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Abstract The influence of stand density on Douglas-fir

[Pseudotsuga menziesii (Mirb.) Franco] is conceptually

understood, but for wide spacings not well quantified,

particularly in Europe. This study used 41 trees from 7

different locations in south-western Germany to compare

important tree- and branch-level attributes across three

different densities, namely 100, 200, and 1,200 stems ha-1.

In general, there were only a few tree and branch attributes

that were significantly different between the 100 and

200 ha-1 densities. Crown projection area and diameter of

the thickest branches were the most important differences

between the 100 and 200 ha-1 densities. The most obvious

and significant differences in this study were between 100

and 1,200 ha-1 densities, where nearly every examined

tree and branch attributes were statistically significant.

However, relative sapwood area, the number of branches,

branch angle, and the occurrence of spike knots were

insensitive to stand density. Although the two lowest stand

densities in this study represent rather extremely wide

spacings, these results still have important implications for

the development of effective thinning regimes for Douglas-

fir in south-western Germany. Important management

recommendations from this study include thinned stands

should be maintained to at least 200 stems ha-1 to maintain

high log quality and stand stability. Furthermore, even at

stand densities exceeding more than 1,200 trees ha-1

planted trees, artificial pruning may even be necessary to

produce high quality logs.

Keywords Spacing � Branchiness � Sapwood �
Douglas-fir � Timber quality � Open grown trees

Introduction

Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] con-

tinues to be an important and significant component of

European forests. In the south-western region of Germany,

Douglas-fir comprises nearly 3% of the current stocking

volume (FVA-BW 2004) and this value is expected to

increase in the upcoming years (Moosmayer 2002).

Douglas-fir is a very valuable species in this region because

it is adaptable to wide range of site conditions, maintains

high growth rates, and produces high quality wood pro-

ducts (Kenk and Thren 1984a, b; Weise et al. 2001). In the

context of climate change, Douglas-fir appears a particu-

larly interesting commercial tree species for central Europe

because the species’ adaptive potential for warming might

be superior to Norway spruce (Picea abies [L.] Karst.),

which is currently the economically most important species

in the region (Teuffel et al. 2004).

The European approach to Douglas-fir silviculture is

well-established, but the long-term effects of very wide

spacings on individual tree attributes have rarely been
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quantified in the literature. Stand density is the most

important factor influencing individual trees. In south-

western Germany, Douglas-fir stands are generally planted

with a maximum of 1,200 trees ha-1, and density is rou-

tinely controlled by pre-commercial (if planting densities

exceed [800 ha-1) and commercial thinnings (MLR-BW

1997, 1999). Understanding the effects of these differing

levels of stand density on individual tree attributes such as

growth, branching, and sapwood is an important step for

refining and predicting the response of future thinning

activities.

Mäkinen and Hein (2006) recently evaluated the effects

of wide spacings created by thinning on growth and branch

properties of young Norway spruce. In their study, mean

radial increment and branch properties were negatively

influenced by decreased stand density, which have impor-

tant implications for the final value of wood products

yielded by these stands. For example, they found that all

sample trees at the lower stand densities (700 stems ha-1)

had a maximum branch diameter that exceeded the quality

class B (‘‘regular quality’’) in the European requirements

for round wood.

The goal of this project was to examine the effects of

various spacings on individual tree Douglas-fir growth,

branch properties, and sapwood area. The spacings ana-

lysed covered very wide spacings (100 or 200 stems ha-1)

and fairly dense (1,200 stems ha-1). The inclusion of

sapwood area as a variant in this analysis provides inter-

esting insights in to the potential amount and distribution of

leaf area in the stands. Sapwood also has important

implications for several wood products. Specific objectives

were to descriptively quantify the influence of stand den-

sity on: (1) individual tree dimensional and growth

attributes such as radial and height increment, taper, and

length of the live crown; (2) branch attributes such as size,

frequency, and the occurrence of branches that might cause

defects; and (3) the amount and relative proportion of

sapwood.

Materials and methods

Experiments

The material was collected from three spacing

experiments within the program ‘‘Solitary Trees’’

(‘‘Solitärprogramm’’) in south-western Germany. This

program was established in the 1980s by Abetz (Abetz

1987; Abetz and Lässig 1989). The status of the program

has lately been evaluated (Herbstritt and Kohnle 2006)

and data obtained from plots of the program have been

exploited in several analyses on growth and branch

characteristics (Mäkinen and Hein 2006; Hein et al.

2007; Hein et al. 2008). The principal and original aim

of the experiments was to study the impact of environ-

mental factors (e.g. weather conditions, air pollution,

biotic pests) on tree growth without the confounding

effects of inter-tree competition.

For Douglas-fir, the experiments were established in

seven approximately 12-year-old single-species stands

located in south-western Germany between 1989 and 1991.

At each location, one to three plots were established,

namely: (1) a plot with extremely widely spaced trees

where the stands were thinned to a density of 100 stems

ha-1 at the establishment of the experiment (4 plots); (2) a

plot with a wide spacing where the stands where thinned to

an initial density of 200 stems ha-1 at the beginning of the

experiment (3 plots); and (3) a plot with an initial density

of 1,200 stems ha-1 (3 plots). The latter representing the

recommended density of planted Douglas-fir in south-

western Germany; this density also covers the recommen-

dations for planting Douglas-fir in neighboring countries

such as France (ONF-FR 1996). Square or rectangular plots

(0.25 ha) were established at each location with evenly

spaced stems (approximately 10 9 10, 7.1 9 7.1 m and

2.9 9 2.9 m, respectively). No thinnings have been carried

out after the establishment of the experiments. In total, data

from ten plots on seven different installations were avail-

able (Table 1).

