possible to accurately identify tree rings
(Gourlay and Pereira 1998; Leal and Pereira 2006). Several attempts were
made in order to identify rings on the wood (without and with magnification)
as well as on graphical representations of the radial variation in vessel size but
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without reaching sufficient confidence of accuracy. Therefore, another method
was used in order to link vessel measurements to tree age. A growth and yield
model for cork oak growth at 1.30 m of tree height (Tomé et al. 1999) was
used to estimate diameter for each of the sampled trees, at each successive five
years of cambial age and a cork oak height and diameter growth model
(Gonzélez et al. 2005) was used to calculate the number of years necessary for
each tree to attain 1.30 m of height, assuming that the trees were 40 years-old
when sampling was performed. According to the model, cambial age at 1.30 m
of tree height varied between 30 and 34 years when the trees were sampled.

Vessels were classified by size into two groups, “large vessels’” and “‘small
vessels”, if respectively above or below an average trend line calculated by the
linear fitting to each radial profile of vessel area variation. Average values of
vessel area (in pm?) both for small and large vessels, density (number of
vessels per square millimetre of cross sectional area), and total conductive
area (percentage of cross sectional area occupied by vessels) were calculated
for each period of 5 years of cambial age.

Descriptive anatomical terminology followed the IAWA List of Micro-
scopic Features for Hardwood Identification (IAWA Committee 1989).

Statistical treatment of data included analysis of variance (ANOVA) and ¢-
tests for comparison of measurements between groups of samples using
commercial software.

Results

Cork oak wood shows a semi-ring-porosity. Vessels are solitary, in general
with a circular cross-section, and arranged in a radial pattern (Fig. 1). The
occlusion of the cork oak vessels with tyloses was frequent. Profiles of radial

Fig. 1 Sequential images of Q. suber wood observed in transverse section showing variation in
vessel size and distribution within the growth ring in two situations: a indistinct growth ring and
b distinct growth ring (scale bar 300 pm)
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variation in vessel size show an increasing tendency from pith to bark (Fig. 2).
Additionally to this long-term variability trend, there is a large amount of
high-frequency variability, shown by the several up and down swings on the
graph.

Average vessel area increased from 7660 + 2286, near the pith, until
21136 + 6119 um?, near the bark (Fig. 3a); small vessels showed a linear
increasing pattern in the area from pith to bark, changing from 4664 + 1013 to
12257 + 3130 ym? (Fig. 3b); large vessels area varied from 14721 + 3168 to
32813 + 8333 um? with age (Fig. 3c). Analysis of variance shows that most of
the variability in vessel size is explained by cambial age (70% for average
vessel area, 74% for small vessels area, and 64% for large vessels area), and a
smaller percentage is due to the tree effect (28% for average vessel area, 24%
for small vessels area, and 34 % for large vessels area); the interaction between
both effects and the error component have a minor contribution to the vari-
ability.

Average vessel area and average large vessels area began to stabilize from
20 years of cambial age onwards, although this effect is not visible in small
vessels. T-tests confirm that the differences of average vessel area and average
large vessels area between measurements taken at 20 and 25, 25 and 30, and 30
and > 30 years of cambial age are not statistically significant. Age differences
in average small vessels are not statistically significant only between the ages
of 30 and > 30 years of cambial age.

Vessel density remained relatively constant with cambial age, ranging be-
tween 5.2 + 1.5 and 7.3 + 3.5 vessels/mm? (Fig. 4). The factor tree explains
72% of variability in vessel density, tree age explains 16% of the variability,
and the error component 10%, interaction between the two factors have a
minor effect. Results from #-tests show no significant differences in average
vessel density between the several ages.
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Fig. 2 Radial profile of cross-sectional vessel size variation for one wood radial strip showing
linear trend line
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Fig. 3 Variation of cross-sectional mean vessel area with cambial age at 1.30 m of height, from

nine Q. suber trees, for a average of both vessel sizes; b small vessels; and ¢ large vessels (o
outliers)

Total conductive area presents a slightly increasing tendency with cambial
age from 5.4 + 2.2, near pith, to 11.6 + 3.9 %, near bark, flattening out around
20 years of age (Fig. 5). Most of the variability in conductive area (59%) is
due to the differences between trees, and cambial age also explains a con-
siderable amount of variability (36%); the interactions between the two ef-
fects and the error component contribute little to the variability. The apparent
increase observed on the graph is however not statistically significant, and the
difference in conductive area is significant only between 5 and 10 years of
cambial age.

Discussion

The results show an overall increasing trend in vessel size (Fig. 3), constancy
in vessel density (Fig. 4), and a slight tendency for increasing conductive area
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Fig. 4 Variation of cross-sectional vessel density with cambial age at 1.30 m of height, from nine
Q. suber trees (o outliers)

with cambial age (Fig. 5). The linear tendency of vessels to become larger with
cambial age found in this study has already been reported for several species
by other authors (Gasson 1987; Voulgaridis 1990). In comparison with other
cork oak wood anatomy studies, the present results for large vessels are
according to what was reported by Natividade (1950) for early wood but are
much smaller than the values pointed out by Garcia-Esteban and Guindeo-
Casasts (1989). It should be noted that the value given by the last authors
refers to the maximum size early wood vessels may achieve and corresponding
therefore, to exceptionally large vessels. None of the authors has mentioned
whether their values refer to juvenile or mature wood. In the present study the
small vessels are larger than what was pointed out by Natividade (1950) for
latewood, probably corresponding to exceptionally small vessels and not to
the usual latewood vessels size. Average vessel area values are in agreement
with the results from Nunes (1998).

