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Abstract Douglas-fir (Pseudotsuga menziesii) is one of
the best timber conifers providing long sawnwood com-
ponents. Original from North America, it has been planted
in Europe on approximately 550 thousand ha. Twenty
Douglas-fir trees growing in two sites in Portugal were
studied regarding ring analysis, heartwood, sapwood and
bark development, and taper. The radial growth rate was
7.1 and 6.6 mm year ' at stem base for 45- and 50-year-
old trees, respectively, in the two sites. Initial growth rate
was slower, increasing until about 20 years and decreasing
afterwards. Heartwood proportion represented on average
49% of the cross section in the lower part of the stem and
decreased upwards. Heartwood formation was estimated to
start at a cambial age of 8-9 years and increasing by
0.7-0.9 rings year '. Sapwood width was on average
75 mm at stem base, decreasing upwards. Bark was
26-27 mm thick at stem base, where it represented 15% of
the cross-sectional area and decreased to 3-5 mm at the
top. Stemwood and heartwood tapers were on average
I5mmm~' in the lower stem part and 21 and
18 mm m™', respectively, in the upper part. Douglas-fir
showed a good potential for the mountain areas of Portugal,
and under the silvicultural conditions of both stands the
trees presented ring homogeneity, small conicity and low
taper suitable for long wood components.
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Introduction

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), a
species native to North America where it has a wide dis-
tribution, was introduced outside its natural range in vari-
ous regions, namely in Europe nearly 200 years ago, where
it is now the most widely distributed North American
conifer (Lavender and Hermann 2014). Douglas-fir occu-
pies approximately 19 million ha in the USA and Canada
(Weiskittel et al. 2012) and over 550 thousand ha in Eur-
ope. Most timber comes from plantation forests in North
America and Europe that provide sawn timber of great
length and quality due to the large stem size and excellent
wood properties (Ross and Krahmer 1971). Douglas-fir is
now the economically most important exotic timber tree
species in European forests (Schmid et al. 2014). In Por-
tugal, Douglas-fir covers about 4200 ha (Martins 1999),
but the potential area where this species could be planted is
estimated at 250,000 ha (Fontes 2002).

The stem quality is a determining factor for the eco-
nomic and technological performance of trees when they
are intended for high-value timber. Stem quality parame-
ters such as the radial and axial development of ring width,
tree taper values, as well as heartwood proportion and its
development in height, are usually considered. Heartwood
is generally preferred for most timber applications because
of its higher natural durability, darker colour and aesthetic
value (Pereira et al. 2003; Sousa et al. 2013). Heartwood
formation and development vary between species and
within a species with growth rate, stand and tree biometric
features, site conditions and genetics, while sapwood radial
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width is associated with heartwood formation and accu-
mulation (Bamber and Fukazawa 1985; Hillis 1987; Taylor
et al. 2002). Knowledge on heartwood and sapwood
development over time at different heights of the trees is
therefore a reference information for establishing the
technological quality of a timber species, as studied for
several species, e.g. Pinus pinaster (Pinto et al. 2004;
Knapic and Pereira 2005), Tectona grandis (Miranda et al.
2011), Quercus faginea (Sousa et al. 2013), Acacia
melanoxylon (Knapic et al. 2000).

Despite the economic importance of Douglas-fir, little
information exists on its heartwood development as a
technological stem quality parameter, and more informa-
tion is available on sapwood development (Gartner 2002;
Hein et al. 2008; Domec et al. 2012). This is addressed in
the present study that analyses the within-tree development
of heartwood and sapwood in relation to tree and cambial
ages.

Bark proportion was also analysed since large quantities
of Douglas-fir bark will be available as a residue from the
primary processing of logs at sawmills or other processing
mills. Douglas-fir bark is an interesting biomass compo-
nent, namely because it contains a substantial proportion of
cork. This potential was recognized in early studies (Kurth
1950; Hall 1971; Krahmer and Wellons 1973; Patel 1975),
and recent work further investigated Douglas-fir bark as a
chemical source for biorefineries (Ferreira et al.
2015, 2016).

This paper reports on the stem quality of mature Dou-
glas-fir trees at the time of harvest in two plantations in
Portugal. It is our objective to analyse their technological
quality regarding ring analysis, heartwood, sapwood and
bark development from a sawmilling targeted perspective.
The aim is also to contribute for an integrated valuation of
this timber species that is considered to have a good
potential for the mountain areas of the country.