The site index on the locations defined as the dominant

height expected at the age of 100 years (Bösch 2001)

ranged between 51.7 and 56.0 m, with no obvious differ-

ences between the three treatments (Table 1). The climatic

and site conditions varied slightly among the seven loca-

tions. As an exception, the location ‘‘Kirchzarten’’ was

situated at a relatively high altitude. The soil water holding

capacity varied from moderately dry to moderately moist.

Generally, the soils’ water availability was judged as suf-

ficient with only one exception (location ‘‘Löwenstein’’)

with slightly restricted water availability. The different

stands had been planted from 1977 to 1979 with plant

material grown from seeds collected from approved local

stands. Documentation on the age of the planting material

was not available. However, considering the silvicultural

guidelines recommending 2 ? 1 nursery stock for Doug-

las-fir plantations (MLR-BW 1999), the trees were

probably 3 years old. Furthermore, the provenance of the

original North American seed source was not documented.

Drawing from the introduction history of Douglas-fir to

Baden-Württemberg in combination with the stands’ age

and the observed satisfying growth characteristics, it

appears reasonable to assume coastal provenances from

low to medium altitudes of Oregon/Washington (Kenk and

Thren 1984a, b).
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Measurements and statistical analysis

In total, 41 trees were sampled from the 10 plots, with 13

trees from the lowest density, 13 trees from the interme-

diate, and 15 trees from the highest density. The sampling

was targeted to dominant and co-dominant trees, which

were randomly selected under the condition of having no

visible signs of damage. As some of the plots had been

discarded from the original study, they offered the oppor-

tunity to sample a larger number of trees without impairing

the long-term monitoring program. The trees used in this

study were harvested in 2004–2006 (i.e. 15–17 years after

the beginning of the experiments). At the time of harvest,

the trees were, on average, 27.6 years old counted on stem

discs at 0.3 m stem height. Summary statistics of individ-

ual tree attributes are given in Table 2.

For each tree, tree height, stem diameter at breast

height, height of the crown base (the height of the lowest

living primary branch) and crown projection area were

measured. The projected area of the crown was calculated

using an eight-cornered polygon (Röhle and Huber 1985).

Current basal area of a stem in relation to current crown

projection area was used as a measure for the efficiency of

stem wood production. For three trees from experiment B

(location Walldürn), no measurement of crown projection

area was available.

After felling the sample trees, the distance of whorls

from the stem apex, branch status (living or dead), branch

angle (in 5� increments) and diameter (on branch base after

base swell) both in the horizontal and vertical directions of

all branches above 1.3 m height were measured. The

branch angle was defined as the vertical angle between the

stem and the branch. The average branch diameter was

calculated as the arithmetic mean of the horizontal and

vertical diameters. In total, 6,409 branches were measured

of which 5,857 (91.4%) were still alive.

Stem cross-sections were taken at 1.3 m height, then

every 5.0 m thereafter. The number of annual rings was

counted, and then compared with the number of whorls

above the cross-section to assure the correct numbering of

the whorls. The whole dataset covers a range of tree

diameters between 27.2 and 48.1 cm and heights of 18.0–

26.0 m measured at the time of felling.

Annual radial increment was measured on the 1.3 m

cross section in eight directions (at 45� intervals beginning

from north) and on the upper cross sections in four direc-

tions based on computer-aided tree-ring measurement

equipment (Digitalpositiometer K. Johann, Kutschenreiter,

Vienna, Austria). On each radius of the cross section, we

recorded the first year with no heartwood coloration as the

first sapwood year. The sapwood area per cross section was

calculated using an eight/four-cornered polygon by sub-

tracting the heartwood area from the total area of the crossT
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section. The relative sapwood area was calculated by

dividing the sapwood area by the total cross sectional area

(without bark) and expressed as a percentage value.

Similar to the efficiency of stem wood production, the

relationship between branch wood production relative to

crown size was also investigated by relating the total basal

area of all living branches of a tree to crown projected area.

Furthermore we related the sapwood area measured at each

stem disc to the cumulative branch area above the

respective stem disc.

Due to the hierarchical nature of the data, statistical

significance of the differences between the treatments was

analysed using mixed effects models. The random effects

included in this analysis were random plot, tree, and whorl

effects. Depending on the level of the measurements

(at tree or whorl level), the model used to test the treatment

effects was:

ylpt ¼ lþ dD þ ulp þ ulpt þ e

or

ylptw ¼ lþ dD þ ulp þ ulpt þ ulptw þ e

where y is a dependent variable, l is the overall mean, dD

the effect of stand density class, and ulp, ulpt, and ulptw the

random effects for stand l, plot p, tree t, and whorl w and e
is the residual error at the lowest level. Comparisons

between the experiments were performed by computing

least-square means of the treatment effects and tested by

least-squares means of the fixed effects with a Bonferroni

adjustment. Restricted maximum likelihood estimation in

the MIXED procedure of SAS (SAS Institute Inc. 2004)

was used in the analysis.

