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AbstrAct

In forestry, alien tree species are planted to maximize yield from a stand by increasing productivity and decreasing 
environmental risks. In Eastern Europe, lodgepole pine (Pinus contorta var. latifolia) might be used as a source of 
biomass and industrial wood; however, before any recommendations are given, possible gains of the novel species 
should be scrupulously evaluated. In this study, we compared volume and proportion of knotty stemwood (VKN) of 
native Scots pine (Pinus sylvestris) from first generation seed orchards and provenances of alien lodgepole pine [Fort 
Nelson (58°38’ N, 122°41’ W) and Summit Lake (54°24› N, 122°37› W)] at the age of 27 years growing in central 
Latvia. We also assessed the relationships between VKN and several morphometric parameters.

Stem diameter of both species was similar; however, Summit Lake provenance of lodgepole pine exceeded Scots 
pine in height, while Fort Nelson provenance was lower than Scots pine. Although Scots pine produced nearly two 
times less whorls than lodgepole pine, volume of knotless stemwood did not differ significantly between the species; 
though it was higher for Summit Lake provenance of lodgepole pine compared to Scots pine. In contrast, the pro-
portion of VKN differed significantly between both the species and the provenances. Scots pine showed the lowest 
proportion of VKN (~ 9%) and Fort Nelson provenances of lodgepole pine showed the highest proportion of VKN 
(~ 14%). Thus, Summit Lake appears more suitable for the production of industrial wood amongst the provenances 
of lodgepole pine; nevertheless, higher quantity of leftover material is expected. Some morphometric parameters 
correlated with VKN and the proportion of VKN, but these relationships differed between species and provenances. 
The total cross-section of branches was the best predictors of VKN for Scots pine and Fort Nelson provenance of 
lodgepole pine, while stem diameter showed the strongest correlation for Summit Lake provenance. Number of 
whorls and mean diameter of living branches were the best predictors of the proportion of VKN for lodgepole pine 
and Scots pine, respectively. Accordingly, morphometric parameters might be useful for the selection of the best trees 
of lodgepole pine.
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IntroductIon 

Attempts of introduction of alien species are made to 
increase yields from the same area of land by gain-
ing higher productivity or lowering risks of natural 
hazards (Savill et al. 1997; Burton 2012). In northern 
Europe, one of such alien conifers is lodgepole pine, 
which is an ecologically plastic species native to North-
ern America (Pfister and Daubenmire 1975; Wheeler 
and Critchfield 1985). It is ecologically plastic species 
that can grow in a variety of forest types at wide range 
of latitudes (from 30 to 64° N lat.) and altitudes (from 
0 to 3900 meters ASL) under oceanic and continental 
climate (Elfving et al. 2001). Lodgepole pine has been 
introduced in forestry in several countries in Europe 
(Larsen 1980; Gallagher et al. 1987; Lines 1996), with 
extensive plantings in Sweden (Elfving et al. 2001). 
Experiments in Sweden have shown that lodgepole 
pine outmatches productivity of native Scots pine in 
similar conditions (Elfving and Norgren 1993; Elfving 
et al. 2001). In Latvia, lodgepole pine has been intro-
duced in several experimental plantations that occupy 
~ 16 ha (Baumanis et al. 2006) and high productivity 
has also been observed (Baumanis et al. 1992). Lodge-
pole pine is known to be less affected by pests (Lin-
delöw and Björkman 2001; Žiogas et al. 2006) and it 
has shorter rotation period and lower mortality in the 
initial stage of stand, compared with Scots pine (Gal-
lagher et al. 1987; Elfving et al. 2001). However, lodge-
pole pine has lower wood density (Persson 1993) and 
is more susceptible to wind and snow damage (Elfving 
and Norgren 1993). Although Scots pine normally pro-
duces one whorl per year (Bialobok 1975), lodgepole 
pine can form several whorls per season (Koch 1996; 
Mauriņš and Zvirgzds 2006), thus increasing the knot-
tiness of the wood. Nevertheless, branches are thinner 
and branch angles are wider compared to Scots pine 
(Baumanis et al. 1992; Elfving et al. 2001). Consider-
ing the knottiness of lodgepole pine, it might be used 
as energy crop or as source of industrial wood (White-
man and Brown 1999; Kärkkäinen et al. 2008).