Materials and methods

The study was based on 20 Douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco) trees sampled from two state-
owned stands in northern and central Portugal. The stands
resulted from the afforestation carried out by the state in
the mid of the last century. Although the seed origin is not
known, isozyme analysis suggested that the plantations are
originated from seed from Oregon, west of the Cascade
Range, therefore of the coastal variety Pseudotsuga men-
ziesii var. menziesii (Fontes 2002). The afforestation was
made using the forest services practices at the time for
these conditions, namely targeting dense forests with
densities around 1000-1200 trees ha™'. There are no
records of silvicultural management.
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One stand (here named Cabreira), located in the Forest
Perimeter of Serra da Cabreira, Cabeceiras de Basto
(40°21'28.5”"N, 07°27'07.2"W, 850 m of altitude, 7.5-10.0
°C annual mean temperature, 1600-2000 mm annual pre-
cipitation and Rankers soils), is a mixed stand with Douglas-
fir as the dominant species but including also the softwoods
Pinus pinaster, Pinus sylvestris, Cupressus lusitana and
Chamaecyparis spp., and the hardwood Betula pendula with
an average 1100 trees ha™ ! The other stand (named Estrela),
located in the Forest Perimeter of Sarzedo, in the region of
Serra da Estrela, Covilha (41°35'18.0"N, 8°01'00.6"W,
930 m of altitude, 7.5-10.0 °C annual mean temperature,
1400-1600 mm annual precipitation and Cambisols soils), is
a pure and regular stand with an average 1200 trees ha™'.

Both stands were harvested to produce logs for the
sawmilling industry. At the time of felling, ten trees were
randomly selected in each stand and characterized by
measuring total height, crown base height and diameter at
1.3 m above ground (d.b.h., as the mean of two crossed
diameters). Tree age ranged from 43 to 50 years and 39 to
64 years, respectively, at Cabreira and Estrela, as given by
ring counting at the stump cut at ground level (here called
stem base), tree height averaged 29 m and 35 m, overbark
diameter at breast height (d.b.h) ranged between 54 and
74 cm and the crown base of height to the first branch
(c.b.h.) ranged between 1 and 6 m (Table 1). Measurement
of the living crown height was not taken.

The trees were bucked into 2.5-m-long logs in accor-
dance with the sawmill’s demands. Stem discs (10 cm
thick) were taken at the bottom end of each log, totalling
212 stem discs. The stem discs were air-dried in-doors and
under well-ventilated conditions. The surface of the stem
discs was smoothed by sanding. In all the cases, the annual
rings were distinct and the heartwood was clearly recog-
nizable by an orange/reddish colour that contrasted to the
pale sapwood.

Eight radial directions approximately evenly spaced
were randomly marked on the cross section for measure-
ment of heartwood, sapwood and bark radial widths. The
average value of these measurements was used for

Table 1 Tree age (as the number of rings at stem base), overbark
diameter at 1.3 m (d.b.h.), total height and crown base height (c.b.h.)
of the Douglas-fir trees sampled in the two sites of Cabreira and
Estrela

Cabreira Estrela

Age (years) 45 £ 2 (43-50) 50 £+ 7 (39-64)

d.b.h. (cm) 60.8 £ 5.8 (54.1-73.6)  60.9 + 6.3 (53.8-73.9)
Height (m) 29.1 £33 (23.7-35.7)  34.9 + 4.4 (30.4-46.1)
c.b.h. (m) 4.6 £ 13 (2.7-6.3) 2.7 £ 1.3 (1.0-5.0)

Mean of 10 trees = SD and in parentheses interval of variation
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calculation of their corresponding areas considering a cir-
cular stem disc. The total number of annual rings and the
number of rings included in the heartwood and sapwood
were also determined.

The following variables were calculated for each stem
disc:

(a) for bark: thickness (mm), area (sz) and proportion
of the stem disc (bark area in per cent of total stem
disc area);

(b) for heartwood: radius and diameter (cm), area
(cm?), proportion of the wood disc (heartwood area
in per cent of total wood disc area) and number of
rings;

(c) for sapwood: radial width (cm), area (cmz), propor-
tion of the wood disc (sapwood area in per cent of
total wood disc area) and number of rings.