Since each treatment was not replicated on every

installation, this study has an unbalanced design and is

clearly observational in nature. Thus, the scope of

inference is limited and the detected differences may be

due to confounding factors rather than purely treatment

effects. For example, all of the highest density plots

occur on loamy sands from sandstone sites. However, the

use of a random installation effect was assumed to

account for this unbalanced design. Preliminary analysis

indicated that the random installation effects were purely

random and uniformly distributed. Hence, they were not

correlated with any site factors such as soil texture or

drainage. Therefore, the design of this study was not

expected to impede any of the interpretations of the

results, except that caution on their generality is

warranted.

Table 2 Summary statistics of the sample trees taken from stands with initial densities of 100, 200 and 1,200 Douglas-fir ha-1

100 200 1,200

Mean Min–Max Mean Min–Max Mean Min–Max

Stem characteristics

Age (years) 28.5a 24–34 26.4a 24–30 28.1a 25–31

D1.3 (cm) 43.3a 35.9–48.1 41.8a 37.0–46.7 33.5b 27.2–37.2

H (m) 21.6a 18.0–25.8 22.8ab 20.6–24.7 23.7b 21.1–26.0

Volume (m3) 1.28a 0.82–1.74 1.25a 0.95–1.65 0.87b 0.61–1.05

H/D1.3 9 100 49.9a 40.8–56.7 54.8a 48.9–60.0 71.4b 56.6–88.3

Crown characteristics

Crown diameter (m) 9.7a 7.5–12.1 8.7a 7.2–10.6 5.9b 4.2–7.4

Crown projection area (m2) 76.9a 43.9–114.9 59.7a 40.5–88.5 27.8b 13.9–42.0

Crown ratio 0.89a 0.82–0.96 0.88a 0.79–0.97 0.70b 0.58–0.93

Height to the lowest living branch (m) 2.3a 0.7–3.7 2.7a 0.6–5.3 7.0b 1.8–10.4

Height to the lowest dead branch (m) 1.7a 0.7–2.5 1.7a 0.6–2.5 1.3a 0.5–2.4

Branch characteristics

Diameter of the thickest branch (cm) 7.8a 6.1–9.6 6.8b 5.9–9.4 5.4c 4.3–6.3

Height to the thickest branch (m) 7.8a 1.9–11.7 8.8ab 4.2–13.4 10.7b 6.0–14.3

Relative location of the thickest branch within the crown (–)x 0.71a 0.49–0.94 0.70a 0.48–0.94 0.79a 0.56–0.95

Number of branches tree-1 with insertion angle B 45� tree-1 8.2a 0–31 7.3a 2–19 7.8a 2–23

Insertion angle of steepest branch tree-1 24.6a 10–40 28.8a 15–40 22.7a 10–40

Height to steepest inserted branch tree-1 14.5a 7.9–24.3 16.6a 10.9–22.5 16.5a 9.1–24.2

Relative location of the steepest inserted branch tree-1 within the crown (–)x 0.37a 0.01–0.72 0.31a 0.03–0.71 0.44a 0.04–0.91

Treatment means in the same row marked with different letters (superscript) differ significantly (P [ 0.05)
x 0 = stem apex, 1 = crown base (height of the lowest living branch)
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Results

Tree size and stem increment

The mean diameter at 1.3 m of the sample trees differed by

9.8 cm between the densities of 100 and 1,200 ha-1

(Table 2). Mean stem radial increment of the dominant

trees varied between 6.5 and 8.7 mm at 1.3 m during the

years before the beginning of the experiment (Fig. 1a). In

the densities of 100 and 200 ha-1, annual radial increment

increased continuously until it levelled off around the mid-

1990s. The annual radial increment of the trees in the

1,200 ha-1 experiment decreased steadily between the start

of the experiment until the end of observation. Even close

to 2005 or nearly 15 years since the establishment of the

experiment, the stem increment of the 100 and 200 ha-1

density was still 2 mm higher than the 1,200 ha-1 treat-

ment. With respect to basal area increment, no obvious

reduction occurred in the latter part of the study period

(Fig. 1b), but there appeared some levelling off between

1995 and 2000. Inter-tree competition on plots at a density

of 200 ha-1 did not reduce to a large extent stem diameter

growth compared with those at a density of 100 ha-1. In

densities of 1,200 ha-1, radial and basal area increments

were clearly at a lower level during the whole experiment.

There was a significant difference between the heights

of the trees from the lowest and highest densities (2.1 m,

Table 2). Likewise, height increment from the lowest

density was below the values from the higher densities,

although it varied significantly between years (Fig. 1c).

Also, stem form (H/D1.3-ratio) decreased significantly from

the 1,200 ha-1 and to the 100/200 ha-1 experiments.

All crown properties differed significantly between the

100 and 1,200 ha-1 plots (Table 2). In some cases, even

significant differences between the stand densities of the

100 and 200 ha-1 plots could be observed. Tree crowns

were narrowest and shortest at the closest spacings.

Accordingly, the crown ratio, the lowest living and the

lowest dead branch, differed significantly between the 100

and the 1,200 ha-1 density. However, there was no dif-

ference between the two lowest densities. Thus, crown

recession had started even at the 100 and 200 stems ha-1

densities as the lowest living branch was 1 m above the

lowest dead branch for both densities.