The quality of timber for industrial purposes is in-
fluenced by many factors such as density, hardiness, 
colour, tree ring pattern and knottiness of wood (Shmul-
sky and Jones 2011) along with diverse fibre parameters 
(Sable et al. 2012). If jointed boards are considered as 
the product of interest, knottiness of timber is a crucial 

parameter, which affects the yields of production, as the 
knots should be removed from the wood, thus decreas-
ing the volume of expedient wood (Sauter 1997). Vol-
ume of wood occupied by knots (VKN) is also affect-
ed by the angle of branches, as steeper branches have 
longer projections on the axis of stem (Burton 2012). 
In this respect, trees with faster height growth, a lower 
number of whorls per unit of length and wider branch 
angles, are preferable. Height growth and branch angle 
are influenced by genetic factors and stand properties 
(Cieszewski and Bella 1989; Mäkinen and Colin 1998), 
whilst height increment is also sensitive to meteorologi-
cal conditions (Jansons et al. 2013), thus higher yields 
might be gained by appropriate management and/or se-
lection.

The aim of this study was to compare the amount 
of knotless stemwood of Scots pine and lodgepole 
pine growing in Latvia and to relate the proportion of 
VKN with tree dimensions and branch properties. We 
hypothesized that the amount of the knotless wood is 
higher in stems of Scots pine due to lower number of 
whorls. 

MAterIAl And Methods 

Study area

The study area was located in the central part of Lat-
via, near Zvirgzde (56°41 N lat., 24°27 E long.) (Fig. 1). 
The relief in the study area is flat; elevation is about 30 
metres ASL. According to data from the Latvian Envi-
ronment, Geology and Meteorology Centre (LEGMC) 
mean annual temperature is ~ +5.5°C with January be-
ing the coldest month (mean temperature is ~ –5°C) and 
July being the warmest (mean temperature is ~ +17°C). 
Annual precipitation ranges from 500 to 650 mm, with 
most falling during summer, and the amount of rain 
during the growing period varying from 203 to 412 mm. 
The length of the vegetation period (mean diurnal tem-
perature > +5°C) is ~185–190 days.

Adjacent provenance trials of lodgepole pine and 
Scots pine, planted in 1985 by two-years old bare-
rooted seedlings in Vacciniosa forest type [according 
to classification by Bušs (1976)], were sampled. Initial 
spacing of trees in both trails was 2 × 1 m (5000 trees 
per ha) and no thinning was conducted prior to the 
sampling. The trial consisted of two provenances of 
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lodgepole pine, Fort Nelson (58°38› N, 122°41› W) and 
Summit Lake (54°24› N, 122°37› W), each represented 
by 5 open-pollinated families, planted in 60 tree block 
plots and randomly distributed in 4 replications, and 
open-pollinated progenies of local Scots pine (control) 
from the first generation seed orchards, planted in 50 
or 100 tree block-plots and randomly distributed in 5 
replications.

Figure 1. Location of study area (grey square) (56°38’34”N, 
24°28’10”E)

Sampling

Trees were sampled in January–March 2010; in to-
tal, 44 living lodgepole pine and 42 Scots pine trees, 
representing height and diameter distribution of the 
plantation, were selected based on the trial invento-
ry. The selected trees were felled; cutting was done 
maximally close to stem base. Height of an arbitrar-
ily determined middle-point of each whorl (branches 
were not the same diameter and not at the same height) 
was measured with precision to the nearest centime-
tre. For each whorl, number of branches was counted 
and diameter of living and dry branches was measured 
with the precision to the nearest millimetre. Branch 
diameter was measured parallel to the stem axis, thus 
capturing projected diameter of branches. Branch pa-
rameters were not measured for several trees sampled 
in February 2010. For accurate estimation of changes 
in stem diameter along the stem axis (taper), four cen-
timetre thick stem discs were taken at the one-metre 
mark along the stem from the base. In the laboratory, 
stem discs were dried and their diameter in three di-
rections (without bark) was measured by calliper with 
accuracy of 0.1 cm. In 2013, branch angle for 16 Scots 

pine and 16 lodgepole pine trees from the same trial 
representing the same groups were measured using 
a protractor. For each tree, angles of four branches 
from three whorls from each quarter of the living part 
of the crown (living branches present) and lower part 
of stem (only dry branches present) were determined.

