Open access

Original scientific paper

https://doi.org/10.5552/crojfe.2026.4081

Productivity, Costs and Residual Stand
Damage of Timber Harvesting Methods
in Scots Pine Stands with Extended Distance

Between Skid Trails

Maximilian Jakob, Tobias Cremer, Piotr Mederski, Ferréol Berendt

Abstract

In forest operations, economic advantages can be obtained by increasing the distance between
the skid trails. This protects soil by reducing the compacted area, while at the same time increas-
ing the productive timber ground area. These advantages are offset by disadvantages, as fully
mechanized timber harvesting is not possible and motor-manual felling is required for the areas
that cannot be reached by the harvester. This in turn reduces work safety and increases the
workload and personnel requirements, possibly leading to higher timber harvesting costs.

To analyze the consequences of an extended skid trail distance, a timber harvest under real
conditions was carried out in north-eastern Germany in the fall of 2023. In a 72-year-old Scots
pine (Pinus sylvestris, L.) stand with an area of 23.2 ha, 692 m3 of wood was harvested in a
thinning operation. Three different timber harvesting methods with extended skid trail dis-
tances of approx. 40 m (ES) were investigated and compared to a fully mechanized system
with conventional skid trail distances of approx. 20 m (CS) in a time study with a total of 150
recorded hours. Following the harvest, the residual stand damage was also recorded.

The timber harvesting methods with ES had higher timber harvesting costs than the method
with CS, although there are major differences between the three semi-mechanized timber
harvesting systems: The productivity of the harvester increases as the number of passes by the
harvester decreases (from 13.87 to 14.09 to 15.99 m3/PMH,;). Looking at the forwarder pro-
ductivity, it is higher in ES than in CS. Finally, the costs of the harvesting systems ranged
between 29.18 €/m? for CS to 30.40, 32.41, 34.56 €/m3, respectively, for ES. There is no sig-
nificant difference in the residual stand damage across the methods. The productivity of semi-
mechanized timber harvesting methods can be improved if the motor-manual felling is carried
out before the harvester is used and if the trees are not winched with a cable tractor.
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1. Introduction

Scots pine (Pinus sylvestris, L.) is the most common
tree species in Germany, with Scots pine-dominated
forests covering 2.4 million hectares across the country.
The species is particularly prevelant in Brandenburg
(BMEL 2024a). Currently, the Scots pine, larch (Larix
decidua, Mill.) and strobe pine (Pinus strobus, L.)
species group accounts for 16.3% (11.5 million m? in
2023) of all timber felled in Germany (BMEL 2024c). In
Brandenburg, pine and larch account for 83.2%
(3.8 million m? in 2023) of all timber felled (Amt fiir

Statistik Berlin-Brandenburg 2024). The framework
conditions for timber harvesting in north-east
Germany as well as in neighboring Poland are chang-
ing due to climate change (MLUK 2023, Benisiewicz
et al. 2024, BMEL 2024b, Wessely et al. 2024) and
changing political and societal demands on the forest.
Ecosystem services such as carbon sequestration,
water storage and filtration are playing an increas-
ingly important role alongside timber production in
forest management (Bosch et al. 2018, Ibisch and
Blumrodder 2020, Grunewald et al. 2023). This has an
impact on timber harvesting because harvesting
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methods have to be further developed to meet these
demands (Marchi et al. 2018).

For soil protection reasons, several German state
forest administrations regulate their skid trail spacings
to an average distance of more than 20 m. For example,
the state forests in Bavaria have a permanent skid trail
network with an average distance of 30 m between
two skid trails (Baysf 2010). Moreover, 1.2 million hect-
ares of forest are FSC-certified in Germany (FSC
2024b). According to the German FSC standard, the
share of the skid trail area in the productive timber
ground area should not exceed 13.5% in the medium
term and 10% in the long term (FSC 2024a). However,
it must be noted that, given the partial canopy over
skid trails from edge trees, the skid trail area actually
used by the forestry workers does not translate into an
equivalent area of lossed productive woodland. In
practice, this often leads to average skid trail spacings
of 30 m or 40 m, with a skid trail width of 4 m (FVA
2003, Landesforstbetrieb Brandenburg (Lfb) 2023, FSC
2024a, 2024b). Advantages are seen in improved soil
protection due to a smaller compacted skid trail area
(Cambi et al. 2015) and increased overall stock and
growth of the stand (Wéchter 2021). Because of hu-
man-induced climate change, the frequency of
droughts is increasing (IPCC 2023). As less compacted
soil area in the forest can increase water storage capac-
ity (Cambi et al. 2015), extending skid trail spacings
may increase the drought resilience of forests. Due to
future climatic conditions, timber harvesting opera-
tions will face additional constraints (Berendt et al.
2017). Moreover, the authors stated that the »growing
awareness of forest soil protection may induce major
technical changes for harvesting and extraction ma-
chines«. Therefore, there is a need to adapt and opti-
mize the timber harvest methods accordingly.

Fully mechanized timber harvesting with a con-
ventional skid trail (CS) distance of about 20 m is used
worldwide (Lundbéck et al. 2021) and has already
been well studied in terms of productivity and costs
(Mederski 2006, Ghaffariyan and Brown 2013, Vusic¢
et al. 2013, Ackerman et al. 2014, Spinelli et al. 2014,
Proto et al. 2018). Although attempts are being made
to develop corresponding machines with a very large
boom reach (KWF 2023), it is not currently possible to
use fully mechanized timber harvesting in combina-
tion with an extended skid trail (ES) spacing of about
40 m. As the boom reach of the harvester is too short
to reach all trees, the trees outside the boom reach of
the harvester must be felled motor-manually in the
midfield (Mederski 2006, Berendt et al. 2020b). Follow-
ing that, the trees can be winched by e.g. a mini for-
estry crawler or a cable tractor to the skid trail (Berendt
et al. 2018). The distance of the winching process can
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be reduced by pulling the trees with the crown to-
wards the skid trail. This could increase the productiv-
ity of the process while also reducing damage to the
remaining trees as compared to when the trees are
pulled with their bottoms towards the skid trail (Meng
1978, Nill 2011). Such semi-mechanized harvesting
systems need furher research into the different circum-
stances and techniques (Lenz 2017). For example,
study results from beech stands (Borchert et al. 2024)
cannot simply be transferred to pine stands. It was
shown by Mederski (2006) for pine stands with a DBH
of 20 cm and 22 c¢m that the timber harvesting costs
can be lower with extended skid trail spacing (ES)
compared to conventional skid trail spacing (CS). This
is due to the higher productivity of harvesters and for-
warders as well as the shorter distances that must be
driven. However, these results are not consistent with
other studies and depend on the labour costs associ-
ated with motor-manual felling. In other studies, the
timber harvesting costs are found to be higher for ES
than for CS (Berendt et al. 2018, Mederski et al. 2018,
Wachter 2021, Hennek 2022).

