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Abstract: Although skid roads are more and more commonly used in Poland, they are still quite
often criticised due to a certain loss of wood volume and the impact on edge trees. In this context, the
results of the research described in this article can be used as a substantive contribution to discussions
about strip roads. Research was carried out in a 42-year-old pine tree stand (Pinus sylvestris L.) in
the Notecka Forest, where thinning had been performed and 2.5 and 3.5 m wide strip roads had
been cut 10 years before. The analysis comprised two five-year periods recording diameter growth
and pith eccentricity in trees growing at the distance zones of 0-1 m (adjacent trees), 2-4 m and
8-10 m (the control) away from the strip roads. The differences in growth and eccentricity between
the different distance zones as well as the frequency of pith eccentricity in the N-W, S-W, N-E and S-E
directions were assessed, related to the distance from the strip road and the measurement height.
The measurements of the analysed traits were conducted on wood discs cut from the centres of
two-metre-long sections on sample trees (12 trees in each distance zone). The trees growing directly
beside the strip roads were statistically significantly thicker than those growing 8-10 m away, and
in the case of the trees beside the narrower strip roads, in the second 5-year period, they were also
thicker than the trees from the 2—4 m distance zone. The effect of the wider strip roads in the first
growth period was also significant for the trees growing 3 m away from the strip road (their growth
in this period was significantly greater than that of trees in the control zone). The research into
tree-pith eccentricity showed no differences due to relative distance from the strip road. Furthermore,
no statistically significant relationship between the distance of trees from the strip road, measurement
height and frequency of tree-pith eccentricity to the N-W and S-W were found.
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1. Introduction

Sustainable forestry is multifunctional and thus supports the maintenance of the
ecological, economic, social and cultural functions of forests for the present day and for
the future [1-3]. The economic forest functions lie in wood production and harvesting.
Although these functions, bringing the greatest revenues, are still very important for the
forest economy, more and more often the value of other, non-productive forest services and
products is stressed [4,5].

The harvesting of wood is the activity that interferes most with the forest environment
and arouses considerable interest among people [6]. Wood harvesting is one element of
forest utilisation that in multifunctional forestry is not limited to taking specific material
goods out of the forest, but also uses the forest space [7]. One use of forest space is the
strip road, which is indispensable for machine movement, and when correctly designed,
contributes to a reduction in damage to trees caused by wood harvesting operations [8-11].
Additionally, the need to protect the soil requires the machines to move on strip roads [12].
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Inappropriate use of forest machines can lead to excessive soil compaction [13,14]. A high
degree of soil compaction disrupts water relations in the soil, which consequently decreases
the long-term productivity of the forest ecosystem [15]. In mechanised wood harvesting,
strip roads make it possible to concentrate the logging waste left over after the processing
operations, which limits the negative influence of machine travel on the soil [16-19].

Fully mechanised logging is widely used in many industrialised European countries,
such as Sweden (approx. 98%), Ireland (approx. 95%) and Finland (approx. 91%) [20].
Especially in the Baltic states, a dynamic increase in the deployment of the cut-to-length
method [21] using of harvesters and forwarders has been observed in recent years. Leading
this trend is Estonia, where as much as 95% of final felling and 80% of thinning are
carried out with machine technology [22]. Although motor-manual technology prevails in
logging in Poland [23], the use of specialised machines is dynamically increasing, both in
technological wood harvesting (harvesters) and transport (forwarders) processes.

Wood harvesting in Poland exhibits dynamic growth in the mechanisation of wood
harvesting processes (harvesters) as well as wood transportation (forwarders). Indeed, the
number of the machines has dramatically increased in recent years. Mederski et al. [24]
write that there were 530 harvesters in 2015, while a decade before, only 20 such machines
were in operation. To move efficiently in the forest, these machines, and forwarders in
particular, require wider strip roads than mini-forwarders or agricultural tractors with
self-loading trailers, which are usually used in Poland. On the other hand, wider strip
roads change the growth conditions of trees growing next to them to a greater extent [25].