Branch diameter

The diameter of the thickest branch of a sample tree

decreased significantly with increasing stand density

(Table 2). Irrespective of stand density, the height of the

thickest branch was located between 0.70 and 0.79 within

the crown (0 = stem apex, 1 = crown base). Also, for the

absolute position of the thickest branch at the stem, the

between-tree variation was high and the differences

between the treatments were not significant. In the upper-

most crown (whorls 1–5 from the stem apex downwards),

the maximum branch diameters did not differ among the

treatments (Fig. 2a; Table 3). At lower parts of the stem,

increasing stand density was associated with a decrease in

branch diameter: deeper in the crown, all maximum

diameter values differed significantly between the experi-

ments. Only in the 1,200 ha-1 treatment did the maximum

branch diameter clearly decrease again in the lowest part of

the stem compared with the middle portion.

Number of living and dead branches

No clear trend in the total number of branches was found

between the densities when moving from the stem apex

downwards (Table 3). However, all the densities showed

an increase in the total number of branches from the tree

top to the whorl located downwards the crown (Fig. 2b). In

the upper and middle crown (whorls 1–15) of trees from

the 200 ha-1 density, a slightly lower total number of

A

B

C

Fig. 1 Mean annual radial increments per year at breast height (a),

basal area increments per year at breast height (b), and height

increments per year (c) plotted against calendar year in stands with

initial densities of 100, 200 and 1,200 trees ha-1
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branches was observed. However, the overall variability of

the number of branches per whorl was high for all three

densities (Table 3).

In the upper crown (whorls 1–10), almost all the bran-

ches were alive irrespective of stand density (Fig. 2c;

Table 3). In the 1,200 ha-1 density, the fraction of living

branches started to be significantly lower from whorls 11–

15 downwards to the crown base in comparison to the other

densities. In the 100 and 200 ha-1 densities, 90% of all

branches were still alive at the whorls 16–20.

Branch angle

The angle of living branches increased from tree apex to

the lower parts of the crown (Fig. 2d). The overall vari-

ability of branch angle was high for all three densities and

the position within the crown (Table 3). Thus, branch angle

differed between the densities only at whorls 16–20. At this

height within the crown, branch angle was slightly lower at

the 200 and 1,200 ha-1 density compared to the 100 ha-1

stand density.

The number of steeply inserted living branches (branch

angle B 45�; ‘‘spike knots’’) was at a similar level among

the three densities as there was no significant difference at

any of the multiple paired comparisons. Similarly, no sig-

nificant difference between densities was found for the

insertion angle of the steepest branch per tree and its

absolute height at the stem measured from the ground. The

steepest inserted branch per tree was generally located

around the upper and middle third within the crown

(Table 2). Again, the differences among the treatments

were not statistically significant.

Stem wood growth efficiency

For all three densities the efficiency of stem volume pro-

duction divided by sapwood area at breast height was

examined in relation to current crown projection area

(Fig. 3a). The ratio of stem volume and sapwood area at

breast height of individual stems in relation to crown

projection area appears to slightly decrease to some degree

with decreasing stand density. However, trees from the

200 ha-1 density showed slightly higher efficiency com-

pared to the trees from the 100 ha-1 density. Within

observations from these two densities there was no clear

trend of efficiency over crown projection area. The overall

trend indicated that stem wood production could possibly

be less efficient in more widely spaced stands. However, it

should be noted that the data range of the crown projection

areas did only overlap among the 100 and 200 ha-1 stand

density classes (Fig. 3a).

In contrast to stem volume production per sapwood area,

the cumulative branch area (the total basal area of all living

branches of a tree) per crown projection area appears

higher in widely spaced stands (Fig. 3b). Likewise, the

cumulative branch area per unit stem area was to some

extent higher for widely spaced trees (Fig. 3c). However,

similar to Fig. 3a (stem volume per sapwood area), the

observations on branch area (Fig. 3c) provide no conti-

nuum from dense to widely spaced stands but show some

A B

D

C

Fig. 2 Diameter of the thickest

branch (a), number of branches

(b), fraction of living branches

from the total number of

branches in a whorl (c) and

branch angle (d) plotted against

whorl number counted from the

stem apex downwards in stands

with initial densities of 100, 200

and 1,200 trees ha-1.

Interpolation (a):

y = a1 9 x ? a2 9 x2 ?

a3 9 x3 where a1, a2 and a3 are

parameters, (b–d): cubic

smoothing spline - smoothing

factor = (60 - 70 - 70)
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gaps. Thus, the results provide only circumstantial evi-

dence that branch area per unit crown projection area is

higher at lower stand densities. This means that a larger

branch area was needed to yield a specific stem size at

lower densities.

Sapwood area

Sapwood area decreased with higher position of the cross

section within the stem (Fig. 4a). Generally, wide spaced

trees showed larger absolute sapwood areas along the lower

parts of the stem. At cross section B 5 m, the sapwood

area was smaller for the 100 ha-1 versus the 200 ha-1

density (Table 4). Between the 100 and 200 ha-1 densities,

significant differences in the absolute sapwood area were

evident only at cross sections at breast height.

In general, the relatively young trees displayed rather high

proportions of sapwood: half of the discs showed sapwood

proportions (sapwood area relative to the whole stem area)

exceeding 90% (Fig. 4b, Table 4). Along the stem, the

sapwood proportion observed on the cross sectional discs

increased from stem base to apex. The variability of the

relative sapwood area was high for each of the densities. As

there were no significant differences, no clear pattern

between the densities could be derived from the tests.

