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Abstract

In economic terms, the main limiting factors in harvester application in thinning operations
are the stand age and thinning intensity with respect to tree size. Furthermore, harvested mean
tree size depends on initial stand density but also on the number of trees cut per hectare. The
objective of the research was to estimate the impact of:

= stand age (class),

= increasing stand density in each age class (AC),

= increasing number of trees for harvesting in each AC,

= thinning intensity,
on harovester productivity. 17, 19 and 20 sample plots were established within 3 (AC3) 4"
(AC4) and 5" (AC5) age classes, respectively. In each AC, sample plots were selected that had
an increasing number of trees per hectare: 563+1603, 323+868 and 476+836 trees ha™, in AC3,
AC4 and ACS, respectively. Also, in each AC, an increasing number of trees per hectare for
harvesting was selected: 130+853, 80315 and 108+282, in AC3, AC4 and ACS5, respec-
tively, with the relevant increasing thinning intensity: 35+84, 21+77 and 34+88 m’ ha™'. In
each AC, the stands were divided according to different thinning intensity (THI): a<30,
30<b<60 and c>60 m’ ha, respectively. A Komatsu 931.1 harvester was used for the thinning
operation in each stand. The lowest mean productivity was observed in AC3 (18.57 m’ i), which
was statistically different to AC4 and AC5 (22.24 and 22.60 m’ I, respectively). Within each
AC, productivity lowered as the number of trees per hectare increased in the initial stand. The
productivity decreased in AC3 and AC5 with the increasing number of trees for harvesting,
which was not the case in AC4. In relation to the THIs, the lowest mean productivity was
obtained in THla (16.19 m® h™), which was statistically different to THIb and THIc (21.44
and 21.98 m’ ™, respectively). An increasing THI only influenced productivity positively in
AC4 and ACS. It can be concluded that the productivity of the Komatsu 931.1 harvester in-
creased along with:

= older AC,

= decreasing number of trees in the initial stand in each AC,

= lowering number of trees for harvesting in AC3 and AC5,

= increasing THI in only AC4 and AC5.
Finally, in the present model, the larger the mean DBH of the trees for harvesting, the greater
the productivity. However, the mean DBH has to be considered in conjunction with the num-
ber of trees for harvesting (which depends on AC and THI, as variables in the model) when
productivity is analysed.
Keywords: thinning operation, productivity curves, Scots pine (Pinus sylvestris L.)

1. Introduction number of harvesters are in operation. Since 1987,

when the first harvester was introduced in Poland

Working on harvester productivity curves for Pol- (Moskalik 2002), their numbers have grown consider-
ish conditions is meaningful at this stage, as a large ably. Between 2006 and 2008, the number of harvesters
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grew from 21 to ca. 170 (Kusiak 2008, Sowa 2009). A
survey from 2011 and 2012 revealed that there were
351 harvesters in Poland, 16 of which were owned by
the State Forests (Zabierek and Wojtkowiak 2012).
Currently, it is estimated that there are ca. 450 harvest-
ers operating in Poland, which are able to harvest ca.
30-35% of the total annual volume, estimated to 38
million m® of timber. For this reason, competition be-
tween forest contractors is very high, which leads to a
lowering of the price of timber harvesting within an
open tender process. Therefore, it is in the interests of
entrepreneurs to find out which thinning intensity is
acceptable for a low price.

Estimating harvester productivity is a basic step
towards calculating the costs of forest operations.
Special attention has to be paid to harvesters, the pur-
chasing cost (ca. € 400,000) of which has to be bal-
anced with sufficient working hours and an annual
cut of 24,000 m’ in thinnings (Wigsik 1998). It is es-
sential, therefore, to allocate the appropriate machine
for thinning operations in order to achieve satisfac-
tory productivity.

Studies completed so far have taken into account
various factors, which have a direct impact on har-
vester productivity. These factors can be divided into
four main groups:

= stand conditions,
= tree characteristics,
= terrain conditions,
= operator skills.