The cutting of strip roads affects both the tree stand as a whole and the single trees
growing directly along the roads (edge trees). The effect on the tree stand constitutes a
reduction in its wood-production potential, which although clearly visible at the moment
of cutting, loses its significance with the progress of time [26]. The influence on edge trees
results from an influx of sunlight to the crowns and from their larger living space. This
leads to the so-called edge effect in the form of a larger wood increment [27-31]. However,
according to the scientific literature, this effect is not always present [32-34]. When a strip
road is present, the living space of the edge trees is enlarged from the side of the strip road.
It can be expected that this fact will not only result in increased tree growth but will also
affect the shapes and structural traits of the individual trees, determining the quality of the
future wood.

This research aimed to assess the effects of strip roads on the growth in diameter and
on the pith eccentricity of trees growing along the strip roads. It was assumed that an
increase in the living space of these trees would increase their growth in diameter, but that
at the same time, it would cause some eccentricity in the stem pith, visible on the crosscut
of the stems, resulting from the one-sided influence (from the strip road).

2. Materials and Methods
2.1. Study Area

The investigations were conducted in a 42-year-old pine tree stand (Pinus sylvestris
L.) with single birches (Betula pendula L.), located in the south-eastern part of the Notecka
Forest (52°68'59" N, 16°61'59” E). The tree stand was growing on flat terrain on rusty
podzolic soil, and the stand density was moderate. In the same tree stand, 10 years before,
thinning had been performed according to the tree-length wood-harvesting method on
one experimental plot, and according to the cut-to-length method on another one [21]. The
wood was cut with a chainsaw and then skidded with an agricultural tractor Ursus C-360
(for the tree-length method) or forwarded with a Timberjack 1010 (for the cut-to-length
method). The thinned tree stand was opened with a net of 2.5 m wide strip roads for the
tractor (2.5 m variant) and 3.5 m wide strip roads for the forwarder (3.5 m variant), cut
every 30 m. The mean diameter at breast height of the trees was 14.5 cm in the 3.5 m variant
and 14.2 cm in the 2.5 m variant; the mean tree height was 14.8 m in both variants.
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2.2. Experimental Design

For each variant, four strip roads were selected, from which three distance zones
were established: 0-1 m, 2-4 m and 8-10 m away from the strip road. The 0-1 m distance
zone included the edge trees, while the 2-4 m distance zone was inspired by scientific
literature indicating that the potential influence of strip roads reached up to approximately
3 m [28-30,35]; the 8—10 m distance zone included trees inside the stand and represented
the control. The trees in each of the distance zones were marked with different colours,
followed by the DBH (Diameter and Breast Height) measurements, in two perpendicular
directions: N-S and W-E.

Wood increment and pith eccentricity analysis was performed in each distance zone
on 12 felled sample trees (4 strip road x 3 trees). Altogether, in each of the two strip road
width variants, 36 sample trees were felled (3 zone x 12 trees). The three sample trees in
each distance zone had been selected based on DBH measurements of all the trees in the
zone. It was assumed that one sample tree should have the average breast height diameter
value for the given distance zone, and the other two should have the average DBH value
enlarged by the standard deviation and the average DBH value reduced by the standard
deviation value, respectively. The heights of the sample trees were taken from the height
curves derived from the height measurements of 20% of the trees in the respective zones.

After the sample trees were selected and marked, they were felled and divided into
2 m long sections. From the midpoints of the sections (from heights of 1, 3,5,7,9, 11, 13
and 15 m), discs were cut and stored for a short period to dry out. Before measurements
were taken, the discs were polished and the N-S and W-E diameters were marked with
lines (the N direction had been marked before felling). Then, on each marked radius, two
zones of five rings of wood were marked, starting from the perimeter and moving towards
the pith. The marked rings reflected two five-year-long increment periods after the cutting
of the strip roads. The measurements of the ring widths and their distances from the pith
were taken with an electronic calliper in the N-S and W-E directions. The readings were
rounded off to 0.01 mm.