The trees in the midfield can be felled by chainsaw
before the harvester fells the trees within its boom
reach, meaning that the harvester only has to pass
once. However, in that situation, motor-manual felling
is rather challenging because: i) the skid trails are more
difficult to identify without prior travel, and ii) more
dense forest stands hamper felling in optimal direction
towards the skid trail. As an alternative, the trees can
be motor-manually felled after the harvester has cut
the trees within its boom reach, meaning that the har-
vester has to pass twice (Mederski et al. 2018).

When trees are felled motor-manually with chain-
saw, these trees can be winched to the skid trail by a
winch or by horses. While this can increase harvester
productivity, the overall process is significantly
more expensive than without winchning (Lenz 2017).
Magagnotti and Spinelli (2011) have shown that inte-
grating horse bunching with tractor skidding can be
more cost-effective than skidding directly with the
tractor. The skidding with horses can cause less
damage than a wire skidder (Wirth 2008). The motor
manual felling and processing of the harvester can be
optimized by special cutting operations (Forstliches
Bildungszentrum Kénigsbronn 2009). The workload
of winching logs with a mini forestry crawler (Berendt
et al. 2018) can be reduced by replacing a steel cable
with synthetic rope (Magagnotti and Spinelli 2012).
An overview of the different methods is given by
Ghaffariyan (2010).

Given that the residual stand damage caused dur-
ing the timber harvest is an important economic factor
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(Borz et al. 2023), it should be included in the com-
parison of ES and CS. Various studies have investi-
gated how to capture tree damage (Palander et al.
2018, Kizha et al. 2021). It has been shown by Behrendt
(2010) that in order to achieve sufficient accuracy, at
least 5-10% of the available area must be recorded. The
quantification of bark damage can be carried out more
quickly with a variable sample circle radius with a 10-
tree sample than with a fixed sample size (Richter
2019). It has been shown by Nill (2011) that the propor-
tion of trees damaged by logging is considerable and
that trees on the edge of skid trails in particular are
often damaged. According to BMEL (2024a), 6.7% of
all trees in Germany are damaged by timber harvest-
ing. Fully mechanized timber harvesting can also
cause damage in broadleaved stands with the percent-
age of damage being up to 39% (Ursi¢ et al. 2022),
though an average harvester/forwarder system has the
least impact on the remaining stand (Picchio et al.
2020). The distance to the skid trail can have an influ-
ence on the frequency of damage (Thorpe et al. 2008,
Nakou et al. 2016).

Looking in more detail at Scots pine dominated
stands with extended skid trail spacings, various tim-
ber harvesting methods are conceivable.

The following hypotheses were tested:

= Semi-mechanized timber harvesting methods
with ES are more expensive than fully mecha-
nized timber harvesting methods due to the cost
of motor manual felling, whereby the produc-
tivity of forwarder and possibly of harvester,
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too, is higher in ES than in CS due to a larger
concentration of timber next to skid trail in ES

= The productivity of motor-manual felling de-
creases if the trees are felled before the first pass
by the harvester, but the total timber harvesting
costs are lower in this case due to the higher
overall productivity of the harvester

= Damage to the remaining trees is dependent on
the timber harvesting system, with a higher pro-
portion of damaged trees in the fully mecha-
nized system due to smaller skid trail distances.
This was stated due to higher damage probabi-
lity next to skid trails.

Therefore, the aim of this study was to analyze the
productivity, costs and damage to residual trees of
three different semi-mechanized (harvester-forwarder
with participation of chainsaw felling) timber harvest-
ing methods and to compare them with a fully mech-
anized system (harvester-forwarder only). As the har-
vester is the most expensive machine used in logging,
itis particularly interesting to see how its productivity
can be increased. For this reason, various parameters
are examined to determine their influence on produc-

tivity.

2. Materials and Methods
2.1 Study Area

The study took place in a 72-year-old single-layer
even-aged pine-dominated stand (Pinus sylvestris L.)
in north-eastern Germany in the federal state of

Fig. 1 Location of the study area (left) and a picture of the pine stand (right)
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Fig. 2 Design of the study area with used skid trails (solid line, numbered from 1 to 24) and abandoned skid trails (dashed line)

Brandenburg (N52.965°, E13.643°) (Fig. 1). A sample
inventory prior to felling revealed a mean diameter at
breast height (DBH) of 28.9 cm (5.0 cm standard
deviation (SD)), a mean medium height of 23.1 m (3.2 m
SD) and a stock volume of 400 m3/ha. The terrain was
flat and the stands were homogeneous without strong
undergrowth and with a negligible admixture of indi-
vidual birch trees (Betula pendula Roth). On an area of
23.2 ha, a thinning operation took place in the fall of
2023 with a total wood harvest volume of 692 m3
(n=1815 trees), corresponding to a total withdrawal of
30 m3/ha.

The existing skid trails were recorded with the
GNSS device LogBuch' (palos GmbH, Salzburg, Austria)
prior to harvesting. About half of the existing skid
trails are no longer used in order to comply with FSC
regulations. The skid trails still in use are numbered
from 1 to 24 with markings on the edge trees.

