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Abstract. High-value exploitation of endogeln®l8 fonest species may help in fighting the threat to their
ing width decreased axially from the tree base upward but the variation was
relatively high proportion of heartwood, ie 60-70% heartwood for 20-25 cm
ased with height, and followed the stem profile. Heartwood diameter was
em diameter, to be used for heartwood estimation in standing trees. Sapwood
nt. Overall the stem quality was found to be good for production of solid wood
| heartwood features.

ea, Portuguese oak, heartwood, sapwood, ring width, wood quality.

INTRODUCTION naval construction during the XV and XVI
centuries or as railway sleepers in the last two
centuries, and many stands were converted to
agriculture or to industrial pine and eucalypt
plantations (Capelo and Catry 2007). Now Q.
faginea is restricted to only a few scattered
stands. However, the wood potential and the
environmental and cultural importance of the
species are acknowledged (Fabido et al 2007,
Paiva 2007). More knowledge on tree growth,
stem development, and wood properties is an
essential tool to strengthen the efforts of produc-
- ing high-value wood products with this species,
* Corresponding author ie as in the EU Woodtech research project.

Quercus faginea Lam. (Portuguese or Lusitanian
oak) is a deciduous oak, belonging to the white
oaks subgroup, that is a native species in the
western Mediterranean part of the Iberian
Peninsula and Maghreb Africa. Q. faginea forests
have been subject to extensive destruction over
the centuries and the long-term future of the spe-
cies is under threat. The oak forests that once
covered Portugal were intensively exploited for
timber for various applications, for example for
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Figure 2. Quercus faginea wood observed in cross-section
showing the wood vessels and ring porosity (scale bar ¥4 1 cm).

in comparison with the pores in the latewood. The
pores were arranged in lines, usually up to three
lines, producing distinct ring boundaries. Rings
were eccentric to undulating, and sometimes very
narrow, but discontinuous rings were not fre-
quent. Overall ring distinction was very good
and allowed easy ring counting and measurement.

Ring Width and Radial Growth

The radial variation of the average tree ring
width at 1.3 m height is shown in Fig 3 for sites
1 and 2. The pattern of radial variation was
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similar at both sites with a higher growth rate
in the first 10 yr of cambial age (2.8 and 1.2 mm
for site 1 and site 2, respectively) that decreased
gradually at about 30-40 yr of cambial age
(1.5 and 1.0 mm, respectively, for site 1 and
site 2) and from this age on remained relatively
constant. Overall growth rate was higher at site
1 compared with site 2 for similar cambial ages.
The between-tree variability of ring width was
high within site 1, as shown by the deviation
of the mean with differences that were statisti-
cally significant (p < 0.0001) during the first
30 yr of growth. At site 2, the between-tree
variability of ring width for growth during the
first 30 yr was not significant.

Figure 4 plots the mean accumulated radial
growth for the 10 Q. faginea trees at each site.
The pattern of radial growth variation was simi-
lar in both sites although with differences in the
absolute values with a tree mean radial growth
that was higher at site 1. For instance, at an age
of 50 yr, the underbark diameter of Q. faginea
trees was 21.2 cm (site 1) and 13.4 cm (site 2).
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Figure 3.

Ring width variation with cambial age at 1.3 m height in Quercus faginea trees at sites 1 and 2. Average

of 10 trees with error bars representing standard deviation. Note that the XX scale differs between sites.
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Figure 4. Accumulated radial growth with cambial age
at 1.3 m height in Quercus faginea trees at sites 1 and 2.
Mean values for 10 trees per site.

The within-tree variation is shown in Table 2 by
summarizing the mean ring width for different
cambial age classes (radial variation) at the dif-
ferent tree height levels (axial variation). Ring
width varied with height in the tree for the same
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cambial age with an overall decreasing trend,
ie the mean annual ring width was highest at
the stem base and lowest at the top of the stem.
The radial variation showed a decrease with
cambial age at all height levels, which was more
accentuated in the regions near the pith.

Heartwood and Sapwood Development

The heartwood of Q. faginea was clearly visible
on the wood discs because of its brown color
and generally well-defined borders (Fig 1).
Heartwood area decreased within the tree from
the base upward and the heartwood vertical pro-
file within the tree followed approximately the
stem profile, resulting in a uniform thickness of
sapwood along the tree. This also happened
when there were clear taper variations along the
stem (for example, see Fig 5 representing one
tree at each site).