The pith eccentricity (x) was calculated according to the following formula:

2 2
xz\/<DzWERw> + (28 Ry) (mm) &

where

DwEg, Dys—diameters in the WE and NS directions,
Rw, Ry—distances between the pith-off-centre and the disc edge in the W and N directions
(Figure 1).

Figure 1. Measurement of the stem pith eccentricity.
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The relative eccentricity (xy) was calculated according to the following formula:

Xw = g )

where
d—stem diameter at the eccentricity measurement (mm).

Five-year growth values in thickness and the eccentricity of the stem pith were anal-
ysed in three height zones on the stem—the lower, middle and upper zones. The lower
zone included 0-2 m and 2—4 m sections, the middle zone included 4-6 m and 6-8 m
sections (in the case of six sections) and 4-6, 6-8 and 8-10 m sections (in the case of seven
and eight sections) and the upper zone included 8-10 and 10-12 m sections (in the case of
six sections), 10~12 and 12-14 m sections (in the case of seven sections) and 10-12, 12-14
and 14-16 m sections (in the case of eight sections; Figure 2a—c). In addition to the thickness
increments and eccentricity, the frequency of stem pith displacements in the directions
N-W, S-W, N-E and S-E was also analysed, depending on the distance of the trees from the
strip road and the height of the measurements (height zone).
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Figure 2. Height zones on the stem, depending on the number of 2 m long wood sections (a—6
sections, b—7 sections, c—38 sections).

2.3. Statistical Analyses

The statistical analysis comprised the assessment of the significance of differences in
the increments and eccentricities between the distance zones. Depending on the distribution
character of the variables, a one-way analysis of variance (ANOVA) or Kruskal-Wallis test
was used. One-way analysis of variance (ANOVA) was chosen as the basic method of
statistical analysis, because the distance between the tree and the strip road was considered
to be the decisive independent variable. The compatibility of the distributions with the
normal distribution was tested with a Shapiro-Wilk test. The relationship between the
frequency of eccentricities in the N-W, S-W, N-E and S-E directions and the distance of the
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trees from the strip road or the measurement height was tested with the chi-square test.
All statistical analyses were performed using the Statistica 12 software package (StatSoft
Inc., Tulsa, OK, USA).

3. Results
3.1. Growth in Diameter

The research showed that both in the first as well as in the second five-year periods
after cutting strip roads in the 3.5 m variant, the trees growing directly at the strip roads
showed much larger growth in diameter than those growing at greater distances from the
strip road (Table 1).

Table 1. Five-year growth in diameter (mm; mean values + standard error (SE)) at lower, middle
and top height zones related to the distance from the strip road in the 3.5 m variant.

Five-Year Distance from Height on Stem (m)

Growth Period  Strip Road (m) Lower Height Middle Height Top Height
0-1 177 +£12a 189+13a 276+ 16a

I 2-4 144+ 09 ab 159 + 1.0 ab 267+ 15a

8-10 1224+ 1.0b 139+ 1.0b 2414+ 12a

0-1 143+12a 152+1.0a 251+17a

1I 2-4 114+ 09a 121+ 0.7b 228+ 14a

8-10 115+ 13a 122 + 09 ab 226+ 11a

Values with the same letter are not significantly different (p < 0.05). Different letters after values indicate significant
differences by Duncan’s or Tukey’s test (p < 0.05).

The data presented in Table 1 indicate that increased growth in diameter in the
first five-year period after cutting the strip roads was also observed for trees growing
approximately 3 m away from the strip road. The growth of these trees was significantly
greater than that of the trees from the 8-10 m distance zone, with the percentage differences
decreasing with increasing height of the stem (18%, 14% and 10% for the lower, middle and
top height zones, respectively). This relationship was not observed in the second five-year
growth period, for which the growth in diameter of the trees from the 2—4 m distance zone
was, at each height, smaller than the growth observed in trees from the 8-10 m distance
zone (Table 1).

