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Historically square or almost square spacing design has been used in plantation forest, as it has been claimed to
maximize productivity. In this study, based on field experiments established in the mid-1980s, we tested the
effect of square or different rectangular planting designs (2 x 2,1.33 x 3,1 x 4, 0.8 x 5, 1.46 x 1.46 x 4 m) on
productivity, stand heterogeneity, and external wood properties of three coniferous species: Scots pine, Lodge-
pole pine, and Norway spruce. Stand production (volume, diameter), external wood properties (ovality, branch
thickness, living crown height, height-diameter ratio), and stand heterogeneity (Gini coefficient) were not

significantly affected by the different rectangular designs. Based on this evidence, we propose that more flexi-
bility is available than previously thought for rectangular spacing layouts and consequently for the choice of
planting spots and machinery operations.

1. Introduction

Competition among trees is a complex and dynamic process. It is a
key variable in tree and forest stand growth and influenced by several
factors including initial spacing (Weiskittel et al., 2011). Initial spacing
determines the number of trees per unit area. Several studies have
confirmed the effect of initial spacing on the growth and external wood
quality of Scots pine, Norway spruce, and Lodgepole pine (Pettersson,
1993; Pfister et al., 2007; Kellomaki et al., 1989; Liziniewicz et al.,
2012). As initial spacing pre-determines the productivity and quality of
a future stand, it is important to regulate the initial spacing during the
establishment of forest plantations. The initial density of trees at the
time of establishment has been of long interest to plantation managers
but the specific geometry of planting arrangements has received less
attention.

The most common planting pattern used is a square, or almost
square, design, where the spacing between and within rows of trees is
similar. In rectangular spacing, the distance between rows is different
from the spacing within rows, but the same number of trees per hectare
can result from different rectangularity (Sharma et al., 2002). Rectan-
gular spacing facilitates forest operations including the movement of
machinery between rows, helping reduce the area disturbed after soil
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scarification. Rectangular or irregular spacing also gives more flexibility
when choosing planting spots. Although rectangular spacing has some
indisputable advantages, square or nearly square designs are often rec-
ommended. Rectangular spacing is often discouraged because of a belief
that it reduces productivity compared to square designs because the
growing space between rows would not be used efficiently.

Several studies have found no effect of rectangularity on stand-level
growth or external wood quality. A study of Loblolly pine (Pinus taeda L.)
in four sites in North Carolina and Virginia showed no difference among
rectangular spacing patterns on tree volume growth but differences in
the crown form (Sharma et al., 2002). A study of maritime pine (Pinus
pinaster L.) in southern France found no difference in stand character-
istics between square and rectangular planting designs (Paulista et al.,
1991). In Lithuania, a study of Scots pine showed no effect of rectangular
planting design on stem quality (Malinauskas, 2003). Besides these
studies on conifers, several publications have examined the effect of
rectangular spacing on broadleaved species. Gerrand and Neilsen (1998)
found no difference in the growth and branch thickness between square
and rectangular designs in Eucalyptus spp. in Tasmania. Experiments on
hybrid poplar in British Columbia (Johnstone, 2008) found no growth
differences between rectangular and square spacing patterns. All these
studies compared the rectangular spacing effect on a single species.
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However, to our knowledge, the effect of varied rectangular spacing
(mild vs extreme) has never been experimentally confirmed for different
species.

Swedish forests are dominated by planted Norway spruce (NS) and
Scots pine (SP). Northern Sweden is dominated by Scots pine whereas
Norway spruce is more common in southern Sweden. The North
American Lodgepole pine (LP) (Pinus contorta Dougl. var. latifolia) was
introduced to Sweden on a large scale in the mid-1960s and used as a
substitute for the native Scots pine (Engelmark et al., 2001) which
means it is planted mostly in northern Sweden. During the planting of
seedlings, a square rectangular design in a 2 x 2 m arrangement is
traditionally used as it is claimed to maximize productivity. No study has
yet tested the validity of this claim for coniferous forest plantations at
high latitude.