The heartwood content differed considerably
between sites (Fig 6). At site 1, the heartwood
proportion was relatively constant in the lower
part of the stem, representing 35.0 and 37.1%

Table 2. Within-tree variation of ring width according to cambial age classes and stem for Quercus faginea trees at sites 1

and 2.%
Ring width (mm)
Site Age class 0Om 1.3m 34m 5.6m 6.7 m 9.7m

[0-10] 28 [107 28 [107 24 [106 20 L[ 106 1.5 [103
[10-20] 31 [Cos5 26 [C104 24 [106 20 [106 1.5 [103

1 [20-30] 28 [1o08 21 [C1.1 24 [C0o9 1.5 [C1309 1.0 L[C10.0
[30-40] 20 [C106 15 L[C104 16 [103 15 L[C103 — L1
[40-50] 19 [107 16 [C105 20 L[Co6 1.5 L[C103 — 1
Mean 26 [—108 23 [108 23 [107 19 [0.7 14 [103
[0-10] 19 [C105 19 [C1oe6 1.8 [C103 21 L[C04 19 L[03 1.2 [106
[10-20] 1.8 [103 12 [C1o2 15 [C104 08 L[C103 09 L[C103 1.1 [102
[20-30] 1.5 [C103 1.2 [C1o4 1.0 [Co2 14 L[C03 1.0 [C302 1.1 [C103
[30-40] 1.7 [104 1.1 [C41o1 13 102 1.3 [C103 08 [102 08 [10.1
[40-50] 1.5 [C102 1.3 [C1o2 1.1 03 1.0 o1 08 102 0.8 [C10.2
[50-60] 14 [C102 10 [C1o2 10 [0 1.1 [C—10.1 08 [102 07 [10.1
[60-70] 1.5 [103 07 [C3102 1.0 L[C3o2 07 L[Co1 08 [C102 0.6 [10.1

2 [70-80] 12 [C102 06 [C1o01 07 [C10.1 06 L[C10.1 07 L[C03 1.1 [10.6
[80-90] 09 L[—01 08 [01 06 [C0.1 05 [Co.1 08 [103 0.7 [10.1
[90-100] 1.1 101 09 [C1o2 07 [C102 06 [0l 06 [1J02 09 [102
[t00-110] 09 [—10.1 09 [C0.1 06 [—0.1 06 [102 05 [C102 05 [C102
[110-120] 0.7 [10.2 0.8 [ 102 0.7 [C102 07 [102 06 L[104 - L1
[120-130] 09 [C103 0.7 [Co.1 07 [C102 05 [C—o1 03 [C1J0.1 — 1
Mean 13 [104 10 L[C103 1.0 L[C104 09 L[C105 08 [104 09 [102

* Average of 10 trees at each site plus standard deviation.
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Figure 5. Tree radius (full line) and heartwood (dashed

line) profiles for one tree at site 1 (gray lines) and site 2
(black lines).

of the cross-sectional area at tree base and 1.3 m
height, respectively, and decreased regularly up
the stem to 11.3% at 5.6 m, whereas at 7.7 m,
none of the trees contained heartwood. At site 2,
the proportion of heartwood was considerably
higher: 67.9% at the base, 73.1% at 1.3 m,
69.9% at 3.4 m, and then decreasing to 54.5%
at 7.6 m height and 45.6% at 9.7 m. The
within-tree heartwood variation was statistically
significant (p < 0.001 at site 1 and p < 0.05
at site 2) as well as the differences between
sites (p < 0.001).

The sapwood width was relatively constant
along the height axis of the tree (Fig 6) and
varied between 47.6 and 37.2 mm (site 1) and
31.2 and 23.1 mm (site 2). The within-tree sap-
wood variation was not statistically significant
in either case. The sapwood contained, on aver-
age, 21 rings at the tree base and 17 rings at
5.6 m height at site 1 and 31 rings at the base
and 31 at 7.7 m height at site 2. The difference
in sapwood width between sites were statisti-
cally significant (p < 0.001).

Heartwood diameter was related to tree size
with the smallest trees having less heartwood
(Fig 7a). In fact, the diameter of heartwood
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in Q. faginea was strongly correlated with stem
diameter (R2 Y4 78.3 and 92.9% at sites 1 and 2,
respectively, p < 0.0001). The sapwood width
was independent of stem diameter while (p <
0.001) the sapwood area showed a tendency
to increase with tree diameter (R* ¥ 83.6 and
57.2% at sites 1 and 2, respectively, p < 0.001)
(Fig 7c).

The results show that in Q. faginea heartwood
starts to form when the stem diameter reaches
about 10-20 cm and subsequently increases with
tree diameter, maintaining a constant sapwood
width at about 2-4 cm (Fig 6a).