Within the first group, »stand conditions«, pro-
ductivity depends on: stand density and thinning
intensity (Eliasson 1999), type of thinning and har-
vested volume per hectare (Suadicani and Fjeld 2001),
frequency of tending operations or lack of them (Ger-
asimov et al. 2012), standard cuttings or stand dam-
aged by wind (Szewczyk et al. 2014) and the spatial
distribution of strip roads (Mederski 2006). Within the
second group, »tree characteristics«, productivity de-
pends on: size of selected trees (Iwaoka et al. 1999,
Wang and Haarla 2002, Visser and Stampfer 2003,
Nurminen et al. 2006), tree species, especially conifers
versus broadleaves (Mederski 2006, Spinelli et al.
2010, Danilovi¢ et al. 2011, Visser and Spinelli 2012,
Mederski 2013, Bembenek et al. 2015), tree shape and
its morphological features (Evanson and McConchie
1996, Suchomel et al. 2012), thickness of branches
(Glode 1999) and criteria for tree selection for thinning
(Eliasson and Lageson 1999). The third factor influ-
encing productivity »terrain conditions« includes
studies on slope gradient, terrain configuration and
bearing capacity (Stampfer 1999, Picchio et al. 2012).
Finally, harvester productivity also depends on the
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level of operator skills (Purfiirst 2010, Purfiirst and
Erler 2011).

Additionally, it should be noted that harvester pro-
ductivity has to be referenced to a certain decade or
point in time. Nurminen et al. (2006) point out that
progress in harvester development in time can posi-
tively influence productivity. Nurminen et al. (2006)
confirmed that higher productivities were achieved
for pine (by 14-35%), spruce (by 12-34%) and birch (by
5-21%) in comparison with data collected in the previ-
ous decade by Kuitto et al. (1994, as cited by Nurmin-
en et al. 2006).

From the above mentioned factors influencing pro-
ductivity, tree size is the most common and most often
studied. The influence of tree size on productivity is
referred to as »piece-size law« — the bigger the piece
(tree), the higher the productivity, as described by
Visser and Spinelli (2012). Initially, this concept was
described by Speidel (1952, as cited by Berg et al. 2014)
as the »law of mass per piece«. It is also important to
mention that at some point a piece, which is too large,
can influence productivity negatively: a tree which is
too large for machine capacity (size and power) may
not be processed effectively; a point which was ex-
plained well by Visser and Spinelli (2012).

Taking into account the above mentioned research
results, it was hypothesised that higher productivity
can be achieved when:

= the stand is older,

= there is a smaller number of trees for cutting,
although with the same mean thinning intensity
(THI),

= the THI is higher.

In fact, all of these three factors include the »piece-
size law«. Therefore, the aim of this paper was to find
out the differences in productivity in pure pine stands
characterised by increasing:

= age,

= number of trees per hectare in the initial stand

in each age class (AC),

= number of trees for harvesting in each AC,

= thinning intensity in each AC, as all of these fac-

tors influence mean DBH of harvested trees.