The location of the skid trails can be seen in Fig. 2,
where both the abandoned (dashed lines) and the used
skid trails (numbered lines) are shown.

The average distance between skid trails was 22.3 m,
45.3 m, 43.2 m and 36.5 m in sections 1, 2, 3 and 4,
respectively. After felling, the volume of the trees that
were marked for harvesting but left on the site was
recorded.

2.2 Examined Thinning Operations

The trees to be removed were marked, with even
thinning in section 63 and an attempt to increase the
structure in section 64 with small holes. The even thin-
ning in section 63 was essentially a negative selection,
with no major gaps in the canopy. The small holes in
section 64 were created in existing pine and birch re-
juvenation. The aim is to give the existing small trees
more light so that they grow faster and increase the
structure of the forest. However, the same amount of
wood was removed overall per hectare as with even
thinning (Fig. 3).

Four different timber harvesting methods were in-
vestigated: one with conventional skid trail distances
of approx. 20 m (CS) and three with extended skid trail
distances (ES). The designation of the methods indi-
cates the number of passes of the harvester (CS1):

= CS1 fully mechanized with one harvester pass:
average skid trail spacing of 22.3 m; 1. felling
and processing of all trees by harvester; 2. for-
warding

= ES3 winching with three harvester passes: aver-
age skid trail spacing of 45.3 m; 1. harvester fell-
ing and processing of all trees within reach of
harvester boom; 2. motor-manual felling of the
remaining trees in the middle field, all marked
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Fig. 3 Experimental design of the study area. Used skid trails and 4 harvesting methods examined are shown

trees are felled; 3. harvester processing of the
felled trees; 4. pre-winching by skidder with
cable winch of trees that cannot be reached by
harvester; 5. harvester processing of the trees
pulled forward to the skid trails by the skidder;
6. forwarding

= ES2 no winching with two harvester passes: av-
erage skid trail spacing of 43.2 m; 1. felling and
processing of all trees within harvester boom
reach; 2. motor-manual felling of the remaining
trees in the middle field, all marked trees are
felled; 3. processing of the felled trees by har-
vester, trees that the harvester cannot reach re-
main lying as deadwood; 4. forwarding

= ES1 manual felling before harvester with 1 har-
vester pass: average skid trail spacing of 36.5 m;
1. motor-manual felling of the trees in the mid-
dle field, marked trees that are assessed by the
forestry workers as not being able to be felled
into the boom reach of the harvester are not
felled; 2. felling and processing trees next to the
strip road as well as processing only trees felled

with chainsaw - all within boom reach of har-
vester, trees that the harvester cannot reach re-
main standing or lying as deadwood; 3. for-
warding.

Timber harvesting was carried out using the ma-
chines and personnel of the state forest enterprise. The
harvester was a Ponsse Bear manufactured in 2018
(current total of 9749 machine working hours) with a
weight of 24.5 t, a boom reach of 8.6 m and a harvester
head H7 with cutting diameter of 64 cm and a feed
speed of 5 m/s. The forwarder was a Ponsse Buffalo
built in 2018 (current total of 11,135 machine working
hours) with a weight of 19.8 t and a boom reach of
7.8 m. The skidder used for the winching was a Welte
W130 built in 2008 (current total of 11,017 machine
working hours) with a weight of 6.5 t and equipped
with a cable winch. The harvester and forwarder
worked in two shifts with two different operators
each. The winching with skidder was done by one per-
son, while motor-manual felling was done by a group
of three forestry workers. All test persons were ex-
perienced forest workers or machine operators with
several years of experience.
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Table 1 Processed and remaining marked trees. Percentages indicate the share of trees harvested

Productivity, Costs and Residual Stand Damage of Timber Harvesting Methods in Scots Pine ... (69-87)

Trees processed | Trees felled by | Trees winched | Total harvest LI LI Only !yl_ng Only lying
Area . . . marked marked remaining L
Method by harvester chainsaw by skidder yield . . . . remaining trees
ha n/ha wha o/ha m¥/ha standing and lying | standing and lying | trees m¥/ha
trees, n/ha trees, m*/ha n/ha
CS1 3.7 77 0 (0%) 0 31.45 13.8 4.9 (15.6%) 0 0 (0%)
ES3 6.9 82 42 (51%) 14 (17%) 30.36 0.4 0.1 (0.5%) 0.3 0.1 (0.3%)
ES2 6.3 77 44 (57%) 0 28.95 79 2.9 (9.9%) 8 2.8(9.7%)
ES1 6.3 76 43 (56%) 0 29.24 10.6 4.2 (14.2%) 1 0.5 (1.5%)
All assortments were transported with a forwarder T +T
and stacked at the forest road. The timber volumes of T,=T+ (T1 XQJ (1)
the different methods were determined using the in- 1
ternal harvester measurement device.
Where:

2.3 Harvesting Volumes

A total of 1815 trees were processed by the har-
vester, of which 835 were motor-manually felled and
94 were winched with the skidder. The remaining
marked trees had a volume of 63.55 m? (Table 1).

2.4 Productivity and Costs

All working steps on the area were recorded with
a time and motion study according to REFA (1998).
The comparison of productivity and costs between the
different timber harvesting methods was based on the
effective working time PMH, without interruptions
and breaks (T;) measured during the time study by the
respective method. The system boundaries are the
skid trails of the respective timber harvesting meth-
ods: Working times that took place outside the skid
trails, e.g. machine drives to the woodpile or the next
skid trail could not be clearly assigned to a work cycle
and were therefore measured for the respective work
step as a whole (T;) and then added to the respective
method as a percentage surcharge together with gen-
eral times (T3). The general times (1) are made up of
set-up time (preparing for work), break travel time
(way to break), distribution time, and recovery time.
In the case of general times (T}), repairs and interrup-
tions of up to 15 minutes are included when evaluat-
ing the times, which leads to a PMH,; productivity
(Eriksson and Lindroos 2014, Johansson et al. 2024).
Furthermore, meetings with the measuring personnel
and unpaid breaks (breakfast, lunch, dinner) were not
included in the time study. Timber volumes in this
work are always given in m® without bark, as mea-
sured by the harvester.