Although the edge trees, both in the first and second growth periods, showed consid-
erably greater growth in diameter, the differences were statistically significant only for the
lower and middle height zones (for the second incremental period, only for the middle
height zone; Table 1). The first five-year increment in the thickness of edge trees, both in
the lower-height and middle-height zones, was significantly greater than the increment of
trees in the control area (8-10 m), while the second five-year increment was significantly
greater than the increment of trees at the 2—4 m distance zone only in the middle-height
zone.

Furthermore, in the 2.5 m variant, the edge trees showed the largest wood increment
values both in the first as well as in the second five-year period (Table 2). The data presented
in Table 2 indicate that the influence of the strip road in this variant barely extended outside
the edge trees. Although the first five-year increment in the thickness of trees at the 2-4 m
distance zone was greater than in the control area (8-10 m), the differences were much
smaller than in the 3.5 m variant (5.5%, 3.9% and 0.9% for the lower, middle and top height
zones), while the second five-year increment in the thickness of these trees was—regardless
of height—smaller in the control area.



Forests 2021, 12, 1414

6 of 15

Table 2. Five-year growth in diameter (mm; mean values + SE) at lower, middle and top height
zones related to the distance from the strip road in the 2.5 m variant.

Five-Year Distance from Height on Stem (m)

Growth Period Strip Road (m) Lower Height Middle Height Top Height
0-1 138+ 0.8a 169+1.0a 275+ 17a

I 2-4 115+ 1.0ab 133+ 1.1bc 222+ 13ab

8-10 109+ 0.7b 128 £09c¢ 220+£13b

0-1 11.3+09a 13.5+09 a 243+15a

II 2-4 85+08a 99+ 07a 193+ 1.1b

8-10 9.0+0.7a 104 £0.7a 19.8 + 1.3 ab

Values with the same letter are not significantly different (p < 0.05). Different letters after values indicate significant
differences by Duncan’s or Tukey’s test (p < 0.05).

The statistical analysis of the growth in thickness in this variant for the first five-year
period showed significant differences for all heights on the stem, while for the second
five-year period, only for the top height zone (Table 2). The first five-year increment in
the thickness of the edge trees in the lower- and top-height zones was significantly greater
than at the 8-10 m distance zone, while in the middle height zone, it was greater than at
the 2—4 m and 8-10 m distance zones. The second five-year increment in the thickness of
the edge trees in the top height zone was significantly larger than at the 2-4 m distance
zone (Table 2).

The average five-year growth values in thickness from all heights (Table 3) showed
similar regularities to the results for the respective height zones.

Table 3. Five-year growth in diameter (mm) of the whole tree (Mean values + SE) related to the
distance from the strip road.

Five-Year Growth Distance from Variant
Period Strip Road (m) 3.5m 2.5m
0-1 21.0+09a 181 +09a
I 24 189 + 09 ab 153 + 0.8 ab
8-10 16.1 = 0.8b 148 +0.8b
0-1 173 +£09a 148 £ 0.8 a
II 24 14.8 £ 0.8 a 116 £ 0.7b
8-10 144 +08a 12.14+0.7b

Values with the same letter are not significantly different (p < 0.05). Different letters after values indicate significant
differences by Duncan’s test (p < 0.05).

The growth of the edge trees both in the first and in the second five-year periods,
regardless of the strip road width, was much greater than the growth values of the other
trees. In the 3.5 m variant, for the first growth period, a considerable difference between
the growth of the trees 3 m from the strip road and the trees from the control area was
found. In the 2.5 m variant, this difference was much smaller: 0.7 mm (while it was 2.7 mm
for the wider strip roads).