2. Material and methods

Pure Scots pine (Pinus sylvestris L.) stands were
selected for study in Drawno Forest District, north-
west Poland (E 15°50'-16°00", N 53°10’-53°13"). The
research was carried out in pure pine stands grown
in the same soil, site and weather conditions. The
stand compartments were divided according to age
class and the number of trees per hectare. 56 sample
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Table 1 Stand characteristics
AC3 ACA AC5
% = Whole stand | Harvested ) - = Whole stand | Harvested ) - = Whole stand | Harvested ) -
2 % trees trees é é é trees trees é é % trees trees é é
3 g | Trees | Mean | Trees | Mean = = g | Trees | Mean | Trees | Mean = = g | Trees | Mean | Trees | Mean = =
S | ha' | DBH | ha' | DBH = | 8 | ha' | DBH| ha' | DBH = | S8 |ha' |DBH| ha' | DBH =
1 | 107fl| 563 | 2569 | 143 | 240 | 09 | 53 | 103k | 323 | 33.1 | 105 | 29.8 | 09 | 51 | 96h | 476 | 282 | 108 | 25.0 | 09 | 34
2 |107l| 703 | 234 | 130 | 21.3 | 09 | 35 | 90d | 460 | 275 | 98 | 236 | 09 | 35 |127a| 518 | 275 | 188 | 245 | 09 | 88
3 93c | 863 | 194 | 273 | 171 | 09 | 45 | 80c | 483 | 281 | 95 | 240| 09 | 34 |134c| 534 | 255 | 124 | 211 | 08 | 37
4 31 ] 917 | 201 | 250 | 184 | 09 | 57 | 95d | 513 | 264 | 98 | 236 | 09 | 34 |170a| 564 | 27.9 | 170 | 25.1 | 09 | 72
5 |138h| 957 | 195 | 397 | 17.1 | 09 | 62 | 95a | 540 | 257 | 125 | 240 | 09 | 39 | 97b | 594 | 257 | 186 | 246 | 1.0 | 61
6 32k | 1043 | 19.7 | 367 | 17.8 | 09 | 38 | 116c | 560 | 255 | 105 | 228 | 0.9 | 27 | 98hl | 594 | 265 | 172 | 232 | 09 | 56
7 | 172c {1070 | 199 | 403 | 179 | 09 | 73 |15%a| 570 | 246 | 153 | 21.9 | 09 | 36 | 99g | 596 | 27.1 | 264 | 240 | 09 | 65
8 30i | 1083 | 186 | 360 | 168 | 0.9 | 57 | 152b | 593 | 247 | 138 | 221 | 09 | 38 |122a| 618 | 246 | 176 | 221 | 09 | 49
9 |166g | 1097 | 203 | 410 | 16.9 | 0.8 | 53 | 93g | 625 | 237 | 185 | 212 | 09 | 44 | 13a | 632 | 241 | 212 | 210 | 09 | 55
10 | 37al | 1123 | 196 | 413 | 16.7 | 09 | 60 |119al| 660 | 213 | 195 | 183 | 09 | 26 | 73f | 634 | 246 | 238 | 220 | 09 | 53
" 12a | 1153 | 185 | 423 | 181 | 1.0 | 72 | 8% | 663 | 289 | 80 | 214 | 0.7 | 21 |98nll | 640 | 25.0 | 154 | 205 | 0.8 | 46
12 41a | 1270 | 19.2 | 567 | 154 | 08 71 | 153f | 663 | 24.7 | 193 | 20.7 | 08 44 1 155b | 644 | 264 | 162 | 232 | 09 57
13 | 80g | 1270 | 204 | 397 | 19.1 | 09 | 84 | 14c | 683 | 23.7 | 200 | 223 | 09 | 55 | 154a | 648 | 2569 | 200 | 223 | 09 | 67
14 | 94al | 1297 | 174 | 513 | 149 | 09 66 | 172f | 695 | 256 | 195 | 234 | 09 65 | 72b | 682 | 247 | 282 | 221 | 09 71
15 | 37all | 1403 | 183 | 490 | 166 | 0.9 | 64 | 84c | 708 | 243 | 300 | 220 | 09 | 77 |143d| 708 | 218 | 248 | 19.0 | 09 | 59
16 | 40c | 1603 | 15.4 | 853 | 16.8 | 1.1 | 62 |119all| 708 | 205 | 200 | 17.4 | 08 | 27 | 5g | 720 | 223 | 238 | 200 | 0.9 | 47
17 | 94all | 1603 | 15.4 | 630 | 13.2 | 09 | 55 | 83b | 748 | 241 | 163 | 215 | 09 | 76 | 78/ | 756 | 215 | 252 | 196 | 0.9 | 57
18 - - - - - - — | 171h | 768 | 23.8 | 255 | 21.0 | 09 61 | 100f | 758 | 23.7 | 172 | 211 | 09 68
19 - - - - - - — | 46b | 868 | 223 | 315 | 204 | 09 | 56 | 6ff | 836 | 21.8 | 176 | 215 | 1.0 | 53
20 - - - - - - - - - - - - - — | 6fl | 836 | 23.6 | 156 | 188 | 0.8 | 48
Mean | - |[1119] 195 | 413 | 175 | 09 59 - 622 | 252 | 168 | 222 | 09 44 - 649 | 249 | 194 | 220 | 09 57
Median| - | 1097 | 195 | 403 | 17.1 | 09 | 60 — | 660 | 247 | 163 | 220 | 09 | 39 - | 637 | 249 | 181 | 221 | 09 | 56
Min — | 563 | 154 | 130 | 132 | 08 | 35 - | 323|205 80 | 174 | 07 | 2 - | 476 | 215 | 108 | 188 | 08 | 34
Max | — | 1603 | 259 | 853 | 240 | 1.1 | 84 - | 868 | 331|315 298| 09 | 77 - | 836 | 282|282 |21 | 10 | 88
Sd - | 280 | 25 | 174 | 24 | 006 | 13 - | 126 | 29 | 69 | 26 | 0.04 | 16 - 98 | 20 | 47 | 20 | 004 | 13
n - 17 17 17 17 17 17 - 19 19 19 19 19 19 - 20 20 20 20 20 20