Data analysis

For the description of changes in stem diameter along 
the stem axis, linear models were empirically fitted to 
mean diameter data of each tree, using height of the 
obtained stem discs as the independent variable. Stem 
diameter for each tree at each whorl was determined 
according to the fitted models, which overall showed 
good fit to the data (R2 > 0.94). The length of stem in 
each whorl occupied by branches (projection of height 
of branch in wood on axis of stem) was calculated as 
h = 0.5d ctgα, where d – diameter of stem at height of 
the whorl, α –mean angle of the branch in the relevant 
quarter of stem. VKN was then calculated as volume 
of truncated cone, V = πh(R2 + Rr + r2)/3, where R 
– lower base radius, r – upper base radius (upper and 
lower base radii were calculated based on fitted mod-
els diameter-height models, considering h). Similarly 
the volume of knotless wood was estimated and the 
proportion of VKN was assessed for whole tree and 
additionally for separate quarters of the crown (part 
of stem where living branches were present) and for 
the lowest part of stem (where only dry branches were 
present).

Similarity of trees according to branch parameters 
[number of branches and whorls, mean distance between 
whorls, mean and maximum diameter and their sum of 
squares of branches (living and dry)] and volumes of 
wood with and without branches (knots) was assessed 
by PCA (Principal Component Analysis) based on the 
correlation matrix. The significance of principal com-
ponents (scores of trees) was determined by the rand-
omization tests performing 10000 iterations. The dif-
ferences in diameter, height, stem volume and branch 
parameters between provenances of lodgepole pine and 
Scots pine was assessed by ANOVA and Tukey’s HSD 
test (Sokal and Rohlf 1995). For each parameter and 
group, normality was assessed graphically by the Q-Q 
plot. Homogeneity of variance was assessed by the Lev-
ene’s test. The relationships between wood volume and 
branch parameters were assessed using Pearson correla-
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tion analysis. Data analysis was conducted in program 
R v. 3.0.1. (R Core Team 2014) using library “vegan” 
(Oksanen et al. 2013). 

results

Diameter of the sampled trees did not differ significantly 
between species or provenances of lodgepole pine; how-
ever, the differences in height of trees were significant 
(p-value < 0.05) (Fig. 2). Scots pine showed intermedi-
ate height, while provenances of lodgepole pine were 
the highest (Summit Lake) and the lowest (Fort Nelson) 
amongst the sampled trees. For both species, branch an-
gles were rather similar and a decrease of branch angles 
from the lowest part of the stem (dry branch zone) up-
wards (fourth quarter of crown) was observed (Fig. 3). 
Although the branch angles overall were quite similar 
between Scots pine and lodgepole pine, lodgepole pine 
showed significantly higher angle of dry branches in the 

lower part of stem and similarly, slightly higher angles 
of living branches.
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Figure 3. Branch angle of Scots pine and lodgepole pine 
in four quarters of crown (I–IV) and dry branch part of 
stem (0). Asterisks indicate significant differences (p-value 
< 0.05)

Principal Component Analysis based on param-
eters of the trees (VKN, knotless wood volume, num-
ber of whorls and diameter, number and cross-section 
area of branches) showed that the first two principal 
components (scores of PC I and PC II) for trees were 
significant (p-value < 0.01) and explained the 51 and 
27% of data variation, respectively. Grouping of trees 
according to species could be easily identified (Fig. 4), 
suggesting differences in branch traits; however, 
lodgepole pine trees showed neither distinct grouping 
nor gradient according to provenance (formed com-
mon group). Scores of the PC I of trees showed the 
strongest correlation with the VKN (|r| = 0.95) and 
scores of PC II had the strongest correlation with num-
ber of whorls (|r| = 0.84), suggesting that these param-
eters expressed the strongest differences between the 
species.