Cumulative area of branches higher than the corre-

sponding cross section of the sapwood area significantly

increased with larger sapwood area (Fig. 4c). For discs

with small absolute sapwood areas (i.e. in the upper

crown), the relationship between sapwood area and

Table 3 Mean branch and whorl properties (minimum and maximum values in parenthesis) in different whorls along the stem counted from the

stem apex downwards in stands with initial densities of 100, 200 and 1,200 trees ha-1

Whorl Branch diameter (cm)1 Number of branches (–)

100 200 1,200 100 200 1,200

1–5 1.7a (0.6–3.3) 1.8a (0.7–3.1) 1.7a (0.6–3.3) 5.6ab (0–17) 5.0a (1–11) 6.4b (0–17)

6–10 3.9ab (2.2–6.9) 4.1a (2.2–6.0) 3.7b (2.1–5.2) 7.3a (2–13) 7.0a (2–16) 9.1b (3–19)

11–15 6.1a (3.7–8.7) 5.7b (4.3–7.2) 4.7c (2.2–6.3) 8.2ab (2–15) 6.8a (2–13) 8.3b (3–18)

16–20 6.7a (2.3–9.6) 5.9b (4.9–9.4) 4.6c (3.3–5.8) 8.6a (2–18) 8.4a (3–14) 7.8a (4–14)

Whorl Fraction of living branches (–) Branch angle (�)

100 200 1,200 100 200 1,200

1–5 1.0a (1.0–1.0) 1.0a (1.0–1.0) 1.0a (0.9–1.0) 58.8a (25–90) 56.9a (15–90) 58.4a (10–125)

6–10 1.0a (1.0–1.0) 1.0a (1.0–1.0) 1.0a (0.8–1.0) 70.6a (15–110) 66.6a (25–100) 70.9a (10–120)

11–15 1.0a (.7–1.0) 1.0a (1.0–1.0) 0.9b (0.1–1.0) 76.5a (10–130) 72.4a (20–100) 78.7a (10–150)

16–20 0.9a (0.6–1.0) 0.9a (0.1–1.0) 0.5b (0.1–1.0) 80.9a (15–130) 78.4b (20–120) 77.5b (40–95)

Treatment means within a branch property in the same row marked with different letters (superscript) differ significantly (P [ 0.05)
1 Maximum branch diameter in each whorl

A

B

C

Fig. 3 Tree volume per tree sapwood basal area (a), and sum of basal

areas of all living branches of a tree (b) plotted against current crown

projection area. c Sum of basal areas of all living branches of a tree

plotted against basal area of individual stems at breast height.

Interpolation (a–c): y = a0 ? a1 9 x where a0, and a1 are parameters
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cumulative branch area above the respective disc was

rather consistent among the different density treatments.

When moving downwards the stem at lower densities, the

sapwood area was higher for the low densities compared to

high densities.

Discussion

These density trials were established several years ago to

highlight the importance of spacing on conifer growth and

yield. In this analysis, the influence of density on important

Douglas-fir stem and crown attributes was quantified and

tested. In general, there were only a few tree and branch

attributes that were significantly different between the 100

and 200 ha-1 densities. The most important differences

between these two densities were crown projection area,

diameter of the thickest branch, and absolute sapwood area

at breast height. The most obvious and significant differ-

ences in this study were between 100 and 1,200 ha-1

densities, where nearly every examined tree and branch

attribute were statistically significant. The variables that

were not significantly influenced by density were tree age,

the height to the lowest dead branch, several branch attri-

butes, and relative sapwood area. Although the two lowest

stand densities in this study are an extreme, these results

still have important implications for the development of

effective thinning regimes for Douglas-fir in south-western

Germany.

Tree size and stem increment

Competition between trees is one of the strongest deter-

minants of tree size and stem increment. The growth of

trees in this study peaked approximately 8 years after the

establishment of the experiment and has been declining

(radial increment) or relatively steady (basal area incre-

ment) in the last 7 years. The mean basal area increment in

the 100 and 200 ha-1 densities has varied between 60 and

90 cm2 in the last 10 years, which is indicative of these

widely spaced trees being able to quickly utilize the

growing space created by the thinnings. On the widest

spaced plot, the crown diameter was nearly 10 m. This

suggests that canopy is beginning to close and the

dynamics of the stand will likely change as inter-tree

competition increases.

A

B

C

Fig. 4 Absolute sapwood area (a) and sapwood area relative to the

total cross sectional area at 1.3, 5.0, 10.0–20.0 m height along the

stem plotted against stem height, and sum of basal areas of all living

branches of a tree above the stem cross section height plotted against

the corresponding sapwood area per stem cross sectional cut (c), in

stands with initial densities of 100, 200 and 1,200 trees ha-1.