! thinning intensity ratio — understood us ratio of mean DBH of extracted trees to mean DBH of whole stand trees (Lagesson 1997, Mederski 2006)

plots were selected: 17, 19 and 20 in the AC3 (41+60
y.0.), AC4 (61+80 y.0.) and AC5 (81100 y.o.) In the
compartments, sample plots were marked with an
area of 0.3, 0.4 and 0.5 ha in the stands of AC3, AC4
and ACS. Bigger sample plots were selected in older
stands characterised by a lower number of trees,
though sufficient for the experiment. In each sample
plot, the same pattern of strip roads was designed,
with a maximum width of up to 4 m and a distance
between them of 20 m (from axis to axis of the strip
road, Mederski 2006).

The selected sample plots had an increasing num-
ber of trees within each AC (Table 1). This depended

mostly on the stand health (due to pest and fungi de-
velopment), as all of them grew in similar soil condi-
tions with the same site index. There were 563 to
1603 trees ha™ in AC3, 323 to 868 trees ha™ in AC4, and
476 to 836 trees ha™ AC5. A higher mean number of
trees were selected for thinning in AC3 (413 per ha),
than in AC4 and AC5 (168 and 194 per ha, respective-
ly). On each sample plot, the DBHs of all the harvested
trees were measured with an electronic calliper with
an accuracy of 0.1 cm. The number was marked with
white paint on each measured tree.

The mean DBH in AC3 was 17.5 cm, which was
lower than in AC4 and AC5 (22.2 and 22.0 cm, respec-
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tively). The stands of AC5 presented similar mean val-
ues in terms of the number of harvested trees per ha
as well as the mean DBH in comparison with AC4
(Table 1). It was found that most of the AC5 stands had
different thinning schedules in terms of time, and the
thinning was postponed to a later time — from AC4 to
ACS.

In each AC, division according to thinning inten-
sity (THI) was applied: <30, 30<b<60 and ¢>60 m’ ha™,
respectively. This division was carried out after statis-
tical analysis, which suggested borders at ca. 30 and
60 m*ha™. Finally, in each AC, sample plots were of an
increasing number of trees and of increasing thinning
intensity groups. However, only in AC4 all thinning
intensities were recorded: THIa, THIb and THIc. In
AC3 and ACS5, there were only THIb and THIc.

Silvicultural treatments were prescribed according
to current standards: more intensive thinning was pro-
posed in stands with a bigger number of trees, with
the idea that only one intervention was expected in
one decade. Positive thinning was applied, which
means that trees of lower importance were selected to
make the best possible conditions for future trees.