Volumes of tree (outside bark), stemwood (inside bark)
and heartwood up to the commercial height were calculated
using sections corresponding to the different heights of
sampling as conical sections, and a cone (top above the last
commercial log), using the following equations (Gominho
and Pereira 2000):

Vzg(Sa—ka—k\/Sabe)

where Sa is the area at the lower height level; Sb is the area
at the higher level; 4 is the length of the section. Sapwood
volume was calculated as the difference of stemwood and
heartwood volumes. Bark volume was calculated as the
difference of tree and stemwood volumes.

The width of annual rings was measured from pith to
bark along two opposite radii using Analysis software
(version 3.2, AnalySIS Soft Imaging System GmbH,
Munster, Germany). The arithmetic mean of the measure-
ments was used in the calculations of tree growth. Late-
wood width in each ring was also measured, and its
proportion in the ring was calculated.

Tree growth at the base and at the 5 m height level was
characterized by the mean annual ring width (RW), the
mean annual ring for the initial growth corresponding to
the first 20 years from pith (IRW) and the mean annual ring
for the final growth in the last 10 years before felling
(FRW). Two relative growth factors were calculated: rel-
ative initial growth (IG) and relative final growth (FG) by
dividing the corresponding mean initial and final annual
ring width by the mean annual ring IRW/RW and FRW/
RW, respectively).

Statistical and correlation analysis was performed using
Microsoft EXCEL 2013 procedures. Regression analysis
was characterized by means of the Pearson correlation and
coefficient of determination.

Results
Tree radial growth and ring width

The radial growth measured at stem base in trees from
Cabreira showed that for approximately the same tree age
of 45 years, the mean wood diameter ranged from 95.0 to
58.4 cm, corresponding to an average radial growth rate of
7.1 £ 2.0 mm year . The trees from Estrela for an
approximate tree age of 50 years had a wood diameter at
stem base ranging from 95.4 to 55.4 cm, corresponding to
an average radial growth rate of 6.6 & 1.8 mm year .

The mean growth rates and the initial (first 20 rings from
pith) and final (last 10 rings) growth rates measured at stem
base and at 5 m height are reported in Table 2. In both
sites, the initial growth rate was similar and also at both
height levels, but final growth was considerably higher at
Cabreira than at Estrela (8.5 vs 3.7 mm year ' at stem
base). The mean growth rate was higher for the trees from
Cabreira at the stem base (8.1 vs 5.8 mm year ', respec-
tively). For the trees from Cabreira, the growth rate was
more homogeneous at the stem base, i.e. initial and final
growth showed similar values relatively to the mean while
at 5 m of height the relative initial growth was higher than
final growth (1.2 vs 0.8) (Table 2). The growth rates at
Estrela were less homogeneous over time, although the
absolute and relative growth rates were very similar
between the stem base and the 5 m height level. The
latewood proportion in the ring was similar at both sites
and without differences between base and 5 m of height
(Table 2).

In general, the mean ring width profile at the stem base
showed an initial slow growth rate up to 5 years of age
(mean of 3.9 and 4.5 mm year™ ', respectively, at Cabreira
and Estrela), after which the growth rate increased until
about 17 years of age (9.0 and 7.8 mm year ', respec-
tively), decreasing to 7.3 and 5.8 mm year™ ', respectively,
to 45 years of age (Fig. 1).

Heartwood development

Heartwood was present in all the trees up to 25 m of stem
height; at the height level of 27.5 m, only two trees from
Cabreira contained heartwood.

The vertical development of heartwood was similar in
all the trees: the heartwood area decreased from the tree
base upwards, and the heartwood diameter followed clo-
sely that of the stemwood, also accompanying the butt
swelling (Fig. 2).