Interpolation (c): cubic smoothing spline – smoothing factor = 70

Table 4 Sapwood properties (minimum and maximum values in parenthesis) at different heights along the stem measured from the ground in

stands with initial densities of 100, 200 and 1,200 trees ha-1

Height of stem

disc (m)

Sapwood area (m2) Relative sapwood area (%)

100 200 1,200 100 200 1,200

1.3 582.6a (114.4–795.8) 481.9b (348.3–625.4) 328.4c (229.0–432.9) 56.2a (40.7–73.8) 49.2a (38.6–62.2) 52.3a (41.0–67.7)

5.0 321.1a (234.7–422.1) 280.8a (210.7–376.3) 188.5b (129.5–264.4) 60.0a (48.6–72.8) 55.8a (42.6–67.8) 55.1a (41.3–69.0)

10.0 177.3a (103.5–301.0) 175.6a (107.6–278.5) 141.1a (101.1–207.2) 70.7a (51.0–89.9) 62.4a (44.1–75.8) 64.7a (47.0–79.8)

15.0 65.2a (15.2–127.5) 73.9a (28.3–153.6) 72.5a (30.3–108.2) 88.0a (72.9–99.0) 82.8a (71.0–90.9) 82.8a (72.3–95.6)

20.0 35.6a (23.2–48.0) 21.3ab (10.5–37.3) 13.8b (2.2–29.8) 95.4a (93.4–97.4) 96.0a (93.6–97.7) 97.7a (94-8-99.9)

Treatment means within sapwood properties in the same row marked with different letters (superscript) differ significantly (P [ 0.05)
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The European norm for round wood grading of Douglas-

fir allows for a maximum of 8 mm of average annual ring

width for B-quality (‘‘regular’’) grade, while there is no

limit on annual ring width for the C-quality grade (Anony-

mous 1998a). The mean radial increment in stands with

initially 1,200 trees ha-1 generally was below the 8 mm

threshold, the very widely spaced stands with 100 and

200 trees ha-1 initially exceed this threshold by a signifi-

cant amount and peaked at almost 11 mm of mean radial

increment. During the last 5 years of the observation, mean

radial increment on the 100 and 200 ha-1 densities has

steadily declined and is now well below the 8 mm

threshold. However, the majority of the log volume will be

in the C-quality grade based on its mean ring widths.

From the point of view of ring width, trees from spa-

cings close to the 1,200 ha-1 density will not exceed the

grading limits for B-quality. Similar findings have been

reported by Weise et al. (2001). However, even at the

1,200 ha-1 density, the mean radial increment exceeded

the threshold of the best quality classes S13, S13K (:C30)

(6 mm) until 1997, but was close to the requirements of the

quality classes S10 (:C24) and S7 (:C16) (both 8 mm)

of German (S) and European (C) standards for classifica-

tion of conifer sawn timber (Anonymous 1998b, c, 2003).

The rather large range of stand densities analyzed in this

study had some significant effect on Douglas-fir height

growth. This finding complements data obtained from a

series of thinning experiments with Douglas-fir in south-

western Germany as planting densities ranging from 500 to

4,000 trees ha-1 had no significant impact on tree height

even after almost 40 years of observation (Ehring and

Kohnle 2006). We therefore hypothesize that only at the

extremes significant differences (in our case: 100 vs.

1,200 ha-1) can be found. This hypothesis is further cor-

roborated by the result of Mäkinen and Hein (2006)

obtained for widely spaced Norway spruce in south-wes-

tern Germany and other studies in Douglas-fir (e.g. Curtis

and Reukema 1970). In addition, the fact that in our sam-

pling there is no location with all densities available, shows

that we cannot fully elucidate such a pattern. Thus it is not

surprising, that there is some controversial evidence from

other experiments, that initial planting density may sig-

nificantly alter Douglas-fir height growth patterns

(Reukema 1979; Scott et al. 1998; Flewelling et al. 2001).

For example, Reukema (1979) found that most of the

effects of spacing on Douglas-fir height growth occurred

after age 20 on a poor site in Washington, USA this might

indicate, that a continued monitoring of the rather young

plots in south-western Germany possibly will show at least

some effects of stand density on Douglas-fir height growth

in the future.

In contrast to tree height, spacing did have a significant

influence on stem slenderness (H/D1.3-ratio) in our dataset.

In Douglas-fir stands, mean slenderness values above 80

are generally regarded to indicate a predisposition to wind

and snow damage (Wilson and Oliver 2000). Although the

slenderness increased with greater stand density, the vast

majority of the sample trees were well below the 80

threshold. Actually, only two sample trees displayed values

exceeding 80 and both trees grew on 1,200 ha-1 density

plots. This observation supports, at least to some extent,

other findings with Douglas-fir that clearly demonstrate the

provision of increased growing space by thinning results in

reduced stem slenderness (Weise et al. 2001). This is

assumedly associated with beneficial effects on stand

stability.

Individual tree crown attributes were highly sensitive to

stand density, even at a level between 100 and 200 trees

ha-1. For example, mean crown projection area and crown

diameter were nearly 24 and 12% lower in the 200 ha-1

density, respectively, when compared to the 100 ha-1

despite having a similar crown ratio. Even at extremely low

densities, the tree crowns had quickly filled the open spaces

between trees and began to interlock. At the 200 ha-1

density, this process has occurred and resulted in signifi-

cantly smaller crown areas when compared to the 100 ha-1

density. In addition, crown recession has initiated in all

plots, regardless of density. These results suggest that

although the trees at the lower densities are still widely

spaced, the level of foliage biomass per tree has contri-

buted to self-shading of their lower branches. Furthermore,

the results clearly show, that although 200 Douglas fir ha-1

might be justifiably regarded as ‘‘widely spaced’’ they

certainly do no represent ‘‘open grown’’ trees. It remains to

be clarified if a similar statement about the 100 trees ha-1

plots can also be made.