In both variants, significant statistical differences between the growth values in thick-
ness were found for trees from different distance zones in the first period. The growth of
the edge trees in this period was significantly larger than that of the trees from the 8-10 m
distance zone. In the second analysed period, the thickness growth values did not show
significant differences in the 3.5 m variant, whereas in the 2.5 m variant, thickness growth
values for edge trees were significantly larger than those for the trees from the 2-4 m and
8-10 m distance zones.
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3.2. Stem Pith Eccentricity

Results of the pith eccentricity analysis showed that all the measured trees showed a
shift of the pith from the geometrical centre of the stem (Table 4).

Table 4. Stem pith eccentricity (mm; mean values + SE) related to the height on the tree and the
distance from the strip road.

Variant Distance from Height on Stem (m)
arian .

Strip Road (m) Lower Height Middle Height Top Height
0-1 84+07a 52+05a 26+03a
35m 2-4 73+06a 48+04a 29+03a
8-10 85+09a 47+04a 21+02a
0-1 87+10a 55+05a 24+03a
25m 2-4 70£07a 47+05a 17+02a
8-10 83+12a 55+06a 23+02a

The pith shift values measured on trees from different zones did not show any consid-
erable differences. The maximum values, at different measuring heights, were found on the
edge trees, as well on trees from the 2—4 m and 8-10 m distance zones in the 3.5 m variant,
and on trees from the 0-1 m and 8-10 m distance zones in the 2.5 m variant. The statistical
analysis showed no significant differences in absolute or relative pith eccentricities between
distance zones.

In accordance with best methodological practice,, this study analysed the relation
between the frequency of pith eccentricity in different geographical directions and the
distance of trees from the strip road as well as the height of the measurement. Due to the
rarity of cases of pith shift in the N-E and S-E directions (Figures 3-5), the analysis focused
on shifts in the N-W and S-W directions only.

60 -
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0 466 48.248.2
40 -
X
¥ 30 -
[¢+]
&
20 -
10 -
/ 11 / 2.4 / 32 / ue 2 4
0 -
3.5m 2.5 3.5m 2.5 3.5 25m
distance zone 0-1 m ‘ distance zone 2-4 m ‘ distance zone 8-10 m ‘
EN-W ES-W mN-E  S-E

Figure 3. Stem pith shifts beside wider (3.5 m) and narrower (2.5 m) strip roads, showing movement in different directions
(N-W, S-W, N-E, S-E) depending on the distance of trees from the strip road.
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Figure 4. Stem pith shifts related to height of measurement in the 3.5 m variant, in different (0-1, 2—4, 8-10 m) distance
zones from the strip road.
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Figure 5. Stem pith shifts related to height of measurement in the 2.5 m variant in different (0-1, 2—4, 8-10 m) distance zones
from the strip road.

Both in the 3.5 m as well as in the 2.5 m variant, the pith in the edge trees was more
often shifted to the S-W than in the N-W direction, while in the 2—4 m distance zone, the
situation was the opposite. In the control area, the pith shifts were usually in the S-W
direction in the 3.5 m variant, whereas in the 2.5 m variant, no differences were observed
(Figure 3). The chi-square test did not show any statistically significant relationship between
the direction of the pith shift and the distance from the strip road (Table 5).
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Table 5. Cross table (in brackets: %) and chi-square results for eccentricity directions (S-W, N-W) and
distance from the strip road.

Distance from Strip Road (m)

Direction Total
0-1 2-4 8-10
3.5 m variant (x? = 2.60, df = 2, p = 0.272)
S-W 43 (51.19) 42 (48.84) 38 (55.07) 123 (51.46)
N-W 41 (48.81) 44 (51.16) 31 (44.93) 116 (48.54)
Total 84 (100) 86 (100) 69 (100) 239 (100)
2.5 m variant (x? = 1.15, df = 2, p = 0.5636)
S-W 43 (55.84) 38 (47.5) 40 (50) 121 (51.05)
N-W 34 (44.16) 42 (52.5) 40 (50) 116 (48.95)
Total 77 (100) 80 (100) 80 (100) 237 (100)