For the thinning operation, a Komatsu 931.1 har-
vester was used with a powerful 193 kW (7.4 1 stroke
volume) engine. The machine was equipped with a
CRH 22 boom, with a reach of up to 9.8 m and a lifting
torque (gross) 217 kNm. The Komatsu 365 harvester
head had three steel feed rollers and five delimbing
knives (four moving). Thinning was carried out by two
harvester operators aged 39 and 44, both with a 7-year
experience. The two operators worked in different
shifts on sample plots selected randomly.

On all the sample plots, the same types of assort-
ments were harvested: 2.85, 2.50 and 2.45 m long saw
logs, pulp wood and industrial wood, respectively.

Time studies were carried out with respect to the
productive machine hour (PMH) without delays
(Mederski 2006). Productivity (P) was calculated as:

(1)

where:

V  volume of harvested timber, m>;

Tpun time of productive machine hour (moving,
crane and head positioning, cutting, felling,
delimbing and bucking; without delays), h.

All the delays were excluded from the study in
order to only compare the pure productive time from
each sample plot. In fact, there were some delays and
repairs during the study, however, they occurred ran-
domly and were not related to particular stand condi-
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tions (AC or THI); therefore they were excluded from
further analysis. Thanks to this, the field studies were
more accurate, but the analyses were performed at the
level of total PMH per sample plot and total volume
of harvested timber per sample plot. The timber vol-
ume under bark was taken from the harvester com-
puter.

In order to compare the mean productivity with
respect to the experimental variables, prior to the
variance analysis, the Lilliefors test, for the normal
distribution of data (Thode 2002), was done followed
by the Bartlett test of homogeneity of variances (Zar
1999) in the analysed model. A multiple analysis of
variance was done with respect to the estimated in-
teraction between the analysed factors. Based on the
interaction plots, interactions between factors were
chosen (Ott 1984). To discover which means were sig-
nificantly different from each other, the Tukey’s post
hoc test was used for factors significant in ANOVA
(Ott 1984). Statistical inference was performed at sig-
nificance level a = 0.05.

Pearson’s correlation matrix was determined for
the studied characteristics. Based on the results of
ANOVA and values of correlation coefficients, the
multiple regression was proposed, where the influ-
ence of the experimental factors statistically different
in the analysis of variance on the mean productivity
per PMH was determined. The program package R
(3.0.2) was used for the calculations (R Development
Core Team 2013).

3. Results

In each AC, productivity lowered as the number of
trees increased within the considered AC (Fig. 1).

As the trend lines show, the highest productivities
were mostly in AC5 and the lowest in AC3. Also in
AC3, an increasing number of trees in the initial stand
had the biggest impact on lowering productivity. In
AC4, this trend was the weakest. In some of the stands
in AC4 (end of the curve), higher productivities were
achieved than in AC5. What is very important here is
that, generally, the productivities in AC3 were lower
than in AC5, even though the average THIs were sim-
ilar: 59 and 57 m’ ha™', respectively (Table 1).

Using the Lilliefors test, based on Kolomogorov-
Smirnov statistics, it was shown that the analysed fac-
tor —productivity —was normally distributed (D=0.1028,
p-value=0.1481). With the application of the Bartlett
test, it was decided that there was no evidence to reject
the null hypothesis for the test of homogeneity of var-
iance for the analysed factors (K-squared=2.1152, df=2,
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Fig. 1 Changes in productivities in numbered sample plots with
trend lines (order of sample plots is according to increasing number
of trees in the initial stands, as in Table 1)

p-value=0.3473). The multiple analysis of variance for
productivity (Table 2) showed significant differences
in mean effects in relation to AC and THI, and for those
factors, Tukey’s post hoc tests were carried out (Table
3). In contrast, shift and operator had no significant
impact on productivity (Table 2).