The proportion of heartwood in the total stem cross
section remained stable in the lower part of the stem until
5 m of tree height, after which it decreased steadily to the
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Table 2 Tree growth variables and percentage of latewood for
Douglas-fir trees (mean of 10 trees &= SD) from two sites (Cabreira
and Estrela) measured at stem base and at 5 m of height: RW, mean
annual ring width; IRW, mean annual ring for the initial growth in the

first 20 years from pith; FRW, mean annual ring for the final growth
in the last 10 years before felling; IG, relative initial growth and FG,
relative final growth

Cabreira Estrela
Base Sm Base Sm
Ring width (mm)
Mean(RW) 8.07 + 4.04 7.20 £ 249 5.75 £ 294 5.68 £ 2.67
Initial (IRW) 7.79 £ 4.33 8.51 +£2.26 7.75 + 2.85 7.78 £ 2.28
Final (FRW) 8.48 + 4.78 546 + 1.32 374 £1.93 3.38 + 1.30
Relative growth
Initial (IG) 0.97 £ 0.16 1.18 + 0.07 1.34 £ 0.18 1.36 + 0.10
Final (FG) 1.07 £ 0.24 0.76 + 0.09 0.61 £ 0.13 0.58 + 0.09
Latewood (%) 30.3 £ 4.7 30.6 + 8.6 32.1 + 8.7 293 +99

Tree age (as the number of rings at stem base), overbark diameter at 1.3 m (d.b.h.) and height of the Douglas-fir trees sampled in the two sites of

Cabreira and Estrela

12 9 Cabreira

10 ~

R2=0,9419

Growth rate (mm/year)

[ o o o e L o e e

1 5 9 13 17 21 25 29 33 37 41 45
Total rings from pith

e Mean 0 e Polinomial (Mean)

12 1 Estrela

10 4

R2=0,9839

Growth rate (mm/year)
[e)}
.
. J

[ e e e e e

1 5 9 13 17 21 25 29 33 37 41 45
Total rings from pith

e Mean =~ 0 e Polinomial (Mean)

Fig. 1 Mean growth rate (and SD as bar) and adjusted polynomial curve, at the stem base level of ten trees from the two sites of Cabreira and

Estrela

upper part (Table 3). On average, heartwood in trees from
Cabreira and Estrela represented 49% at the base and 5 m
height level, 45 and 46%, respectively, between 5 and 10 m
of height and decreased to 38 and 40%, and to 25 and 33%
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for the upper height levels. The heartwood proportion was
similar in both sites (Table 3).

The number of growth rings in the heartwood decreased
along the stem height with a trend that was similar in all the
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Fig. 2 Vertical profiles of heartwood (dashed line) and stem inside bark (full line) diameters for four Douglas-fir trees with different butt

swelling magnitude (a, b Cabreira; ¢, d Estrela)

Table 3 Variation of heartwood, sapwood and bark proportion (% of the stem cross-sectional area), and of total stem cross-sectional area (sz)
along the stem for Douglas-fir trees at two sites (Cabreira and Estrela)

Tree height level (m) Base 5 10 15 20 25

Cabreira
Stem cross section (cm?)  3783.4 &+ 1250.2  1892.6 + 287.5 1313.8 £ 338.6 703.6 £ 260.4  288.8 £ 202.3 167.6 + 104.2
Heartwood (%) 504 + 74 484 £ 52 43.1 £ 6.8 32.6 £ 6.8 17.6 + 10.6 122 + 4.8
Sapwood (%) 349 £ 7.5 43.1 £ 49 483 £ 6.2 587+ 6.3 731+ 114 789 £ 53
Bark (%) 14.7 + 3.6 84 £ 1.0 8.6 £ 1.3 87+ 1.7 93+34 104 + 14

Estrela
Stem cross section (cm®)  3716.6 + 13342 2203.9 + 4223  1271.5 £ 360.5 1288.3 + 383.0  827.2 + 3542  555.6 & 420.7
Heartwood (%) 49.6 + 5.0 48.1 + 8.6 42.8 + 8.0 36.7 + 8.8 29.2 + 104 18.8 + 7.1
Sapwood (%) 352 +59 41.8 £ 8.5 48.1 £ 8.0 544 + 84 629 + 11.0 735+£73
Bark (%) 15.2 £ 2.1 10.0 £ 1.2 9.0+ 13 89+ 14 79+ 09 7.7+ 09

Mean of 10 trees £ SD

trees. For example, the 45-year-old tree had 28 heartwood
rings at the stem base, 18 at 5 m and 13 at 10 m of height;
at the top level, with 6 wood rings, there was no heartwood.