The assessment of the relationship between the direction of the pith shift and the
height at which the shift was measured showed that in the 3.5 m variant, regardless of the
distance from the strip road, the piths were shifted in the S-W direction in the lower parts
of the trees. In the middle section of the stems, in trees growing close to the strip road, the
piths were shifted more in the N-W direction than to the S-W. In the 2-4 m distance zone
area, no differences between these directions were observed, while in the control area, pith
shifts in the S-W direction prevailed. In the upper parts of the trees, at the 0-1 and 2-4 m
distance zones, pith shifts in the N-W direction dominated, and in the control area, the pith
shifts were equally distributed between the N-W and S-W directions (Figure 4).

In general, in the 2.5 m variant, the piths were shifted in the S-W direction. They
were observed at the distances of 0-1 and 2—4 m in the lower parts of the trees, and at
distance zones of 0-1 and 8-10 m in the middle and upper sections of the trees. The pith
shifts in the N-W direction prevailed in the lower parts of the trees in the control area and
the middle and upper sections of trees growing at the 2—4 m distance zone (Figure 5). A
statistically significant relationship between the number of pith shifts in the N-W and S-W
directions and the measuring heights was found for the 2—4 m distance zone in the 2.5 m
variant (Table 6). Here, the piths were statistically significantly more often shifted in the
S-W direction in the lower parts of the trees than in the middle sections (Table 7). For the
other two distance zones in this variant, as well as at all three distance zones in the 3.5 m
variant, no statistically significant relationship was found between the height on the stem
and pith shifts in any direction (Table 6).

Table 6. Chi-square test results between the eccentricity direction (S-W, N-W) and height on the stem
(value in bold denotes statistical significance).

Variant
Distance from
Strip Road (m) 3.5m 25m
x> df r x> df r
0-1 2.54 2 0.2815 0.29 2 0.8644
2-4 3.74 2 0.1540 6.38 2 0.0412
8-10 2.96 2 0.2272 0.67 2 0.7152

Table 7. Crosstable of frequency (in brackets: %) in stem-pith eccentricity at 2-4 m distance zone for
the 2.5 m variant (x? = 5.84, df = 1, p = 0.0157).

Height on Tree
Directi
frection Lower Height Middle Height Total
S-W 16 (69.57) 13 (62.86) 29 (50)
N-W 7 (30.43) 22 (37.14) 29 (50)

Total 23 (100) 35 (100) 58 (100)
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It was found that relative eccentricity decreased with its height on the stem, and this
was particularly visible in the 2.5 m variant (Figure 6b). In the 3.5 m variant (Figure 6a) this
phenomenon was not as distinct (lower relative eccentricity values at 9 m height, compared
to 11 m and 13 m heights).
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Figure 6. Distribution of eccentricity values in 3.5 m (a) and 2.5 m (b) variants.