In comparison with other evergreen oak species studied by Voulgaridis
(1990), the vessel size in cork oak is close to the values reported for Q.
coccifera and smaller than those for Q. ilex. In relation to some deciduous
oaks, cork oak large vessels are smaller than early wood vessels in Q. conferta
(Voulgaridis 1990) and Q. robur (Wagenfiihr and Scheiber 1985). On the
other hand, when comparing our results with the ones from Huber (1993),
who distinguishes between juvenile and mature vessels in Q. robur and
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Fig. 5 Variation of cross-sectional conductive area with cambial age at 1.30 m of height, from
nine Q. suber trees

Q. petraea, cork oak vessels only reach sizes similar to those in juvenile wood.
Our results are in agreement with an on-going cork oak wood anatomy study
(Barij et al. 2004) and do not show as well the usual age-related decreasing
pattern in vessel density that is common for other species (Helinska-Rac-
zkowska 1994).

The combination of vessel area and density allows the calculation of the
area covered by vessels or the conductive area of the stem cross-section, which
has been cited as significant in determining rates of conduction (Carlquist
1984; Salleo et al. 1985). Comparative studies of deciduous and evergreen
Quercus species show a higher sap velocity for deciduous oaks (Borghetti
et al. 1992). The values for conductive area are in agreement with the results
from Nunes (1998) The comparison with other oaks shows that the conductive
area of the cork oak is within the values found in the latewood of Q. robur and
Q. castaneifolia (Parsa Pajouh 1990; Wagenfiihr and Scheiber 1985) as well as
in Q. alba juvenile wood, when considering an average for latewood and early
wood (Phelps and Workman 1994).

Technological implications of vessels size and distribution

Wood density is the most studied wood property and it is pointed out by some
authors as the most determinant property for wood quality. Assuming a
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constant cell wall density, the wood density will be mainly determined by the
voids in the wood mass, i.e., by the size of the wood cells (Saranpéa 2003). The
size and density of vessels have therefore a major effect on wood density and
tend to be inversely proportional to this property (Savidge 2003). The lack of
radial variation of vessels size and the comparatively small vessel areas are in
relation with the particular high density of cork oak wood and its reduced
variation within the tree (Knapic et al. 20006).

Vessel size is also related to permeability because it is the principal flow
path for fluids in hardwoods. Wood permeability is an especially important
property for the impregnation with, for example, preservatives for protection
against decay. It also affects the ease of diffusion of water to or from the wood
during the drying process or, while in use, in response to changes in air relative
humidity (Siau 1995). Cork oak wood vessels are often occluded with tyloses
that can reduce permeability.

Biological importance of cork oak vessel architecture

Cork oak wood has conductive areas similar to other oaks but provided by
smaller vessels, in comparison with deciduous oaks and some evergreen oaks
that do not decrease in density with age. The cork oak trees used for this study
experienced rather extreme growth conditions while growing in a site that is
considered marginal for the species, even if in general cork oaks are very well
adapted to water stress, and are able to grow in poor soils and under very dry
conditions (Natividade 1950). We therefore hypothesise that cork oak vessel
architecture may be a response of these trees to water stress. The xylem
anatomy of several oaks is adapted to xeric environments because their small
latewood vessels allow a reduced but sustained water movement during
drought periods (Abrams 1990). In large vessels water moves with a minimum
of hydraulic resistance (Zimmermann 1977) allowing rapid rates of sap
movement, while small vessels are less sensitive to cavitation than large ones
(Tyree and Dixon 1986). Unfavourable conditions for tree growth may result
in a decrease in vessel size and an increase in their density (Baas 1982;
Carlquist 1988; Over van den et al. 1981). It has been reported that vessel size
in oaks is influenced by precipitation (Eckstein and Frisse 1979; Woodcock
1989; Garcia-Gonzalez and Eckstein 2003). The same trees used in this study
have already been reported to show constancy in wood ray’s size with cambial
age, which was interpreted as a way to increase water storage (Leal et al.
2006). However, this hypothesis is speculative and the results need to be
complemented with further studies.

For the present study no physiological data on water transport were col-
lected but these will be considered in further studies. Such data are very
important to understand the way cork oak trees use the water resources
(Oliveira et al. 1992; David et al. 2006) and could complement the results
presented in this study by bringing new insight on the trees mechanisms to
survive in conditions of limited water availability.
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Conclusions

Our results show an overall increasing trend in vessel size with cambial age,
common in other species; constancy in vessel density, not usual in other
species; and a slight increase in conductive area with age. The conductive area
is similar to other oaks but it is provided by smaller and denser vessels, in
comparison with ring-porous and some evergreen oaks. The size and density
of vessels have a major effect on wood density. The comparatively small vessel
areas in cork oak together with the absence of radial variation in vessel dis-
tribution explain the particular high wood density and its reduced variation
within the tree, reported by other authors. The well developed and deep
rooting system, existing in mature trees, allows access to constant water supply
and may contribute for the cork oak’s relatively high conductive area.
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