Considering the research gap mentioned above, we aimed to test the
impact of different planting designs on the growth and external wood
quality in three coniferous plantations in Sweden, on each of Scots pine
(Pinus sylvestris L.), Norway spruce (Picea abies L.), and Lodgepole pine.
We answered the following question: For a given species, is there any
significant difference in volume production, external wood quality, and
stand heterogeneity among different planting designs?

2. Materials and methods
2.1. Experimental design

In the mid-1980s, three spacing trials were established in Sweden.
Lodgepole pine was planted in northern Sweden, Scots pine in central
Sweden, and Norway spruce in southern Sweden (Fig. 1). Geographical
conditions are very different in three experimental sites in terms of
temperature and precipitation. Mean annual temperatures during the
period 1980-2010 were 2.4, 4.4 and 7.8 °C and mean annual precipi-
tation during the same period were 609, 721 and 1006 mm year™! in
climate stations close to the lodgepole pine, Scots pine and Norway
spruce stands respectively. The planting was done in a complete ran-
domized block design with three replicates in each trial and five square
and rectangular designs within each block (Fig. 1). The five designs
were: square spacing 2 x 2 m,; single-row spacing 1.33 x 3, 1 x 4 and
0.8 x 5 m; double-row spacing 1.46 x 1.46 x 4 m. To minimise the effect
of neighbouring plots, one row of trees was planted as a buffer zone
surrounding each treatment. Each plot was around 20 m x 30 m and the
initial planting density was 2500 seedlings ha~! for all treatments.

2.2. Field measurements

Measurements were done between 2008 and 2020 (Table 1). The
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Table 1
Trees species, location, year of the establishment, time of measurement, and site
index for the experimental sites

Site Location Year of Tree Site Years of
no establishment species index' measurements
Year Year
1 2
1 Northern 1982 Lodgepole 28 2011 2020
Sweden pine
2 Central 1983 Scots pine 30 2008 2020
Sweden
3 Southern 1983 Norway 39 2008 2016
Sweden spruce

1 Source of site indices: LP: Liziniewicz et al. (2016), SP: Elfving and Kiviste
(1997), NS: Elfving (2003).
2 Branch thickness (BT) was measured in 2020.

following variables were recorded: diameter at breast height (DBH), tree
height (H), height to the living crown (HL), and diameter of branch
thickness (BT) of the two thickest branches in branch-whorls closest to
the breast height along and across the rows. DBH was measured for
every planted tree using callipers in two perpendicular directions (along
and across the row) and recorded to the nearest mm. BT was registered
in all experiments in 2020 and we measured diameter of two thickest
branch for each sample tree. In addition to tree species, status (removed,
retained, dead), and the damage was recorded. For about 20 selected
sample trees per plot, H, HL, and BT were measured. These trees were
selected according to tree size (DBH) with a higher probability for larger
trees (Nilsson et al., 2010). If damage affected height or diameter
growth, then those trees were not considered for sampling. One thinning
was carried in the Norway spruce and Scots pine stands. First thinning
was done at age 27 in Scots pine and at age 29 in Norway spruce. No
commercial thinning was done in Lodgepole pine stands. The percentage
of removed basal area was 28-35% for Norway spruce and 26-37% for
Scots pine.

2.3. Data analysis

The single tree stem volume of Norway spruce and Scots pine was
estimated using the functions developed by Brandel (1990) while
Lodgepole pine volume was estimated with a function developed by
Eriksson (1973). DBH, HT, and HL were used to calculate Norway spruce
stem volume, while only DBH and HT were used for Scots pine and
Lodgepole pine calculations. Stem volume for all trees was estimated by
assigning volume to caliper trees in diameter classes using an algorithm
described in Nilsson et al. (2010). In addition to volume production,
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Fig. 1. Location of the three experiments of conifer plantations in Sweden and the five planting designs tested in each site.
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Periodic Annual Increment (PAI) was calculated for each species using
the total volume yield difference between the two measurements. Site
index (top height (m) at total age 100 years) was estimated with
generally applied site curves from measured heights at the last
measurement.