Contrary to the hypothesis, the volume of knotless 
wood did not differ significantly between Scots pine 
and the provenances of lodgepole pine (Tab. 1), though, 
the VKN was significantly lower in Scots pine com-
pared with the Summit lake provenance of lodgepole 
pine. The proportion of VKN differed significantly be-
tween the species and provenances; it was the lowest 
for Scots pine (~9%) and the highest for the Fort Nelson 
provenance of lodgepole pine (~14%). Additionally, dif-
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Figure 2. Mean diameter (A) and height (B) of sampled trees 
of Fort Nelson and Summit Lake provenances of lodgepole 
pine and Scots pine. Width of boxes represent number of 
sampled trees
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ferent proportions of VKN along stem axis were evident 
between the provenances of lodgepole pine and Scots 
pine (Fig. 5). The Fort Nelson provenance of lodgepole 
pine showed similar proportions of VKN along stem 
axis since there were no significant differences between 
parts of the crown and dry branch zone of the stem. The 
Summit Lake provenance of lodgepole pine showed 
slight gradual decrease of the proportion of VKN mov-
ing upwards on the stem; however, the differences were 
significant only between the dry branch zone of stem 
and upper quarter (IV) of crown. Scots pine showed 
notably (nearly two fold) and significantly higher pro-
portion of VKN in the dry branch zone of stem (~10%) 
compared to the living part of the crown (~5.5%), while 
the proportion of VKN within living parts of the crown 
was similar and had low variation. The number and 
cross-section area of branches (dry, living and total) and 
mean distance between whorls was significantly high-
er for Scots pine than for lodgepole pine and the total 
cross-section of living branches differed also between 
the provenances of lodgepole pine (Tab. 1). Species or 
provenance had low effect on diameter of branches; 
nevertheless, mean diameter of living branches was sig-
nificantly higher for Scots pine compared to the Summit 
Lake provenance of lodgepole pine.
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Figure 4. PCA ordination plot of sampled trees based on 
volume of woof occupied by knots and knotless volume, 
number of whorls and branch parameters (diameter, count 
and cross-section area). Two groups of trees of different 
species can be distinguished

C

A

B

Pr
op

or
tio

n 
of

 V
KN

 [%
]

Pr
op

or
tio

n 
of

 V
KN

 [%
]

Pr
op

or
tio

n 
of

 V
KN

 [%
]

0

5

10

15

20

0

5

10

15

20

0

5

10

15

20

0 I II III IV
Quarter of crown

0 I II III IV
Quarter of crown

0 I II III IV
Quarter of crown

Fort Nelson

Summit Lake

Scots pine

a

a

*

Figure 5. Proportion of volume of wood occupied by knots 
(VKN) in dry branch part of stem (0) and four quarters (I–
IV) of crown (living branch part of stem) of two provenances 
of lodgepole pine: A – Fort Nelson, B – Summit Lake and C 
– Scots pine. Letters indicate significant differences (p-value 
< 0.05) between specific pairs; asterisks- indicate significant 
differences (p-value < 0.05) from other groups (significance 
of differences determined by Tukey’s HSD test)
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Table 1. Differences in volume and proportion of wood 
occupied by knots, volume of knotless wood and branch 
parameters (number, mean diameter and total cross-section) 
between two provenances (Fort Nelson and Summit Lake) of 
Lodgepole pine and Scots pine; p-values were calculated in 
ANOVA. Asterisks indicate the significance of differences 
from other two groups, letters indicate significant 
differences between specific pairs (according to Tukey’s 
HSD test, α = 0.05)

Fort 
Nelson

Summit 
Lake

Scots 
pine p-value

Number of trees 20 24 42
Mean VKN (cm3) 6439 7081a 4265a <0.01
Mean volume of 
knotless stemwood 
(cm3)

38249 52719 41934 0.13

Proportion of VKN 
(%) 13.8 11.3 9.0 <0.01

Mean number of 
whorls 41.65 40.08 21.71* <0.01

Mean distance 
between whorls (m) 0.28 0.23 0.48 <0.01

Mean number of 
branches 163.42 161.25 114.83* <0.01

Mean number of dry 
branches 74.92 84.18a 68.09a <0.01

Mean number of 
living branches 88.5 77.06 46.73* <0.01

Mean diameter of 
branches (cm) 13.46 12.79 12.83 0.67

Mean diameter of 
dry branch (cm) 13.55 12.70 11.77 0.06

Mean diameter of 
living branch (cm) 14.21 13.27a 15.28a 0.05

Total cross-section 
of branches (cm2) 37453 32958 23981* <0.01

Total cross-section 
of dry branches 
(cm2)