The total working time (T,, h) for the different
working steps (harvester, forwarder, chainsaw, cable
tractor) was calculated by:

T, effective working time inside the system (system
boundaries are skid trails) with ancillary activities

T, effective working time outside the system (system
boundaries are skid trails)

T, general time.

The productivity (P, m3/PMH,;) for the different
working steps was calculated by:

P=— 2
T, @)
Where:
V' harvested wood volume in m® under bark
The costs (C, €/m?3) for the different working steps
were calculated by:

©)

Where:
C, costs, €/PMH,;

To calculate productivity and costs of manual fell-
ing and winching with the skidder, the volume of trees
processed by these operations was calculated as a pro-
portion of the total number of trees processed by the
harvester in the respective methods:

Vi =22 XV, @
"y
Where:
Viw volume of trees that are motor-manually felled
or winched by a skidder, m3
1, NUmMber of trees that are motor-manually felled
or winched by a skidder
n,  number of trees processed by harvester
V., volume of trees processed by harvester, m3.
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The costs for the machines included purchase
price, maintenance costs, operating materials costs,
operating costs, other company-related costs, and
workers, including ancillary wage costs and relocation
costs that were taken from the database KWF 2024
(Table 2). For the motor-manual felling, the machine
costs refer to the chainsaw compensation as the for-
estry workers used their own chainsaws. The skidder
was also used to pull down the trees that were left
hanging in the crowns of other trees after motor-man-
ual felling.

Table 2 Machine costs (acc. to KWF 2024)

. Machine costs | \Wage costs | Total costs
Machine
€/h €h €h
Harvester 188.44 44.60 233.04
Forwarder 109.02 4460 153.62
Motor-manual felling 10.30 38.50 48.80
Skidder with cable winch 93.50 45.00 138.50

As the two harvester operators and the three for-
estry workers in the motor-manual felling worked
with different productivities and since their working
time was not evenly distributed across all timber har-
vesting methods, the performance of the workers was
interpolated with the number of processed trees. For
all work steps not directly related to a tree (e.g. ancil-
lary activities) the interpolation is not possible. How-
ever, these are added afterwards with the supplement
percentage:

©)

T,+T,.+T
T, =T, +(Tli X#J

T

Where:

T,; effective working time inside the system without
ancillary activities interpolated

T, effective working time outside the system

T; general time

T, ancillary activities inside the system

T, total working time interpolated.

For the interpolated effective working time within
the system without ancillary activities, the average
time of the various workers per tree in different pro-
cesses is taken and multiplied by half (harvester) or a
third (chainsaw) of the total number of trees processed
or felled in the respective process, and added together.
This theoretically assumes that each worker processed
the same number of trees in each method:

M. Jakob et al.

n T n T

Al A2
Tlih :_axp_.;,._axp_;
2 n, 2 n, ©)
rootayTea  Teae e Tens
lie =3 n, 3 n, 3 n,

Where:
Ty, harvester effective working time inside the system
without ancillary activities interpolated

Ty  chainsaw effective working time inside the system
without ancillary activities interpolated
n,  number of processed trees by harvester in the

respective method
Toa125 effective working time inside the system without
ancillary activities for working persons 1,2, 3.

2.5 Modelling Harvester Productivity

A multiple linear regression was performed to
analyze the significance of the parameters »operator«,
»timber« »harvesting method«, »work with or without
daylight«, »management approach, »harvesting vol-
ume, »skid trail slope«, »type of tree« and »skid trail
spacing« on harvester productivity. A level of a=0.05
was set for the significance. The evaluation was carried
out at the cycle level. One cycle was defined as the sum
of the two working steps: i) driving and ii) processing.

Table 3 shows the eight parameters examined for
their influence on harvester productivity.

Table 3 Analyzed parameters for modelling harvester productivity

Parameter Values
Operator 1,2
Timber harvesting method 1,234
Work during night (n) or day (d), sunrise and sunset as limit n,d

Management approach, even thinning in section 63 (e) or e, ue
small holes in section 64 (ue)

Harvesting volume m®ha'

Skid trail slope °degree

Type of trees: standing (s), chainsaw felled (c), winched (w) | s, c, w

Skid trail spacing m meter

All analyses were performed using R Statistical
Software (R Foundation for Statistical Computing
2023). The harvester working steps were divided into
driving on the skid trail including movement of the
boom and processing the trees (Appendix 1). The homo-
geneity of the variances was checked with a Levene test
(Brown and Forsythe 1974) and the normal distribution
was verified using the Anderson-Darling test (Anderson
and Darling 1952). The univariate analyses Wilcox-Test
(Bauer 1972), Kruskal-Wallis-Test (Hollander and Wolfe

Croat. j. for. eng. 47(2026)1

75



M. Jakob et al.

1973), Dunn-Test (Dunn 1961) and Spearman-Test up
(Best and Roberts 1975) were used to check which of
the parameters had a significant influence on produc-
tivity. The outliers were identified via the mean abso-
lute deviation from the median and their effects mini-
mized using the S-estimator (Yohai et al.1991).

2.6 Damage

After felling, the damages to the remaining trees
were recorded with a random sample inventory at 268
measuring points in a 25 m grid on the five nearest
trees. A total of 1335 trees were examined for damage.
A tree was considered damaged only if: i) the wound
size was 10 cm? or more, and ii) the wound depth
reached the cambium (Meng 1978). Furthermore, the
distance of damaged trees to the edge of the nearest
skid trail was measured with a tape measure. A chi-
square test (Christensen et al. 2019) was used to check
whether the damage percentages differed significant-
ly between the different wood harvesting methods.

The complete tables of the time study, timber har-
vest damage and remaining trees are published and
can be found under the heading data availability at the
end of the document.