Along with stem volume production, we also analysed the diameter
distribution of individual trees to observe the effect of planting design on
stand heterogeneity by fitting a two-factor Weibull distribution (with
shape and scale parameters) to each plot’s distribution. This distribution
was chosen because it is flexible with desirable properties and logically
defined on an interval with fixed end-points (Mukhopadhyay, 2000).
The parameter estimates for each treatment were determined using
maximum likelihood estimation (Mukhopadhyay, 2000). The Gini co-
efficient can ranges from 0 to 1, where O indicates that all trees are of
equal size and 1 indicates perfect inequality. The greater the value of the
Gini coefficient, the more structurally heterogeneous the stand is (Cor-
donnier and Kunstler, 2015).

Individual tree diameters were used to calculate shape and scale
parameters for each planting design for all the replicates and species.

Stand heterogeneity was also quantified computing Gini coefficients
of stem diameters within the different stands and rectangular designs.
The ineq package in R version 3.2.5 (R Core Team, 2015) was used to
calculate the Gini coefficients.

The effects of different planting designs on external wood-quality
properties that may affect the value of lumber and stability of the tree
and stand was described by stem ovality, branch thickness (BT) at breast
height, height to the first living crown (HL), and height-diameter ratio
(HD).

Stem ovality was calculated using the two-directional DBH of indi-
vidual trees. Relative ovality was calculated by subtracting the two-
directional diameter of the tree and divided it by the average diameter
of the tree. The mean value of the thickest branch diameter (BT) was
calculated for each planting design. The height of the lowest living
branch of sample trees was measured and the HD ratio was calculated
for all trees using calipered diameter and estimated height. Stand-level
values for all external wood quality parameters were calculated by
averaging individual tree’s values.

A linear mixed model was chosen to study the effect of planting
design on response variables because of the hierarchical structure of the
data. The response variables were total volume production, PAI, spatial
heterogeneity in diameter, and stand-level external wood quality. Block
(replication) was used as a random effect and planting design as an in-
dependent variable. The model was run separately for each species using
the ImerTest R package. Differences among planting designs for all
measured variables were analysed using ANOVAs. A significance level of
p = 0.05 was chosen as a threshold for all the analyses. A mixed model
with ANOVA analysis follows as below:

Yik = H+ b + i + € 1)

where yijx is the response variable (total volume production, PAI, stand
heterogeneity, or external wood quality) of the kth replicate of spacing
design (k = 1.0.3), o; is the fixed effect for the ith initial spacing treat-
ment (i = 1,...,5) and g is the error term.

3. Results
3.1. Volume production and periodic annual increment

Total volume production was not significantly affected by the
planting design for any of the species and for any of two measurements
assessed in this experiment (Fig. 2; Table 2). PAI was not significantly
affected by different planting design for any of the species (Fig. 3;
Table 2).
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Fig. 2. Total volume production at the last measurement in 2016 (Norway
spruce) or 2020 (Lodgepole pine and Scots pine) using different
planting designs.

Table 2
P-values for ANOVAs testing differences among different spacing patterns for
growth parameter of Norway spruce, Lodgepole pine, and Scots pine

Tree species P-value
Volume  PAI Shape  Living crown HD Gini
height index
Norway 0.93 0.80 0.15 0.32 0.26  0.56
spruce
Lodgepole 0.98 094 0.34 0.81 0.60  0.32
pine
Scots pine 0.38 0.26 0.21 0.27 0.87  0.50

3.2. Stand heterogeneity and diameter distribution

The diameter distribution and heterogeneity of stands were not
affected by planting design for any of the tree species (Table 2). The
Weibull distribution shape parameter and the Gini index did not indicate
any differences in diameter distribution among planting designs in the
last measurement (Fig. 3; Table 2) or in the first measurement (data not
shown).