15803 16115 11587* <0.01

Total cross-section 
of living branches 
(cm2)

21650* 16842 12393 <0.01

Mean diameter 
of three thickest 
branches (cm)

14.86 14.24 15.31 0.38

Significant and tight relationships between VKN 
and morphometric parameters of trees were shown by 
Pearson correlation analysis (Tab. 2); however, these re-

lationships differed between the provenances of lodge-
pole pine and Scots pine, suggesting different linkages 
of morphometric parameters of the trees and VKN as 
suggested by the PCA (Fig. 4). Volume of wood oc-
cupied by knots correlated significantly with stem di-
ameter, tree height, cross-section area and diameter of 
branches (total and living) in both provenances of lodge-
pole pine and Scots pine (Tab. 2). Factors showing the 
highest correlation with VKN differed between proxies; 
total cross-section of branches showed strongest corre-
lation in case of Scots pine and Fort Nelson provenance 
of lodgepole pine (r = 0.89 and 0.87, respectively), stem 
diameter showed tightest correlation for the Summit 
lake provenance of lodgepole pine (r = 0.95). Correla-
tion coefficients between the proportion of VKN and 
morphometric parameters were overall lower than ob-
served for VKN. The proportion of VKN of lodgepole 
pine correlated significantly with the number of whorls 
and additionally with stem diameter in case of both 
Summit Lake provenance. Proportion of VKN of Scots 
pine correlated significantly with diameter of branches 
for Scots pine; however, correlations were weaker (total 
mean diameter of living branches showed highest corre-
lation coefficient of r = 0.44). Total number of branches 
and number of dry branches did not show significant 
relationship with VKN or its proportion for any prov-
enances or species. 

dIscussIon And conclusIons

In the studied trials, lodgepole pine trees from Sum-
mit Lake provenance were the most productive as their 
total height was significantly larger (Fig. 2) while di-
ameter was similar to Scots pine and Fort Nelson prov-
enance. In the Baltic Sea region, lodgepole pine has 
been previously shown to exceed Scots pine in bio-
mass production (volume growth) at young and middle 
age (Elfving et al. 2001; Jansons et al. 2013). However, 
the Fort Nelson provenance of lodgepole pine showed 
the smallest tree height (Fig. 2), indicating the lowest 
productivity amongst the studied provenances. This 
suggests that higher wood (biomass) productivity of 
stand might be gained by the use of lodgepole pine 
from the appropriate provenance, as observed by tri-
als in Sweden (Elfving and Norgren 1993). However, 
the advantage of lodgepole pine over Scots pine can 
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be debated. Although the volume of knotless wood did 
not differ significantly between lodgepole pine and 
Scots pine, the distance between whorls was two times 
higher for Scots pine (Tab. 1). This implies that longer 
solid knotless details can be made from Scots pine; 
however, lodgepole pine had larger volume of knot-
less wood, suggesting that a higher number of smaller 
details might be produced. Thus, the higher produc-
tivity of lodgepole pine appears to be countervailed 
by increased knottiness of stemwood. The proportion 
of VKN differed significantly between Scots pine and 
lodgepole pine (Tab. 1), suggesting that the volume of 
leftovers (VKN) in production of knotless wood will 
apparently be higher if the timber of lodgepole pine is 
used. The angle of branches, which is used as a param-
eter for selection of the best traits of trees (Mäkinen 
and Colin 1998), was apparently not efficient in com-
parisons of knotless wood volume of Scots pine and 
lodgepole pine. Lodgepole pine had two times more 
whorls than Scots pine (Tab. 1), but the branch angles 
were quite similar (Fig. 3), thus higher VKN in lodge-
pole might be explained by whorl number.