Considering the division of stands into age class-
es, the lowest mean productivity was observed in
AC3 (18.57 m’ h™), which was statistically different
to AC4 and AC5 (22.24 and 22.60 m* h™, respectively,

Table 2 Anova Table (Type lIl tests)

Sum.sqg. | Df | Fvalue p-value

AC 210.6 2 | 83873 0.0009 ***
THI 218.4 2 | 86975 0.0007 ***
SHIFT 60.4 2 | 24049 0.1032
OPERATOR 7.7 1 10617 0.4367

AC: SHIFT 63.2 4 1 1.2587 0.3022
AC: OPERATOR 254 2 | 1.0101 0.3733
SHIFT: OPERATOR 18.3 2 07272 0.4895
RESIDUALS 502.1 40 - -

Signif. codes: 0 **** 0.001 **' 0.01 " 0.05"."0.1"" 1

P. S. Mederski et al.

Table 3 Tukey's tests for mean productivities obtained within the
analysed ACs and THIs, oo=0.05; identical superscripts in column
»groups« denote no significant difference between mean values
(according to Tukey's HSD test)

Mean | Std.error | r Min. | Max. | Groups
3 1857 | 0.9198 17 | 12.64 | 27.60 a
AC 4 12224 1.0960 19 | 12.99 | 32.61 b
5 | 2260 | 08834 | 20 |17.84|30.90 b
a | 1619 ] 1.1337 4 11299 | 18.07 a
THI | b | 2144 07398 | 32 | 12.64 | 3261 b
c |2198| 10793 | 20 | 15.56 | 30.90 b

Table 3) as Tukey’s test has shown (HSD=2.829186;
r.harmonic=18.58).

In AC3, a high number of trees were cut (413 per
hectare) with a low mean DBH of 17.5 cm (Table 1).
Low productivity was achieved in AC3 even when
mean thinning intensity was the highest (59 m® ha™)
in comparison with AC4 and AC5, where on average
44 and 57 m’ ha™ was harvested, respectively.

At the same time, the mean productivities achieved
in the stands within the lowest THIa amounted to
16.19 m’ h™" and were statistically different (Tukey test,
HSD=4.052411; rharmonic=9.06) from those from
stands of THIb and THIc (21.44 and 21.98 m> PMH™,
respectively, Table 3). These low productivities oc-
curred only in AC4, where either a small number of
trees per hectare were harvested (sample plots 6 and
11) or they were of small mean diameter (sample plots
10 and 16, Table 1).

In the case of AC3, the increasing THI did not influ-
ence the productivity at all. In fact, it lowered slightly
when more intensive thinning was applied (Fig. 2a).
Furthermore, in AC3, the productivity decreased con-
siderably, when more trees were harvested (Fig. 2d)
with a smaller mean DBH (sample plots 14, 15, 16 and
17, Table 1). This was not the case in the older stands
(AC4 and AC5 with thicker trees compared to AC3,
Table 1) and especially in AC4 where increased THI
had the biggest impact on productivity results (Fig. 2a).

In principle, the productivity depended on the
mean DBH of the harvested trees: the larger the DBH,
the higher the productivity (Fig. 2b). In the case of the
impact of the mean DBH on productivity in each AC,
the data were more clustered along the curves in com-
parison with the THI, which suggests that »piece-size
law« had the biggest impact on the final result within
the considered stand conditions.

Croat. j. for. eng. 37(2016)1
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Fig. 2 Productivity as a function of different stand parameters (black curves represent mean values for all data)

Confirmation of this impact was obtained when the
correlation matrix was built, where productivity was
correlated with the mean DBH of the harvested trees
(expressed by the highest factor: 0.78, Table 4).