3. Results

3.1 Productivity

Productivity of the harvester in the ES methods in-
creased as the number of harvester passes decreased
(Fig. 4). While productivity in the ES3 (13.87 m3/PMH,;,

"I Harvester
[ Forwarder
I Winching

. Chainsaw
14 4 — —

Productivity, m¥PMH,,

Cs1 ES3 ES2 ES1

Harvesting method

Fig. 4 Productivity of various working steps in different timber har-
vesting methods
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3 harvester passes) and ES2 (14.09 m3/PMH,;, 2 har-
vester passes) methods was below that of CS1 (15.24 m?/
PMH,;, 1 harvester pass), the harvester performance in
ES1 exceeded that in CS1 at 15.99 m3/PMH,;. For the
forwarder, productivity in all three ES methods was
higher at 12.21-13.63 m%/PMH,; than in CS1 at 11.06 m?/
PMH,;. For chainsaw felling, on the other hand, the per-
formance in ES1, where felling was carried out before
the harvester, was lower (8.66 m3/PMH,;) than in ES3
(9.51 m3/PMH;;) and ES2 (10.39 m3/PMH,;), where fell-
ing was carried out after the harvester. The working
step of winching occurred only in ES3 with a productiv-
ity of 6.69 m%/PMH,; (Fig. 4).

3.2 Costs

The harvesting costs of the four methods examined
showed that CS1 had the lowest harvesting costs with
29.18 €/m?3, followed by ES1 (30.40 €/m?), ES2 (32.41 €/m?3)
and ES3 (34.56 €/m3), respectively (Table 4). When
comparing ES3 and ES2 (chainsaw felling after har-
vester) with ES1 (chainsaw felling before harvester),
itis noticeable that in ES1 the felling costs were higher
(6.35 €/m® compared to 5.74-5.98 €/m?), but the har-
vester costs were lower (14.58 €/m? compared to 16.54—
16.81 €/m?). Overall, ES1 is considerably cheaper than
ES3 and ES2. The productivity of the harvester in the
three ES methods increased as the number of passes
decreased due to shorter distances. For the forwarder,
productivity was higher in the ES methods compared
to CS1 (Fig. 4). On the other hand, it must be consid-
ered that the average skid trail spacings of 36.5 m in
ES1 were lower than in ES3 (43.2 m) and ES2 (36.5 m)
due to inclined surface cuts.

Table 4 Costs of different working steps for the amount of wood
processed by these working steps

Working step C31 ES3 ES2 ES1
Harvester costs, €/m’ 1529 | 1681 | 1654 | 1458
Winching costs, €/m* - 20.70 - -
Chainsaw felling costs, €/m’ - 5.98 5.74 6.35
Forwarder costs, €/m’ 13.89 | 11.27 | 1258 | 12.27
Total costs, €/m* 29.18 | 3456 | 3241 | 3040

3.3 Modelling Harvester Productivity

The multiple linear regression showed that the pa-
rameters thinning and skid trail spacing were not sig-
nificant and the harvest volume, with an estimate of
-0.5275, only had a small influence and, with a Pr(>|tl)
of 0.012739, was significant but not highly significant.

76

Croat. j. for. eng. 47(2026)1



Productivity, Costs and Residual Stand Damage of Timber Harvesting Methods in Scots Pine ... (69-87)

Table 5 Residual results of multiple linear regression for harvester

M. Jakob et al.

Minimum Limit of the 1st quarter Median

Limit of the 3rd quarter

Maximum Robust residual standard error R?

—83.781 9.671 3.362 21.989

365.574 22.8 0.53

Table 6 Influence of significant parameters on cycle time for processing one tree (in seconds)

Coefficients:

Estimate | Std. Error | Tvalue | Pr(>|t])

Intercept; The expected value of the response when all predictors are zero

62.091 | 2.418 |25.681 | < 2e-16***

Operator — operator 2;

Operator 1 is the baseline group (dummy coding). Estimate is the difference between operator 1 and 2

28.107 | 1.740 |16.149 | < 2e-16 ***

Day/night — day;

Night is the baseline group (dummy coding). Estimate is the difference between night and day

—-6.461 | 1.658 |-3.896|0.000101 ***

ES3;

CS1 is the baseline group (dummy coding). Estimate is the difference between the methods CS1 and ES3

—6.416 | 2.240 |-2.865| 0.004223 **

ES2;

CS1 is the baseline group (dummy coding). Estimate is the difference between the methods CS1 and ES2

—-6.417 | 2.185 |-2.937| 0.003353 **

EST;

CS1 is the baseline group (dummy coding). Estimate is the difference between the methods CS1 and ES1

—-10.587 | 2.164 |-4.893|1.08e-06 ***

Without these non-significant parameters, the multi-
ple linear regression yielded the results for the residu-
als (Table 5).

The dependent variable was the cycle time (s)
needed to process one tree as well as the sum of the
process stages driving and processing. The indepen-
dent variables operator, day/night and method had a
significant influence on productivity (Table 6). It was
shown that the harvesting cycle timer per tree was re-
duced in the semi-mechanized harvesting systems by
6.416 s, 6.417 s, and 10.587 s compared to CS1 for ES3,
ES2, and ESI, respectively. When comparing the two
harvester operators, harvesting cycle per tree lasted
28.107 s longer when trees where felled and processed
by harvester operator 2. Moreover, under daylight
conditions, the harvester cycle time per tree was red-
cued by 6.461 s compared to night conditions.

It should be noted here that the calculation of costs
and productivity in the previous chapters involves an
interpolation of different operators (Eq. 5). In contrast,
the original values were used to create the productiv-
ity model with a multivariate multiple linear regres-
sion (Table 5, 6). The processing time per tree increased
by 28.1 s for operator 2 compared to operator 1. When
working during the day, the time decreased by 6.5 s
compared to working at night. Compared to CS1, the
time decreased by 6.4 s in ES3 and ES2 and by 10.6 s
in ES1. The R2? value is 0.528, so 52.8% of the variabil-
ity in the data can be explained by the productivity
model.