Heartwood formation in relation to age was investigated
by considering the variation of the number of heartwood
rings (HW) with cambial age (CA) (Fig. 3), and a linear
regression could be adjusted with an excellent coefficient
of correlation: HW = 0.8846 CA — 7.3568 (R* = 0.991)
for Cabreira and HW =0.7280 CA — 6.7368
(R* = 0.958) for Estrela. The slope of the regression line
indicated a rate of heartwood formation of an average of
0.9 and 0.7 rings year ', respectively, in Cabreira and
Estrela, and heartwood formation was estimated to start at
a cambial age of 8 years in Cabreira and 9 years in Estrela.
The proportion of heartwood in the stemwood section
varied with cambial age, increasing from approximately 12

and 19% for a cambial age of 11 and 21 years, respec-
tively, to 50% for 46 and 50 years for Cabreira and Estrela
(Fig. 4).

The average tree (outside bark) and stemwood (inside
bark) volumes up to the commercial height level were 2.9
and 2.6 m3, respectively, for the trees from Cabreira, and
4.2 and 3.7 m3, respectively, for trees from Estrela. The
heartwood volume was 1.3 m®, corresponding to 44% of
the average stemwood volume for the trees from Cabreira
and 1.7 m’, corresponding to 42% of the average stem-
wood volume for the trees from Estrela.

Sapwood variation

The sapwood cone started above the 25 m height level,
thereby representing a length to the top of the tree under
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HW = 0.8846 CA — 7.3568, R = 0.991, and Estrela:
HW = 0.7280 CA — 6.7368, R> = 0.958, with HW heartwood rings,
CA cambial age)
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Fig. 5 Variation of sapwood radial width along the tree height in
Douglas-fir trees in two locations (Cabreira and Estrela). Mean of 10
trees and SD
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Fig. 4 Variation of heartwood proportion in the stem cross section
with total rings from pith for 10 trees from Cabreira and Estrela
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approximately 4 and 9 m, respectively, for Cabreira and
Estrela. The radial width of sapwood was higher at the base

Bark thickness (mm)
G

10
in the region of butt swelling, where it represented on
average 75 and 74 mm for Cabreira and Estrela, respec- 51
tively. Between 5 and 10 m, sapwood width was approxi-
mately constant at 62 mm and decreased upwards to 0 ' . , , , ,
44 mm at 25 m for the trees from Cabreira; for the trees 0 5 10 15 20 25 30
from Estrela, the axial decrease in sapwood width was less Height level (m)

pronounced and was 61 mm at 25 m of height (Fig. 5). The Cabreira --- Estrela

proportion of sapwood in the cross section increased to the Fig. 6 Axial variation of bark thickness for Douglas-fir trees in two

upper part of the stem (Table 3). sites (Cabreira and Estrela). Mean of ten trees and SD (as bar)
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adj = 0.986);
BT = 0.0022 CA® — 0.176 CA? + 4.7654
CA — 35.546 (R* = 0.996, R* adj = 0.986).

e Estrela:
BT = —3.77
adj = 0.968);
BT = 0.0001 D* — 0.0514 D + 11.305 (R*> = 0.992,
R? adj = 0.987);
BT = 0.0021 CA® — 0.1972 CA? + 6.2184
CA — 58.821 (R* = 0.992, R? adj = 0.983).

where BT is bark thickness (mm), TH the tree height level
(m), D the diameter (cm) and CA the cambial age.

Bark proportion varied along the tree with height
(Table 3). The pattern was similar for all the trees, with a
higher content in the lower part of the stem (15% at base
level) decreasing and stabilizing at 9.0 and 8.0% up to
25 m of height, respectively, for Cabreira and Estrela.

The average bark volume was 0.33 and 0.52 m® corre-
sponding to 11 and 12% of the total tree stem volume for
Cabreira and Estrela.

In(TH) + 18.61 (R*> =0.975, R?

Taper

Stemwood taper and heartwood taper for the different logs
are summarized in Table 4. At Cabreira, the taper was
highest for the butt log reflecting the butt swelling. For the
5-10 m height section, stemwood and heartwood tapers
were smaller and similar at an average of 14.9 mm m™';
from 10 m to the upper part of the tree, the stemwood and
heartwood tapers were constant at 20.5 and 18.2 mm mfl,
respectively (Table 4). For the trees at Estrela, the stem-
wood taper and heartwood tapers were smaller than for the

trees at Cabreira (Table 4).