Scots pine and lodgepole pine had diverse branch 
traits as shown by ANOVA (Tab. 1) and PCA (Fig. 4) 
of branch parameters. The ordination of trees showed 
that the main differences in branch traits were observed 
between species, as they had distinct grouping of trees. 
This might be easily explained by differences in species 
biology, as lodgepole normally forms several whorls per 
year, while Scots pine only one (Białobok 1975; Koch 
1996). Branch traits of studied provenances of lodgepole 
pine were rather similar, judging by PCA, as both prove-
nances were randomly distributed within the same group 
(Fig. 4). Apparently, both provenances of lodgepole pine 
differed mainly due to dimensions of stem (Fig. 2), rather 
than branch parameters. Nevertheless, Fort Nelson prov-
enance apparently allocated more resources in branch 
growth as it had the highest cross-section of living 
branches (Tab. 1). This suggests that the morphometric 
parameters might be used to identify the most sufficient 
lodgepole or selection of the most appropriate manage-
ment (Mäkinen and Colin 1998). Nevertheless, diversi-
ty of sets of significant correlations between VKN and 
morphometric parameters (Tab. 2) suggests that selection 

Table 2. Pearson correlation coefficients between volume (VKN) and proportion of wood (% VKN) occupied by knots and tree 
dimensions, branch count, diameter and cross-section of sampled trees of two provenances of lodgepole pine (Fort Nelson and 
Summit Lake) and Scots pine (df – degree of freedom for correlation analysis). Significant correlations are in bold (significance 
codes, p-values: * <0.05, ** <0.01, *** <0.001)

 
Fort Nelson Summit Lake Scots pine

VKN % VKN df VKN % VKN df VKN % VKN df

Stem diameter 0.53* 0.24 18 0.95*** 0.55** 22 0.84*** 0.32* 40

Tree height 0.71*** –0.07 18 0.63*** 0.03 22 0.64*** –0.25 36

Number of whorls 0.35 0.45* 18 0.25 0.68*** 22 0.34* 0.26 40

Mean distance between whorls 0.31 0.44 18 –0.22 –0.50* 22 0.57*** –0.39* 40

Number of branches 0.50 0.47 10 0.34 0.57* 14 0.16 –0.08 40

Number of dry branches 0.25 0.48 10 –0.38 0.2 14 0.01 –0.10 40

Number of living branches 0.48 0.15 10 0.65** 0.49 14 0.23 0.02 40

Mean branch diameter 0.62* 0.08 10 0.50* –0.04 14 0.79*** 0.31* 40

Mean diameter of dry branch 0.45 –0.02 10 0.38 0.01 14 0.65*** 0.2 40

Mean diameter of living branch 0.75** 0.25 10 0.55* 0.04 14 0.84*** 0.44** 40

Total cross-section of branches 0.87*** 0.36 10 0.79*** 0.22 14 0.89*** 0.37* 40

Total cross-section of dry branches 0.66* 0.38 10 0.15 0.07 14 0.79*** 0.28 40

Total cross-section of living branches 0.81** 0.28 10 0.78*** 0.20 14 0.81*** 0.37* 40

Mean diameter of three thickest branches 0.71** 0.18 10 0.57* –0.10 14 0.85*** 0.33* 40
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parameters should be considered separately for each spe-
cies or provenance. The proportion of VKN of lodgepole 
pine showed the strongest relationship with number of 
whorls; however, diameter of branches had the strongest 
effect on the proportion of VKN for Scots pine. Appar-
ently these two parameters are countervailed to maintain 
the optimum leaf area (Honda and Fisher 1978; Weiskit-
tel et al. 2009). Higher VKN was related with increased 
cross-section of branches, which is representative for the 
number and diameter of branches and apparently is better 
predictor of VKN than the number of branches or whorls 
alone. The high correlation between VKN and diameter 
observed for Summit Lake provenance of lodgepole pine 
(Tab. 2) might be explained by higher variability of di-
ameter (Fig. 2).

Lodgepole pine from Summit Lake provenance 
showed higher productivity compared to Scots pine in 
experimental plantation in central part of Latvia at the 
age of 28 years. However, the volume of knotless stem-
wood was similar between both species, which might be 
explained by the differences in productivity and branch 
traits. Lodgepole pine formed twice as much whorls 
compared to Scots pine, the branches were smaller and 
branch angles were wider. Accordingly, the proportion 
of wood occupied by knots was significantly higher 
for lodgepole pine compared to Scots pine (11.3 and 
9.0%, respectively). Considering higher productivity 
and knottiness of stemwood, lodgepole pine might have 
high potential for biomass production. The amount of 
VKN can be predicted by morphometric parameters of 
trees; however, these predictors appear specific for spe-
cies and provenance, suggesting that branch traits might 
slightly differ between provenances of lodgepole pine.
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