4. Discussion

The results of the research showed larger wood increments on trees growing beside
strip roads. Strip roads are characterised by a microclimate that is different from that
in the interior of the forest, mainly due to greater heat and radiation absorption [36].
The intensified increment of these trees was primarily the effect of a change in lighting
conditions on the strip roads. Studies have shown that the edge effect includes not only
changes in lighting, but also temperature, humidity and wind flow streams [37,38]. An
increased growth in trees along strip roads in Finland was reported by Isoméki and
Niemisto [28], who analysed the influence of slightly wider strip roads (almost 4 m) on the
growth of spruce tree stands after the first thinning. The researchers noted an increased
growth in the edge trees as quickly as the first year after the cutting of the strip roads, with
its maximum reached five years after the cutting. In this paper, the yearly wood increment
rings were not investigated; as such, it was difficult to find the point of maximum wood
increment resulting from the influx of sunlight. Nevertheless, the wood increment in trees
from the 24 m distance zone in the first five-year period in the 3.5 m variant, and the lack
of this effect in the second period, indicated that the wood increment intensified in the
first five years after cutting the strip roads. Slightly different results for spruce growing
in Sweden were obtained by Eriksson [39], who analysed five-year wood increments on
trees growing at strip roads 3.5 m and 5 m wide. The researcher also found that the
trees bordering the strip road grew thicker, but the wood increment was more intensive
in the second five-year-long period rather than in the first. This phenomenon was not
found for trees growing farther away from the strip roads. These trees showed, as in the
above-presented paper, the largest wood increment in the first five-year period. Research
into wood increments in pine tree stands undergoing thinning at different intensities was
conducted by Wallentin and Nilsson [35]. These researchers also found increased wood
increment values in trees beside strip roads in both normally thinned and more intensively
thinned stands. In Germany, an increase in wood increments in 27—-43-year-old spruce
trees growing beside strip roads was determined by Kremer and Matthies [40]. A 30%
reduction in spruce growth in the first five years in Sweden was found by Wésterlund
(1983), [41]. Furthermore, Bredberg and Waisterlund [42] reported a 12% reduction in
growth. In Poland, an investigation in a 39-year-old spruce-stand five years after cutting
5 m wide strip roads, was reported by Bembenek et al. [34]. The researchers did not find
any significant differences between trees directly by the strip roads and those inside the
stand. Only a slightly increased wood increment reaction in edge trees was observed,
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but this occurred as late as five years after the cutting of the strip roads. Statistically
significant lower wood increment values on edge trees in a fir plantation were reported by
Yilamz et al. [43]. The theory of an increased wood increment in edge trees resulting from a
more intensive influx of light was not proven by Suwata [44] in pine tree stands after late
thinning. He reported that trees growing up to a distance of 5 m from the strip road showed
lesser wood increments than trees growing farther away in the tree stand. The reason
for such results can be presumed to be the lesser ability of pine tree crowns to expand at
more advanced ages. In a paper by Finnish researchers Isoméki and Niemisto [28], the
effect of an increased wood increment reached up to a distance of 3 m from the strip road.
Similar results were reported by Mékinen et al. [29] over a decade later. Furthermore, in
the above-presented paper, the effect of strip roads in the first five-year period after cutting
was found not only in edge trees but also in those growing in the 2-4 m distance zone, and
it was more pronounced in the 3.5 m variant than in variant with narrower strip roads
(2.5 m). This suggests a relationship between the widths of strip roads and the distances up
to which they affect the trees, a relationship also observed by Eriksson [39].

When analysing the growth reaction of trees near strip roads, it should be remembered
that although these trees have better access to sunlight, their roots grow in soil compressed
by moving machines [45]. The opinions of researchers concerning the effect of the com-
pressed soil are not conclusive [46-53]. The problem of the relationship between growth
reactions in trees and the static loads caused by machines was studied by Matthies [54]. He
found that decreased growth resulting from soil compaction is often reported by American
and South African researchers who study the effects of machines causing static loads of
over 100 kPa. Papers by European researchers often report positive growth reactions in
trees growing at the edge of strip roads, but the loads of the machines usually do not exceed
100 kPa, often falling within the 35-70 kPa range. Matthies, based on the data collected,
divided the static loads of the machines into three categories: up to 50 kPa, 50-100 kPa and
over 100 kPa. The load from the second category, although causing distinctive changes in
soil structure, did not cause definite negative growth reactions. The loads of the machines
used in the research reported here were within this range, and the results confirm the
observations made by Matthies.