Discussion

Radial growth and ring analysis

The Douglas-fir trees showed a high radial growth in the

two stands in northern and central Portugal, with an aver-
age of 6.9 mm year ' (Table 2) and a decreasing pattern

with cambial age (Fig. 1). These results are similar to the
7.2 mm year ' of Douglas-fir trees growing in the coastal
range of western Oregon (USA) that also showed a rapid
early growth and then a gradual growth rate decline
(Tappeiner et al. 1997). For Douglas-fir stands with a
similar initial tree density of 1200 trees ha~!, Hein et al.
(2008) showed that the mean radial increment was below
8 mm decreasing steadily between the start of the experi-
ment until the end of observation.

Growth in the juvenile phase was higher than in mature
periods (Table 2), and the difference was more accentuated
in the slower growth stand of Estrela; the maximum growth
rate was attained at approximately 20 years (Fig. 1), in
accordance with previous observations (Louro and Cabrita
1989).

Growth was somewhat higher at Cabreira than at Estrela
(Fig. 1), which may be caused by the different site eleva-
tions (850 vs 930 m) since growth rate generally slows
down with increasing elevation (Lassen and Okkonen
1969). Climate effects of temperature and rainfall were
considered in the analysis of ring width of the trees in
Cabreira and Estrela, but no significant signals were found
(data not shown). Since tree competition is a factor influ-
encing diameter growth (Kohnle et al. 2012), the fact that
between-tree competition was probably higher in the reg-
ular and pure stand of Estrela may also account for this
difference in growth, especially regarding the late growth
in the mature trees (Table 2). On the contrary, tree height is
only marginally affected by inter-tree competition and may
be used as a stand-level indicator for the growth potential
of a specific site (Kohnle et al. 2012); in the present con-
text, the tree height was in fact similar for both sites.

This high radial growth in conjunction with tree height
(on average 32 m, Table 1) allows a harvest age for the
sawmilling industry in the range of 45-60 years (Fontes
et al. 2003a), thereby confirming the good potential of
Douglas-fir as a timber species for the mountain areas of
Portugal, as also previously suggested (Fontes 2002; Fontes
et al. 2003b), namely for afforestations directed towards
increasing timber production (Diniz 1969; Fontes
1989, 2002; Freitas 1989; Louro and Cabrita 1989). It is
interesting to notice that the radial growth rate of Douglas-
fir is substantially higher than that reported for Pinus

Table 4 Stemwood and

heartwood taper, in mm/m, Height levels (m) Cabreira Estrela

between different stem height Stemwood Heartwood Stemwood Heartwood

levels (mean of 10 trees == SD)

of Douglas-fir trees in two Base-5 312 £ 132 284 + 9.8 24.0 + 13.7 21.8 £ 9.7

locations (Cabreira and Estrela)  5_1q 153 +£5.5 145 £ 3.7 10.8 + 2.5 11.6 + 2.6
10-15 203 £ 7.0 18.6 £ 5.9 11.8 £ 6.7 12.1 £ 6.3
15-20 20.6 £+ 4.1 18.0 £ 4.5 18.2 £ 8.4 15.1 £5.1
20-25 20.7 £ 3.9 18.1 =52 155 £ 12.0 157+ 54
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pinaster that is the most common timber conifer in Por-
tugal, e.g. in mature trees 1.8 and 2.6 mm year ' (Knapic
and Pereira 2005; Vieira et al. 2009) or 4.2 mm yeaf1 in
17-year-old trees (Gaspar et al. 2008).

The fact that ring width pattern was similar at different
height levels along the stem, i.e. growth rate at the same
cambial age was similar for the different tree ages, con-
tributes to stemwood homogeneity which is an advantage
when similar mechanical performance of long wood
structural elements is desired. Exceptions were found only
in some trees at the stem base where higher heterogeneity
was found derived from the presence of butt swelling. The
similar ring structure, i.e. latewood proportion was similar
(Table 2), also gives a considerable homogeneity to the
wood.