Branch diameter

Branch diameter of Douglas-fir has been shown in earlier

studies to be highly sensitive to silvicultural treatments

(e.g. Kenk and Unfried 1980; Maguire et al. 1991; Schmidt

2001). Likewise in our study, branch diameter was sig-

nificantly different between each of the stand densities

examined in this study. However, these differences were

only apparent in the lower half of the crown. Compared to

the 1,200 ha-1 density, mean branch diameters at whorls

16–20 were 45.6 and 28.3% larger in the 100 and 200 ha-1

densities, respectively. The diameters of the branches were

closely related to the diameter of the tree, which suggests

that the general factors that promote tree growth are the

same that influence branch growth.

The European standards for round wood grading of

Douglas-fir allows only for up to 6 cm sound knots and less

than 4 cm loose (dead) knots for B-quality, while C-quality

may contain less than 8 cm sound knots and less than 6 cm
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loose knots (Anonymous 1998a). Twenty-six trees of the

100/200 ha-1 densities in this study exceeded the diameter

limit of the B-quality log standards for living branches, but

only one tree from the 1,200 density. However, as in this

study, the relative position of the thickest branch within the

crown was still close to the crown base (c.f. Table 2) where

the thickest branches are still alive. Thus, even at the 1,200

density some further future increases in branch diameter

can be expected. This clearly indicates that for Douglas-fir

planted at the normally recommended densities in Europe,

pruning as well as density management will be necessary to

achieve the B-quality standard.

At the 1,200 ha-1 density, the mean of the maximum

branch diameter per tree (4.7 cm) was still within the

threshold of the quality classes S7, S7K (:C16) (assuming

a square-shaped timber of 8 cm/ 18 m2) of German (S) and

European (C) standards for classification of conifer sawn

timber (Anonymous 1998b, c, 2003). This also indicates

that for high quality sawn timber from a similar density,

pruning will also be necessary. Furthermore, thinning

regimes should target densities around 1,200 ha-1 with

artificial pruning to ensure good log quality. Thus, the

conclusions of Kenk and Unfried (1980) as well as Weise

et al. (2001) are supported by our results.

Number of living and dead branches

Although there were a few significant differences

between densities in terms of number of branches, no

general trends were apparent and there was a tremendous

amount of variation within a given tree. In Douglas-fir,

the number of branches has generally proven the most

difficult branch attribute to predict accurately (Maguire

et al. 1994; Weiskittel et al. 2007); a finding supported

by the observations in our study. The number of bran-

ches is well correlated to the annual height increment of

the stem (Maguire et al. 1994). Since our data do not

indicate an influence of stand density on stem height

increment, the lack of significant differences for the

number of branches was expected. Likewise, Weiskittel

et al. (2007) found the number of branches in Douglas-

fir to be insensitive to Swiss needle cast disease, varying

levels of vegetation control, pre as well as commercial

thinning, or fertilization. In contrast, increased spacing

resulted in a greater number of branches for some whorls

in a 27-year-old Douglas-fir stand on Vancouver Island,

British Columbia/CDN (Carter et al. 1986). It might be

speculated, that a part of the large variation in number of

branches observed in this study perhaps might be

attributed to possible genetic differences between the

installations. However, St Clair (1994) found relatively

little genetic control for the expression of the variation

of branch numbers in Douglas-fir.

The proportion of branches still alive at the time of

measurement was fairly similar across the three densities

examined in this study, except for the lowest four whorls.

In these whorls, less than half of the branches were still

alive in the 1,200 ha-1 density, while the majority ([90%)

were still alive in both the 100 and 200 ha-1 densities.

Even though the portion of living branches was still high

between the whorls 16–20, this finding coincides with our

observation of reduced crown width for the 200 ha-1

density, where competition between neighboring trees has

already started. This dynamic also has important implica-

tions for wood grading because it determines the ratio of

loose to sounds knots.

Branch angle

Branch angle has a major influence on lumber quality

recovery as steeply inserted branches can cause several

defects. In this study, no significant differences in branch

angle were observed between the different densities,

excepting that the 100 ha-1 density displayed a signifi-

cantly higher branch angle among the lowest four whorls.

Given the high correlation between branch diameter and

angle (Maguire et al. 1994), the finding that branches were

generally flatter in the lower whorls of the 100 ha-1 den-

sity simply reflects the presence of branches with

significantly larger diameters observed in these same

whorls. As branch diameter and branch length are very

closely correlated (Kenk and Unfried 1980), large branch

diameters are associated with long and thus heavy branches

subjected to increased bending moments (gravity, lever).

Similar to the number of branches, high within-tree

variability of branch angle was also observed in this study.

In general, variation in Douglas-fir branch angle appears to

be under little genetic control and this characteristic dis-

plays an almost negligible degree of heritability (St Clair

1994). In contrast, branch angles in whorls near the base of

the tree can differ significantly among various Douglas-fir

families (St Clair 1994). Douglas-fir branch angle has also

been found to be insensitive to silvicultural treatments such

as vegetation control, thinning or fertilization (Weiskittel

et al. 2007). Furthermore, the study presented here indi-

cates that this characteristic is also relatively insensitive to

stand density.