3.3. External wood quality

External wood quality properties measured in this study did not
depend on different planting designs for Norway spruce, Scots pine, and
Lodgepole pine. The spatial design has an insignificant effect on the
branch thickness (BT) and there was no difference in branch thickness
depending on their orientation to the row (Table 3). Stem ovality also
did not differ significantly at any planting design for all the species in the
last measurement (Table 3) or in the first measurement (data not
shown).

The height of the living crown (Fig. 3) and height-diameter ratio
(Fig. 4) were also not significantly different among different planting
designs for any of the species used in this experiment (Table 2).

4. Discussion
4.1. Volume production and periodic annual increment

For a given site quality, a square planting design might be expected
to produce faster growth as the stand reaches the canopy closure faster.
However, our study provides experimental evidence contrary to that
claim. We did not find a significant difference in the volume production
of three conifer species between the square and the various rectangular
designs tested. Our finding agrees with several previous studies where
different rectangular designs and species were used. In Finland, the
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Fig. 3. Periodic annual increment (PAI), Living crown height, Gini index and shape of the Weibull distribution of Lodgepole pine (LP), Norway spruce (NS), and Scots

pine (SP) in last measurement under different planting design.

Table 3

External wood quality parameters (stem ovality and BT) of Norway spruce, Scots pine, and Lodgepole pine and corresponding P-values from ANOVA analysis at

different spacing designs

Rectangular design Norway spruce Scots pine Lodgepole pine
Ovality (%) BT (mm) Ovality (%) BT (mm) Ovality (%) BT (mm)
Along Across Along Across Along Across
2x2 3.1 5.1 5.1 2.2 13.1 13.1 3.4 16.6 16.6
1.33 x 3 4.1 5.2 5.5 2.3 16.1 15.5 3.6 15.7 15.5
1x4 4.0 4.2 5.1 2.2 13.9 14.0 3.6 16.2 16.6
0.8 x5 3.4 3.3 4.2 2.2 14.9 14.8 4.6 16.1 16.3
1.46 x 1.46 x 4 3.3 5.0 5.8 2.2 14.8 15.2 4.6 16.6 17.1
p-value 0.38 0.21 0.42 0.96 0.84 0.58
Norway spruce Scots pine Lodgepole pine
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Fig. 4. Height-diameter ratio (HD) as a function of the diameter (DBH) for Norway spruce, Scots pine, and Lodgepole pine (left to right respectively) among different

planting designs.

effect of planting design was investigated in a 17-year-old Scots pine
plantation using three different planting designs with a tree density of
2500 trees ha . The planting designs used were 2 x 2m, 1.15 x 3.5 m,
and 0.8 x 5m (Salminen and Varmola,1993). Result from our study
support this results since not even the most extreme rectangular design
tested (0.8 x 5 m) affected stem-wood production or stem-wood growth
significantly. Niemisto (1995b) used 2 x 2m, 1.15 x 3.5m, and 0.8 x 5

m spacing designs in a silver birch experiment in Finland. The age of the
birch stand ranged between 17 and 22 years at different sites. Niemisto
(1995b) found slightly less volume increment when row to row distance
exceeded tree to tree distance by three times or more. This was not the
case in our study. But the Niemist6 found that the effect of rectangular
spacing on volume increment started to diminish when birch stands
started to get older. The reason could be that with increasing age, birch
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was abler to use the free space left between rows.

Sharma et al. (2002) studied Loblolly pine in Virginia and North
Carolina from age 5 to 16 years and used two different rectangular
spacing, 1.83 x 2.44 m, and 1.22 x 3.66 m. Gerrand and Neilsen (1998)
compared production between square and rectangular planting design
using the Scotch plaid design for 5-year-old Eucalyptus spp. in Tasmania.
Also, Johnstone (2008) studied the growth and production of hybrid
poplar at different ages (1-9 years) in British Columbia with a spacing of
1.5 x 4.5 m and 2.25 x 3 m. Paulista et al. (1991) studied maritime pine
in France using two different rectangular designs (2 x 2 and 1 x 4). No
statistically significant difference was found in volume production
among different rectangular designs for any of these studies.