As the AC groups (3, 4 and 5) and THI groups (a, b
and c) had a statistically significant impact on produc-

tivity, a model of multiple regression was proposed
with the DBH,,,.,, of the harvested trees:

Y =-7.8920+1.2494x DBH

mean

~0.85875, —

~1.32375 ,+3.76315, +5.25505 2)

where:

Y mean productivity per PMH;
DBH,,,.,, mean DBH of harvested trees;
0 Kronecker’s delta,

S =

1

1 standof i—ageclass (ofi —thinning intensity)
0 inother case

For the proposed model, the determination factor
R* was 0.7168, and the highest significance of estimat-
ed factor: DBH,,,,,, (Table 5).
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Table 4 Correlation matrix

P. S. Mederski et al.

Number of whole Number of Mean DBH of whole | Mean DBH of Harvested | Mean volume -
THI Productivity
stand trees harvested trees stand trees harvested trees volume | from one tree
Number of whole stand trees 1.00 0.81 -0.70 -0.67 0.47 0.1 —-0.55 —0.46
Number of harvested trees 0.81 1.00 -0.7 -0.62 0.56 0.04 -0.72 -0.36
Mean DBH of whole stand trees -0.70 -0.71 1.00 0.94 -0.21 0.46 0.83 0.64
Mean DBH of harvested trees -0.67 -0.62 0.94 1.00 -0.09 0.47 0.72 0.78
THI 0.47 0.56 -0.21 -0.09 1.00 0.50 -0.31 0.22
Harvested volume 0.1 0.04 0.46 0.47 0.50 1.00 0.41 0.37
Mean volume from one tree -0.55 -0.72 0.83 0.72 -0.31 0.41 1.00 0.35
Productivity —0.46 —-0.36 0.64 0.78 0.22 0.37 0.35 1.00
Table 5 Significance of estimated factors In this case, it was not only the »piece-size law« that
had the biggest impact on the results obtained, but
Estimate | Std.emor | tvalue | Pr(>[t]) also the fact that in a stand with a large density, ma-
Intercept 78920 27677 | —2851 | 0.0063** noeuvring a crane and positioning the head takes
more time than in a stand with a low density. Large
DBH e 12434 0.1558 8.018 | 0.0000"* density stands also require more careful and accurate
AC4 _0.8587 1.2251 0701 | 0.4866 work as they are more vulnerable to residual damage
(Karaszewski et al. 2013, Bembenek et al. 2013a, 2013b,
AC5 —-1.3237 1.0956 -1.208 | 0.2326 Stariczykiewicz et al. 2015).
THIb 3.7631 14920 2.522 | 00149 In the same figure presenting productivity as a
THIc 5.2550 15780 3330 | 00016** function of THI (Fig. 2a), the curve for AC4 grew most

In general, the bigger number of trees in the initial
stand (consisting of more trees with a smaller DBH),
the lower the productivity results (Fig. 2c). This »piece-
size law« can also be applied when only trees for ex-
traction are considered (AC3 and ACS5, Fig. 2d). How-
ever, in AC4, a large number of harvested trees had a
positive impact on the average productivity.

4, Discussion with conclusion

Harvester use for thinning operations in the young-
er (AC3) and older stands (AC4 and AC5) resulted in
different productivities. The stands in AC3, with a con-
siderably larger number of trees in the initial stand, as
well as for extracting, gave a lower productivity in
comparison with the older stands. It is interesting that
in AC3, increased thinning intensity did not raise pro-
ductivity (Fig. 2a). At this stage of stand development,
the trees for harvesting were of a small DBH, which in
this case, were 17.5 cm on average, but started from as
small as 13.2 cm (Table 1), and the mean volume ob-
tained from each harvested tree amounted to 0.14 m’.

rapidly. In AC4 there were two particular sample plots
(14 and 15) with a higher than average number of trees
for removal (195 and 300) with large mean DBH (23.4
and 22.0 cm, Table 1). Actually, as the mean statistical
productivity showed (Table 2), in this particular case,
the stands of AC4 and AC5 were of similar potential.
However, in the stands of AC5, the average timber vol-
ume obtained from one tree was the highest: 0.29 m’,
while in AC4 it was 0.26 m’. A higher mean volume of
timber from one harvested tree together with a slight-
ly bigger number of trees harvested per hectare (pos-
sibly optimal), eventually led to a slightly larger mean
productivity in AC5 (22.60 m® h™!, Table 2). Also in
ACS5, in comparison with AC4, there were smaller stan-
dard deviation values for:

= the number of harvested trees,
= the mean DBH of the harvested trees,
= the mean THI.