Only one reference was found in the literature
regarding Q. faginea growth rate with a report of
1.5 mm/year Hbver 31 yr (Oliveira et al 2001).
In the present study, the growth rate for a similar
period of 30 yr (Table 2) was 2.5 mm year':l:I
and 1.4 mm year or samples taken from sites
1 and 2, respectively. The annual growth rate
(Table 2) found in this study of Q. faginea is
similar to other oak species, namely Q. suber,
another native oak species from Portugal, both
in terms of mean ring width and radial variation
(Gourlay and Pereira 1998; Costa et al 2003;
Knapi¢ et al 2007; Leal et al 2008). In Q.
pyrenaica, Corcuera et al (2006) found that the
radial ring width decreased from approximately
1.6 to 0.5 mm from the inner to the outer part of
the stem at a cambial age of 35-41 yr. Q. petraea
produces annual rings of 2 mm or more in
the first 30 rings (Helinska-Raczkowska and
Fabisiak 1991), which is similar to Q. cerris
with a growth rate of 2.2-2.9 mm in the first
15 yr and 1.5-1.7 mm afterward until 25 yr of
age (Manetti 2002).

Overall the radial growth rate of Q. faginea was
in the range of values reported for other oak
species and larger for site 1. This leads to the
inference that wunder favorable conditions,
growth of Q. faginea is comparatively high. In
this case, commercial stems for the solid wood
industry would require a rotation of 70-80 yr for
a stem diameter of 30-35 cm. The within-tree
radial and axial variation of ring width that was
found in the Q. faginea trees was of moderate
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Figure 6. Sapwood width and heartwood proportion variation along the stem at sites 1 and 2. Mean of 10 trees with bar
as standard deviation.

magnitude as shown by coefficients of variatiomhe patterns of within-tree axial variation of
of the radial and axial means of, respectivelyheartwood and sapwood (Fig 6) are in agree-
30-40% and 30-50% (Table 2). These differment with previous results on heartwood devel-
ences are not sufficient to produce excessivepment for most species (Hillis 1987). The
heterogeneity within the stem and a variatioslight increase in percentage of cross-sectional
in properties that would be detrimental to prodarea corresponding to heartwood at 1.3 m of tree
uct performance and value. height is found in some species where an
. . enlargement of heartwood from the base to a
There are no results published 1Q. faginea rﬁoint in the lower part of the stem has been
regarding heartwood content. In fact, sca Feported (Pinto et al 2004; Knapiand Pereira

information is available in the biinographyZOOS) although not all species show this ten-
regarding the amount of heartwood and sap; '

wood in other oak species. Most works on anency (Knapicet al 2006).

heartwood deals with durability and chemicaA number of studies report a positive relation-

and color properties (eg Mosedale et al 199&hip between tree growth measured by diameter
Humar et al 2008), while sapwood area isnd heartwood dimension while the sapwood
related to leaf area (eg Meadows and Hodgesaintains a relatively constant width range inde-

2002) or sap flow (eg Granier et al 1994). pendent of tree diameter (Gominho and Pereira
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The heartwood of Q. faginea was well correlated
with tree diameter (Fig 7) and represented a
substantial proportion of the stem cross-section,
ie 20-25 cm wood diameters correspond to a
60-70% heartwood proportion. The previous
conclusions on wood density from trees at site 1
as reported by Knapic¢ et al (2011) and more
recent data (not shown) from trees at site 2 cor-
roborate the decrease tendency of wood density,
ie heartwood is denser compared with sapwood
and is related to ring width. An important practi-
cal consequence for the high-value utilization
of Q. faginea timber is the possibility of model-
ing and estimating heartwood content in standing
trees from the measurement of tree diameter.

CONCLUSIONS

Q. faginea trees show a mean annual radial
growth at 1.3 m height of between 2.3 and
1.1 mm, depending on site. The ring width
decreased radially within the tree with cambial
age and axially from the base upward but the
magnitude of the ring width variation was small
and allows a stem homogeneity that is valued for
technological processing.

Q. faginea showed substantial heartwood devel-
opment that follows the stem profile and allows
prediction of heartwood area based on the stem
diameter in standing trees. The sapwood width
was small and rather constant along the stem.

Overall the stem wood quality of Q. faginea
trees appears to be good for production of solid
wood products with regard to its ring and heart-
wood distribution features. Other characteris-
tics, ie color and chemical composition, should
be studied in the future because they largely
contribute to appearance and durability proper-
ties of wood products.
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