3.4 Damage to the Remaining Stand

A total of 86 out of 1335 visually analyzed trees
were found to be freshly damaged (with reference to
the specified size and depth of the wound) from the
timber harvesting operation. This corresponds to an
average damage percentage of 6.4% for the whole
area. The proportion of damaged trees does not differ
significantly between the four harvesting methods
(9.5% for CS1, 5.3% for ES3, 7.2% for ES2, and 5.7% for
ES1). The chi-square test yielded a p-value of 0.29. Par-
tially mechanized harvesting methods using ES do not
result in more damage from harvesting than fully
mechanized harvesting methods using CS. The dam-
aged trees were, on average, 6.7 m away from the edge
of the nearest skid trail. Moreover, the distance from
the damaged trees to the nearest skid trail does not
differ significantly between the different harvesting
methods. A strong significant negative correlation was
observed between the distance to the skid road and
the number of damaged trees: The greater the distance
to the skid road, the fewer damaged trees were re-
corded (Fig. 5).

A correlation analysis between the wood harvest
volume per hectare and the number of damaged trees
as a damage percentage shows a rather strong correla-
tion between harvest quantities and damage percent-
age (Fig. 6). The damage on remaining trees was as-
sessed for each of the eight different harvesting areas
(Fig. 3) and analyzed in relation to the timber harvest
volumes of the respective areas (Table 1). The correlation
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between the timber harvest damage and the timber
harvest quantity is significant: The more timber is har-
vested, the higher the damage percentage.

4. Discussion
4.1 Productivity and Costs

The cost calculations in this study are based on data
from German Centre for Forest Work and Technology

g. 5 Distance of damaged trees to the edge of the neighbouring skid trail

(KWEF 2024) and are relatively high compared to other
studies. For a smaller harvester Timberjack 1270D, that
can be used for thinning operations in pine stands too,
Mizaras et al. (2008) calculate the costs with €67.5 per
hour, while Mederski (2006) calculates €44.39 per hour
for a comparable Timberjack 1270B. Jirousek et al.
(2007) calculate with €99.69-116.83 per hour for three
different classes of harvesters. The €233.04 per hour
for the harvester calculated in this study is partly due
to the fact that the calculated interest rate of 8% is quite
high, while the depreciation period of 10,500 PMH is
quite low, and the labour costs are quite high with
€44.60 per hour compared to €12 per hour used by
Jirousek et al. (2007). In practice these figures may vary
considerably depending on the calculations of the
respective company.

The choice of the optimal harvesting method always
depends on the respective stand and site conditions: In
very dense stands, for example, it may be necessary to
have a first harvester pass before the motor-manual fell-
ings in the midfield. Thus, there is enough space for safe
and proper felling. The results of the present study
showed that the timber harvesting methods with ES
had higher timber harvesting costs than the method
with CS (CS129.18 €/m?3, ES3 34.56 €/m?3, ES2 32.41 €/m?,
and ES1 30.40 €/m?3), although there are major differ-
ences between the various ES methods. The productiv-
ity of the harvester in the three ES methods increases as
the number of harvester passes decreases to 3, 2 and 1,
respectively (13.87 to 14.09 to 15.99 m%h). Similarly to
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the research of Mederski et al. (2018), it was observed
that 1) harvester productivity was lower in 2-pass
ES2 (3.74 m*PMH,;) than in CS1 (4.67 m%/h) or ES1
(4.42 m3/h) and, 2) forwarder productivity was higher
with ES (5.25 — 5.35 m?/h) than with CS (4.33 m%/h) due
to higher volumes at skid trails. In contrast to Mederski’s
study, harvester productivity in the semi-mechanized
system with one harvester pass exceeds productivity in
the fully mechanized system. However, it should be
noted that the 31-year-old pines in Mederski’s study
were much smaller (mean DBH 13 cm, mean height
11 m) than those examined here. As in this study, the
partially mechanized method with ES and winching in
the study of Berendt et al. (2018) was more expensive
than the theoretically calculated fully mechanized
method with CS (30.31 to 22.26 €/m?), whereby the
harvester and forwarder costs were found to be higher
in the CS method (8.58 to 10.90 €/m3, 7.80 to 11.71 €/m3).
However, the study of Berendt et al. (2018) is only com-
parable to a limited extent, as the main tree species in
that study were beech and spruce and a different
machine was used for winching with a mini forestry
crawler, and all motor-manually felled trees were
winched. In another study by Wachter (2021), computer
simulations were used to show that in spruce stands
older than 50 years the cumulative pre-utilization yields
of methods with ES exceed those of CS. This can be
attributed to positive yield-related effects due to smaller
skid trail area in the simulation. The profitability disad-
vantage from increasing the skid trail spacing from CS
to ES is between 7 and 14% of the profitability of ES,
depending on the assumed calculation interest rate. As
in our study, the wood harvest with ES is more expen-
sive than the CS methods. Frutig et al. (2016) came to
similar results with model calculations for spruce
stands in Switzerland. Here too, the timber harvesting
costs for CS at CHF 33/m? are lower than those of ES at
up to CHF 41/m3. Nevertheless, in the calculations of
Frutig et al. (2016), the higher short-term costs of ES can
be offset in the long term by higher timber growth and
less damage to trees, which leads to optimal skid trail
distances of 30-50 m.

In accordance with the literature, the first hypoth-
esis in this study was therefore confirmed:

= Semi-mechanized timber harvesting methods
with ES are more expensive than fully mecha-
nized timber harvesting methods, whereby the
productivity of harvesters and forwarders is
higher in ES than in CS. This is due to the short-
er distances that need to be driven by the ma-
chines and a higher concentration of timber next
to skid trails, resulting in higher forwarder pro-
ductivity.

M. Jakob et al.

During felling with chainsaw, the productivity in
ES1 was lower than in ES3 and ES2. A possible expla-
nation for this is the fact that in ES1, in contrast to ES2
and ES3, the motor-manual felling took place before
the harvester was used. Thus, the felling conditions
were much more challenging. The forest workers had
to independently assess which marked trees were
within boom reach of the harvester and which had to
be felled by chainsaw. As a result, the skid trails were
not so easily recognizable because they had not yet
been driven on and there were no processed logs next
to them. Felling in the direction of the skid trails may
have been more difficult in some cases, as the trees
next to the skid trail had not yet been felled by the
harvester. Several studies analyzed motor-manual fell-
ing but, to the best of our knowledge, no study has
compared the specific circumstance of felling before
or after the pass of a harvester in a semi-mechanical
method with ES. Based on our observations, we con-
sider that the productivity of motor-manual felling in
the midfield could be improved with increased experi-
ence or through special training. As seen by harvester
operators, the performance is often doubled after a
learning phase (Purfiirst 2010). The effect of increased
productivity of the motor-manual fellings on the over-
all timber harvesting costs should be further investi-
gated.