Not even extreme rectangular designs (0.8 x 5 m) yielded differences
in growth and production of the three different tree species in our study.
Similar results at this spacing were found for Scots pine (Salminen and
Varmola, 1993) in Finland. Several studies on various species have
shown no effect of spacing during planting on growth or wood quality
(Scots pine & Norway spruce: Pettersson (1993), Norway spruce: Pfister
et al. (2007), Scots pine: Kellomaki et al. (1989), Lodgepole pine: Liz-
iniewicz et al. (2012)). Therefore, the findings of our study confirmed
previous results indicating that the number of trees per unit area is
important but that the spatial arrangement of trees up to a rectangu-
larity of 0.8 x 5 m is not.

4.2. Stand heterogeneity and external wood quality

We found no effect of rectangular design on individual diameter
distribution for the three species used in this study. This finding is
consistent with previous studies on birch (Niemisto, 1995b) in Finland
where three different rectangular designs were used. A similar lack of
effect of rectangular design on diameter distribution was also observed
at different ages (5-16) of loblolly pine in Virginia and North Carolina
(Sharma et al., 2002; see above).

Salminen and Varmola (1993) found a significant effect of rectan-
gular design on the stem ovality of 17-year-old Scots pine in Finland.
This observation disagrees with our findings. This could be explained by
the age of the experiments. The Scots pine plantation in Finland was
much younger than our plantation (17 compared to more than 30 years)
and ovality may be more expressed in young trees. Niemisto (1995a)
found no effects on the stem ovality for birch when the stand age was
between 14 and 17 years. Moreover, Malinauskas (2003) did not find
any effects of planting design on the ovality of 25-year-old Scots pine in
Lithuania. In our study, there were no significant effects on stem ovality
in the Norway spruce and Lodgepole pine stands which indicates that
these species react similarly to Scots pine and birch to rectangular
planting designs.

We found no significant effect of planting design on branch diameter
across or along rows for any of the three species examined in this study.
Salminen and Varmola (1993) found a tendency for thicker branches
across the rows than along the rows for Scots pine but the difference was
minor and not statistically significant. Gerrand and Neilsen (1998) also
found no effect of rectangularity on the branch thickness of Eucalyptus
species.

4.3. Limitations of the study and opportunities for alternative rectangular
planting designs

We estimated PAI from the last two measurements when the stands
were around 30 years old. However, the normal rotation length of
Norway spruce, Scots pine, and Lodgepole pine in Sweden is between 50
and 80 years. Therefore, the experimental stands will not be harvested
for several decades. Even if the spacing of trees within rectangularly-
spaced rows has increased due to thinning, future tree development
might be affected by the rectangular design.

Our study, together with many other studies in Europe and North
America, indicates no effect of rectangular design on mid-rotation
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growth, external wood quality, and stand heterogeneity of coniferous
plantations. Without losing yield or reducing external wood quality,
rectangular spacing provides an opportunity for a flexible plantation
layout. One potential option that is derived from this is the opportunity
to select the best microsites instead of planting systematically in square
spacing. Moreover, the area between rows may facilitate intermediate
forest operations such as commercial thinning and mid-rotation fertil-
ization. Five-meter distances between tree rows may reduce damage
during selective thinning operations. Also, continuous scarification with
a 5-meter distance between rows will reduce the total disturbed soil area
as compared to a square design.

5. Conclusions

The different planting designs did not affect the volume production,
external wood properties, or stand heterogeneity of the three conifer
species studied. Consequently, different rectangular designs could be
used without a loss in yield or external wood quality and could facilitate
higher flexibility of plantation and machinery operations. The results
provided experimental evidence showing the potential of applying
different rectangular designs in plantation forests.
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