Spike knots, large branches with an extremely low

angle, are a serious defect in timber grading. For Norway

spruce, Mäkinen and Hein (2006) found at the widest tree

spacing (i.e. 350 ha-1), that more than half of the Norway

spruce trees in their study had at least one spike knot and

the average number of spike knots was almost three times

higher than at the higher stand densities. In contrast to

these findings, our study on Douglas-fir resulted in similar

number of spike knots across the three levels of stand
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densities investigated. The reasons for these differences in

the occurrence of spike knots between Norway spruce and

Douglas-fir remain to be clarified. A potential explanation

has been the definition for spike knots used here for

Douglas-fir: the definition of a spike was solely based upon

branch angle and branch diameter relative to other bran-

ches within a whorl was not considered in this analysis.

Stem wood growth efficiency

Measures on efficiency of stem wood production examine

the relationship between growing space occupied by a tree

and its size or increment (growing space efficiency, O’Hara

1988; Pretzsch and Schütze 2005). Our results suggest that

trees from wide spacings tend to be slightly less efficient as

these trees procured a lower stem volume/sapwood area

ratio with crowns associated with relatively large projec-

tion areas. Similarly, the individual branches from widely

spaced trees seemed to be less efficient compared to those

from trees growing at higher stand densities, as a larger

cumulative branch area was needed for a given stem basal

area at breast height. When considering volume growth per

sapwood basal area in Douglas-fir, O’Hara (1988) found

tall trees with large crowns in unthinned stands to be the

most efficient. In thinned stands, he found tall trees with

medium sized crowns to be the most efficient and Douglas-

fir thinned to very wide spacings proved relatively ineffi-

cient users of available growing space. Furthermore,

analysis of volume increment per unit leaf area of Douglas-

fir from mixed conifer stands (Gersonde and O’Hara 2005)

showed a slow increase in growth efficiency in shaded

understorey conditions, a peak for intermediate tree sizes in

mid-canopy positions, and reduced growth efficiency in

larger sized trees. Efficiency may also be altered by other

effects like tree age, stand structure, site conditions or

stress factors (O’Hara 1989; Gersonde and O’Hara 2005).

Sapwood area

Sapwood area is of special interest in both physiological

and empirical growth and yield models as it links physio-

logy to tree stem growth. For wood processing, the extent

of sapwood and heartwood in a log is also important as

they display different manufacturing properties (Bamber

and Fukazawa 1985) and differ in their susceptibility to

damage and decay (Wagenführ 2007). Sapwood area at

crown base is strongly related to the photosynthetically

active biomass of Douglas-fir tree crowns, often described

by the total tree leaf area (e.g. Grier and Waring 1974;

Waring et al. 1982; Espinosa Bancalari et al. 1987).

Combinations of stem and crown attributes have performed

well in predicting the sapwood area at crown base in

Douglas-fir (Maguire and Hann 1989).

In our study, the extent of sapwood area was described

longitudinally along the stem. Widely spaced Douglas-fir

showed significantly larger absolute sapwood areas, par-

ticularly along the lower parts of the stem. Interestingly, if

data on sapwood area were pooled from all three stand

densities for analysis, sapwood area still increased from

5.0 m down to the 1.3 m stem section. This suggests that

the few living branches at the crown base still contribute a

small share to the tree net assimilation. Actually, sapwood

area appears to increase even below the live crown (Waring

et al. 1982). As we did not observe an effect of stand

density on the cross-sectional sapwood proportion along

the stem, the extent of sapwood appears to mirror stem

taper quite well. From the modeling point of view, this

offers a convenient approach for integrating a spatial

heartwood model into a growth and yield simulator as part

of a wood quality module.

Living branches carry the photosynthetically active

biomass. Thus, the cumulative branch basal area was as

expected related to the sapwood area along the stem.

Dimensions of living branches thus might provide useful

potential proxies for foliage mass or tree leave area. Dif-

ferences between densities at larger absolute sapwood area

may indicate that at wider spacings the same sapwood area

is able secure a sufficient water supply to a larger distal

cumulative branch area. A potential explanation is the

higher rate of sapwood conductivity in thinned stands

because of larger earlywood/latewood ratios (Brix and

Mitchell 1983). As the relationship between both measures

is sufficiently strong, a model linking characteristics of

living branches as provided by some tree growth and yield

simulators to sapwood area could offer an alternative

approach to modeling the extent of sapwood–heartwood

transition in Douglas-fir.

Conclusions

The influence of three different spacings, 100, 200, and

1,200 ha-1, on important tree- and branch-level attributes

was examined for several replicated installations across

south-western Germany. All individual tree attributes such

as radial increment and crown projection area were sig-

nificantly altered by density. Changes in the radial

increment and branch size imposed by stand density

caused significant downgrades in the potential product

recovery in the widely spaced stands (\200 ha-1). In

addition, branch sizes on several trees in the 1,200 ha-1

density did not fulfill the European quality requirement

for the highest round wood category. This suggests that

either planting at a higher density ([1,200 ha-1) or

pruning lower branches will be necessary to ensure a very

high product recovery from current Douglas-fir stands in
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south-western Germany. Also, residual thinning densities

at young ages should be maintained over 200 ha-1 to

ensure that ring width and branch sizes will not nega-

tively impact log quality.
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p 134. In German

O’Hara KL (1988) Stand structure and growing space efficiency

following thinning in an even-aged Douglas-fir stand. Can J Res

18:859–866. doi:10.1139/x88-132

O’Hara KL (1989) Stand growth efficiency in a Douglas-fir thinning

trial. For 62:409–418

ONF-FR (1996) Silviculture of Douglas-fir. Bulletin Technique,
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