The second hypothesis in this study was con-
firmed:

= The productivity of motor-manual felling de-
creases if the trees are felled before the harvest-
er is used, but the total timber harvesting costs
are lower in this case due to the higher produc-
tivity of the harvester.

Allin all, from the semi-mechanized wood harvest-
ing methods with ES, ES1 with chainsaw felling before
the harvester had the lowest costs. The proportion of
unprocessed lying marked trees, at 1.5% of the timber
harvest, also appears to be within a reasonable range.
When comparing ES1 with CS1, the question arises as
to how the higher timber harvesting costs can be justi-
fied to the forest owners. The increased wood harvest-
ing costs in the study were partially but not complete-
ly offset by higher wood prices that could be achieved
through the FSC-certification.

At the same time, the productivity of chainsaw fell-
ing is lowest in ES1 (Fig.4). Attempts should therefore
be made to optimize chainsaw felling before the har-
vester. Possible options are as follows:

v’ better training and more practice for the working

group

v’ better equipment, especially lighter clothing
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v more communication with the harvester, e.g. via
a shared radio

v making it easier to select the trees to be felled

manually by marking them with a different co-
lour or symbol.

Another interesting point of the study is the differ-
ence in the performance of the harvester and forward-
er machines with or without daylight. The test showed
that harvesters and forwarders work more slowly at
night, which is consistent with the study of Pasicott
and Murphy (2013). However, in this study it was not
possible to attribute the wood harvest damage to work
during the day or night. It is conceivable that more
damage is caused at night because the harvester push-
es the trunks into areas outside its headlights, particu-
larly when processing motor-manually felled trees.
Further investigations are needed to verify this. It has
already been shown by Bembenek et al. (2020) that day
verses night has a significant influence on residual
stand damage.

4.2 Damage to Remaining Stand

The damage percentage within the plots of differ-
ent harvesting methods varied between 5.3 and 9.5%,
and the highest damage percentage was observed in
CS1. This trend is consistent with the fact that trees are
more prone to damage when they are closer to the skid
trail and vice versa. This was also shown by other
studies (Nill 2011, Frutig et al. 2016). In contrast to the
analysis by Frutig et al. (2016) and the studies by
Morat et al. (1998), Nakou et al. (2014), Sauter and
Busmann (1994), this study could not determine that
wood harvest damage increases with increasing skid
trail distance. At the same time, the harvest quantity
of 31.45 m?%ha is higher here than in the ES methods
(Table 1) and the study showed a significant correla-
tion there. This aligns with the observations of Nakou
et al. (2014). However, the relatively small difference
in the harvest quantity of 8% does not completely ex-
plain the difference in the percentage of damage.
Rather, it seems to be crucial that the wood harvest
method is designed to keep equipment on the trails
(Han and Kellogg 2000). In the area with the highest
damage percentage (14.1%), it was observed that the
harvester operator left the skid trail tracks more often
than in other areas (6.4% of damage) to reach trees.
However, the frequency of the harvester front axle
leaving the skid trail track was not recorded during
the test and thus cannot be quantified in more detail.

The third hypothesis in the study has been refuted:

= The damage to the remaining trees is dependent
on the timber harvesting system, with a higher

Productivity, Costs and Residual Stand Damage of Timber Harvesting Methods in Scots Pine ... (69-87)

proportion of damaged trees in the fully mecha-
nized system due to smaller skid trail distances
with more endangered edge trees.

4.3 Unprocessed Trees

Another point of interest in this study is the marked
trees remaining unprocessed on the area after logging.
Itis noticeable here that even in fully mechanized CS1,
a high proportion of marked trees were not processed
(Table 1). It seems that the length of the harvester
boom (at 8.6 m) was too short to reach all marked trees.
In some cases, it was observed that the harvester op-
erator decided to trespass the skid trail border in order
to reach a tree. This is prohibited by most state forest
departments and in PEFC- or FSC-certified forests in
Germany for soil protection reasons. When comparing
the unprocessed trees, CS1 had the highest share with
15.6% followed by ES1 (14.4%), ES2 (10.0%) and ES3
(0.3%), respectively. Interestingly, it was noticed after
the timber harvesting that in ES2 most of the unpro-
cessed trees were lying. This is due to the fact that the
trees felled motor-manually in the midfield were not
reachable by the harvester or the harvester operator
did not see them. In contrast, only a small proportion
of marked trees remained lying in the forest in ES1 and
ES3 (Table 1). While standing trees not felled can be
harvested during the following harvest operation, the
lying marked trees can remain lying deadwood in or-
der to serve important ecological functions. Increasing
the deadwood in the forest stand increases biodiversity
(Albis and Miguel 2023) and improves water storage
(Anderegg et al. 2018). For this reason, enrichment
with deadwood is also a funding criterion in the German
government funding program for climate-adapted
forests (BMEL 2022). Even though an exact amount of
deadwood is not specified in the corresponding fund-
ing guidelines, it refers to an evaluation scheme that
specifies at least three pieces of standing and lying
deadwood per hectare for pine forests, which corre-
sponds to approx. 6 m%/ha (BfN and BLAK 2017). The
volume of unprocessed marked trees was below 6 m3
in all four harvesting methods. Moreover, the bark of
the unprocessed standing trees has to be curled in
order to become dead wood.