Heartwood development

Very few references are found in the literature regarding
the heartwood content in Douglas-fir and its within-tree
development. The trees sampled here in both sites con-
tained a substantial proportion of heartwood that decreased
from tree base upwards (Fig. 2). This axial variation pat-
tern was already observed for 34-year-old Douglas-fir trees
(Gartner 2002) and follows the general trend described for
all species (Hillis 1987), namely for pines such as Pinus
pinaster (Pinto et al. 2004; Knapic and Pereira 2005;
Esteves et al. 2005), P. sylvestris (Bjorklund 1999; Morling
and Valinger 1999), P. canariensis (Climent et al. 2003), P.
contorta (Yang and Murchison 1992), P. banksiana (Yang
et al. 1985) and P. radiata (Wilkes 1991). Long and Scott
(1981) observed that most of the increase in total cross-
sectorial area of the stem below the crown is attributable at
the non-conducting heartwood.

The heartwood content increases with tree age, and
various authors found evidence that, after a certain initia-
tion age, heartwood is formed at a constant annual ring rate
(Hazenberg and Yang 1991; Wilkes 1991; Sellin 1994;
Bjorklund 1999; Gjerdrum 2003). This was also found here
for Douglas-fir with the number of heartwood rings
strongly correlated with cambial age. The rate of heart-
wood formation of 0.9 and 0.7 rings year™ ' increased with
cambial age, and the values were similar to those registered
for other softwoods, e.g. for Pinus pinaster 0.5 rings year™ '
(<55 years) and 0.7 rings year~' (>55 years) (Knapic and
Pereira 2005), P. sylvestris 0.5, 0.7 and 0.9 rings year '
(<45, 90 and 115 years, respectively) (Bjorklund 1999),
and 0.6 and 0.8 rings year ' for cambial ages of 60 years
and 220 years, respectively (Gjerdrum 2003) and Picea
mariana 0.79 rings year™' (50 years) and 0.98 rings year™ '
(90 years) (Hazenberg and Yang 1991).

Heartwood formation was estimated to start at a cambial
age of 8 and 9 years in accordance with works of Smith
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et al. (1966) who indicated an early formation of heart-
wood in Douglas-fir. Other species show different ages for
heartwood initiation: for Pinus pinaster 13 or 18 years
(Knapic and Pereira 2005; Esteves et al. 2005), P. sylvestris
15-25 years (Bjorklund 1999; Morling and Valinger 1999),
P. canariensis 30 years (Climent et al. 2003) and Picea
abies 18-20 years (Munster-Swendsen 1987). These
results indicate that heartwood initiation age and formation
rate are species specific.

Heartwood formation may also be more dependent on
tree diameter than on age, as reported for several species,
e.g. Tectona grandis (Kokutse et al. 2004), Acacia
melanoxylon (Knapic et al. 2006), Eucalyptus globulus
(Gominho and Pereira 2000, 2005) and Pinus sylvestris
(Bjorklund 1999). In fact, heartwood dimensions have
positive variations with tree growth, e.g. Larix decidua
(Leibundgut 1983) and Eucalyptus globulus (Gominho and
Pereira 2000), and stem diameter was a good predictor of
heartwood diameter in Pinus pinaster (Pinto et al. 2004)
and P. canariensis (Climent et al. 2003).

Sapwood variation

The mean sapwood width of 75 mm was in accordance
with Domec et al. (2012) who reported 72 mm of sapwood
width for Douglas-fir trees with 61-63 cm d.b.h
(100-102 years old). The axial variation of sapwood width
was of small magnitude with a decrease from stem base to
the top which was more accentuated in Cabreira than in
Estrela where it showed an almost constant value of 70 mm
(Fig. 5), also reported by Long and Scott (1981) for
45-year-old Douglas-fir trees. This vertical distribution of
sapwood supports the pipe model described by Shinozaki
et al. (1964) by which the sapwood cross-sectorial area
remains more or less constant below the live crown. The
near constancy of sapwood width with height in Douglas-
fir after initial higher values at stem base was also descri-
bed for trees of different ages, e.g. 22 years old (Bancalari
et al. 1987), 34 years old (Gartner 2002), 55 years old
(Megraw 1986) and 59 to 78 years old (Wellwood 1955).
This pattern of sapwood width variation along the Douglas-
fir trees (Fig. 5) is also in accordance with that reported for
other conifers, e.g. Pinus pinaster (Stokes and Berthier
2000; Knapic and Pereira 2005; Pinto et al. 2005), P. syl-
vestris (Bjorklund 1999), P. banksiana (Yang et al. 1985)
and P. contorta (Yang and Murchison 1992). Sapwood
width generally increases with tree diameter, rate of growth
and relative crown size (Lassen and Okkonen 1969).