Those factors also had a positive impact on the
higher mean productivity in AC5. However, this high-
er mean productivity in AC5 should not be linked with
Fig. 2a, where the AC4 trend line presents partially
higher productivities than in AC5. The lowest thinning
intensities (THIa<30 m’ ha™') on particular sample plots

Croat. j. for. eng. 37(2016)1

33



P. S. Mederski et al.

were observed only in AC4 (Fig. 2a). This should be
considered carefully as this is not a very common case.
Currently in Poland, according to silvicultural prereq-
uisites, a maximum of one thinning treatment per 10
years should be applied, which means that much more
than 30 m® per hectare can be harvested. However, if
a very low intensity is achieved, low productivity may
be expected.

The productivity curves in the present study were
linear, which can also be seen in other productivity
studies (Sirén and Aaltio 2003, Nakagawa et al. 2007).
The authors of the present work decided to use linear
curves for three reasons:

= they fitted best to the data distribution,

= the linear model was characterised by the high-
est determination factor R?,

= there was also argumentation based on previ-
ous findings: the present study was limited
only to thinnings in stands where the harvested
trees gave a mean timber volume from 0.14 up
t0 0.29 m’.

This was rather at the low end of potential tree
sizes to be harvested. As presented in studies by Spi-
nelli et al. (2010) and Visser and Spinelli (2012), using
more complex regression models is more suitable
when a broad raw data set including harvested trees
of small and large volumes (e.g. from 0.3 up 5.2 m’) is
considered. The proposed model (2) also consists of
simple factors including DBH, which is easy to obtain.
Some researchers have used the volume of harvested
tree as a variable of productivity (Spinelli et al. 2010,
Visser and Spinelli 2012), however in the case of the
data presented in this paper, using the mean volume

of harvested tree V..., instead of DBH, .., in a model:
Y =8.607+6.990xV__ +3.9015, +2.8915,+
+7.7206, +9.4015 3)

gave a much lower determination factor R*=0.3934.

The number of trees per hectare is also a limiting
factor. Fig. 2c shows that the bigger the initial number
of trees before thinning per hectare, the lower the pro-
ductivity. In this case, it is linked to the natural stand
condition: the bigger the number of trees within one
AC on the unit area, the smaller the diameter of a sin-
gle tree (in the stand and for harvesting). These kinds
of stands are not only less attractive for thinning op-
erations with harvesters giving smaller productivity,
but can also give lower income from the timber sold
due to a bigger share of timber with small diameters
(Bembenek et al. 2014). A large number of trees for
harvesting together with high mean DBH that have a
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positive impact on productivity. Fig. 2d shows that it
was only in AC4 that the increasing number of har-
vested trees had a positive impact on the growing pro-
ductivity. This curve has to be taken with caution as
data dispersion is high and more tests should be con-
ducted to find out how the increasing number of har-
vested pine trees influences productivity in AC4. Fig.
1 also shows that in AC4, the sample plots 14, 15 and
17+19 had a particularly large number of trees for har-
vesting with large mean DBHs and high mean THIs.

It can be concluded that the productivity of the
Komatsu 931.1 harvester increased along with:

= older AC,

= decreasing number of trees in the initial stand
in each AC,

= lowering number of trees for harvesting in AC3
and AC5,

= increasing THI in only AC4 and AC5.

Finally, as the model (2) presents, the larger the
mean DBH of the trees for harvesting, the greater the
productivity. The same model also confirms that with-
in the same mean DBH, the older the AC, the lower the
productivity. However, the last factor in the model,
THI, cannot be changed freely with the same (fixed)
mean DBH. Increasing THI requires the removal of a
larger number of trees, resulting in the cutting of thick-
er trees and, as a consequence, the mean DBH of the
harvested trees has to increase. Therefore, the mean
DBH has to be considered in conjunction with the
number of trees for harvesting (which depends on AC
and THI, as variables in the model) when productivity
is analysed.
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