The results of the stem pith eccentricity studies showed that this wood defect was
present in all trees, and the shift parameter did not depend on the distance from the
strip road. Similar results were reported by Bembenek et al. [34]. Pith eccentricity is
an effect of the tree adaptation to mechanical stress. In a stem that is not subjected to
mechanical forces, the tree rings are concentric. External forces affect the cambium tissue,
which leads to pith eccentricity [55,56]. The reaction of conifers to external forces takes
the form of increased wood growth on the compressed side [57,58]. Pith eccentricity is
often accompanied by the compression of the wood [59-61]. In the course of this research,
clear pith shifts in the N-W and S-W directions were observed. This phenomenon was true
for all the trees and had no relationship with the distance of the trees from the strip road.
The causal factor in this case was wind, which is considered the factor that affects trees
to the strongest degree [62-64]. In Poland, with westerly winds dominating, coniferous
trees show larger wood increments on their eastern sides [65] and the stem piths are
shifted towards the west. This was also confirmed in the above-presented paper; in both
the 2.5 m and the 3.5 m variants, the proportion of the pith shifts in the N-W and S-W
directions for all the distance zones put together amounted to approximately 94%. Similar
values were found for particular distance zones, which proved that the strip roads had
no effect on the stem pith position. Furthermore, the height at which the eccentricity
was measured did not affect results in regard to pith shift to the N-W or S-W. Slightly
different results were obtained by Bembenek et al. [34], who admittedly found this defect
on all trees regardless of position in relation to the strip road, although pith shift towards
the west was proven only for tree sections taken from directly under the crowns of trees
bordering the strip roads. The research results presented in this paper found that the
pith eccentricities decreased with the height at which they were measured on the trees.
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Similar results were observed by Mékinen [66] as well as Kang and Lee [67]. Relationships
between the pith eccentricity and the stem diameter for deciduous trees (alder, maple and
oak) were reported by Fallah et al. [68]. In the case of trees bordering the strip road, a
directed influx of sunlight occurs, which can lead to an asymmetrical growth increment [69]
and a greater degree of pith eccentricity, especially in the tree crown zone. The results
presented above did not confirm this phenomenon, although in the case of the edge trees
in the 3.5 m variant, a slight increase in relative eccentricity at a height of 11 m, related
to measurements taken at 9 m, was observed (Figure 6a). In the case of the 2.5 m variant,
the decrease in relative eccentricity with increasing measuring height was more even
(Figure 6b), which would suggest the strip road width affected the pith eccentricity in the
crown sections of the trees and at the bases of the crowns. The width of the strip road was
reported as the factor affecting differentiations in stem ovalities (while it was not reported
as affecting the eccentricity, stem ovality usually accompanies stem pith eccentricity) by
Karaszewski et al. [70].

5. Conclusions

This research showed a positive effect of strip roads in terms of increases in the
diameters of edge trees, and showed no negative effect on eccentricity. These results can
be used in discussions about strip roads, which often mention not only the wood volume
losses caused by their cutting, but also their negative impact (as a result of canopy breaking)
on the proper development of trees at the edge of the strip road and, consequently, on the
quality of wood from these trees.

The trees growing at the edges of both the wider and the narrower strip roads showed
a considerably larger wood increment in diameter than those growing deeper in the tree
stand in both analysed periods. This increase was statistically significantly greater than
the wood growth of the trees growing in the 8-10 m distance zone, and in the case of the
narrower strip roads in the second analysed five-year period, it was also greater than the
growth in the trees at a distance of 2-4 m.

The effect of the wider strip roads was observed on trees growing at a distance of
approximately 3 m from the strip road. The wood growth in diameter in these trees in the
first five-year period after the cutting of the strip roads was considerably greater than in the
trees in the control area. In the case of the narrower strip roads, the difference was much
smaller. This phenomenon did not occur in the second five-year period. This increased
growth in diameter in trees may, to a certain extent, compensate for volume losses caused
by the cutting of strip roads.

There were no differences in the values of the eccentricities in the stem piths caused by
the distances between the trees and the strip roads, which proves the lack of impact of strip
roads on the occurrence of this defect in wood structure. There was also no statistically
significant relationship between the distances of the trees from the strip road and the
heights on the stem and the frequency of stem pith displacements in certain directions
(with one exception, which concerned the height on the stem at the 2-4 m distance zone in
the 2.5 m variant).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12101414/s1, Ryc. 5. Stem pith shifts related to the height of measurement in the 2.5 m variant
at different (0-1, 2—4, 8-10 m) distances from the strip road.
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