The most rapidly growing Douglas-fir trees have the
widest sapwood (Wellwood 1955; Smith et al. 1966), and
sapwood area is positively correlated with tree growth,
largely due to its correlation with tree foliage area or mass
(Grier and Waring 1974). The live crown height or
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diameter was not measured in this present work, and
therefore, no further relation to sapwood development may
be made. However, in the observed Douglas-fir trees, the
radial growth rate was only weakly related to sapwood
amount (data not show), and these results agree with others
reported previously for Douglas-fir (Lassen and Okkonen
1969).

The number of sapwood rings at stem base (on average
10 rings) is approximately the same reported for 34-year-
old Douglas-fir trees but smaller than the 30 and 40 rings
observed for 100-year-old trees (Domec et al. 2012). The
number of sapwood rings showed a small increase with
cambial age up to a maximum at about 3540 years fol-
lowed by a decline after this age, therefore corresponding
to a within-tree variation with height, in accordance with
Bancalari et al. (1987) and Brix and Mitchell (1983). The
small within-tree variation of sapwood width results in an
increasing sapwood area proportion from stem base (on
average 35% of the cross section) to the top (e.g. 57% at
15 m of height) (Table 3), as also observed by Hein et al.
(2008). Domec et al. (2012) also documented a sapwood
proportion increase from 30 to 53% corresponding to 100
and 34 years, respectively. Hein et al. (2008) also reported
that stand density did not have effect on the cross-sectorial
sapwood proportion along the stem, with sapwood extent
appearing to mirror stem taper quite well.

Taper

In the sampled Douglas-fir trees, the stemwood and the
heartwood showed a similar vertical profile (Fig. 2), as
already described (Long and Scott 1981), and therefore,
the wood and heartwood taper values were similar
(Table 4). Taper was higher in the trees from Cabreira in
relation to Estrela, e.g. the average taper of the trees from
5 to 25m of stem was, respectively, 19.2 and
14.1 mm m™'; this may be explained by a stronger tree
competition in the pure Estrela stand. Overall, the stems
were more cylindrical than would be implied by confor-
mity to a cone, and the taper values were low which
stresses the stem quality of Douglas-fir for long wood
components.

Bark development

Bark thickness is a phenotypic characteristic important for
forest management, the development of underbark timber
volume equations, and may be associated with fire resis-
tance (Kohnle et al. 2012). The latter aspect is particular
important for Portugal where forest fires are frequent
summer occurrences, and the high cork content in Douglas-
fir bark confers an added insulation potential (Ferreira et al.
2015, 2016). Bark represented on average 12% of the stem

volume, as also observed by McConnon (2004) and lower
than the 18% referred by Maguire and Hann (1990). Bark
showed, however, a significant thickness variation from the
tree base upwards (Table 3; Fig. 6), as also reported by
Gartner (2002). Bark thickness of Douglas-fir trees at any
point above breast height can be estimated by a segmented
polynomial taper equation given total height and breast
height diameter (Maguire and Hann 1990).

Bark development in trees is a cumulative process, and
therefore, the decrease in bark thickness with tree height is
a common feature on several species (Trockenbrodt 1994),
e.g. Eucalyptus grandis (Wilkins 1991) and E. globulus
(Quilhé et al. 2000). Since bark of Douglas-fir may be a
significant raw material if addressing a full resource use
and a biorefinery approach (Ferreira et al. 2015, 2016), the
results suggest that the debarking of the butt logs up to 5 m
of height (where bark thickness is highest) would be the
most efficient.

Conclusion

Douglas-fir showed good potential as a timber species for
the mountain areas of Portugal with high radial growth that
increased with age to a maximum growth rate at approxi-
mately 20 years.

The Douglas-fir trees contain a substantial proportion of
heartwood estimated to start early at 8-9 years of cambial
age and increasing by 0.7-0.9 rings year™'. Sapwood width
was on average 75 mm with small axial variation. The bark
content is high especially in the lower part of the stem.

The stems showed a high axial homogeneity as regards
ring development and low taper confirming their aptitude
for long wood components for structural construction
applications.
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