4.4 Sustainability

Looking at the environmental impacts of forest
stands with extended skid trail spacings, it can be as-
sumed that the short-term disadvantages of semi-
mechanized timber harvesting methods, such as high-
er harvesting costs, can be offset in the long term by
their advantages. Advantages are especially evident in
the positive environmental effects. The challenge here
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is that the impact on the environment depends heav-
ily on the respective site conditions and is very diffi-
cult to quantify in economic terms. In addition, soil
damage and damage to regeneration following log-
ging are rarely systematically recorded (Picchio et al.
2020). In multifunctional forests, long-term environ-
mental compatibility must be given priority over
short-term economic or social benefits (UBA 2021). It
has been shown that skid trails at a distance of 40 m
can have higher economic value overall than skid trails
at a distance of 20 m, despite the higher timber har-
vesting costs, if the loss of productive forest area due
to skid trails is included in the long-term economic
consideration (Wachter 2021). Also, FSC has intro-
duced an expectation of wider spacing between skid
trails in Germany FSC 2024a). According to the cur-
rently valid FSC standard in Germany, 10% of the total
productive wooden floor area may be used as a skid
trail in the long term and 13.5% in the medium term.
This is justified by the fact that the actual forest area
(productive woodland area) remains relatively large,
more CO, can be stored in the forest, less forest soil is
lost to the skid trails and soil aeration and water con-
ductivity are less affected (FSC 2022). It should be
noted that due to the canopy provided by edge trees,
it is not the case that the entire width of skid trails is
excluded from utilization.

Occupational safety is of great importance when
comparing timber harvesting methods (Keller et al.
2021). Despite this, workload and occupational safety
is currently a marginal field in forestry research (Baci¢
et al. 2024). It has long been known that fully mecha-
nized methods perform better in this regard than par-
tially mechanized methods due to the strenuous and
dangerous work with chainsaw and cable winches
thatis involved with the latter (Staaf et al. 1984, Stenzel
et al. 1985, Berendt et al. 2020a, Halilovi¢ et al. 2021).
Another point worth discussing in this context is the
handling of hanging trees. For simplicity and cost rea-
sons, the hanging trees are often pulled down with the
cable tractor together with the winching operations.
In so doing, the hanging trees remain as an accident
risk until the cable tractor pulls them down. However,
for safety reasons, hanging trees have to be brought
down immediately (SVLFG 2017). To enable the forest
worker group to work as safely as possible, they
should be equipped at the very least with a capstand
winch and, ideally, with a cable winch. Besides im-
proving work safety, the use of a cable winch for each
working group might reduce overall cost both through
the limitation of transportation costs and optimization
of the timber harvesting system. For example, this may
enable the work crew to carry out the chainsaw felling
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and any necessary winching to the skid trails in one
step. In general, further investigations are needed to
improve working conditions during chainsaw felling.

5. Conclusions

The following conclusions can be drawn from this
study:

= Semi-mechanized timber harvesting methods
with ES had higher overall timber harvesting
costs than fully mechanized timber harvesting.
The lowered costs of harvester (ES1) and for-
warder (ES3, ES2 and ES1) could not compen-
sate for the increased costs due to motor manu-
al fellings (ES3, ES2 and ES1) outside the boom
reach of the harvester and pre-winching opera-
tion (ES3)

= The productivity of the harvester in ES increas-
es as the number of harvester passes decreases.
Productivity can be increased if motor-manual
felling is carried out before the harvester pass

= The forwarder productivity is higher in ES than
in CS

= Although the percentage of residual stand dam-
age in CS is higher than in ES, no significant
difference was observed across the methods

= Further research on the environmental balance
is necessary to answer the overarching question
of whether the positive effects of extended skid
trail spacing can compensate, in a longer term,
for the resulting higher timber harvesting costs.
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Appendix A

Table A1 Measuring points of the process sections in the time study
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Machine |  Process section Measuring points Remarks
Driving and crane movement are measured as 1 process section
. : o during logging. Short stops of up to 1 min are included in the
Driving Trunkis released —Trunk s gripped driving time. Driving is the time in the system with the skid trails
as borders of the system.
Harvester Travel times outside of processing, e.g. when changing skid trails
Pure drive \Wheels stop — Wheels start maving or driving to refuel. Pure driving is the time outside the system,
which means that the machine does not drive on the skid trails.
Felling and processing are measured as 1 process section,
Processing Trunk is gripped — Trunk is released including comments on lying trees that do not need to be felled,
winched trees and standing trees without further differentiation.
Driving Wheels stop — Wheels start moving Short stops of up to 1 min are included in the driving time.
Cable pullout Rope is pulled out — Rope is attached to the trunk The distance between the winch and the trunk to be pulled is also
measured and noted
Cable Wheels stop — Rope is pulled out
tractor Getting on/off Jneets stop —Hope 15 puled ou The time the driver needs to get in and out the cable tractor.
Rope is unhooked — Wheels start to move
. Rope is attached to the trunk — Rope is detached | If the rope is disconnected in between due to a pulley or similar,
Cable retraction . ) i
from the trunk this does not count as an interruption
Short stops of up to 1 min are included in the driving time. Driving
. , is the time in the system with the skid trails as borders of the
Driving Wheels stop — Wheels start moving system. Driving time outside the skid trails is measured as other
pure working time outside the skid trail.
Forwarder | Loading logs onto Wheels stop — Trunk is gripped
the truck Trunk is released — Wheels start to move
Unloading the logs is completed when the stanchion basket is
Unload logs Wheels stop — Wheels start moving empty, travel movements during unloading are not recorded
separately.
Chainsaw is picked up from the ground — Chainsaw |  Go to a tree also includes looking at the tree beforehand and
6o 0 a free starts sawing on the tree determining the direction of felling, as otherwise the measuring
) Tree crown hits the ground — Chainsaw starts points would be too fluid. As soon as the chainsaw is placed on
Chainsaw sawing on the next tree the ground, this no longer counts as going to a tree.
. Chainsaw starts sawing at the tree — Crown hits the | If the trunk is subsequently pruned, branches are removed, etc.,
Tree cutting .
ground this is recorded separately

© 2025 by the authors. Submitted for possible open access publication under the terms and conditions
of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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